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A common misperception is that there is no broadening (blur-
ring) along a phase encoded indirect dimension of a multi-
dimensional MRI experiment, despite the celebrated analyses
tracing the loss of resolution of image features to truncated data
(finite resolution) along that dimension. Here we develop a rule
of thumb that, the half width at half maximum (HWHM) of the
broadening furnction, § =~ 0.6A, where A is the resolution or
the pixel size along that dimension. We provide experimental
evidence corroborating this principle. Parallel is drawn to 2d
NMR with constant time indirect dimension, to that of phase
encoding dimension in 2d MRI.

Magnetic resonance imaging (MRI) is a household name as
a powerful, yet noninvasive diagnostic tool in medical field,'
accompanied by additional broad range of applications in many
other fields, including the study of materials,*”’ corrosion of
metals,® monitoring batteries, fuel cells and supercapacitors.”!!
On the other hand, MRI of metals has been pioneered only re-
cently.'>?0 Tt is a revolutionary technology that combines the
importance and ubiquitousness of metals with a popular, nonde-
structive technique such as MRI. In recent years, studies based
on breakthrough insights helped overcome challenges inherent
to the MRI of metals and demonstrate the applicability of the
technique across a broad range. Nevertheless, studies continue
to unearth aspects unique to metal MRI (for example, the ef-
fective voxel size!?), which is intimately tied to the propagation
of radio frequency (r.f.) electromagnetic (EM) fields inside
metals.?!-26

In multidimensional MRI, one of the dimensions is directly
observed and is quantum mechanically distinct from the indirect
dimensions.*>2?” In practice, the indirect dimensions can be
encoded very differently from the direct dimension by what
is known as phase encoding.*> Yet another feature of metal

MRI that we have phenomenologically observed, and that merits
reporting, is the broadening in the phase encoded dimension of
a 2d MRI experiment.

Like any imaging or spectroscopic technique, MRI images
suffer from blurring. Blurring along direct dimension is easy
to understand and ascribed to relaxation decay. For the phase
encoded dimension, from conventional MRI theory, it is well
known that the relaxation decay results only in an overall inten-
sity scaling, without any accompanying blurring. MRI theory
also informs that the overall blurring is caused by ’sinc wrap-
ping’ associated with data truncation. However, conventionally
this is not associated with a characteristic linewidth (like in di-
rectly detected dimension), resulting in the tacit assumption that
there is no blurring in the phase encoded dimension. Attention
is drawn here to a parallel situation in 2d NMR with constant
time indirect dimension experiments.>’

However, when attempting to simulate MRI images of met-
als, we were forced to confront the issue that there is actually
blurring characterized by a well defined HWHM, along phase
encoded dimension. In a conceptual leap, we recognized that
the 1/2 width of the central lobe of *sinc’ function can be used as
HWHM for a generic blurring or point spread function (PSF).
This led to a surprisingly simple ’rule of thumb’ connecting
broadening to finite resolution along phase encoded dimension.

In two-dimensional MRI experiments employing phase en-
coding along the indirect dimension (see Figure S1), there is no
relaxation decay along this dimension.*>!2 Hence, unlike in
the directly detected, frequency encoded dimension, the broad-
ening (blurring) does not arise from the relaxation decay. How-
ever, the finite (limited) resolution A (which is also the pixel
size) along this dimension, naturally gives rise to sinc wrap-
ping,*> as shown in Supporting Information (SI) Eqs.(S17)
and (S18) based on quantum mechanical density matrix calcu-
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lations.*>2"3% Here we propose that this blurring be described
by a general (for e.g., Gaussian) point spread function (PSF)
whose half width at half maximum (HWHM) is given by (see
Eqs.(S24),(S25),(526))

§ ~ 0.6A (1)
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FIG. 1. 7Li2d MRI(zy).

This was confirmed by analyzing a variety of 2d and 3d
MRI experimental images, employing phase encoding along
indirect dimensions. We were able to successfully simulate’!
the experimental images by a convolution of effective voxel
sizes put forward recently,!” with a Lorentz-Gauss function!”
characterized by HWHM in the vicinity of nominal HWHM
given by the rule of thumb, Eq.(1).
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2d MRI(zy) images of an Li metal strip (inset of Panel-(b)), with intensity along vertical axis in arbitrary units. Panels-(a), (b), (c): experimental® images with
increasing resolution along y — —Ay(mm)= 0.5, 0.25, 0.125. Panels-(d), (e), (f): Corresponding simulations®' with §y(mm)= 0.225, 0.15 and 0.075.

Experimental 2d MRI(zy) images are presented in Figure
la-c. Here, y is the phase encoded dimension. Panels-(a),
(b), (c), display images acquired with progressively increasing
resolution by factors of 1, 2, 4, along y dimension, with Ay
(mm)= 0.5, 0.25, 0.125 respectively. These in turn, from Eq.(1),
give rise respectively to nominal HWHM of dy(mm) ~ 0.3, 0.15
and 0.075. Simulations employing values very close to these,
namely, dy(mm)= 0.225, 0.15, 0.075 are shown in panels-(d),
(e), (f). These simulations match quite well with the experiment
and help reduce the gap between the experimental intensity
patterns and those expected from skin depth arguments alone or
even the vastly better derived images."”

For the experimental 2d MRI(yz) image in Figure 2a, phase
encoded dimension is along z, with a resolution of Az=1 mm.
The nominal line broadening from Eq.(1), would be dz= 0.6
mm. We found that §2=0.5 mm mimics the intensity pattern
of the experimental image remarkably well, as shown in Figure
2b. Once again, the simulated image is the closest realization
to the experimental image. Like for the case of 2d MRI(zy)

images, the match is way better than either the expected (from
skin depth arguments alone), or even the much better derived
intensity patterns.'”

Chemical shift imaging (CSI) is the subject of Figures 3 and 4.
CSI combines MRI with NMR, thus correlating spatial distribu-
tion with information about chemical environment.*> 12:31-34 Tn
CSI, one of the axes is NMR chemical shift, whilst the remaining
are imaging dimensions.*> Due to bulk magnetic susceptibility
(BMS), the chemical shift (CS) of the nuclear spins depends on
the orientation of the metal strip face relative to Bg.!%13.16:35-38
For the configuration in our case, the BMS effect leads to two
distinct chemical shifts, one for faces || to Bg and the other for
faces | to By, respectively denoted by €2, and Q; (bc faces,
being L to By, do not contribute to MR signal'?!%).

In 3d CSI(yz) (Figure 3), the different regions of 2d MRI(yz)
(Figure 2), are now separated according to their CS, along the
additional CS dimension. In Figures 3 and 4, Panel-(a) displays
experimental CSI and Panel-(b) the corresponding simulation.
The imaging dimensions are y and z for 3d and y for 2d; CS is
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FIG.2. "Li2d MRI(yz).
2d MRI(yz) images of an Li metal strip (inset of Panel-(a)), with intensity along
vertical axis in arbitrary units. Panel-a: Experiment,19 Az=1mm. Panel-b:
Simulation,?! §z= 0.5 mm.

the remaining dimension. The imaging dimensions, were phase
encoded.

In 3d CSI(yz), Ay=0.5 and Az=1 mm, and nominally from
Eq.(1), 0y=0.3 and 92=0.6 mm. On the other hand, for 2d
CSI(y), Ay=0.25 mm and from Eq.(1) 6y=0.15 mm. The 3d
simulation, to produce a good match with the experiment, re-
quired 6y=0.3 mm and §2=0.5 mm., Similarly, the 2d simulation
produced good match with the corresponding experimental im-
age by using dy=0.2 mm. Thus, once again Eq.(1) aids in
arriving at a suitable HWHM value along the phase encoding
dimension, to be used in simulations that yield good match with
the experiment.

Dielectric MRI images of a non-metallic sample is shown in
Figures S2 and S3; panel-(a) displays experiment, with simula-
tions in the corresponding panel-(b). For simulations, for phase
encoding dimension, Eq.(1), provided suitable initial value for
d, quite close to the final adjusted value to provide good match
with experiment.

Thus, the simple rule of thumb in Eq.(1) is important, since
one can estimate the extent of blurring (along phase encoded
dimension) at a glance using it. What is more, by freeing it
from being exclusively associated with the celebrated sinc wrap
feature, it can serve as a nominal starting value for HWHM
of a user specified PSF (for instance Lorentz-Gauss'”-3!") along
phase encoded dimension, enabling development of simulations
in a facile manner. In addition Eq.(1) is equally applicable to
constant time indirect dimension of a 2d NMR experiment,27
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with § and A now having dimensions of frequency instead of
length.

It is interesting to note that in our case, broadening in the
indirect phase encoded dimension arose in the context of de-
veloping a systematic procedure to simulate new metal MRI
intensity patterns unearthed recently.>! Such efforts may lead
the way to develop corrective algorithms (post acquisition, or
even real time), that take into account systematic distortions
inherent to metal MRI (or, dielectric MRI in the presence or
vicinity of metal). Hence, an in-depth understanding of the
broadening in the indirect dimension may have wide applica-
bility to those working in the field of metal MRI, and MRI in
general, since the underlying physics is the same.

MRI of metals is a fast-emerging field that is rapidly expand-
ing in applications across many fields. The findings presented
here may impact (via fresh insights for analysis and interpre-
tation) metal MRI and CSI studies (and have the noninvasive
diagnostic potential) for structure of metals and alloys,***° met-
allurgy (metal fatigue, fracture, strain),*'~** catalysis,*>*’ metal
surface science and surface chemistry,&“g’55 batteries, fuel cells
and supercapacitors,'!-30-3% metallic medical implants and di-
electric MRI in the vicinity of metals.”®’! Given the basic
nature of the findings, the approach presented here is likely to
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FIG. 3. 3d Chemical Shift Imaging of a lithium metal strip.

7Li 3d CSI(yz) of a lithium metal strip (inset of Panel-(a)). Panel-(a): Ex-
periment.'® Panel-(b): Simulation.’! The imaging dimensions are y and z,
while CS is the remaining dimension. Due to bulk magnetic susceptibility, the
MR signal bearing ab and ac faces suffer different CS (€2,,=255 and Q4,=265
ppm respectively), being L and || Bg respectively (bc faces, being 1. Bq are
absent).!® Ay=0.5 and Az=1 mm. For the corresponding simulation, §y= 0.3
and 6z=0.5 mm.
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benefit from advances made in the mainstream (medical) MRI
field.
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FIG. 4. 2d Chemical Shift Imaging of a lithium metal strip.

7Li 2d CSI(y) of a lithium metal strip (inset of Panel-(a)), with vertical axis
denoting intensity in arbitrary units. Panel-(a): Experiment.!® Panel-(b):
Simulation.>! The imaging dimension is y while the CS is the remaining
dimension. Ay=0.25 mm. For simulation, y=0.2 mm. For further details see
Figure 3.
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S1. 2D MRI(YZ) SIGNAL

Consider the 2d MRI(yz) pulse sequence (without slice selec-

tion)!-2 shown in Figure S1.
pulse sequence for 2d MRI(yz)
/2 T
1 X 0<I>t->
i K
01 2 I
Gy | | | |
Gz

FIG. S1. 2d MRI(yz) pulse sequence.
Frequency encoding along y; phase encoding along z.

Starting from equilibrium magnetization, the evolution of o,
the (quantum mechanical) density matrix'6 at various stages is
outlined below:

At the start,

a(0; y,2) = p(y, 2)L, (S1)

Above, p(y, z) is the 2d (spin) density that is obtained by sum-
ming over the non-imaged dimension z (since there is no slice

selection along x).!2

p:2) = [ dopla,2) (s2)
Immediately after the % r.f. pulse,'™
20(1; y,2) = h.c. + 1} p(y, 2) (S3)

where h.c. denotes hermitian conjugate.*
Subsequently, the density matrix, just prior to the mw-pulse,
evolves into

20’(7‘§ Y, Z) =h.c +1; p(y, Z) e*[R“ri’Y(Gz 4Gy )7 (S4)

Above, v is the gyromagnetic ratio of the nucleus giving rise to
the MR signal. R isthe characteristic relaxation decay constant
of the MR signal. G, ., are (magnetic field) gradients applied
along y, z respectively.

After the 7 pulse, (S4) becomes:

20 (75 y,2) = hoe. + 1_ p(y, z) e FF(G= 24Gy wllT (g5
which further evolves into:
20(t; y,2) = h.c.+1_ ,Z) X
(t; y,2) Py, 2) (S6)

e~ [B+iv(Gz 24Gy y)]7 —[R—inGy y)]t

From quantum mechanics, the observable signal is given by'~®

2f(G=t; y,2) = 2tr {T o (8)} = p(y, 2) X

e—[R+i’y(G2 z+Gy y)|T e—[R—i'yGy y)t (87)

For phase encoded dimension, the gradient is increased by equal
increments along z direction (Figure S1) according to:

_GZO S Gz S GZO (88)
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Also (Figure S1),

0 <t < tma (S89)
With the definitions
kyo =vGym;  ky =1Gyt;= 0 <k, <k  (S10)
and
koo =7G20T = —kz0 <k < k2o (S11)

Eq.(S7) can be rewritten as an explicit function of the two phase
space variables k., k,, with contribution from 2d spin density
at spatial location (y, 2):

2f (k= kys y,2) = p(y, 2) X

e~ BT +i(k: ztkyo )] o—(Re—iy)ky (812)
R., the effective relaxation rate constant given by
R. = R/(7vGy) (S13)

The signal from the entire sample is obtained by integrating
(S12) over y and z.

2f(kerky) = [ dz [ dy ol %

e [BT +ilks z4kyo v)] o= (Re—iy)ky

(S14)

The spin density profile is extracted by 2d Fourier transform
(ET.) of (S14)

F(z,y) :/ dk., e*l’w/ dky e " f(ky, k)
0

—kz0
(S15)
resulting in:
2F(2,y) = e_RT/dZI/dy' ply ') e Ho v
k-0 e (S16)
></ dk, efikZ(ﬁZ,)/ dky e~ [Reti(y—y")]ky
k=0 0
finally yielding,
F(z,y) = kooe &7 / dz’ sinc [k,o(z + 2')]
- /dy’ p(y, ) e Fuwo v’ (S1T)
X {1 - e—[Re“(y—y'”’“?ax} L(Re, y—y')
where the function
sinc(f) = sin6/0 (S13)
In (S17), the (complex) Lorentzian is given by:
1
L(Re,y) = — = A(R.,y) + iD(R.,
(Re,y) Re + iy (Re,y) +1D(Re,y) (S19)

= e_i¢M (Rea y)

with
tan¢ = y/R.

The real (absorptive), imaginary (dispersive) and magnitude
functions are respectively given by:

(S20)

R 1
D=-ZA M=——o
RZ 44?2

A:R2+y2; R, 2

(S21)

Note that the }-max (HWHM) for A occurs at y = =R, while
for M, itis at y = +v/3R.. Thus,

0yi1/2 =0y = Re (822)
Further, -
| vty == (523)

It is less straightforward to assess the broadening in the phase
encoding dimension along z. In principle, since there is no re-
laxation during phase encoding dimension, there is no blurring
(broadening) for this dimension. But it is well known'"? that
because of finite extent of the k-space along this dimension, the
resulting image is a convolution of the spin density p(y, z) with
the sinc function (see (S17)), with the resultant blurring. From
(S18), HWHM for the central lobe of sinc(f) occurs at

61 /2 ~ 108.67 /180 radians. (S24)

(Note that sinc(0)=1; sinc(xm)=0.) Correspondingly (see

(S17)),
012  108.6
=iz = ~ ——Az~0.6A 2
dz1/2 = 02 oo 180 z~ 0.6Az (S25)
leading to Eq.(1), since,!-?
Az=m / kzO; —k0 <k, <k (826)
where Az is the resolution or the pixel size along z.
S2. DIELECTRIC MRI
(@ (b)
10 10 s
> > 4
10 10 2
-20 0 20 -20 0 20

x(mm)

FIG. S2. 7Li2d MRI(zy) of LiCl solution

LiCl (1M) solution in 2 ml D20 + 50 mM of CuSO4, in a bottle (shown as inset
in panel-(a)). The bottle axis || = || B1 (see insets in figures in main part, for
e.g. Figure 4). Panel-(a): Experimental, with pixel size for phase encoding
dimension, Ay = 2 mm, yielding from Eq.(1), nominal HWHM ¢y = 1.2 mm.
Panel-(b): Simulation, with jy = 1.5 mm., with an admixture of equal amounts
of Lorentzian and Gaussian constituting the broadening function.”-8
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FIG. S3. 7Li2d MRI(yz) of LiCl solution,

with intensity along vertical axis in arbitrary units. Sample and its configuration
are same as in Figure S2. Panel-(a): Experimental, with pixel size for phase
encoding dimension, Az = 1 mm, yielding from Eq.(1), nominal HWHM 6§z
= 0.6 mm. Panel-(b): Simulation, §z = 0.5 mm., with a Gaussian broadening
function.”$
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