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Abstract

We developed a new sodium magnetic resonance fingerprinting (**Na MRF) method for the simultaneous
mapping of Ty, T3 jongr T3 snore @a0d sodium density with built-in AB{ (radiofrequency transmission inhomo-
geneities) and Afy corrections (frequency offsets). We based our 2>Na MRF implementation on a 3D FLORET
sequence with 23 radiofrequency pulses. To capture the complex spin 3 dynamics of the *Na nucleus, the
fingerprint dictionary was simulated using the irreducible spherical tensor operators formalism. The dictio-
nary contained 831,512 entries covering a wide range of Ty, T3 jong, T3 shorts ABJ factor and Af, parameters.
Fingerprint matching was performed using the Pearson correlation and the resulting relaxation maps were
weighted with a subset of the highest correlation coefficients corresponding to signal matches for each voxel.
Our 2Na MRF method was compared against reference methods in a 7-compartment phantom, and applied in
brain in five healthy volunteers at 7 T. In phantoms, 2Na MRF produced values comparable to those obtained
with reference methods. Average sodium relaxation time values in cerebrospinal fluid, gray matter and white
matter across five healthy volunteers were in good agreement with values previously reported in the literature.

restricted environments that give rise to signal contri-
butions coming from the central and satellite transi-
tions, which are strongly influenced by the quadrupo-

1 Introduction

Sodium ions (Na*) plays a critical role in the human

body and are invariably linked to the maintenance of
ionic homeostasis as well as many physiological and
electrochemical processes of metabolism (1, 2). For
this reason, the non-invasive detection of these ions
from the nuclear magnetic resonance (NMR) signal of
the sodium isotope ?*Na (spin %) has become an im-
portant modality for the study of metabolic regulation
and biochemical status throughout the body (1, 2). In
brain, 2>Na MRI has been used to study neurodegen-
erative disease (1-7), tumor pathology (1, 2, 8, 9) and
neurological events, such as stroke (2, 10) and trau-
matic brain injury (11). The intracellular and extracel-
lular spaces in brain tissues both represent motion-

lar interactions of the 2>Na nuclear spin system with
its surroundings (2). These dynamics result in a bi-
exponential transverse relaxation decay, i.e. a long
component (T3),,.) and a short component (T3 g,,,),
in both the intracellular and extracellular spaces. As a
consequence, both gray matter (GM) and white matter
(WM) in brain will also exhibit an overall >*Na biexpo-
nential transverse relaxation, as a weighted average
of the relaxation processes from the intracellular and
extracellular spaces. Similarly, 2Na longitudinal re-
laxation follows the same biexponential pattern from
the intracellular and extracellular spaces. However, in
soft biological tissues, both the short and long com-



ponents are often very close to each other and lon-
gitudinal relaxation is usually measured as a mono-
exponential process (T shorc ~ Tijong ~ T1) in GM
and WM. In fluids such as cerebrospinal fluid (CSF),
the quadrupolar interaction averages to zero as a re-
sult of rapid motion allowing the signal dynamics to
be often modeled as a monoexponential relaxation
for both transverse and longitudinal magnetization
components. Collectively, the spin % nature of the
ZNa nucleus and the low concentration of Na* ions
in brain tissue (on the order of 40-50 mM on average)
combined with the inhomogeneous structure of the
brain, makes it difficult to simultaneously quantify
ZNa relaxation times and density (1, 2, 12).

Proton magnetic resonance fingerprinting (‘H
MRF) has become a popular technique for the simul-
taneous quantification of physical properties within
a system (13-17). Recently, sodium MRF (**Na MRF)
studies in the brain have demonstrated promising ini-
tial results. Kratzer et al. (18, 19) implemented a ver-
sion of 22Na MRF capable of quantifying relaxation
parameters in CSF and brain tissue (combined GM
and WM) that utilized a 3D radial sequence with vari-
able repetition times (TR), echo times (TE) and flip
angles (FA). Our group previously introduced a multi-
pulse approach to multicompartmental Na* concen-
tration quantification (20), which we now expanded
for quantifying *Na relaxation in the brain.

In this work, we present a 2>Na MRF technique that
is sensitive enough to quantify differences in average
relaxation times over whole GM, WM, and CSE Our
method simultaneously maps **Na T1, T3 jong> T3 shorts
sodium density (SD), and experimental imperfections
arising from radiofrequency (RF) transmission inho-
mogeneities (AB;r factor) and frequency offsets from
By inhomogeneities (Afy). The 2>Na MRF pulse train
with variable FAs and phase angles (PA) was designed
by incorporating the irreducible spherical tensor op-
erator (ISTO) formalism into a genetic algorithm (GA)
that minimizes signal correlation between GM and
WM, assuming average relaxation times from the lit-
erature for these two tissues (21-23) during this opti-
mization phase. A 3D Fermat looped orthogonally en-
coded trajectory (FLORET) (24) was used to fully sam-
ple k-space with constant TE. The proposed 2Na MRF
sequence can acquire data over the full brain with 5-
mm isotropic resolution in about 30 min at 7 T. We
tested our 2*Na MRF approach in a 7-compartment
phantom and in five healthy volunteers.

2 Material and Methods

#Na spin dynamics simulation

The dynamics of the ?Na spin I = 3 were modeled
using the ISTO framework under the conventions de-
scribed in Madelin et al. (2), Lee et al. (12), and Gilles
et al. (20). Within this formalism, the evolution of
the 22Na spin system is described by the Liouville-von
Neumann (master) equation (with convention 7 = 1):

d Po(t) — ",

—P(t) = —i[H,p(t)] =

where p'" is the density operator of the spin system at
thermal equilibrium, H is the total spin Hamiltonian
and I' is the Redfield relaxation superoperator. The
total Hamiltonian H is the sum of the main Hamilto-
nians acting on the density operator, such as the Zee-
man Hamiltonian H; (interaction of the spins with
the constant B field), the residual quadrupolar cou-
pling Hamiltonian H, (interaction of the quadrupole
moment of the nuclei with the residual average elec-
tric field gradient in anisotropic environments), and
the RF field Hamiltonian H;(¢) (interaction of the
spins with time-varying transmit RF field B} (¢)). In
soft quasi-isotropic brain tissues, Hg can be consid-
ered negligible. Since we are also operating in the
rotating frame for the spin dynamics simulation, the
main Hamiltonians acting on the spin system are Hz
related to By inhomogeneities only, and H; (¢).

The Redfield relaxation superoperator acting on the
density operator of the spin system is described by:

I{p—p"} = AZ

m=—2

(1
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x (J(mw) —iK (mw)),
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where A is a constant that depends on the convention
used to describe spectral densities, 15 ,, is the ISTO
of rank 2 and order m, J(mw) is the spectral density
function, and K (mw) is the imaginary term associated
with dynamic frequency shift, which in our case can
be omitted due to its negligible observable effect in
soft tissues (2). The matrix formulation of I' and relax-
ationrates R; = % with i = (1,short), (1,long), (2,short),
(2,long), are given by (12):

Ry short = 6J(0) 3)
Ri,1ong = 6J(w) (4)
R3 short = 3J(0) + 3J(w) (5)
Ro.tong = 3J(w) + 3J(2) ©)
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Figure 1. Pulse sequence diagram for 3D ?*Na MRE. The overall pulse scheme is shown in (A). The diagram in (B) represents
the variable flip angle (FA) and phase angle (PA) MRF train. There were a total of N = 23 non-selective rectangular RF
pulses of duration 7rr = 0.8 ms. Each pulse was followed by a time period 7;. On the RF channel in (A), the gray rectangles
correspond to a single FA = §; and PA = ¢; combination in train (B). In (B), the dark gray rectangles represent a 3-pulse
inversion composite block (25) used to increase T sensitivity of the sequence and improve RF homogeneity for the
magnetization inversion. Within the composite block, 1 = 72 = 7.5 ms. The light gray rectangles indicate the 20-pulse
variable FA and PA train. All FA = §; and PA = ¢; are listed at the top of each rectangle and ; = 15 ms for + > 3. During each
delay 7;, a time period TE = 0.2 ms was followed by the ADC event, indicated by a yellow block on the ADC channel. A 3D
spiral encoding scheme using the FLORET trajectory (20, 24, 26) (3 hubs at 45°, 100 interleaves/hub), indicated in blue,
was played over the gradient channels. Immediately after the ADC, a rewind gradient was also played out and then the next
RF pulse in the MRF train was initiated. After N pulses and N7; delays have played out, a 5-ms spoiling gradient at 70%
maximum gradient strength, indicated by an orange trapezoid, was applied in all directions. The entirety of this scheme

represented one TR of the sequence.

When simulating the spin dynamics for 2Na MRF
pulse train optimization or for generating the final
fingerprint dictionary, the algorithm takes the relax-
ation times as input, then calculates the spectral den-
sity functions according to Equations 3-6 and uses
the results to construct the Redfield relaxation super-
operator in Equation 2, which is then added to the
Liouville equation. After each time step of the simu-
lation (100 ys), the simulated 2>Na MR signal, which
corresponds to the MR-observable transverse mag-
netization, is calculated as the average rank-1 single
quantum coherence Ty 1 = %L = %(IZ —il,) us-
ing the standard formula (77, _1) = Tr(pT1,—1), where
Tr(A) is the trace of matrix A.

Pulse sequence design for 3D 2*Na MRF

Figure 1(A) presents the 2*Na MRF sequence. System
excitation was driven by a series of NV non-selective
rectangular RF pulses with FA 6; and PA ¢; followed
by a delay 7; (i = 1,2, ..., N), forming the MRF pulse
train shown in Figure 1(B). An initial magnetization
inversion using a 90°-180°-90° (dark gray) composite
3-pulse block (25) was used to increase T sensitivity
and improve RF homogeneity for the inversion before
initiating the 20-pulse variable FA/PA train (light gray).

The RF pulse durations were fixed at 7rr = 0.8 ms,
and interpulse delay periods were fixed at 7; = 7.5 ms
within the composite block (i = 1,2) and 7; = 15 ms for
the next pulses (i > 3). The interpulse delays were set
according to our prior work on simultaneous 'H/?3Na
MRI (27, 28) and in anticipation of integrating this
method into simultaneous 'H/?*Na MRE

The FLORET trajectory (20, 24, 26) was used to read-
out the signal followed by a rewinder to balance the
gradient moment. After N pulses and Nr; delays, a
spoiling gradient (duration = 5 ms, 70% of maximum
gradient strength) was applied simultaneously in all
directions to ensure complete dephasing of residual
transverse magnetization prior to beginning the next
TR. A delay of ~300 ms was inserted between RF pulse
trains to allow recovery of the longitudinal magnetiza-
tion and reduce specific absorption rate (SAR). A con-
stant TE = 0.2 ms was used throughout the sequence.

The variable 20-pulse FA/PA train was optimized us-
ing a genetic algorithm (GA) implemented in MATLAB
R2020b (The MathWorks Inc., Natick, Massachusetts,
USA) on an Apple MacBook Pro (16-inch, 2019) laptop
with a 2.4 GHz 8-Core Intel Core i9 processor. The 3-
pulse block used in the initial inversion was included
in the optimization with FA and PA kept constant, re-



sulting in a final 23-pulse train. The GA minimized an
objective function estimating the Pearson correlation
(PC) coefficient (29) between ?*Na MR signals arising
from GM and WM. Input tissue relaxation times for
the simulation were based on average values reported
in the literature (1, 2, 30): for GM, T; =30.2 ms, Tﬁ,long
=26.4ms, T) g, =4.0 ms; for WM, Ty =29.2 ms, T3,
=22.1 ms and T g, = 3.9 ms. Initial values for the
N-pulse train (where N,ysc =4, ..., 23 and i =1, ...,
Npuise) were 6; = 35° and ¢; = 0° with period 7; = 15
ms. The composite block, correspondingtoi=1, 2, 3
with ; = 5 = 7.5 ms, was also included in the simu-
lation as a non-variable parameter. Limitations were
imposed on FA (0° < §; <70°) and PA (0° < ¢; <180°)
in consideration of SAR limits. The GA optimized the
system for 100 generations in 8 h. The algorithm was
applied a total of three times, first using the initial in-
put values for the variable 20-pulse part of the pulse
train, followed by two iterations in which the solution
of the previous computation was taken as input for the
next one. This way, the optimized pulse train could be
inspected after every 100 generation cycle.

Fingerprint dictionary simulation
Simulation of the fingerprint dictionary was per-
formed in MATLAB R2020b on a Cray CS500-1211 clus-
ter with Intel Xeon Gold 6148 high memory CPUs at
the NYU Langone High Performance Computing Core
facility (New York City, NY, USA). The simulation code
is freely available in Matlab File Exchange (see Data
Availability section for the link). Signals were simu-
lated starting from thermal equilibrium and propa-
gated under the optimized 23-pulse 2>Na MRF train
(Figure 1(B)). Parameter ranges ([begin:step:end])
to build the dictionary were Ty jong = [20:2:74] ms,
Ty short = [20:2:74] mS, T3 15 = [10:2:66] ms, T ,or =
[0.5:0.5:2.0, 2:2:66] ms, AB; factor = [0.7:0.1:1.3] (ap-
plied as a multiplying factor to the RF amplitude FA)
and Afy = [-60:10:60] Hz. For T, quantification, we
originally assumed that T, jong = T short- T insure that
spectral densities where J(0) # J(w) were included
in the dictionary, a constant (+AT,) that added 1 ms
to every entry for T} jong and subtracted 1 ms to every
entry for Ty ghore Was included in the simulations.

Parameter combinations where T3, > T1 and
T3 short > T3,10ng Were omitted from the computation.
Due to the memory expense incurred by the simula-
tion, the dictionary was generated in two parts and
concatenated. In total, 831,512 entries were generated.
The total simulation time was 6.4 days.

Experiments

All experiments were performed at 7 T (MAGNETOM,
Siemens, Erlangen, Germany) using a 16-channel
transmit/receive 'H/?3Na RF brain coil constructed
in-house (8 'H channels, 8 2Na channels) (31).

Phantom

Our test phantom was constructed using a 2.3-L cylin-
der (outer diameter OD = 20 cm, length = 35 cm) filled
with a solution of 70 mM NaCl and which contained
seven 50-mL polypropylene cylinders (OD = 30 mm,
length = 115 mm) arranged as 6 outer samples each
containing a different concentration of NaCl and agar
circling the 7" sample placed in the middle and con-
taining a solution of 140 mM NacCl. A diagram of the
phantom with sodium/agar concentrations in the ax-
ial orientation is shown in Figure 2. The regions-of-
interest (ROI) in the 7 samples were generated from a
3D mask of equal diameter to each sample such that
all ROI volumes would be the same.

For >Na MRE one scan consisting of 16 averages
with TR = 511 ms, isotropic resolution = 5 mm and
isotropic FOV = 320 mm, was acquired with the FLO-
RET parameters: 3 hubs/45° with 100 interleaves/hub,
TE = 0.2 ms, total scan time = 40:52 min.

We measured the reference T; using a saturation
recovery (SR) reference experiment that consisted of a
series of eight scans. Each scan consisted of a FLORET
sequence (3 hubs/45° with 100 interleaves per hub)
with different TRs = [60, 100, 140, 180, 260, 300, 360,
420] ms and fixed TE = 0.1 ms, 4 averages, isotropic
resolution = 5 mm, isotropic FOV = 320 mm, rectangu-
lar RF excitation pulses with FA = 90° and 7z = 0.8 ms.
The total scan time for the SR experiments running
sequentially was 1:49 h.

Similarly, we measured the reference mono- and
biexponential T; using a multi-TE experiment that
consisted of a series of 13 scans. Each scan consisted
of a FLORET sequence (3 hubs/45° with 100 inter-
leaves per hub) with TEs = [0.1, 0.5, 1.0, 1.5, 2, 5, 7.5,
10, 15, 25, 35, 50, 65] ms and fixed TR = 150 ms, 4 aver-
ages, isotropic resolution = 5 mm, isotropic FOV = 320
mm, rectangular RF excitation pulses with FA = 90°
and 7rF = 0.8 ms. The total scan time for the multi-TE
experiments running sequentially was 1:57 h.

Brain

Five healthy volunteers (1 female, 4 males, mean age
36 + 8.5 years) were recruited under a protocol ap-
proved by the New York University Grossman School









Table 1. *Na relaxation times measured in the 7-compartment phantom. Measurements are shown as mean value +
standard deviation, from our **Na MRF method and from the average of two repetitions of the reference method.

Concentration 23Na MRF Reference Method

ROI  Agar (%) NaCl (mM) T, (ms) T3 ong (MS) T3 iy (M) T, (ms) T 1ong (MS) T3 0y (M)
1 0 140 589+ 1.2 40.6 0.9 329+1.9 57.442.0 52.1+3.5 372427
2 2 138 49.8 +2.0 323413 7.6 0.8 49.44+1.9 30.5+ 2.6 10.4 0.8

3 4 135 412429 26.5+ 1.5 6.2+ 0.6 428423 26.6 +1.4 6.1 +04

4 4 115 40.0 4.7 255422 6.2 £ 0.6 43.0+ 1.1 263+ 1.1 6.5+ 0.7

5 4 87 39.44+25 2724+1.2 6.1 +£04 44.7 + 0.6 25.94+0.8 6.4+ 0.2

6 6 132 297+ 1.9 219+ 1.1 6.2 +0.5 383+ 1.6 23.6 0.8 45+0.3

7 8 128 285+ 1.3 202+ 1.2 6.3+04 36.8 0.7 23.0 4+ 0.7 5.7+0.3

weighted maps which added another 10 s. In brain,
matching was performed over one center slice in each
of the axial, coronal and sagittal positions for all five
volunteers. Additionally, a slab of 20 axial slices were
matched for volunteer 5. Matching required an aver-
age of 9:42 min per slice plus 10 s for reconstruction
of the correlation-weighted maps. All these processes
were also performed on an Apple MacBook Pro (2019,
2.4 GHz 8-Core Intel Core i9).

Because of the dictionary size, and due to the low
SNR of the sodium images, it was therefore possible
that more than one match could generate a high cor-
relation for a single voxel. To account for this, we in-
cluded matches for a subset of the top correlations for
each voxel v, and generated the final maps by calculat-
ing the correlation-weighted parameter X, from the
dictionary of values X, ; corresponding to the match-
ing correlation coefficient w,, ; according to:

k
Zi:l wv,in,i

Zle wv,i 7

where k was the maximum number of correlation co-
efficients used for weighting and X, ; and X, were
the unweighted and weighted parameters Ty, T5 g0,
T3 jong» AB7 factor or Afy, respectively.

SD was calculated as the mean absolute value of
signal per correlation for each voxel v, normalized by
the highest voxel intensity in the image. Weighting
was then done according to Equation 9, where X, ;
was the unweighted SD and X, was the weighted SD.

X, = ©)

Correlation coefficient weighting

We investigated the effect of the correlation weighting
on the maps by directly evaluating both phantom and
brain 2>Na MRF maps weighted with the maximum
correlation coefficient only (k = 1) though the k= 1000
highest correlation coefficients.

To better choose the number of correlation coeffi-
cients to apply as a weighting factor in the final maps,
we devised a method of selection using limits based on
our RM and a priori information. First, for each relax-
ation parameter, a 2D map was generated using >Na
MREF for every level of unweighted correlation (k= 1,2,
..., 1000). For the phantom experiments, a range of
T, T3 jong and T g0, determined by the RM were used
as limits. For the brain data range, values from the
literature for T3 ,,, in CSE GM and WM, and Tj g0
for GM and WM were used (19, 21-23, 39, 42, 43). We
chose to omit T; in brain from this analysis due to the
lack of 22Na T; values reported at 7 T in the literature.

These limits were then applied to the maps to gen-
erate a set of indices providing the location of pixels
where the value of the masked 2>Na MRF mapped pa-
rameter fell within the range of the reference. This
index set was then used to create a binary mask which
was applied back to the original 2Na MRF 2D maps.
These results were plotted as the maximum number of
matches made to the subset of pixels within the refer-
ence range versus the number k included in matching.

Statistical Analysis

We used the two-sided Wilcoxon rank-sum test
(WRST) (44) in MATLAB to compare the values in the
ROIs of the 7-compartment phantom, mapped using
the RM against 2>Na MRE Similarly, we used the same
test to examine the sensitivity of 2Na MRF for distin-
guishing between CSE GM and WM in brain.

3 Results

Phantom

Figure 2 shows a diagram of the 7-compartment phan-
tom and the maps from **Na MRF: T1, T5 jong> T3 shoros
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Supplementary Figure S7 summarizes the results
of matching in the 7-compartment phantom with dif-
ferent k values against the RM in a series of boxplots.
When k = 20, there was more overlap between the
interquartile regions of RM and T; as compared to
the single maximum valued correlation, and the most
overlap in interquartile regions for all ROIs in T3 -
Although STDV was reduced for T, as the number of
correlation coefficients increases, there was loss of
overlap between RM and **Na MRF for T3 ,,,, in ROIs
6 and 7, respectively. Overall, T, o, did not change
significantly between k = 1 and k = 200.

Supplementary Figure S8 shows a series of graphs
for the relaxation times measured in each ROI of the 7-
compartment phantom plotting the maximum num-
ber of matches made to a subset of pixels within a
reference range limited by values from the RM. Ex-
amining the trends in the graphs for the phantom,
we noted that the plot most often changed direction
in T3 jong from a high number of maximum correla-
tions per pixel match to a global decrease followed
by leveling off in the region between k = 10 to k = 50.
Direction changes were also noted in T g, graphs in
the neighborhood of k = 100.

Supplementary Figure S9 shows similar graphs for
T3 jong In CSE GM and WM and Tj g, in GM and WM
for each of the 5 volunteers. The maximum number
of matches made to a subset of pixels within each ROI
were limited by ranges defined by literature values
taken from Table 3. While graphs of T, ;... do not
show any notable trend, there are direction changes
in the graphs of T; ., in the neighborhood of k = 20
for CSE GM and WM.

4 Discussion

In this work we demonstrated a refined approach to
quantitative mapping of Ty, T3 j,ng, T3 ghore and SD us-
ing 2>Na MRF with correlation coefficient weighting.
We constructed a comprehensive dictionary that in-
cluded combinations of Ty, T3 ;) T3 shorts ABf factor
and Afy. We implemented a 3D FLORET sequence
with an optimized 23-pulse variable FA/PA MRF train
capable of full brain coverage in about 30 min with-
out varying TE or delays between the pulses in the
ZNa MRF pulse train. While the ISTO spin system
simulation and PC matching procedure were based
on our previous work (20), this study integrated a new
ZNa MRF pulse train optimization protocol and re-
fined matching criteria. Our method was tested in a
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7-compartment phantom, and successfully applied
for brain mapping in five healthy volunteers at 7 T.

Because AB]" and Afy were included as dictionary
parameters, the spatial influences of transmit inhomo-
geneity and frequency shift on relaxation times were
partially accounted for in the matching process. RF
field variations were most pronounced in the phan-
tom data (Figure 2), due to its high average relative
permittivity. On the other hand, Afj variations were
more pronounced in vivo, due to air-filled structures
such as the ear canal and maxillary sinus cavities (Fig-
ure 6). Some of the artifacts noted in the relaxation
maps could be lined up with similar artifacts in maps
of AB{ and Afy. This indicated that broadening the
ranges for AB and Afj in the dictionary, or reduc-
ing the step size for these entries, might improve the
appearance of these artifacts in the parameter maps.

The low resolution used to offset the sodium SNR
deficits makes precise measurements in isolated tis-
sues difficult. Even at the current resolution, low SNR
remains a hurdle. Speckle noise can be seen in some
of the maps in Figures 5 and 6, that overlap in re-
gions where changes in AB{ factor or Afy were ap-
parent, corresponding to areas of low SNR. We first
tried to overcome some of these caveats by denoising
the images prior to matching. While denoising did of-
fer subtle improvement in image quality by removing
some pixels with outlying intensity, the image quality
was not enhanced enough to make a difference in the
matching process.

Matching with PC was performed voxelwise be-
tween the data and the dictionary. We ordered the
signal matches for each individual voxel according
to their respective correlation coefficients and then
produced maps reflecting data that included a sub-
set of matches for each voxel. We later refined this
technique by using the correlation coefficient value
per voxel signal match as a weighting factor. While
the time required for matching and map reconstruc-
tion was longer than the fitting times of the RM for
T1, T3 jong and Tj g0r, the **Na MRF method has the
benefit of mapping not only Ty, T3 jong and T; g, but
also AB{, Afy and SD in a single acquisition. Further-
more, the combined scan time for RM based on the
scan time in the phantom, would be more than 2 h
versus a scan time of about 30 min for brain 2>Na MRE

Changes in the maps of correlation coefficient
value averaged over increasing numbers of coeffi-
cients were minor. This was because the differences
between the maximum value and an average of some



subset of coefficients for any single voxel were in
the thousandths. Despite such minor changes in
value, each correlation represents a potential match
between the dictionary and data. We acknowledge
that examining correlation in non-convex space and
within a noisy environment opens the possibility that
some higher valued correlations were calculated for
signals representing local minima as opposed to a
"true" match. Our choice to include multiple matches
based on correlation coeffcient weighting increased
the probability that some match resulted from a "true"
match as opposed to a local minimum. It may be pos-
sible to further improve matching by accounting for
non-convexity in the reconstruction process (45-47).

In the phantom, we weighted the data with 20 coef-
ficients. This reduced the slight inhomogeneity in T,
and T3 |, and provided the best agreement between
ZNa MRF and the RM data. While weighting beyond
20 coefficients continued to slightly smooth artifacts
and improve the agreement between >>Na MRF and
RMin T, the agreement to RM in T} |,,,, began to di-
verge in ROIs 6 and 7 at k = 50. There was no significant
change in values beyond the maximum correlation for
T3 shore- Similarly, for SD, an improved overlap in the
boxplots between >>Na MRF and RM is seen at k = 20
with no change beyond this value.

Matching in vivo was also completed using weight-
ing with k = 20 correlation coefficients. In this case,
increasing the number of coefficients introduced sig-
nals with lower value correlation coefficients for CSE
Interestingly, this had the effect of increasing the val-
ues of T} i, within CSF while slightly decreasing T,
and T3 ., This was combined with an overall in-
crease in the T; of brain tissue and decrease in SD.
Essentially, weighting signals by their correlation coef-
ficients operated as a smoothing kernel by including
a range of highly similar fingerprints. We compared
the smoothing effect to that of applying a Gaussian
filter prior to matching which is shown in Supplemen-
tary Figure S10. Comparison of parameter maps at
the maximum correlation with and without the addi-
tion of the Gaussian filter demonstrated no effective
improvement in the visual appearance for the brain
data. Furthermore, this outcome did not change when
additional correlations were included.

Visually, we could not differentiate between GM
and WM in the brain maps of the five volunteers. How-
ever, our statistical analysis indicated that the mean
Ty and T3, Were different enough to distinguish be-
tween GM and WM. As listed in Table 3, T3 ,,, and
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T3 shore Were reported in several studies where a wide
range between the shortest and longest T3 ,,, and
T3 shore Was noted amongst different sources. While dif-
ferent fitting techniques or data acquisition schemes
could be the culprit, there may also be variations in re-
laxation time within GM and WM. Some recent works
suggest that regional differences in structural com-
position within GM and WM (39, 48) are contribut-
ing factors, or that local changes are induced within
the cellular environment of the respective tissues (3).
These considerations, combined with the inherently
low SNR of sodium, make distinguishing GM and WM
through relaxation mapping difficult.

The ISTO simulation that we used to model T re-
laxation included dictionary ranges from 10 to 66 ms
for T3 ong and from 0.5 to 66 ms for T ;. We hypoth-
esized that average values for T3 ., and T3 g, in CSF
would be equal or very close to each other. However,
the mean T; g, was significantly shorter than T3 |,
in our measurements in CSE Similar issues with T
fitting in CSF have been mentioned in the literature
(23, 49) where the difficulty arose from using discrete
biexponential or monoexponential models. Finger-
print matching, however, operates across a pseudo-
continuum and is based on the dynamics of the spin
system. Theoretically, this would circumvent some of
the shortcomings associated with fitting discrete mod-
els. The concentration of higher value T; y,,,, in CSF
in the center in the central ventricle indicated that
partial volume effects from surrounding tissue may
have contributed to the low Tj ;... Eroding the tissue
masks did not significantly change the distribution of
T3 shore in CSE however, any contamination of the ROI
could have resulted in a reduced apparent T; g,

It is also worth noting that our 22Na MRF method,
and the ISTO simulation that we used to generate
the fingerprint dictionary, do not make any assump-
tion about either the compartmental homogeneity
within the voxel, nor the ratios between relaxation
processes for the central and satellite transitions of
the #Na spins 3 (i.e. the long and short relaxation
components). Both 22Na MRF and the ISTO simula-
tion simply estimate average relaxation times in each
voxel, which is very likely a volume weighted average
of multiple intra-voxel compartments (extracellular
and intracellular spaces from multiple cell types) and
local magnetic field inhomogeneities. Consequently,
there is very little chance to measure the ideal ratio
0f 0.6:0.4 for T3 g,,,:T5 jong due to quadrupolar relax-
ation processes. Indeed, if we were to specifically mea-



sure the ratio of Tj g, T3 jong With a fitting method
(which MREF is not), the ratio of 0.6:0.4 would occur
only in a perfectly ideal model where relaxation is
purely quadrupolar. This is usually not the case in real
samples, including gels, fluids and biological tissues.
In reality, dipolar coupling, residual quadrupolar in-
teraction (due to local structural anisotropies), local
field inhomogeneities (chemical shift interaction) of
various nature, and even spin-orbit interaction where
the spin interacts with the magnetic fields generated
by the rotational motion of the ion itself, can occur
and influence the relaxation process of the ?*Na spins.
Such influences effectively act as pertubations to the
main quadrupolar relaxation process, and thus gener-
ate 23Na relaxation times that deviate from the ideal
case of pure quadrupolar relaxation (50-52).

5 Conclusion

In conclusion, we demonstrated an implementation
of 22Na MRF from a 3D 23-pulse FLORET acquisi-
tion that enabled quantitative mapping of Ty, T3 i,
T; shor» SD, ABY factor and Afy in about 30 min over
the whole brain with 5-mm isotropic resolution at 7
T. Furthermore, we introduced correlation coefficient
weighting in the data reconstruction to enhance the
robustness of the method and smooth the final maps.

The proposed 2*Na MRF method could finally be
combined with '"H MRF based on our previous work
on simultaneous acquisition of 'H MRF and ?*Na MRI
(27, 28, 53) to generate a fully simultaneous 'H/?*Na
MRF technique (54).
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Figure S1. Images of the center axial slice of the 7-compartment phantom acquired after each of the 23 pulses in the
#Na MRF acquisition (global normalization). The pulse train is shown in Figure 1(B). These images were normalized
to the brightest pixel over all 23 images for the slice shown here. The first three pulses form a 90°-180°-90° inversion
composite block that was used to increase T sensitivity and improve RF homogeneity of the magnetization inversion.
In the composite block, 7 = 72 = 7.5 ms. The next 20 pulses form the variable flip angle and phase angle train with
73 = ... = T23 = 15 ms. Acquisition parameters were TR = 511 ms, isotropic resolution = 5 mm, isotropic FOV = 320 mm,
FLORET trajectory (3 hubs/45°, 100 interleaves/hub) and 16 averages, for a total scan time of 40:52 min.
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Figure S5. **Na MRF maps produced after matching with different numbers of correlation coefficients (k) used as
average weighting factors in a 7-compartment phantom. The "Maximum" label above the left column indicates the result
of mapping between the fingerprint dictionary and the image signal using only the highest correlation coefficient (k = 1).
The values above each column indicate the number of highest correlation coefficients included in the map calculations.
The maps for k = {10, 20, ..., 1000} therefore correspond to the weighted average of signals with the k highest correlation
coefficients, where the value of the correlation coefficient itself was used as the weighting factor.
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from 2Na MRE Red boxes represent data from the reference method (RM) for relaxation times, and from ground truth for
SD. Boxplots are grouped by column for k = {1 (maximum), 20, 50, 100, 200} highest correlation coefficients used for the
weighed average of each map parameter.



0 i)
S\ oS 0 y®

Number of correlation coefficients

0
®
O A0 400 e® 00 0 (@ a0 go® e yof
Number of correlation coefficients

T, 2,Short
40 50
o
8 35 2 2 4
2 2 §
g H
£ g E
s g 5
- H H i
- E ¢ £ 5
o H ] H
=4 £
s £ ] g
- E E
H %
H £ 2
0 0y o
O 98° 400 150 0 (1 400 o8 o 4o
o AS 8% o8040 (10 (o® 400 o@® oe® \o® ASD 0 o0 8 0 (@O 400 o8 o0 s
Number of correlation coefficients Number of correlation coefficients
8
8 $
° 2 8
2 s g
] 2 -
T E ]
s E 5 5
s = 2
Ne ¢ H £
= 3 E 2
O & H £
o 2 3 H
~ £ 3 -1
3 E 3
E H =
8 =
E 0 [ .
L 0 b o o
[ A— L o O\ o OO 00 ¢ 400 o0 o
o AR 780 A0 40 0 (o0 100 o0® oS O A g0 a0 400 O ¢ 0 o® o Ao AR 980 a0 480 (00 (10 180 o o0 s
[ — Number of correlation coefficients
Number of correlation coefficients lumber of correlation coefficient
40 40
2
g 35 2 35 8
k4 g ]
£ ] g
=& g g
hid E 5 S 25 5
- 4 5 >
Sw i T g
o 5 2 ° 2
- £ £ £
H H g
£ H £ 10
s = s 5
2 o o o
05\ o8 o 46 o 6 60 o o 08 0 10 o 0 (oS o o o 0 ® ® © o0® oo o
O AW 0% o8 (00 o1 ¢ 40 o8 ot o O o0 00 00 0P o0 (OO 0 5e® o® \of O A0 400 o800 o0 (90 400 ¢8® of® A
Number of correlation coefficients Number of correlation coefficients Number of correlation coefficients
40 - 40 @
2 35 g 35 “E
£
s £ 30 g 3 é
< g 5 5
TE s s 3
8 [z} _é 20 £ H
- 3
T : :
g E ® 10
f g =
E L - K 0" |
0o o o | 0 < o g O\ 700 A 00 10 (0O 400 80 oe® 40t
O g0 A0 0 o (o 0 o o O 0 g0 a0 0 g (O P o o AT AT AR 4 6 A0 o o S
Number of correlation coefficients Number of correlation coefficients Number of correlation coefficients
@ 50 ,
40 1 g
» i
H 8
£ 30 g s
g =
0= : : H
—E 5 25 3 :
Ok £ = £ 2
o E 2 §
£ g £
£ £ H]
E H H
E 3 5
3 = |
E % 5 ] 0 g
0 - S ¢ o N
O 00 00 400 (10 (0O o8 400 og® ot O A0 900 0® (o0 (0O (@ 400 (2P ot o
Number of correlation coefficients Number of correlation coefficients
a0 40 - N . 50
2 2 45
2 35 E i S 40
H 13 g
s g % g ¥, E 35
£ 5 9 5
©e 52 5 g 5
O & i H
H 5 5
o s 2 g
- 2 £ £
£ H H
H £ =
£ 3 El
2 = . C ;
0 Oy o & 80 A0 O (0 0 o oo® 1o
O 0P 90 00 00 (O (OO 40 oo® o® \o° O 00 400 00,00 10 (0 400 o0 o 4o O AW 400 a00 00 (o0 (1O 00 B0 o0 4
. Number of correlation coefficients Number of correlation coefficients
Number of correlation coefficients
40 50
2
8 3 P s
] H H
£ 3 5 ]
£ g
g -
< 25 5
~= 3 s H
o E Zxn H £
0 3 £ H
o :° . H £
= i £ E
= ISR E 7

P -

o

O A g% a0 400 O o 10 o® o uo®
Number of correlation coefficients

Figure $8. Maximum number of fingerprint dictionary matches in the 7-compartment phantom. The plots show the
maximum number of fingerprint dictionary matches made to the subset of pixels within a reference range for Ty, T3 g
and T3 ., versus the number of k = {1, 2, 3 ..., 1000} correlation coefficients included in the matching. The limits were
imposed using the reference method (values are shown Table 1).
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