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ABSTRACT

The goal of this work is to demonstrate in vivo imaging with a low-cost, low-field MRI scanner built and operated in Africa and
to show how systematic hardware and software improvements can mitigate the main operational limitations encountered in
low-resource environments. To this end, a 46-mT Halbach scanner located at the Mbarara University of Science and Technology
(Uganda) was upgraded through a complete reorganization of grounding and shielding, installation of new control electronics,
and open-source user-interface software. Noise performance was quantified using a standardized protocol and in vivo brain
images were acquired with three-dimensional RARE sequences. Distortion correction was implemented using cloud-based re-
constructions incorporating magnetic field maps. The revamped system reached noise levels routinely below three times the
thermal limit and demonstrated stable operation over multi-day measurements. Three-dimensional T;- and T,-weighted brain
images were successfully acquired and distortion-corrected with remote GPU-based reconstructions and near real-time visuali-
zation through the user interface. The results show that low-cost MRI systems can achieve clinically relevant image quality when
electromagnetic noise and power-grid instabilities are properly addressed. This work highlights the feasibility of sustainable MRI
development in low-resource settings and identifies stable power delivery and local capacity building as the key next steps toward
clinical translation.

1 | Introduction The MRI accessibility problem takes different shapes in differ-

ent regions [1, 2]. In sub-Saharan Africa (SSA), formed by 54

The lack of access to essential radiological infrastructure com-
promises the quality of healthcare services and signifies a prom-
inent burden on low and middle income countries (LMICs).
Specifically, present-day magnetic resonance imaging (MRI)
technologies remain out of reach for about 70% of the world pop-
ulation [1, 2], despite estimates that millions of lives could be
saved every year by making it more widely available [3].

countries and with a total population of over 1.2 billion people
[4], a recent needs assessment survey identified brain, spine,
and musculoskeletal imaging applications as most relevant
[5]. This is motivated by a number of factors. One is that SSA
accounts for roughly half of the global incidence of hydroceph-
alus cases (90% of the cases appear in LMICs, mostly in pedi-
atric populations) [6]. While ultrasound and CT are commonly
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used for initial diagnosis, MRI plays a key role in non-ionizing
assessment, surgical planning, and post-shunting monitoring
[7]. Another is that the burden of non-communicable diseases
in Africa steadily increases as environmental and societal
trends evolve. For instance, stroke is now more prevalent in
the African continent than in Western Europe and the United
States [5], and MRI is the recommended standard of care for
these (and multiple other) neurological diseases [8]. Spine and
musculoskeletal applications are motivated mostly by traffic
accidents. For reference, traffic deaths on African roads add
up to about one quarter of the victims worldwide, while pos-
sessing barely 2% of the world's vehicle fleet [9, 10]. Likewise,
the incidence of non-fatal accidents is extreme in SSA, and
MRI could play a key role for traumatic spine [11] and extrem-
ity injuries [12, 13].

However, MRI machines are complex, proprietary, and ex-
traordinarily expensive. Furthermore, they necessitate highly-
trained staff for their operation. These aspects, combined with
the scarce economic, material, and trained human resources
available, preclude the penetration of present-day MRI in SSA
and other LMICs. Low-field MRI technologies (LF-MRI) operate
below 0.5T, use permanent rather than superconducting mag-
nets, and have been postulated as a means to alleviate this sit-
uation [7, 8, 14-18]. Relevant milestones achieved with LF-MRI
systems include point-of-care imaging [19-25], home healthcare
[26], quantitative MRI and fingerprinting [27, 28], hard-tissue
imaging [29-31], artifact-free imaging of metallic implants
[26, 32], robust 3D and diffusion imaging at low field [33], or
whole-body imaging [34]. Still, as of today, translation to the
clinic of most of the prospective LF-MRI applications remains
to be demonstrated, more so for deployment in low-resource
settings, where there are multiple operational challenges other
than the system cost (see Section 2).

In this paper, we present in vivo images taken with a low-cost
(~ 30 k$) LF-MRI system built in Africa. The 46-mT Halbach
scanner had already been constructed on site at the Mbarara
University of Science and Technology (MUST), in Uganda [35].
To make it suitable for in vivo imaging, we have revised the com-
plete electronics setup and installed the latest stable versions of
the control electronics and user interface applications (MaRCoS
and MaRGE, [36, 37]). Additionally, we have upgraded MaRCoS
to integrate with Tyger, an open-source framework for remote
signal processing [38]. As part of this work, the MUST team has
gathered and documented know-how and methodologies fol-
lowed in the laboratories of the Institute for Molecular Imaging
and Instrumentation (i3M, Valencia, Spain) and the Leiden
University Medical Center (LUMC, Leiden, The Netherlands),
thereby increasing the local expertise and autonomy.

2 | System Baseline and Challenges
2.1 | System Baseline

The MRI scanner at MUST [35] is built around a 46-mT per-
manent magnet array in a Halbach configuration, without any
passive shimming. Over a 20-cm diameter spherical volume,
the resulting B, inhomogeneity is approximately 4700ppm.
The magnet weighs < 100kg and is mounted on an aluminum

trolley with supports for the gradient and radio-frequency (RF)
subsystems. The gradient set was manufactured in Uganda from
copper wire wound onto 3D-printed formers, following designs
supplied by the collaborating institutions. The gradient power
amplifier (GPA) follows an open-source design that provides
up to +15A and +10V [39]. The RF chain consisted of a single
solenoidal coil connected to a non-gated, commercial low-noise
amplifier (LNA) and a home-made unblanked transmit/receive
(TxRx) switch. Power amplification for the gradients relied on
an open-source design [39] and RF transmission made use of
a commercial 1-W power amplifier (RFPA). The scanner was
controlled using an early version of the open-source MaRCoS
platform. At the time, the software did not include the MaRGE
graphical interface, and all operation was handled via low-level
scripts and command-line tools.

This installation at MUST in 2023 represented the first docu-
mented on-site construction of an MRI system in SSA, enabling
basic imaging (Figure la,b) and marking an important proof
of concept that demonstrated the feasibility of LF-MRI in a
resource-limited environment.

While the system produced images, its operation revealed im-
portant limitations for progression toward in vivo imaging. Most
prominently, the early images suffered from low signal-to-noise
ratio (SNR) and geometric distortions, falling short of the ro-
bustness and usability required for clinical translation. For ref-
erence, the bell pepper image in Figure 1 took hours to acquire.

2.2 | Challenges

Here, we summarize the operational challenges encountered
for in vivo imaging with the 2023 setup, providing the baseline
against which the hardware and software upgrades presented
later in the paper should be interpreted.

2.2.1 | Electromagnetic Noise and Power Grid
Reliability

Operation at low magnetic field strengths is intrinsically chal-
lenging because the induced NMR signals are weak and image
quality is ultimately limited by the signal-to-noise ratio (SNR)
[40]. In the baseline MUST system, this problem was exacer-
bated by the absence of any RF shielding around the magnet
and, more importantly, by suboptimal grounding of the system,
which left the receive chain highly exposed to radiated elec-
tromagnetic interference (EMI). As a result, the effective noise
floor was sizable and fluctuated strongly even between consec-
utive acquisitions.

The impact of the electromagnetic environment is illustrated
in Figures 2a,b, which show noise levels logged over a few
hours. Even with the later, optimized version of the scanner, the
measurements reveal a clear dependence on electrical activity
within the building and on the state of the local power grid, if
grounding is suboptimal.

On top of this already noisy environment, the reliability of
the grid itself represents an additional limitation. In Mbarara,

20f13

NMR in Biomedicine, 2026

8SUBD17 SUOLULIOD A ERID) @[gedtjdde au Aq peunob a1 BN YO ‘38N JO S3INI 10} AR1q 1T BUIIUO AB]IM UO (SUORIPUOD-PUR-SWLYLLIOD" AB] 1M AReIq1BUIIUO//SHNY) SUORIPUOD PUe SW L 33 385 [9202/S0/ET] U0 ARqIT BUIIUO AB|IM ‘1 PUe 30UBIOS JO AluN BRRGIN AG E6202 WAU/Z00T OT/I0PALI0D" &3] 1M ARRIq 1 BU1IUO'S ELINO BoUR 10 eI A leUe//SARY WOy PaPEOUMOQ ‘9 ‘920 ‘Z67T660T



~ Spiral head coil

- New wiring/cabling
L |

. Grounded enclosures |

E—

T —— z
\ Updated MaRCoS & |
R MaRGE packages &4

5 Conductive blanket

p;
— -
2025 g
MaRGE v0.8.1-1

~ Menu

Scanner Protocols Sequences  Session
I I

- Custom' Protocols

Noise

Larmor.2025.07.09.16.48.52.885.mat

image| RF 'Sequence (Others Processing

Echo time signal
Sequence configuration

System logs

Echo spectrum

17:20:19
17:21:48
497700

17:21:48

Acqu

Scal

Sca

Acquired

Scan y it 70 | Noise.2025.07.09.16.22.12.666. Values

Output data selection [—
Output metadata

17:27:17
17:27:17 - G

17:27:42
497700

17:27:42 - Scan 6, batch 172 ready
17:27:42 - Scan 7, batch 1/2 running

FIGURE1 | System evolution at MUST. (a) Scanner after the initial assembly in 2023. (b) First reconstructed image (bell pepper). Front (c), rear
(d), and global (e) views of the MUST scanner in the present configuration, highlighting the improved electronics setup, RF coils, and mechanical
integration. (f) MaRGE user interface.

extended outages and short blackouts are frequent, forcing 2.2.2 | Access to Material and Computational Resources
scanner downtime and occasionally corrupting acquisitions,

despite the diesel generator available in campus. Figure 2c Carrying out MRI research and system development in low-
summarizes the power interruptions recorded over a two- resource settings is inevitably constrained by the limited availabil-
week period, underscoring the need for autonomous and sta- ity of technical components and laboratory infrastructure. In the
ble power solutions. case of the MUST scanner, access to basic electronic parts such
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FIGURE 2 | Electromagnetic environment at MUST. (a) Noise levels logged over a few hours after the revamp but with suboptimal grounding,

highlighting the strong dependence of the measured noise floor on building activity and grid conditions. (b) Inserts show representative traces and

spectra under “quiet” and “noisy” conditions. (c) Frequency of power-off events recorded over a 2-week period.

as connectors, coaxial cables, or measurement instruments is lim-
ited, often requiring long procurement times or international ship-
ping. These limitations compound the effects of electromagnetic
interference discussed above, since effective noise suppression and
shielding depend critically on appropriate materials and hardware.

In this regard, illustrative examples encountered during this
work include: (i) the fact that the system operates with a 1-W RF
power amplifier, whereas similar setups in partner laboratories
employ units in the 250-W to 1-kW range; (ii) when one of the
diodes in the passive TxRx switch failed, its replacement was
delayed by the absence of local suppliers, and standard diodes
that cost only a few cents elsewhere had to be substituted with a
lower-grade alternative that was both more expensive and slow
to obtain; (iii) precision mechanical work is also challenging and
the lack of laser-cutting services in Mbarara limited the ability
to fabricate accurate shimming inserts, hindering fine adjust-
ment of the magnetic field homogeneity as routinely performed
in comparable Halbach magnets [41].

Finally, computational resources present an additional bottle-
neck. High-end workstations and GPUs are not readily available,
and subscription-based cloud services are often unaffordable.
Even the control computer used to operate the MUST scanner
offers modest performance, affecting data throughput and the
ability to perform advanced reconstructions locally.

3 | Methods

The two main activities carried out in this work were the up-
grade of the MUST scanner to achieve improved operational

capabilities and the acquisition of in vivo images to demonstrate
the impact of these improvements.

3.1 | Scanner Revamp and Electromagnetic Noise
Suppression

The scanner revamp focused on four main aspects (Figure 1c—f):
a complete overhaul of grounding and shielding; multiple new
RF coils and impedance-matching electronics; the installation of
the latest releases of MaRCoS and MaRGE; and the integration of
Tyger for cloud-based data processing and image reconstruction.

A comprehensive reorganization of the grounding and shield-
ing layout was carried out following the guidelines detailed
in Ref. [40]. Particular attention was paid to cable manage-
ment, enclosure integrity, and the definition of a single, low-
impedance ground reference for the entire system (Figure 3).
All electronic subsystems were enclosed in conductive alumi-
num housings with robust electrical contact between panels
and lids, ensuring continuous shielding and minimizing ra-
diative leakage. Internal RF shielding around the receive coil
was reinforced with a short, thick connection between the
coil return and the inner copper sleeve, while the outer shield
was bonded to all major enclosures and cable shields follow-
ing, where possible, a star-grounding configuration. Gradient
cables were rerouted and shielded to suppress inductive cou-
pling, and all “noisy” elements (such as power supplies, digital
control boards, and switching regulators) were relocated away
from the RF path. Only linear power supplies were used for
the analog subsystems, explicitly avoiding switch-mode sup-
plies to reduce conducted and radiated EMI.
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FIGURE3 | Schematicof the complete electronics setup of the MUST
scanner after the revamp. Red lines indicate RF signal paths (transmit
and receive), green lines correspond to gradient drive signals, orange
lines denote power connections, and black lines represent ground. The
diagram highlights the main subsystems, including the magnet, RF and
gradient coils, TxRx switch, LNA, 1-W RFPA, GPA, and the MaRCoS
control unit.

In addition, any component containing a ferromagnetic core
and directly driven at 50Hz (such as the transformers inside
linear supplies, or mains-driven electromechanical relays) was
either removed or positioned at a sufficient distance from the
magnet. These elements generate alternating magnetic fields
that modulate the Larmor frequency and introduce artifacts
unless echo and repetition times are exact multiples of 20 ms.
For acquisition windows exceeding a few ms, such modula-
tion can also distort the readout signal, as the field may vary
significantly within that interval. Both effects become appar-
ent already for sub-nano-tesla modulation depths. While in-
creasing the distance from the magnet effectively mitigates B,
modulation, it also necessitates longer cable runs, which in
turn raise susceptibility to noise pickup and ground potential
differences.

As part of the hardware upgrade, several new RF coils were
constructed to replace the single cylindrical solenoid used in
the original setup (Figure 1c,d). The primary head coil consists
of a single-layer spiral geometry adapted to the head anatomy,
following the design described in Ref. [16]. This provides an im-
proved filling factor and enhanced SNR for brain imaging. In
addition, two solenoidal coils were built: one optimized for head
imaging and another, smaller version for, for example, knee ac-
quisitions.! A new impedance tuning and matching (TM) box
was also developed, incorporating multiple capacitors on rotary
switches that allow manual selection among discrete capaci-
tance values without the need for soldering.?

The control and user interface software were upgraded to the
latest stable releases of MaRCoS [43] and MaRGE [37, 44]. The

new MaRGE version provides a unified graphical environment
programmed in Python, integrating pulse sequence control,
system calibration, and reconstruction tools within a modular
layout. It replaces the early command-line interface used in the
original system, offering enhanced usability, real-time monitor-
ing, and compatibility with standardized sequence formats such
as Pulseq.

The system was also equipped with Tyger, an open-source plat-
form that enables streaming of raw MR data from the scanner to
cloud-based computational resources, where reconstructions or
post-processing tasks can be executed inside Docker containers.?

Noise measurements were performed following the stepwise
protocol described in Ref. [40], adapted here for the MUST sys-
tem (Figure 4a) in an unshielded laboratory environment. At
MHz-range Larmor frequencies, the fundamental noise limit
is set by thermal (Johnson-Nyquist) noise from the receiver im-
pedance. For a 50Q source at room temperature (~ 300 K), con-
nected to a 50Q input LNA, the theoretical voltage noise spectral
density is ~ 0. 45 nV/y/Hz, defining a baseline that corresponds to
one “thermal unit.” Measured RMS voltages were normalized
to this reference. Each measurement used a 30-kHz bandwidth
and lasted 80ms, covering four full cycles of the 50-Hz mains to
capture periodic interference components.

Noise characterization was carried out following a staged and
incremental protocol designed to isolate the dominant noise
contributions along the receive chain. As a reference, the ex-
pected thermal noise floor of the system was first estimated
from the known characteristics of the receive electronics, pro-
viding a baseline against which all subsequent measurements
were compared. Experimental measurements then began with
a minimal receive configuration, consisting only of the LNA,
ADC, and control electronics, with a 50Q terminator connected
directly at the LNA input. This configuration allows verification
that the intrinsic electronic noise of the receive chain is close to
the theoretical limit and facilitates the identification of faulty
components, grounding issues, or power-supply-related interfer-
ence if excess noise is observed.

Starting from this baseline, additional subsystems were pro-
gressively integrated into the setup, including the Tx/Rx switch,
transmit chain, RF power amplifier, gradient cabling, and gra-
dient power amplifiers, with noise measurements repeated after
each step. This incremental approach enables direct attribution
of excess noise to specific hardware elements or electromag-
netic coupling paths. After completion of this process, the 50Q
load was replaced by the RF coil and its tuning and matching
network, and the same staged measurements were repeated
with the coil both unloaded and loaded by an in vivo subject.
This final step captures the combined effects of coil sensitiv-
ity, external electromagnetic interference, and subject-induced
loading, providing a realistic assessment of system noise under
operational conditions. Importantly, the coil and in vivo mea-
surements differed only in the absence/presence of the human
subject; the physical setups were otherwise identical (patient
table, conductive blanket, etc.) to that in Figure 1e.

Such noise measurements can be acquired with a dedicated
sequence implemented in MaRGE, which opens the ADC for a
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I. Minimal Rx chain
II. Insert the Tx/Rx switch
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FIGURE 4 | Electromagnetic noise characterization and suppres-
sion in the MUST scanner. (a) Four-step protocol for systematic noise
assessment in low-field MRI systems, adapted from Ref. [40]. Steps 2-4
involve repeated measurements through stages I-V to isolate the contri-
bution of each subsystem as the scanner is progressively assembled and
powered. The expression v, =G - \/kyTRAf = G -v,/2 defines the
expected baseline noise voltage, where G is the linear transducer gain
of the amplifier, ky ~ 1. 38e —23 J /K is Boltzmann's constant, and v, is
the RMS voltage noise generated by a resistor R at temperature T over a
bandwidth Af. (b) Normalized noise measurements, expressed as mul-
tiples of the theoretical thermal limit, for the different hardware config-
urations in the protocol, with colored bars corresponding to Steps 2-4,
and the labels in the abscissa to Stages I-V.

predefined acquisition window and returns the recorded signal
for subsequent analysis. The resulting data reflect the internal
signal pre-processing steps configured in the control system,
including oversampling, decimation, and digital filtering [36].
The same approach can be readily adapted to other MRI con-
trol platforms. In systems that do not provide an explicit noise-
acquisition sequence, equivalent information can be extracted
from a simple free-induction decay acquisition with the RF exci-
tation amplitude set to zero.

3.2 | InVivo Imaging Acquisitions

All in vivo images in this work were acquired with the MUST
scanner described in Section 2, after the upgrades described in
Section 3.1. Experiments employed three-dimensional Rapid
Acquisition with Relaxation Enhancement (3D-RARE) se-
quences optimized for low-field operation, using a repetition
time (TR) and echo spacing time (TE) suitable for either T,- or
T,-weighted contrast. All sequence parameters are summarized
in Table 1.

To investigate the most favorable subject positioning within the
unshimmed 46-mT magnet, further T,-weighted images were
acquired with the head placed at different positions inside the
magnet bore.

To mitigate the geometric distortions resulting from field inho-
mogeneity, we implemented a data processing pipeline that in-
corporates prior knowledge of the spatial B, distribution during
image reconstruction. The magnetic field map was obtained
using the Single-Point Double-Shot (SPDS) method [30], and the
reconstructed data were processed with this field information
(Conjugate Phase [46] or Algebraic Reconstruction Techniques
[47]). In brief, SPDS consists of acquiring two low-resolution
images using SPRITE (Single-Point Ramped Imaging with T,
enhancement), with identical spatial encoding but slightly dif-
ferent dead times following the RF excitation pulse. Because
SPRITE is intrinsically insensitive to geometric distortions, the
phase difference between the two images provides a faithful es-
timate of the local B, field, even in the presence of strong inho-
mogeneities. In practice, this field map can be acquired using a
large homogeneous phantom prior to the imaging sessions and
subsequently used for distortion correction, provided that the
field does not undergo significant temporal drift. Because these
algorithms are computationally intensive, the reconstruction
was executed remotely through Tyger.

4 | Results

4.1 | Scanner Revamp and Electromagnetic Noise
Suppression

Before discussing the individual results in detail, it is worth
summarizing three outcomes that stem from the combined
hardware and software revamp described in Section 3.1.
First, the upgrade of MaRCoS with the MaRGE graphical en-
vironment transformed scanner operation from a command-
line-based workflow into an integrated graphical interface,
providing automated calibration procedures (including Larmor
frequency determination, RF transmit amplitude calibration,
and gradient-based B, shimming), access to pre-installed fam-
ilies of pulse sequences (most notably RARE and SPDS in the
present work) with full control over sequence parameters (e.g.,
TE, TR, partial Fourier acquisition, inversion preparation), and
multiple built-in options for image reconstruction, visualiza-
tion, and data processing. Details on all these procedures can
be found in Ref. [37]. Second, remote processing significantly
reduced reconstruction turnaround times by enabling compu-
tationally demanding distortion-correction and model-based
reconstruction pipelines to be executed on GPU-equipped cloud
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Acquisition parameters for the images included in this work.

TABLE 1
Figure
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Figure 6 T1w
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Figure 7

30

Center-out

16.6 600 16

1.8%2.0%x5.9

80

100 X 100 x 24

185200 x 142

Figure 8 top
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Figure 8
bottom
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100 x 100 x 24

209 X 208 x 152

Figure 9

Note: All datasets were acquired using a 3D RARE sequence; TE denotes the effective echo time. Partial Fourier undersampling is applied only along the slice direction. Note that the image in Figure 8 bottom corresponds to the

same dataset as Figure 6 T1w. RF pulse times are all around 250 ps for 7 /2-pulses.

infrastructure, reducing processing times from hours or days on
the local control computer to the order of tens of seconds to a few
minutes. Finally, and most critically, the systematic electromag-
netic noise characterization and suppression protocol reduced
the effective noise floor of the system to levels compatible with
thermal noise dominance.

Regarding the latter, Figure 4b summarizes the normalized
RMS noise measurements obtained under the three configura-
tions introduced in Section 3.1. The plot follows the structure
of Ref. [40], where each row corresponds to a specific hardware
configuration. Values are expressed in units of the thermal
limit. The first line (‘LNA”) corresponds to a minimal receive
chain comprising only the low-noise amplifier and digitizer,
with all other components physically disconnected. The subse-
quent rows show the progressive addition of subsystems: inser-
tion of the TxRx switch, connection of the transmit electronics,
activation of the RFPA, and activation of the GPAs.

Figure 5 shows the RMS noise level monitored continuously over
a period of nearly three days. The measurement was carried out
with the scanner in its revamped configuration and after proper
grounding of all elements.

4.2 | InVivo Imaging

Representative brain and knee images acquired with the up-
graded system and reconstructed via Tyger are shown in
Figures 6 and 7.

The influence of subject positioning on image quality is illus-
trated in Figure 8. The top row corresponds to a T;-weighted
acquisition with the head positioned at the geometric center of
the magnet. The bottom row shows the same subject displaced
downwards (closer to the room floor).

Finally, the effect of distortion correction using SPDS-based re-
construction is presented in Figure 9. The top row displays the
measured B, field maps, the middle row shows conventional
Fourier reconstructions, and the bottom row presents the cor-
rected images.

5 | Discussion

5.1 | Scanner Revamp and Electromagnetic Noise
Suppression

The noise characterization in Figure 4b provides a quantita-
tive view of the scanner’s deviation from the theoretical ther-
mal limit. Even in the simplest configuration (LNA connected
to a 50Q load) the measured noise is about 1.9 x the thermal
level, indicating that the commercial LNA used in the system
introduces a significant contribution. This observation connects
directly to the hardware limitations discussed in Section 2: In
resource-constrained settings, access to high-performance am-
plifiers with sub-dB noise figures is limited.

Replacing the load with the RF coil leads to a clear increase
in noise, consistent with the coil's intrinsic sensitivity and the
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FIGURE 5 | Long-term noise monitoring with the revamped MUST scanner optimally shielded. The plot shows the evolution of the RMS noise
level over a continuous period of nearly three days.

FIGURE 6 | Selected slices from two 3D brain acquisitions, a T,-weighted image (top), and a T,-weighted image (bottom). Both datasets were ac-
quired using the updated hardware as described in Section 3.2. Images were acquired using the parameters listed in Table 1 and distortion-corrected

via Tyger.

FIGURE 7 | Selected slices from a three-dimensional T,w knee acquisition. Dataset acquired using the updated hardware as described in
Section 3.2, with parameters in Table 1.
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FIGURE 8 | Effect of subject positioning on brain reconstructions. Top row: the subject positioned at the geometric center of the magnet, where
B, inhomogeneity is more pronounced. Bottom row: the same acquisition with the head displaced downwards, toward a region of improved field
homogeneity. The two datasets shown were acquired using identical RF excitation and refocusing pulses and the same core sequence parameters
(bandwidth, TR, TE, echo train length, and k-space filling), as detailed in Table 1 and distortion-corrected via Tyger. A slight partial Fourier under-
sampling was applied only for the top image to reduce acquisition time; this does not affect the observed signal non-uniformity, which is dominated

by the magnetic field inhomogeneity.
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correction

FIGURE9 | Distortion correction using the SPDS method and cloud-based reconstruction with Tyger. Top row: measured B, field maps obtained
with SPDS [30]. Middle row: conventional reconstruction without accounting for B, inhomogeneity. Bottom row: reconstruction incorporating prior
knowledge of the measured field map. The correction substantially reduces geometric distortions, particularly in the frontal regions of the brain.

Images were acquired using the parameters listed in Table 1 and distortion-corrected via Tyger.

coupling of external EMI. Tests performed while powering the
system from an uninterruptible power supply (UPS) showed
that disconnecting from the mains reduced the noise to near
the 2 x baseline, confirming the grid as a major noise source.
However, the available UPS provided an autonomy of only
~2min, precluding continuous battery-powered operation. The
highest level (5.1 x) was observed when the coil and LNA were
connected without proper grounding. This is even higher than
for the in vivo measurement and reflects the strong noise fluctu-
ations in the system when grounding is unreliable. As additional
grounded elements were incorporated into the setup, the system
became progressively more stable. Importantly, except in situ-
ation I (minimal Rx chain), noise level changes were found to
be fully reproducible across repeated measurements and acqui-
sition sessions, indicating that they are intrinsic to the system
configuration rather than a consequence of transient or unstable
ambient noise.

The long-term noise measurement in Figure 5 confirms a sub-
stantial improvement in electromagnetic stability (with respect

to Figure 2a) after the complete scanner revamp. Over nearly
three days of continuous monitoring, the noise remained close
to the achieved floor with minimal drift. Although much of
this measurement was acquired during a weekend, the results
indicate that the revised grounding and shielding layout effec-
tively mitigated the intermittent noise fluctuations previously
observed. In practice, the largest improvements originated from
two specific changes: (i) establishing a single, low-impedance
ground reference for all subsystems and (ii) enclosing the ana-
log electronics in continuous, well-bonded conductive housings.
The first step eliminated floating reference potentials and re-
duced common-mode pickup, which had previously led to large
fluctuations in the measured noise floor. The second minimized
radiative coupling into the receive chain, particularly from
nearby digital electronics and the power grid. These modifica-
tions explain the marked reduction in intermittent noise excur-
sions seen after the revamp. Noise factors below 3 X can now be
routinely achieved during in vivo operation. Although not ideal,
this level suffices for quality data acquisition. The brief increase
in noise observed around 13:30 on July 14, and a small outlier
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FIGURE 10 | Power consumption and battery state during operation of the 90-mT NextMRI scanner powered by a BLUETTI AC300 + 2xB300K
system. Yellow: instantaneous power drawn by the scanner. Blue: battery charging state. Green: battery charge level.

earlier that same day, are both minor compared with the large
fluctuations seen before the upgrade.

All in all, the systematic application of the grounding and
shielding guidelines in Ref. [40] was critical to achieving stable
operation closer to the thermal noise limit.

5.2 | InVivo Imaging

The in vivo brain images presented in Figure 6 represent a sig-
nificant milestone for the MUST scanner and a clear step for-
ward from the preliminary results of 2023 (Figure 1b). While
the images are not yet free from imperfections, the leap in per-
formance is evident: Anatomical structures are now discernible,
the achieved spatial resolution is adequate for low-field opera-
tion, and two fundamental contrasts (T,- and T,-weighting) have
been successfully demonstrated. These results confirm that the
revamped setup, together with the implemented noise suppres-
sion strategies and improved control electronics, provides suffi-
cient stability and sensitivity for reliable in vivo imaging.

Signal nonuniformity remains visible, particularly in the upper
portions of the images, which correspond to the frontal regions
of the head. This darkening arises primarily from the limited
output power of the 1-W RF amplifier, which forced the use of
relatively long pulses (around 500 ps, corresponding to an exci-
tation bandwidth in the order of 2kHz). At this level of B inho-
mogeneity (about 4700 ppm at 46 mT, corresponding to a spectral
spread of approximately 9 kHz), the available B, field would need
to be > 5x higher (25X higher power) to excite or refocus the
full frequency range present in the unshimmed magnet, so only
part of the head is effectively excited. The effect becomes more
pronounced when the subject is positioned at the geometric cen-
ter of the magnet, where B, is more inhomogeneous (Figure 8).
This can be alleviated by shifting the head slightly downward,
toward regions of improved field uniformity. This problem did
not occur for knee imaging, due to the smaller size of the RF coil
employed.

Magnetic field inhomogeneity remains the main factor limiting
image fidelity. Conventional Fourier reconstruction methods are
unable to compensate for the geometric distortions introduced
by such strong B, variations. However, reconstructions that in-
corporate prior knowledge of the measured field distribution,

as obtained with the SPDS mapping method [30], substantially
improve the resulting images (Figure 9). Although not elimi-
nating distortions entirely, this approach restores anatomical
proportions in the most affected regions, particularly at the
periphery. It should be noted, however, that no reconstruction
method can recover signal in regions that were not effectively
excited in the first place. Because these algorithms are compu-
tationally intensive, their integration with Tyger for cloud-based
GPU execution enables practical deployment even when local
computational resources are limited. The ability to stream re-
constructed data back to the console in near real time through
MaRGE provides an effective workflow for low-cost systems in
low-resource environments. In practical terms, the raw datasets
acquired in this work never exceed 32 MB, which allows them
to be streamed to the cloud in approximately 1 min over a stan-
dard 3G mobile network, and within a few seconds when using
WiFi or 4G connectivity. With the GPU available for this work,
images were reconstructed in around half a minute [45].

Overall, these results demonstrate that, through careful hard-
ware optimization, electromagnetic noise control, and advanced
reconstruction pipelines, in vivo imaging is technically achiev-
able on a scanner built and operated in Africa. Although the
acquisitions presented here required relatively long scan times,
this limitation arises primarily from the elevated noise level of
the receive chain, approximately three times the Johnson noise
limit. Under ideal conditions, with a lower-noise amplifier and
complete isolation from grid interference, comparable image
quality could in principle be achieved in roughly one-ninth of
the current acquisition time. Additionally, the use of Tyger al-
lows for advanced denoising techniques running on cloud GPUs
[48]. In any case, no special measures were required to stabilize
the system during acquisition beyond instructing volunteers to
remain as still as possible and informing them in advance about
the relatively long scan times, with subject motion being the
dominant practical limitation; in contrast, temperature drifts
occur on significantly longer time scales than individual ac-
quisitions, and mechanical vibrations were not observed to be
a limiting factor.

6 | Conclusions and Outlook

We have presented the first in vivo images acquired with a low-
cost MRI scanner built in Africa. This work highlights both the
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technological feasibility and the capacity-building aspects of de-
ploying affordable MRI systems in low-resource settings, paving
the way toward clinical translation.

From a technical standpoint, scanner performance is still
largely constrained by electromagnetic noise and the instabil-
ity of power grids in low-resource environments. Recent work
with battery-powered systems demonstrates that autonomous
operation can overcome many of these limitations. Using a
commercial system (BLUETTI AC300 + 2xB300K) as the sole
power source for a 90-mT NextMRI scanner [49], stable opera-
tion was achieved with power consumption below 600 W during
scanning and approximately 400 W when idle (Figure 10). This
configuration provides about 9 h of continuous MRI operation
and allows hot-swappable, seamless recharging while isolat-
ing the scanner from mains noise. Extending this approach to
autonomous low-field scanners could be relevant to achieving
consistent image quality and reliable operation in low-resource
settings.

In addition to electromagnetic noise, the other major lim-
itation that currently constrains image quality is the intrin-
sic B, inhomogeneity of permanent-magnet Halbach arrays.
Distortions arising from inhomogeneities spanning several
kHz ultimately limit excitation coverage. While recent open-
source initiatives have begun to make field-mapping hard-
ware more accessible, for example, low-cost robotic arms for
characterizing Halbach fields [50], the practical implementa-
tion of passive shimming remains challenging. There is cur-
rently no simple, robust, and broadly accessible methodology
for shimming permanent-magnet arrays. Existing strategies
typically rely on intricate optimization procedures, custom
simulation workflows, or highly-precise inserts that are diffi-
cult to design and validate even in well-equipped laboratories.
Developing a straightforward, replicable shimming approach
suitable for both research and low-resource environments
therefore remains an important open challenge for the wider
low-field MRI community.

Despite the progress demonstrated here, a number of challenges
remain before low-cost MRI can reach widespread and sustain-
able use in SSA. Capacity building continues to be a major bot-
tleneck, both from the user and clinical perspective and from the
technical and industrial side. Low-field MRI technologies are
beginning to mature globally, yet local expertise in SSA remains
limited, hindering system maintenance, operation, and eventual
clinical translation. Developing regional training programs and
fostering industrial partnerships will be essential to ensure that
locally deployed systems can be effectively utilized and sup-
ported [5]. Although pilot clinical studies are under way world-
wide, translation to routine healthcare remains slow and will
require regulatory frameworks and reliable maintenance path-
ways that are still in their infancy in low- and middle-income
countries. For a more detailed discussion, we refer to Ref. [18].
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Endnotes

1'The OSII open repository [39] contains RF coil designs similar to those
employed in this work.

2We did not yet install an automatic impedance tuning and matching
box [42] due to lack of components.

3Technical details on the integration between Tyger and MaRGE can be
found in a separate work [45].
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