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Brain volume change over time is an important imaging-based biomarker of disease.
However, traditional MR scanners are associated with high direct and indirect costs both
up front and over time, rendering them inaccessible to many around the world. Recently,
ultra-low-field (64 mT) portable MR scanners have been introduced for clinical use and
have been highly safe and informative for neurologic monitoring. Volumetrics present an
important potential use for ultra-low-field MRI that has yet to be established. The aim of
the present work was to examine qualitative similarities between volume measurements
in adults and to address the questions of reproducibility through test-retest reliability and
external validity using recent software updates to the Hyperfine Swoop system, versions
8.8.1 and 9.0.0. In twenty neurologically typical adults, structural volumes demonstrated
high test-retest intraclass correlations regardless of software (>0.999-0.883). Regional
intraclass correlations also were explored, with the lowest stability observed in structures
that were relatively central and caudal, though more recent software provided relative
improvements. Regardless of field strength or software, measurements were comparable
to those established in growth charts. These findings constitute a crucial foundation for

the clinical utility of 64 mT MRI in monitoring brain volume loss over time.

INTRODUCTION

Whole brain and regional volume changes over the lifespan
are the foundational measurement used for estimating the
effects of aging,!"> and constitute an important imaging-
based biomarker of neurodegenerative® !> and psychi-
atric16-20 disease, as well as other conditions.2! Measuring
brain volume typically is done using conventional 1.5 or 3T
magnetic resonance imaging (MRI), which has strengths in
spatial resolution and soft tissue contrast relative to other
widely-available methods of imaging the brain.22-24 How-
ever, traditional MR scanners are associated with high di-
rect and indirect costs both up front and over time. They
require patients to present at dedicated imaging facilities,
which often presents logistical challenges as patients age,
especially those aging with neurodegenerative conditions
affecting cognition. Despite many advances, some individ-
uals with implants still cannot safely receive 1.5 or 3T MRI.

Because of these limitations, there are gaps in the knowl-
edge of how the brain changes over the extended disease
course among patients with barriers to receiving special-
ized neuroimaging.

While the earliest instances of human MR imaging in
the 1970s all relied on < 1T, increases in field strength
have been a key focus of innovation in the decades since,
reflecting a desire for finer and finer spatial resolution.2’
Recently, ultra-low-field portable MR scanners (<100 mT)
have been re-introduced to the research and clinical liter-
ature complemented by machine learning software to pro-
duce images purportedly comparable to 1.5 or 3T T1- and
T2-weighed scans. With lower up front and maintenance
costs, a 64 mT scanner may produce images with a spec-
trum of comparable clinical utility to those from a con-
ventional 1.5T scanner. These scanners are a crucial po-
tential gateway to knowledge of disease and development
in lower and middle income countries, where MR technol-
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ogy is less accessible.26:27 Early applications for the detec-
tion of hematoma after traumatic brain injury28 and white
matter hyperintensities,2? monitoring of critical care pa-
tients, 393! determination of time since stroke,32 and bet-
ter understanding the relationship between brain volume
changes and cognition33 have spurred on enthusiasm for
the accessible technology. The portability of ultra-low-field
scanners also is uniquely suited for longitudinal observa-
tions of clinical populations who have difficulty traveling
to receive neuroimaging, resulting in difficulty evaluating
new or worsening symptoms. Research on these conditions
often faces high attrition of the most severely affected in-
dividuals, rendering the resulting samples less representa-
tive of the full range of patients. Reduced image resolu-
tion and signal-to-noise ratio, concerns about the retention
of subtle clinically meaningful elements through largely
opaque and non-modifiable in-machine processing, and ar-
tifacts related to low fields’ greater vulnerability to distor-
tions have remained limitations to clinical utility and the
applications of some conventional neuroimage processing
pipelines.34.35

Arguably, the most important facet of ultra-low-field
structural scans for the purpose of convenient longitudinal
observation is the test-retest stability of key neuroimaging
biomarkers. Volumetrics present an important potential
use for ultra-low-field MRI. There is no single foundational
ground truth to volumetric estimates from magnetic reso-
nance imaging. Instead, values are considered accurate if
they are qualitatively similar to those derived from more
sophisticated instruments, often 3T traditional MRI acqui-
sitions. However, as combining results across scanners is
not straightforward even in conventional applications, the
most pragmatically important quality is the highly stable
reproducibility of estimates, allowing for the identification
and quantification of changes over time.

While multiple contemporary low field systems now are
marketed for clinical use spanning 0.55-0.064T, qualitative
similarities between conventional MRI and the Swoop 64
mT portable MRI system (Hyperfine, Guildford, CT, USA)
have been explored rigorously in a number of prior inves-
tigations, since its clearance with the US Food and Drug
Administration in 2020. In 2021, Deoni et al. compared 64
mT and 3T MRI in the ability to quantify brain volume in
children.34 They found that whole brain white matter, grey
matter, and intracranial volumes they observed were largely
in agreement with past developmental data, but with larger
confidence intervals ascribed to higher signal to noise ra-
tios. They were among the first to note that available con-
ventional MRI processing software packages had consid-
erably different levels of success when analyzing 64 mT
images available at the time. In early 2025, Vasa and col-
leagues examined inter-scanner reproducibility and the re-
lationship between values derived from conventional 3T
scanners and those derived from 64 mT Swoop system3¢
pre-processed using SynthSeg.3” The authors parcellated
the volumes into 98 structures, then considered them sep-
arately, as well as when combined these to calculate total
cortical grey matter, subcortical grey matter, white matter,
and cerebrospinal fluid (CSF). T2-weighted scans were as-

sociated with the highest inter-scanner reliability (median
intraclass correlation [ICC] = 0.96) and correspondence to
3T scans (median r = 0.94). However, the authors noted that
64 mT scans remained of appreciably lower visual quality
(lower resolution, reduced contrast between tissue types,
increased noise). They also demonstrated the considerably
poorer reliability within the amygdala and extra-cortical
CSF. Moreover, the authors noted that T1-weighted se-
quences resulted in non-zero CSF signal and partial-volume
signal voids at tissue interfaces. These were thought to
contribute to the lower correspondence of T1- versus
T2-weighed scan-derived volumes with those derived from
conventional 3T MRI. The authors conclude with a rec-
ommendation that future protocols utilize thick-slice
T2-weighted scans in three orthogonal orientations, then
combined these into a single isotropic scan using multi-res-
olution registration, a process previously described in the
literature.38

Test-retest stability of Swoop MRI system also previously
was examined using an earlier scanner software release.
Within the context of Swoop systems, software versions re-
fer to the entire device software that runs on the host com-
puter, as well as the firmware that runs on the scanner
itself. Thus, software versions control the sequence acqui-
sition and reconstructions. Hsu et al.3? compared the test-
retest reliability of volumes derived from 64 mT Swoop
MRI system to within-subject test-retest reliability of vol-
umes derived from conventional MRI; however, the scans
were acquired using a range of scanner software versions
(8.2.0-8.6.1). The scans were subject to the previously-de-
scribed registration process38 and segmented automatically
using SynthSeg.49 The authors agreed with the findings of
Véasa et al. that T2-weighted 64 mT scans resulted in vol-
ume estimates more comparable to 3T scans versus 64 mT
T1-weighted scans. Test-retest analysis demonstrated that
the coefficient of variation for macrostructural volumes was
smaller for T2-weighted versus TI1-weighted scans
(0.60-3.04 versus 1.86-4.44), largely reproducing prior work
addressing these dimensions in even earlier software ver-
sions.3441 However, results were not consistent across vol-
umes.

These investigations highlighted two open questions re-
garding the use of 64 mT Swoop MRI system for volumetric
analysis: whether contemporary acquisitions from ultra-
low-field MRI have sufficient test-retest stability to permit
interpretation of volumetric analysis (that is, comparable
test-retest stability to that achieved by conventional 1.5-3T
MRI) and whether there remain limitations associated with
combining analyses across software releases. These ques-
tions have crucial implications for routine clinical care and
research.

The aim of the present work was to examine the question
of test-retest reliability and external validity of key
macrostructural volumes. We also planned an exploratory
analysis to move beyond volumetrics of large structures like
whole brain or total white or grey matter, as performed be-
fore, and describe the test-retest stability of volumetrics for
finer cortical segments for the first time. We limited our
analysis to the recent Swoop scanner software updates, ver-
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sions 8.8.1 and 9.0.0, and described preliminary observa-
tions of software version related changes.

METHODS

PARTICIPANTS

Twenty prospectively recruited neurologically typical Eng-
lish-speaking adult volunteers were recruited at Johns Hop-
kins University School of Medicine. All participants pro-
vided written informed consent. All activities were subject
to review by the Johns Hopkins University Institutional Re-
view Board and were part of an approved protocol
(NA_00042097). Sixty-four mT MRI scans were acquired on
a Swoop MRI system (Hyperfine, Guilford, CT), hardware
version 1.8, using an 8-channnel linear head coil.

Exclusion criteria included pregnancy, severe claustro-
phobia, cardiac non-MRI compatible pacemaker or ferro-
magnetic implants, prior history of neurological disease
affecting the brain, known hearing loss, and uncorrected vi-
sual loss. Each participant was scanned twice, no more than
1 week apart, and received T1-weighted images (T1-WI),
T2-weighted images (T2-WI) and fluid-attenuated inver-
sion recovery (FLAIR). They also received diffusion-
weighted imaging with apparent diffusion coefficient map
in the first session. Ten participants underwent scans using
software version 8.8.1 and ten using software version 9.0.0.
Participants scanned with the software version 9.0.0 addi-
tionally underwent a fast T2-WI. Each image session lasted
less than 30 minutes. Images were reviewed by a neurol-
ogist to confirm the absence of known pathology prior to
analysis.

Per the manufacturer, the major areas of improvement
between the 8.8.1 and 9.0.0 software versions were: (1)
improved eddy current and hysteresis correction, (2) se-
quence changes, (3) improvements to the artificial intel-
ligence (AI) reconstruction model and the AI de-noising
model, and (4) the addition of an AI model to up-sample
after reconstruction. While sequence changes were subtle,
they included the addition of flow suppression to FLAIR se-
quences in 9.0.0, which reduces flow artifact and makes ve-
nous blood dark. Echo times for FLAIR and T2-WI scans
were slightly shortened to increase signal-to-noise ratio
in the brain parenchyma. Additional details regarding the
changes to Al models are proprietary. All models are rigor-
ously validated to ensure accurate representation of acqui-
sition data prior to release.

The second dataset used in this study was the Multi-
Modal MRI Reproducibility Resource, public in NITRC,
which consists in repeated 3T scans of healthy volunteers,
including 11 repeated T1-WIs and 18 repeated T2-WIs.42
These data were introduced not to provide a direct compar-
ison of resulting raw volumetric estimates (as they are not
acquired from the same individuals), but purely to provide
a comparator of reproducibility or stability of these mea-
surements within the same system, for potential longitudi-
nal studies.

IMAGE PROCESSING

All post-scanner processing within the pipeline was com-
pleted in FreeSurfer version 8.4344 FreeSurfer morphomet-
ric procedures have been demonstrated to show good test-
retest reliability across scanner manufacturers and across
field strengths.4>46 Segmentation of the low field scans
was completed using the SynthSeg function from within
FreeSurfer3740 with the options “-parc -robust”. This func-
tion outputs volumes from 101 regions of interest, at dif-
ferent granular levels. For completeness, we present and
discuss test-retest reliability results for both a low-granu-
larity parcellation with large volumes of interest (intracra-
nial volume, total grey and white matter, subcortical grey
matter, ventricles, CSF, left and right hemispheres, telen-
cephalon, and cerebellum) and a finer parcellation with
smaller volumes of interest (e.g., cortical parcels and deep
grey nuclei).47-49

STATISTICAL ANALYSIS

We investigated the test-retest reproducibility of the vol-
ume measurements derived from T1- and T2-WIs, at 64 mT
(with scanner software versions 8.8.1 and 9.0.0) and 3T MRI
using ICC(3,1). For each brain region, scan-rescan repeata-
bility was evaluated separately for version 8.8.1 and version
9.0.0, using absolute and percent differences between re-
peated acquisitions. An ICC of 0.9 and above was consid-
ered to have excellent test-retest stability.50 Our aim was
not to compare volumetric measures across scanner field
strengths. There is no single ground truth for MRI volumet-
ric analysis; instead, reproducibility is the key requirement
for in vivo volumetric studies. Reproducibility is well-estab-
lished for 3T MRI, and here we assess whether 64 mT imag-
ing achieves comparable reproducibility. Additionally, the
estimates of brain volume from 64 mT and 3T were plot-
ted on known normative growth curves based upon nearly
100,000 individuals, available in BrainChart.io,’! to explore
external validity of their values.

Two participants were scanned both using software 8.8.1
and 9.0.0 to facilitate an exploratory comparison of within-
subject scan-rescan bias within each software version and
across version bias. One participant underwent two scan-
rescan sessions before and two after the upgrade. Given this
single-subject repeated-measures design, analyses are de-
scriptive and focused on measurement stability rather than
population-level reliability. Upgrade-related effects were
assessed by comparing mean regional volumes before and
after the upgrade and expressing these differences relative
to within-version scan-rescan variability.

RESULTS

PARTICIPANT CHARACTERISTICS

Participant characteristics are described in Table 2.
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Table 1. Sequence parameters by software version

Software version 8.8.1

Software version 9.0.0

T1-weighted Time = 4:00 Time: 4:10
TE/TR/TI =5.4/880/322 ms TE/TR/TI =5/880/336 ms
Bandwidth = 64kHz Bandwidth = 64kHz
Echo train length = 32 Echo train length = 36
Flip angle = 90/180 Flip angle = 90/180
Resolution = 1.6 x 1.6 x 5 mm Resolution = 1.6 x 1.6 x 5 mm
T2-weighted Time: 5:20 Time: 6:00

TE/TR=161/1600 ms
Bandwidth = 64 kHZ

Echo train length = 64

Flip angle = 90/180
Resolution=1.5x1.5x 5 mm

TE/TR=151/1600 ms
Bandwidth = 64 kHx

Echo train length =56

Flip angle = 90/180
Resolution = 1.3x 1.3 x5 mm

Fast T2-weighted

Time: 2:10

TE/TR = 195/2000 ms
Bandwidth = 64 kHZ

Echo train length = 80

Flip angle = 90/180
Resolution = 1.6 x 1.6 x5 mm

Time: 2:30

TE/TR = 180/2000 ms
Bandwidth = 64 kHx

Echo train length =72

Flip angle = 90/180
Resolution = 1.6 x 1.6 x5 mm

FLAIR

Time: 7:50

TE/TR/TI =170/3000/1290
Bandwidth = 64 kHZ

Echo train length = 68

Flip angle = 90/180/180
Resolution =1.7 x 1.7 x 5 mm

Time: 7:10

TE/TR/TI =150/3000/1170
Bandwidth = 64 kHZ

Echo train length =56

Flip angle = 90/180/180
Resolution =1.7 x 1.7 x 5 mm

Diffusion-weighted imaging with apparent diffusion
coefficient

Time: 8:40

TE/TR = 62/850 ms
Bandwidth = 52 kHz

Echo train length = 44

Flip angle = 90/180

b-Value 900 s/mm?
Resolution = 2.4 x 2.4 x 6 mm
3 directions

Time: 8:00

TE/TR = 62/850 ms
Bandwidth = 52 kHz

Echo train length = 48

Flip angle = 90/180

b-Value 900 s/mm?
Resolution = 2.4 x 2.4 x 6 mm
3 directions

As of 2023, the field of view on Hyperfine scanners was 20 cm, with a matrix of approx. 128x128.

Table 2. Participant characteristics for test-retest analysis

64mT-8.8.1 64 mT-9.0.0 3T
Count Age (years) Count Age (years) Count Age (years)
Female 6 51+22;23-70 66%8; 50-74 35+13;22-61
Male 4 36+24;20-71 51+27;23-77 30+5;25-38
Total 10 45+23 10 62+16 18 32+10

Age presented as mean * standard deviation; range.

TEST-RETEST STABILITY OF BRAIN VOLUMES

As anticipated, ICCs between test-retest volumes were con-
sistently excellent for scans acquired using a 3T. They also
were in general excellent using 64 mT scans (Table 3). Ex-
ceptions to this were a notable dip in ICC for the volume
of the cerebellum whether using T1- or T2-WI scans and
slights dips below the threshold (ICC > 0.9) in subcortical
grey matter on T1-WI scans and in white matter on T2-WI
scans observed on acquisitions using the 8.8.1 software.
These results likely were related to signal loss and inhomo-
geneity in the basal and posterior areas, as well as deep grey
matter, which are sources of inaccuracy for the segmenta-
tion, as depicted in Fig. 1. Bland-Altman plots also were
produced, which demonstrated strong agreement between
repeated measurements (Supplement A). Nearly all obser-

vations fell within the 95% limits of agreement, and there
was no clear evidence of systematic bias. The noted lower
ICC values from 64 mT volumes resolved in version 9.0.0,
and image quality is appreciably improved on visual inspec-
tion (Fig. 2). Additional quality control statistical descrip-
tions are provided in Supplement B.

Given the high test-retest reliability of 64 mT scans fol-
lowing the 9.0.0 update, test-retest reliability for fine cor-
tical and subcortical regions was explored in these partic-
ipants (Table 4) and again demonstrated high ICCs. The
ICCs were linearly correlated with the volume of the parcel
(see Supplement C for plots), for both T1- and T2-based
segmentation (R2 = 0.26 and 0.23, respectively), as ex-
pected, since agreement metrics are influenced by the num-
ber of voxels and larger parcels tend to yield higher ICC val-
ues.

Aperture Neuro 4



Reproducibility of Volumetric Analysis using Ultra-Low-Field Portable Magnetic Resonance Imaging

Table 3. Intraclass correlations between test-retest macrostructural volumes by scanner and sequence

T1-weighted T2-weighted
Feature 3T 64 mT-8.8.1 64 mT-9.0.0 3T 64 mT-8.8.1 64 mT-9.0.0
Grey matter 0.997 0.986 0.997 0.999 0.961 0.997
[0.963-0.999] [0.949-0.996] [0.989-0.999] [0.997->0.999] [0.862-0.989] [0.988-0.999]
White matter 0.998 0.985 0.996 0.999 0.892 0.997
[0.983-0.999] [0.938-0.996] [0.984->0.999] [0.997->0.999] [0.704-0.969] [0.988-0.999]
Subcortical grey matter 0.998 0.883 0.988 0.976 0.955 0.973
[0.991-0.999] [0.612-0.969] [0.954-0.997] [0.937-0.991] [0.841-0.987] [0.917-0.993]
Ventricles 0.999 0.997 0.999 0.994 0.997 >0.999
[0.998->0.999] [0.991-0.999] [0.996->0.999] [0.983-0.997] [0.987-0.999] [0.999-1.000]
Left hemisphere 0.998 0.967 0.996 0.999 0.940 0.997
[0.982-0.999] [0.878-0.990] [0.984-0.999] [0.997->0.999] [0.784-0.982] [0.987-0.999]
Right hemisphere 0.998 0.994 0.996 0.999 0.994 0.996
[0.974-0.999] [0.979-0.998] [0.982-0.999] [0.998->0.999] [0.979-0.999] [0.986-0.999]
Telencephalon 0.998 0.984 0.997 0.999 0.972 0.998
[0.969->0.999] [0.939-0.996] [0.992-0.999] [0.998->0.999] [0.893-0.993] [0.993->0.999]
Left lateral ventricle 0.999 0.998 0.999 0.999 0.996 >0.999
[0.997->0.999] [0.991-0.999] [0.996->0.999] [0.996->0.999] [0.983-0.999] [0.999->0.999]
Right lateral ventricle 0.999 0.996 0.999 0.999 0.997 >0.999
[0.998->0.999] [0.984-0.999] [0.995->0.999] [0.997->0.999] [0.988-0.999] [0.999->0.999]
Intracerebral volume 0.991 0.955 0.998 0.999 0.971 0.999
[0.968-0.997] [0.844-0.988] [0.993->0.999] [0.997->0.999] [0.887-0.993] [0.996->0.999]
Cerebellum 0.923 0.669 0.946 0.999 0.728 0.997
[0.758-0.977] [0.149-0.896] [0.812-0.985] [0.997->0.999] [0.263-0.917] [0.989-0.999]

Intraclass correlations > 0.9 are considered excellent. 95% confidence intervals are included in square brackets. Values < 0.9 are bolded.
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Figure 1. Segmentation quality of T2-weighted 64 mT
scan acquired with scanner software version 8.8.1.

A) T2-weighted 64 mT scan using software version 8.8.1. B) Segmentation showing com-
mon errors in regions with inhomogeneity or incomplete coverage (see arrows). Cortex =
maroon, right hemisphere = green, left hemisphere = blue, right cerebellum = green, left
hemisphere = indigo, brainstem = blue, CSF = purple.

EXTERNAL VALIDITY OF BRAIN VOLUMES DERIVED
FROM T1-WIS

Brain volumes derived from 64 mT and 3T scans were
compared with established sex-specific growth curves in
BrainChart. BrainChart includes volumes from approxi-
mately 100,000 individuals and provides reproducible visu-
alization of lifespan brain volume trajectories along with
normalized centile scores for new data. Because no ground
truth exists for validating extracted brain volumes, our goal
was to assess whether the obtained volumes were consis-
tent with exceptions for age and sex. All volumes fell within
the normal range for the corresponding age and sex groups
(Fig. 3), suggesting that 64 mT pMRI volumes derived using
SynthSeg are comparable to volumes obtained from high-
field scans processed with conventional MPRAGE-based
pipelines.

Volumes derived from both 64 mT and 3T scanners fell
within the normal range for individuals of that age and sex.
Figure generated in https://brainchart.shinyapps.io/brain-
chart/

VOLUMETRIC STABILITY ACROSS SOFTWARE VERSIONS

Volumes obtained with pre-software upgrade (version
8.1.1) and post-software upgrade (version 9.0.0), in the two
subjects who were scanned pre- and post-upgrade, were ex-
tremely well correlated (mean R? = 0.998). However, post-
upgrade volumes were lower than pre-upgrade volumes for
most brain regions (Supplement D). The cerebellum was an

64 mT v9.0.0

L — A B g

Figure 2. Segmentation quality of 64 mT with updated
9.0.0 software.

Left: Comparable raw T1-weighted slices in the same individual having received scans
using software version 9.0.0 (top) and 8.8.1 (bottom). Right: A) Raw scans using software

version 9.0.0. B) Segmentation showing high fidelity fit. Cortex = maroon, right hemi-
sphere = green, left hemisphere = blue.

exception, showing higher volumes post-upgrade, which is
attributable to signal loss pre-upgrade that led to partial
and inaccurate segmentation of this structure.

Across regions, the volume shift between software ver-
sions was consistently larger than the corresponding
within-version scan-rescan differences, indicating an up-
grade-related effect that exceeded measurement repeata-
bility. Although this suggests that measurements from dif-
ferent software versions should not be combined without
adjustment, the systematic nature of the bias across supra-
tentorial regions is consistent with a global scaling effect,
implying that harmonization using simple scalar adjust-
ments may be feasible. This is speculative and should be
evaluated in a larger sample. The complete table of per-
centage bias between software versions across brain regions
is provided in the Supplement E.

DISCUSSION

The aim of the present work was to examine the stability
and external validity of volumetric measurements derived
from Swoop 64 mT portable MRI. Central to the appraisal of
volumetric analysis feasibility in 64 mT MRI was the use of
the SynthSeg pipeline?7:48 for low-field MRI scans.4?
Volume measurements generally demonstrated excellent
test-retest stability. Notable exceptions to this trend were
in the stability of macrostructural volume estimates for
subcortical grey matter and the cerebellum derived from
T1- and T2-weighted scans acquired with software version
8.8.1, which fell below the 0.9 threshold, whereas stability
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Table 4. Regional test-retest reliability

Left Hemisphere Right Hemisphere
T1-weighted T2-weighted T1-weighted T2-weighted

0.865 0.883 0.872 0.902

Frontal pole [0.549-0.965] [0.601-0.97] [0.568-0.967] [0.656-0.975]
0.982 0.987 0.973 0.956

Superior frontal [0.928-0.995] [0.949-0.997] [0.897-0.993] [0.835-0.989]
0.953 0.986 0.957 0.977

Rostral middle frontal [0.822-0.988] [0.944-0.996] [0.839-0.989] [0.911-0.994]
0.896 0.97 0.836 0.853

Caudal middle frontal [0.638-0.973] [0.884-0.992] [0.47-0.956] [0.515-0.961]
0.918 0.954 0.726 0.777

Pars orbitalis [0.707-0.979] [0.828-0.988] [0.22-0.924] [0.329-0.94]
0.704 0.893 0.883 0.926

Pars triangularis [0.176-0.917] [0.629-0.972] [0.598-0.969] [0.731-0.981]
0.892 0.865 0.939 0.977

Pars opercularis [0.626-0.972] [0.549-0.965] [0.775-0.984] [0.912-0.994]
0.851 0.942 0.974 0.922

Lateral orbitofrontal [0.509-0.961] [0.784-0.985] [0.9-0.994] [0.72-0.98]
0.894 0.878 0.976 0.945

Medial orbitofrontal [0.634-0.973] [0.586-0.968] [0.908-0.994] [0.797-0.986]
0.969 0.932 0.973 0.985

Precentral [0.881-0.992] [0.753-0.983] [0.895-0.993] [0.942-0.996]
0.883 0.883 0.837 0.965

Paracentral [0.599-0.97] [0.599-0.97] [0.472-0.957] [0.866-0.991]
0.953 0.929 0.947 0.968

Postcentral [0.824-0.988] [0.742-0.982] [0.804-0.987] [0.876-0.992]
0.921 0.947 0.951 0.883

Superior parietal [0.717-0.98] [0.803-0.987] [0.815-0.988] [0.6-0.97]
0.96 0.969 0.955 0.932

Inferior parietal [0.846-0.99] [0.88-0.992] [0.831-0.989] [0.751-0.983]
0.922 0.95 0.948 0.963

Supramarginal [0.718-0.98] [0.814-0.987] [0.806-0.987] [0.859-0.991]
0.848 0.951 0.954 0.958

Precuneus [0.501-0.96] [0.818-0.988] [0.828-0.988] [0.839-0.989]
0.802 0.85 0.812 0.887

Temporal pole [0.387-0.947] [0.508-0.961] [0.41-0.95] [0.612-0.971]
0.932 0.982 0.837 0.936

Transverse temporal [0.752-0.983] [0.93-0.996] [0.472-0.957] [0.766-0.984]
0.982 0.968 0.982 0.973

Superior temporal [0.929-0.995] [0.876-0.992] [0.931-0.996] [0.897-0.993]
0.948 0.967 0.798 0.861

Bank of SSTS [0.808-0.987] [0.874-0.992] [0.377-0.946] [0.537-0.963]
0.957 0.946 0.966 0.913

Middle temporal [0.838-0.989] [0.799-0.986] [0.868-0.991] [0.691-0.978]
0.782 0.94 0.89 0.899

Inferior temporal [0.339-0.941] [0.777-0.985] [0.622-0.972] [0.647-0.974]
0.92 0.885 0.967 0.94

Lateral occipital [0.713-0.98] [0.607-0.97] [0.874-0.992] [0.778-0.985]
0.812 0.929 0.89 0.872

Cuneus [0.412-0.95] [0.743-0.982] [0.619-0.971] [0.569-0.967]
0.73 0.721 0.897 0.85

Pericalcarine [0.228-0.925] [0.209-0.922] [0.642-0.973] [0.509-0.961]
0.934 0.966 0.932 0.941

Lingual [0.757-0.983] [0.869-0.991] [0.753-0.983] [0.783-0.985]

Insula 0.961 0.98 0.975 0.959
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Left Hemisphere

Right Hemisphere

T1-weighted T2-weighted T1-weighted T2-weighted
[0.853-0.99] [0.923-0.995] [0.904-0.994] [0.845-0.99]
0.94 0.823 0.879 0.866
Rostral anterior cingulate [0.78-0.985] [0.437-0.953] [0.589-0.969] [0.551-0.965]
0.962 0.919 0.931 0.963
Caudal anterior cingulate [0.856-0.991] [0.708-0.979] [0.748-0.982] [0.86-0.991]
0.962 0.892 0.877 0.885
Posterior cingulate [0.855-0.99] [0.625-0.972] [0.582-0.968] [0.605-0.97]
0.903 0.868 0.872 0.874
Isthmus cingulate [0.66-0.975] [0.558-0.966] [0.567-0.967] [0.575-0.967]
0.938 0.658 0.821 0.801
Entorhinal [0.771-0.984] [0.093-0.903] [0.433-0.952] [0.384-0.947]
0.621 0.861 0.829 0.688
Parahippocampal [0.031-0.89] [0.539-0.964] [0.454-0.955] [0.146-0.912]
0.984 0.966 0.959 0.946
Fusiform [0.939-0.996] [0.868-0.991] [0.845-0.99] [0.801-0.986]
0.869 0.828 0.947 0.871
Caudate [0.559-0.966] [0.451-0.954] [0.801-0.986] [0.566-0.966]
0.944 0.813 0.867 0.930
Putamen [0.791-0.986] [0.412-0.950] [0.554-0.965] [0.744-0.982]
0.729 0.745 0.750 0.741
Pallidum [0.226-0.925] [0.259-0.930] [0.270-0.932] [0.251-0.929]
0.898 0.864 0.786 0.934
Accumbens area [0.645-0.974] [0.546-0.964] [0.350-0.942] [0.757-0.983]
0.933 0.958 0.906 0.976
Thalamus [0.755-0.983] [0.840-0.989] [0.670-0.976] [0.907-0.994]
0.946 0.790 0.806 0.888
Hippocampus [0.801-0.986] [0.359-0.943] [0.397-0.948] [0.615-0.971]
0.875 0.819 0.763 0.814
Amygdala [0.577-0.967] [0.428-0.952] [0.298-0.935] [0.416-0.950]
0.968 0.956 0.926 0.972
Ventral DC [0.877-0.992] [0.834-0.989] [0.733-0.981] [0.890-0.993]
0.908 0.975 0.937 0.969
Cerebellar cortex [0.675-0.976] [0.901-0.994] [0.769-0.984] [0.880-0.992]
0.778 0.925 0.847 0.962
Cerebellar white matter [0.330-0.940] [0.728-0.981] [0.500-0.960] [0.854-0.990]
T1-weighted T2-weighted

Third ventricle
Fourth ventricle

Brainstem

0.975[0.904-0.994]
0.972[0.891-0.993]
0.985[0.941-0.996]

0.992[0.966-0.998]
0.992[0.967-0.998]
0.990[0.962-0.998]

Regions with test-retest intraclass correlations < 0.90 are bolded.

of 3T MRI was consistently high across all macrostructural
volumes. The 9.0.0 Swoop system software likewise pro-
vided excellent stability across all macrostructural volumes.
The 64 mT scans acquired with software version 9.0.0 are
a comparably stable means of estimating brain volumes
to those derived from 3T conventional MRI, and in some
cases, the confidence intervals were modestly improved
upon in the low field estimates. Additionally, the brain vol-
umes obtained from 64 mT scans were comparable to those
established in brain growth charts containing more than a
hundred thousand brains. These results provide a substan-
tial evidentiary foundation for utilizing this technology in
longitudinal designs.

Given the high reproducibility of volumes from large
brain structures of 64 mT scans processed with the 9.0.0
software, volumetric measurements taken from finer struc-
tures also were examined for volumetric stability. While
finer volumetric measurements’ stability was high when
obtained from both T1- and T2-WIs, lower stability was
noted when structures were too central or too caudal, such
as the pallidum and amygdala. For small, deep structures,
it is not clear whether further innovation will improve the
performance of 64 mT MRI or whether these represent true
limitation of the technology.

On the other hand, signal lost in the cerebellum and low
posterior areas may reflect differences in positioning rela-
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Figure 3. Plot of achieved whole brain volumes relative to established growth curves.

tive to the low-field MRI radio frequency coils. Traditional
MRI allows technicians to clearly see and optimize the pa-
tient’s head position inside the coil, using close-fitting coil
structures and extensive padding to stabilize the head and
body. In 64 mT MRI, the head position cannot be directly
observed, and patients must enter the scanner by lifting
themselves with a grab bar or being assisted by staff. Posi-
tioning is checked only through a brief structural scan. Lim-
ited padding allows patients to shift forward, especially at
the chin or hips, affecting head position. However, anecdo-
tally, while holding a stiff neck posture improves cerebellar
volume stability, it still does not achieve test-retest stabil-
ity of values seen for cerebral measures, suggesting resid-
ual effects from field inhomogeneity also plays a significant
role.

A final crucial observation was the suggestion that vol-
umes derived from different software versions differ signif-
icantly and should not be directly combined. This is un-
surprising: combining data across conventional high field
MRISs also is an activity that is fraught with challenges and
limitations. Volumes derived from the more recent 9.0.0
give lower estimates than from 8.8.1. The systematic bias
suggests that relatively simple scalar harmonization may be
feasible if future investigative teams need to combine data
across software versions. However, this possibility remains
speculative and should be critically evaluated in a larger
dataset and additional conventional comparators. In addi-
tion, our observation is specific to the two tested versions,
and there is no evidence that it applies to future upgrades.

These observations suggest that current software and
hardware on the Swoop 64 mT MRI system has resolved
some of the negative observations of volumetric properties
reported in previous investigations. Larger confidence in-
tervals for volume measurements of brain white matter,

grey matter, and intracranial volume that Deoni et al. as-
cribed to higher signal-to-noise ratios appear all but re-
solved.34 In fact, the confidence intervals for all three were
slightly smaller than those observed here using a represen-
tative sample of patients scanned repeatedly using conven-
tional 3T MRI. Though we were unable to assess correspon-
dence of values to those derived from 3T scans directly (i.e.,
the same patients did not receive scans on both devices
and the method was not designed for this purpose), test-
retest stability using both 8.8.1 and 9.0.0 improved upon
ICCs on large regions found by Vasa et al.3¢ though these
changes were fine-grain given the already high values re-
ported using software version 8.6.0. An additional reason
for this improvement might be the use of the latest version
of SynthSeg-FreeSurfer (version 8), which is further trained
and better optimized for low-field MRI segmentation. Fi-
nally, our work suggests that the decision made by Hsu et
al. to combine data across a wide range of software ver-
sions (8.2.0-8.6.1) in their investigation may need to be in-
terpreted with caution.39

An important limitation of our approach was the small
sample size, which could limit generalizability, particularly
of the results of regional analyses, for which large con-
fidence intervals likely were influenced by small sample
size. Moreover, those scanned across scanners and versions
were separate samples, which could potentially introduce
a source of variability across comparator absolute values,
though there was no reason to anticipate variability as a
function of measurement stability within a given individual
measured at a given timepoint. Finally, software updates
between system versions include proprietary Al-based re-
construction components that are not fully transparent to
end users, and raw data are not accessible for independent
reprocessing. This limits the ability to attribute observed
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differences in quantitative metrics to specific algorithmic
changes. As a result, caution is required when comparing
results across software versions, and longitudinal studies
should ideally be performed within the same system version
whenever possible.

These findings constitute a crucial foundation for the
use of 64 mT MRI in monitoring brain volume loss over
time, as is applicable to neurodegenerative diseases. This
application of portable, accessible MR technology has a
high potential to improve our understanding of the re-
lationship between acute neurological conditions and
chronic neurodegeneration as well as later stages of neu-
rodegenerative disease. Ultra-low field scanners can im-
prove patients’ ability to access traditional MR facilities, re-
sulting in lower attrition from many clinical investigations.
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