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We numerically investigated the feasibility of low-field magnetic resonance spectroscopy (MRS) using optically
pumped magnetometers (OPMs). Low magnetic fields reduce signal strength and spectral resolution, challenging
reliable metabolite quantification. To address these issues, we performed Bloch-equationbased simulations at 0.01-
7T using aqueous phantoms. We compared chemical shift selective (CHESS) and inversion recovery (IR) methods
for water suppression. We also evaluated signal detection using both radio-frequency (RF) coils and OPMs. The IR
method, relying on 7; contrast rather than frequency selectivity, effectively suppressed water signals down to 0.1 T. The
signal-to-noise ratio (SNR) of Glu increased below 0.7 T. OPMs maintained nearly constant SNR across 0.01-1 T and
outperformed coils below 1 T. In mixed-metabolite settings, however, spectral overlap and IR-induced co-suppression
impaired detectionparticularly for Gln below 0.1 T. These results show that IR and OPMs offer complementary ad-
vantages for low-field MRS, while spectral resolution remains a challenge. This work provides a theoretical basis for
enhancing low-field MRS techniques and expanding access to metabolic diagnostics in clinical and research settings.

Proton magnetic resonance spectroscopy ('H-MRS) pro-
vides non-invasive, molecular-level insights for diagnosing
neurological and cerebrovascular diseases!. While conven-
tional high-field MRS yields high signal-to-noise ratio (SNR)
and spectral resolution, it is technically demanding and re-
quires specialized, expensive infrastructure. This limitation
has promoted growing interest in low-field MR approaches
that promise to broaden the reach of MR-based techniques,
particularly in resource-limited settings®®.

Among low-field MR techniques, low-field magnetic res-
onance imaging (MRI) has advanced rapidly in recent years
owing to recent advances in artificial intelligence®~1°. How-
ever, the potential of MRS under similar conditions has not
been extensively explored'!. This limited progress mainly
stems from unresolved physical and technical challenges asso-
ciated with decreasing Larmor frequencies. At low magnetic
fields, reduced chemical shift dispersion and signal sensitivity
degrade spectral resolution and quantification of metabolites.

First, the chemical shift between water and metabolite
peaks narrows, reducing the effectiveness of frequency-
selective suppression methods such as CHESS'? and VA-
POR!3, since RF pulses lack sufficient selectivity at low fields.
Second, the reduced Larmor frequency weakens the signal
amplitude detected by conventional RF coils. Although these
effects have been primarily characterized in the context of
NMR spectroscopy and low-field MRI'*!3, the same phys-
ical constraints fundamentally limit the sensitivity of MRS,
causing a marked decline in SNR, especially in the sub-
tesla regime. These limitations compromise the reliability of
metabolite quantification and must be overcome for the prac-
tical implementation of low-field MRS.

To address the problem of water suppression at low fields,
we introduce inversion recovery (IR)!® as an alternative to
frequency-selective techniques. IR leverages the difference
in 7} relaxation times between water and metabolites, rather
than their frequency separation, enabling suppression perfor-
mance that is independent of chemical shift. This makes IR

especially suitable for low-field environments, in which con-
ventional techniques like CHESS fail to provide adequate se-
lectivity. By employing IR, we aim to evaluate and compare
water suppression strategies that remain effective even under
conditions of reduced spectral resolution.

To compensate for the degraded sensitivity at low fields, we
adopt optically pumped magnetometers (OPMs)'”-!8 in place
of traditional RF coils. OPMs detect magnetic fields via quan-
tum spin polarization in alkali vapor, allowing them to main-
tain high sensitivity in low fields. They also eliminate the need
for cryogenic cooling and offer compact, flexible system con-
figurations. Given these advantages, OPMs are a promising
detection technology for enhancing the performance of low-
field MRS!.

To address reduced spectral resolution and sensitivity at
weak magnetic fields, we simulated a low-field MRS system
integrating IR-based water suppression and OPM-based de-
tection. Simulations were conducted across 0.01-7T. We
quantified SNR under single- and mixed-metabolite condi-
tions and identified limitations from spectral overlap and re-
laxation. These results provide a theoretical basis for extend-
ing MRS to environments lacking high-field infrastructure.

In '"H-MRS, electron shielding alters the effective magnetic
field depending on the local chemical environment, produc-
ing chemical shifts § (in ppm relative to tetramethylsilane).
These shifts enable the identification of metabolites like N-
acetylaspartate (NAA), glutamate (Glu), and glutamine (GIn).
Within the Bloch-equation framework, chemical shifts were
implemented as frequency offsets in the B, component. Ac-
cordingly, the resonance offsets of NAA, Glu, and Gln were
assigned to 2.02, 2.35, and 2.45 ppm, respectively, and scaled
linearly with the static field strength By.

Figure 1 illustrates the proposed OPM-based MRS system.
Figure 1 (a) shows the overall configuration, in which the MR
signal generated in the sample is transferred to the OPM sen-
sor via a flux transformer (FT)?*2!. Because the gyromagnetic
ratios of protons and electrons differ by three orders of magni-
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FIG. 1: Overview of the OPM-MRS system and flux
transformer (FT) circuit model. (a) Schematic of the
proposed system, where the MR signal is transferred from
the sample to the sensor via an FT for OPM detection. (b)
Equivalent circuit model of the FT, consisting of an input
coil, output coil, matching capacitors, and cable resistance.
This configuration enables resonant signal transfer while
isolating the sample and detection regions.

tude, the Larmor frequency of the MR signal falls far outside
the operational range of OPMs under the same static field.

To overcome this mismatch, the FT, configured as a reso-
nant RLC circuit, transfers the MR signal from the sample to a
detection region under a different magnetic field. This config-
uration bridges the frequency gap while improving detection
through resonance selectivity. Compared with conventional
inductive detection, it reduces coil resistance and associated
thermal noise, improving sensitivity for low-field MRS. The
subsequent circuit simulations for the FT and OPM detection
followed this configuration. To ensure optimal signal trans-
fer, the matching capacitors (C,, and Cs) on both the input and
output sides were tuned to achieve resonance at each target
Larmor frequency.

‘We implemented two water suppression strategies and eval-
uated them under identical acquisition settings: CHESS and
IR. In CHESS, a three-pulse frequency-selective saturation
module centered at the water resonance (4.70 ppm) was ap-
plied before excitation, with crusher gradients after each
pulse. The pulse parameters were adjusted to suppress water
while preserving nearby metabolite peaks.

In IR, a non-selective 180° inversion precedes excitation.
The inversion time (TI) at each By was determined from the
water longitudinal relaxation time 7j g,0 as TI = T} y,0In2
and refined in simulation to minimize residual water at read-
out. This approach exploits 77 contrast rather than frequency
selectivity. Except where noted, signal acquisition and analy-
sis (including windowing and SNR estimation) were identical

between CHESS and IR conditions. Therefore, any observed
differences in performance arose solely from the suppression
method itself.

The dynamics of 'H nuclear magnetization was calculated
using the Bloch equation®?:
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where ¥,, M, B,Ri(=1/T1), R2(=1/T3), and M., denote the
gyromagnetic ratio of proton spin, proton magnetization vec-
tor, magnetic field vector, longitudinal relaxation rate, trans-
verse relaxation rate, and thermal equilibrium magnetization,
respectively.

The values of M., were analytically derived from the Boltz-
mann distribution based on an aqueous phantom volume of
250mL, an absolute temperature of 286 K, and the respec-
tive molar concentrations of the spins. The target metabo-
lites are NAA, Glu, and Gln, at concentrations of 10, 10, and
2mM, respectively chosen for their biological relevance to
neuronal and glial metabolism*>2>. The magnetization tra-
jectories were computed by integrating the Bloch equations
using a fourth-order RungeKutta method with a time step
of At =2.5/2'% (9.5 us). All computations used double-
precision (64-bit) arithmetic to ensure numerical stability. A
simple free-induction decay (FID) acquisition with a duration
of 2.5 s was assumed, and detector noise was incorporated at
the signal evaluation stage according to each detection model.
To ensure realism, the overall scaling factor of the simulated
signal magnitudes was calibrated by normalizing water proton
intensity to match the experimental SNR at 0.3 T.

We experimentally measured the water signal with a
commercial 0.3 T MRI scanner. The measured values are
listed in Table I. We confirmed their consistency with the
Bloembergen-Purcell-Pound (BPP) relaxation theory®® to ex-
trapolate the relaxation times to other magnetic field strengths.
For metabolites, the relaxation times of NAA were deter-
mined using empirical formulas reported for rat brain spec-
troscopy?’:

Tinan = OCBg 2
Tonaa = vexp(—Bo/9). 3)

The empirical parameters for NAA were set to oo = 1287.7,
B =0.118, y=459.65, and 6 = 23.9.

To address the lack of established empirical formu-
las for Glu and Gln across all field strengths, their re-
laxation times were estimated by scaling the NAA val-
ues. We used constant scaling factors derived from estab-
lished high-field literature values?®. Specifically, the ratios
T1 Glu/TiNaA = 0.71, Ty Gin/Ti Naa = 0.70, T Glu/To.NaA =
0.83, and 7> Gin/ T2, Naa = 0.54 were applied across all simu-
lated magnetic fields. Table I shows a summary of the calcu-
lated relaxation times at 0.3 T for each metabolite.

Signal detection using the OPMFT configuration was mod-
eled as follows. The MR signal Bj, induces a voltage in the
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TABLE I: Simulation parameters for each metabolite
(reference values at 0.3 T).

Metabolite Chemical shift (ppm) 77 (ms) 7 (ms)

H,O 4.70 980 980
NAA 2.02 1171 454
Glu 2.35 786 246
Gln 2.45 793 376

input coil Li, (Fig. 1). The resulting current /o, through the
output coil Ly, generates an output magnetic flux density
Bout = Loutlout/Souts Where Soy is the cross-sectional area of
the coil. Boy served as the input magnetic field for the OPM
simulation described below:

T
dg_hg, g[S S S5
a” g 79 10" Top

“RY (e/9)B: —(%e/q)By| [
~(k/@)B:  —RY  (%/q)Bc | |5
(%/9)By —(%/@)B:  —Rop S:
0
+ 0 . @)
(Rop/q)'sw

Here, % = 1.76 x 10! rads~! T~! is the gyromagnetic ratio
of bare electrons, ¢ = 4 is the slowdown factor, S denotes
the electron spin polarization vector, and B is the transmitted
magnetic field vector applied to the OPM. Ryp = 2.0 x 10%s~!
and R;e) = 1.0 x 103s~! represent the optical pumping and
transverse relaxation rates, respectively, while the thermal
equilibrium polarization was set to Se. = 0.5.

The transmitted magnetic field was superimposed on a
static bias field to form the vector B. The frequency response
of the OPM was macroscopically modeled as a transfer func-
tion. To ensure quantitative realism, the simulated signal mag-
nitude was calibrated using experimental data acquired at 0.3
T, and the magnetic field sensitivity was determined by com-
paring this signal to the sensor’s theoretical noise floor dom-
inated by photon shot noise and spin-projection noise, while
the chemical shift scale was referenced to the water resonance.

Noise sources were modeled for both the FT circuit and the
OPM detector. To incorporate explicit stochastic elements,
pseudo-random Gaussian white noise was generated with a
standard deviation equal to the theoretical root-mean-square
(RMS) noise amplitude and directly added to the simulated
time-domain signals. Thermal noise in the circuit was repre-
sented by Johnson noise,

Viohnson = V 4kBTAfR7 ®)

where kg is the Boltzmann constant, 7 is the absolute tem-
perature, Af is the bandwidth, and R is the circuit resistance.
Here, R represents the AC resistance Rac to account for the
skin effect. This resistance increases with the resonance fre-
quency @y. An operating temperature of 300 K was assumed,
and Af and R were determined from the specific RLC config-
uration.
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FIG. 2: Representative 'H-MRS spectrum simulated at 0.3 T
using a conventional RF coil. Despite the limited spectral
resolution inherent to low-field conditions, the water peak
and several major metabolite signals remain discernible.

OPM noise was considered to consist of optical and sys-
tem components. Based on previous experimental configu-
rations?%?!, the system noise was assumed to dominate the
fundamental optical noise. Thus, the overall OPM noise was
modeled as additive white Gaussian noise with an amplitude
spectral density of 14 fT/v/Hz.

A quantitative comparison between the proposed OPM-
based system and a conventional induction-coil system was
conducted in terms of SNR. The OPM output was simulated
as a 2.5 s time-series signal, and fast Fourier transform analy-
sis with a Hanning window was applied. SNR was defined as
the peak amplitude of each metabolite signal divided by the
baseline level, which comprised residual water, overlapping
metabolite contributions, and background noise at the same
spectral position. To examine field dependence, the static
magnetic field strength of the MRI system was varied from
0.01T to 7.0T, and the SNR was calculated under each con-
dition.

Figure 2 shows a representative 'H-MRS spectrum of
mixed metabolites calculated at 0.3 T using a conventional in-
duction coil with IR. Despite the limited spectral resolution at
low field, metabolite peaks are distinguishable from the domi-
nant water peak. This demonstrates the feasibility of detecting
major metabolites under practical low-field conditions, pro-
viding a baseline for subsequent simulation analyses.

The relative performance of IR and CHESS water suppres-
sion methods was evaluated by comparing the SNR of Glu
across different magnetic field strengths. Figure 3 shows that
IR achieved higher SNR than CHESS at fields below approx-
imately 1 T. While CHESS provided moderate suppression
at high fields, its performance declined at low fields. In con-
trast, IR maintained better water suppression and enabled Glu
detection down to 0.1 T. Furthermore, the magnetic field at
which the dominant noise source transitioned from system
noise to residual water signal was approximately 0.6 T for
CHESS and 0.1 T for IR. This indicates that IR achieves more
effective water suppression under low-field conditions.

The field-dependent SNR of NAA was evaluated using



AIP
é Publishing

Simulation Study of Low-Field Proton Magnetic Resonance Spectroscopy Using Optically Pumped Magnetometers 4

CHESS P
5[ ® Gu/m0 o ®
10" @ Glu/Noise
IR

4 A
10*} 4 Gu/HO - .
A Glu/Noise 2 A 4

SNR of Glu
)

°
»e

=)
"
L ]

.

By (T)

FIG. 3: Magnetic field dependence of Glu detectability under
CHESS and IR. SNR values represent both Glu-to-water and
Glu-to-noise ratios. IR maintains superior suppression
efficiency below 1 T, enabling Glu detection down to 0.1 T
(where IR-induced co-suppression occurs).

SNR (NAA/noise level)

By (T)

FIG. 4: Simulated SNR of NAA as a function of magnetic
field strength. The results reveal a crossover point at 1 T,
below which OPM outperforms coils. A distinct SNR dip at
0.1T aligns with the convergence of 7} relaxation times,
suggesting a limitation of the IR method at this field strength.

single-metabolite simulations with both RF coil and OPM de-
tection. The coil exhibited a power-law increase with field
strength, while the OPM maintained nearly constant SNR
across the examined range. Below 1T, the OPM outper-
formed the coil. A distinct dip was observed at approximately
0.1T for both detectors (Fig. 4), where the T; relaxation times
of water and NAA converge.

The effects of detection scheme were explored by analyz-
ing the signal amplitudes and the dominant noise sources of
Gln, Glu, and NAA under mixed-metabolite conditions be-
tween OPM and coil detection (Fig. 5). As shown in the top
panels, the OPM signal amplitude remained nearly constant
in the low-field region, whereas the coil signal decreased sig-
nificantly. Up to approximately 1T, the system noise level
remained the dominant limiting factor (bottom panels), and
OPM detection demonstrated a clear advantage over RF coils
detection in terms of the resulting SNR.

However, below 1T, spectral overlap became increasingly
prominent, causing the residual signals from other metabo-
lites to dominate the noise floor and reducing the detectabil-
ity of all metabolites. Adopting the standard 3¢ criterion
(SNR > 3) for reliable detection, the SNR of Glu dropped be-
low 3 at 0.3 T, and those of Gln and NAA at 0.1 T, defining
the practical lower bounds for quantification.

The observed performance difference underscores the lim-
itations of frequency-selective techniques like CHESS below
1T, highlighting the advantage of alternative contrast mecha-
nisms such as IR. At low fields, reduced chemical shift sepa-
ration necessitates longer, narrower-bandwidth RF pulses for
CHESS, exacerbating relaxation-induced signal loss and re-
ducing suppression efficiency. In contrast, the IR method is
based on 7; relaxation contrast, which is independent of fre-
quency offset and thus maintains stable suppression perfor-
mance even under low-field conditions. The IR method also
suppresses signals from metabolites whose 7 values are close
to that of water.

The sharp dips observed in the SNR of certain metabolites
are likely caused by the magnetic field strength at which 7}
relaxation time of the metabolite converges with that of wa-
ter, resulting in co-suppression. To overcome this limitation,
it is necessary to explore suppression methods that do not rely
solely on 77 values. For example, methods that utilize phase
differences, such as the phase-sensitive Dixon technique®,
should be evaluated to identify suppression strategies better
suited to low-field conditions.

The results confirm that OPM detection provides improved
SNR compared with conventional RF coils in sub-tesla fields.
This advantage in sensitivity becomes more pronounced as
the static magnetic field strength decreases. This makes
OPMs particularly suitable for low-field MRS systems target-
ing cost-effective metabolic diagnostics. This trend is theoret-
ically consistent with the fundamental detection mechanisms
of each detector . In the FT-OPM configuration, the NMR sig-
nal is first detected inductively by a pickup coil and therefore
follows Faraday’s law of induction. Consequently, the signal
amplitude decreases with decreasing Larmor frequency, simi-
larly to conventional RF coils.

However, the magnetic flux collected by the pickup coil is
transferred through the flux transformer and detected by the
OPM. As a result, the system noise is primarily determined
by the OPM sensitivity rather than coil thermal noise, leading
to a weaker SNR degradation at low magnetic fields. Addi-
tionally, the magnetic field threshold at which OPMs begin to
outperform coils aligns with previous experimental studies'®.

The present results revealed detection limitations due to
spectral overlap, with SNR falling below 3 for Glu at 0.3 T and
for Gln and NAA at 0.1 T. These findings highlight the neces-
sity of improving spectral resolution and developing advanced
separation techniques to ensure reliable metabolite quantifica-
tion under low-field conditions. Since the SNR advantage of
OPMs relative to RF coils becomes more pronounced with de-
creasing field strength, the development of techniques to mini-
mize spectral interference from overlapping metabolites could
further enhance the diagnostic utility of low-field OPM-MRS.

The current simulation treats major resonances as singlets
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FIG. 5: Field-dependent behavior of signal and noise components for (a) Gln, (b) Glu, and (c) NAA in mixed-metabolite
simulations. Each subfigure shows the metabolite signal amplitude (top) for coil and OPM detection, and the dominant noise
components (bottom), distinguishing between system noise and residual metabolite noise. In all panels, marker shapes indicate
the receiver type (circles for the RF coil and triangles for the OPM). In the bottom panels, marker colors represent the
corresponding dominant noise sources. As the By decreases, the signal amplitude of OPM detection remains nearly constant
while the coil signal follows a power-law increase. Below 1 T, residual metabolite noise becomes dominant over system noise,
leading to sharp reductions in SNR and detectability in the sub-tesla range.

to focus on fundamental detection sensitivity. It neglects mul-
tiplet splitting due to J-coupling and 7'-driven macroscopic
line broadening. Consequently, the simulated spectral resolu-
tion at high magnetic fields may be overestimated compared to
realistic in vivo environments. Efforts in future work should
focus on evaluating quantification performance under these
realistic conditions, enhancing frequency resolution, and vali-
dating the proposed methods through practical measurements
using physical phantoms or prototype systems.

This study evaluated the feasibility of low-field 'H-MRS
using Bloch equationbased simulations. We demonstrated that
OPM-based detection outperformed conventional RF coils
in sub-tesla magnetic fields, maintaining stable SNR across
0.01-1T. The IR method, based on 7} contrast rather than fre-
quency selectivity, enabled effective water suppression down
to 0.1 T and enhanced Glu detectability below 0.7 T. These
results suggest that OPM-MRS systems can support portable,
low-cost implementations for metabolic detection in resource-
limited settings.
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