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ABSTRACT

The availability of ultra-low-field (ULF) magnetic resonance imaging (MRI) has the potential to improve neuroimaging acces-
sibility in low-resource settings. However, the utility of ULF MRI in detecting child brain changes associated with anemia is
unknown. The aim of this study was to assess the comparability of 3T high-field (HF) and 64mT ULF volumes in infants for
brain regions associated with antenatal maternal anemia. This neuroimaging substudy is nested within Khula South Africa, a
population-based birth cohort. Pregnant women were enrolled antenatally and postnatally, and mother—child dyads (n =394)
were followed prospectively at approximately 3, 6, 12, and 18 months. A subgroup of infants was scanned on 3T and 64mT MRI
systems across study visits and images were segmented using MiniMORPH. Correlations and concordance coefficients were
used to cross-validate HF and ULF infant brain volumes for the caudate nucleus, putamen, and corpus callosum. Seventy-eight
children (53.85% male) had paired HF (mean [SD] age =9.64 [5.26] months) and ULF (mean [SD] age =9.47 [5.32] months) da-
tasets. Results indicated strong agreement between systems for intracranial volume (ICV; r=0.96, p..=0.95) and brain regions
of interest in anemia including the caudate nucleus (r=0.89, p_..=0.86), putamen (r=0.97, p...=0.96) and corpus callosum

Abbreviations: BCP, Baby Connectome Project; CSF, cerebrospinal fluid; CUBIC, Cape Universities Body Imaging Centre; DCHS, Drakenstein Child Health Study;
GLHT, general linear hypothesis test; HF MRI, high-field magnetic resonance imaging; HIV, human immunodeficiency virus; ICU, intensive care unit; ICV,
intracranial volume; IQT, image quality transfer; LMIC, low- and middle-income country; MOU, midwife obstetrics unit; MRI, magnetic resonance imaging; MRR,
multiresolution registration; PVE, partial volume effect; QC, quality check; ROI, region of interest; SES, socioeconomic status; ULF MRI, ultra-low-field magnetic
resonance imaging; UNITY, Ultra-low-field Neuroimaging In The Young; WHO, World Health Organization
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(r=0.87, p...=0.79). This cross-validation study demonstrates excellent correspondence between 3T and 64mT volumes for in-

fant brain regions implicated in antenatal maternal anemia. Findings validate the use of ULF MRI for pediatric neuroimaging

on anemia in Africa.

1 | Introduction

Anemia, a highly prevalent condition characterized by low
serum hemoglobin, is a global health concern affecting approx-
imately 571 million women (Stevens et al. 2022; WHO 2023).
While all women of reproductive age are at risk of anemia,
this risk is exacerbated during pregnancy when biological
demands for the hemoglobin-facilitated delivery of oxygen-
ated blood increase to support the growing fetus (Georgieff
et al. 2018; Cusick and Georgieff 2016). Hemoglobin produc-
tion relies on iron and is vital for the healthy maturation of
the fetal brain in utero as well as the process of fetal iron
loading prior to birth (Georgieff 2020). While there is a well-
established association between antenatal maternal anemia
and poor cognitive outcomes in children (Janbek et al. 2019;
Quezada-Pinedo et al. 2021), including evidence from South
Africa (Donald et al. 2019), less is known about the timing
and precise underlying neurobiological mechanisms. An im-
proved understanding of this relationship may inform the
optimisation of prevention and intervention strategies for ane-
mia in pregnancy and infancy (Wedderburn et al. 2022).

Neuroimaging tools such as magnetic resonance imaging
(MRI) bridge this gap by providing a non-invasive and objec-
tive measure of assessing brain structure (Azhari et al. 2020).
A few studies using high-field (HF) MRI have suggested that
the developing brain may be particularly sensitive to the ef-
fects of antenatal maternal anemia (Basu et al. 2018; Loureiro
et al. 2017; Monk et al. 2016). This is reinforced by findings from
the Drakenstein Child Health Study (DCHS) in South Africa
suggesting that these effects may be regionally consistent and
tend to persist with age in children from 2-3years (Wedderburn
et al. 2022) through to age 6-7years (Ringshaw, Hendrikse,
Wedderburn, Bradford, et al. 2025). Using HF 3T MRI, maternal
anemia in pregnancy was associated with 7%-8% smaller cor-
pus callosum volumes, 5%—-6% smaller caudate nucleus volumes,
and 4% smaller putamen volumes in children, with remarkably
comparable adjusted volume differences across timepoints. This
highlights a need for corroboratory research in other high-risk
settings and across timepoints, with a renewed focus on the first
2years of life.

Conventional HF MRI systems (>1.5T) are expensive, requir-
ing significant infrastructure, specialized expertise, and a high
power supply (Murali et al. 2023; Anazodo et al. 2023). This tech-
nology has limited accessibility in most low- and middle-income
countries (LMICs) with an average of only 0.19-1.12 MRI scan-
ners per million people compared to high-income countries
where there are approximately 26.53 MRI scanners per million
people (IAEA 2025). As a result, there is disproportionately
less neuroimaging research emerging from LMICs, particu-
larly in sub-Saharan Africa, despite the burden of maternal
anemia being striking in this region with 30%-50% of pregnant
women estimated to be anemic (Stevens et al. 2022). In an effort

to address this neuroimaging disparity, there has been an in-
creased focus on developing scalable tools and methods that are
practical for use in under-resourced settings. This includes val-
idating the use of a novel ultra-low-field (ULF) Hyperfine Inc.,
Swoop 64mT MRI system (Hyperfine 2025). This mobile scan-
ner is more cost-effective, requires less power, and is less noisy
than conventional systems, allowing it to be easily integrated
into low-resource settings for pediatric use (Deoni, Medeiros,
et al. 2022).

Thus far, a preliminary validation study using the ULF 64mT
system on neurotypical children between 6 weeks and 16 years
of age in high-income settings has been positive, demonstrat-
ing strong associations between volumes extracted from
structural sequences on paired HF and ULF MRI (Deoni
et al. 2021). Similarly, in a study with both HF (3T) and ULF
(64mT) scans, structural sequences were found to be useful
for neuroanatomical identification and the detection of dis-
crete brain abnormalities in a clinical sample of neonates in
the intensive care unit (ICU) (Cawley et al. 2023). However,
the utility of these systems in detecting group differences in
regional brain structures associated with known risk factors
of varying effect sizes for neurodevelopmental impact is un-
known. Therefore, scanners have been implemented in clin-
ical research sites across sub-Saharan Africa and South Asia
as a complementary tool in ongoing research on prevalent and
context-specific health priorities such as malnutrition and
anemia (Abate et al. 2024).

In order to meaningfully interpret any neuroimaging findings
for this important clinical research, it is necessary to determine
the comparative utility of the ULF 64mT system for estimat-
ing brain volumes relative to HF MRI, with 3T typically being
considered as the conventional gold standard. Cross-validation
work of this nature has recently demonstrated excellent corre-
spondence between structural outputs on 3T and 64mT MRI
in healthy adults for four global tissue types and 98 local struc-
tures, with stronger concordance in larger brain regions (Vasa
et al. 2025). While promising, these conclusions were based on
data from a sample size of 23 healthy adults. Correspondence
is likely to be lower in pediatric samples due to both increased
challenges acquiring data (including risks of motion artefact,
poorer contrast due to incomplete myelination, and a higher
water content in the developing brain) and segmenting data (seg-
mentation inaccuracies associated with smaller absolute size of
structures and the limited availability of processing pipelines
with age-appropriate templates and atlases for segmentation of
infant and child data) (Dagia and Ditchfield 2008; Barkovich
et al. 2019; Despotovi¢ et al. 2015; Shi et al. 2010; Deoni
et al. 2015). However, many of these issues are being mitigated
by the implementation of clinical strategies for acquiring high-
quality data by successfully scanning infants in natural sleep
(Wedderburn et al. 2020), developments in ULF imaging hard-
ware and software (Abate et al. 2024), and the optimization of
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Highlights

« This cross-validation study is the first to compare
high-field (HF; 3T) and ultra-low-field (ULF; 64mT)
volume estimates for infant brain regions previously
found to be associated with antenatal maternal ane-
mia within the first 2 years of life.

Key findings of this research demonstrate linear asso-
ciations and strong agreement between HF and ULF
volume estimates for the caudate nucleus, putamen,
and corpus callosum in infants between 3 and
18 months of age. Improved correspondence between
HF and ULF MRI was observed in older infants, par-
ticularly for basal ganglia structures.

These novel findings validate the use of ULF MRI for
pediatric neuroimaging work on antenatal maternal
anemia and other prevalent health priorities in low-
and middle-income countries (LMICs).

processing pipelines for pediatric data (Abate et al. 2024; Baljer,
Zhang, et al. 2025; Baljer, Briski, et al. 2025; Casella et al. 2025).
In order to assess the current feasibility of ULF MRI, similar
cross-validation work needs to be conducted using paired HF
and ULF data from a pediatric sample with a specific focus on
brain regions affected by prevalent risk factors of interest such
as anemia.

We conducted this research in infants (aged 3-18 months) who
were scanned on both HF and ULF MRI scanners as part of
the Khula study (Zieff et al. 2024) in South Africa. Recent ep-
idemiological research from this cohort revealed that approx-
imately one third of pregnant mothers were anemic and half
were iron deficient after adjustment for inflammation, with
50% of antenatal anemia cases attributable to iron deficiency
(Ringshaw, Zieff, Williams, et al. 2025). Given previously
demonstrated HF associations between antenatal maternal
anemia and smaller volumes of the corpus callosum, putamen,
and caudate nucleus in toddlers (Wedderburn et al. 2022)
and school-age children (Ringshaw, Hendrikse, Wedderburn,
Bradford, et al. 2025), there is a need to further investigate
such relationships in infants. While many other high-risk set-
tings do not have access to paired HF and ULF MRI, the Khula
study offers the opportunity to inform the feasibility of ULF
MRI for research on anemia, particularly in LMICs. The aim
of this study was to compare HF and ULF volume estimates
for infant brain regions previously implicated with antenatal
maternal anemia within the first 2 years of life.

2 | Methods
2.1 | Study Design and Setting

This neuroimaging substudy is nested within the Khula (Zieff
et al. 2024) study in South Africa, an observational population-
based birth cohort with a multimodal approach to investigat-
ing risk and protective factors for pediatric neurodevelopment.
Mothers were recruited during the third trimester of pregnancy
from antenatal clinic visits at the Gugulethu Midwife Obstetrics

Unit (MOU; primary healthcare center) and in the early post-
natal period from nearby clinics. Gugulethu is an urban infor-
mal settlement at sea level in the Western Cape, approximately
18km from Cape Town, with predominantly isiXhosa speaking
residents. The community is characterized by a high prevalence
of psychosocial and health exposures including interpersonal
violence, maternal depression, malnutrition, and infection in-
cluding human immunodeficiency virus (HIV). All mother-
child dyads enrolled in Khula were followed prospectively and
attended study visits at approximately 3, 6, 12, and 18 months. A
subgroup of infants were scanned on Siemens 3T Skyra (HF) and
Hyperfine Inc., Swoop 64mT (ULF; software versions 8.2-8.6.1)
systems within 90days of each other across study visits.

2.2 | Participants

Eligibility for recruitment (December 2021—November 2022) of
mothers required being over the age of 18years and in the third
trimester of pregnancy (28-36 weeks) or up to 3 months after child-
birth. Exclusion criteria included multiple pregnancies, psychotro-
pic drug use during pregnancy, infant congenital malformations
or abnormalities (e.g., Spina Bifida, Down's syndrome), and severe
birth complications (e.g., uterine rupture, birth asphyxia).

For the umbrella study, 394 mother-child pairs were enrolled
in Khula, with 329 mothers recruited antenatally and 65 moth-
ers recruited postnatally. Of these dyads, 246 HF scans and 535
ULF scans were collected across study visits between 3 and
18 months. All scans were subject to a rigorous visual quality
check (QC) procedure performed by two senior neuroimaging
staff members with training in the assessment and processing
of MRI data across field strengths. This was conducted using a
standardized protocol that assesses image quality based on ob-
servable indications such as motion artefact, contrast, electrical
interference, signal-to-noise ratio, and field-of-view. This proce-
dure was followed using a step-by-step form on the Flywheel
platform, as per study data management protocol (Abate
et al. 2024).

Any scans that failed QC were excluded from analyses,
leaving 229/246 useable HF scans (93.10% success rate) and
438/535 useable ULF scans (81.87% success rate) processed
on templates for age-groups 3-18 months. The predominant
reason for failure across HF (94.12% [16/17] of poor-quality
scans) and ULF (79.38% [77/97] of poor-quality scans) systems
was motion. For both HF (p=0.231) and ULF MRI (p=1),
there were no group differences in child sex between children
whose scans passed (HF: 52.40% [120/229] boys; ULF: 52.05%
[228/438] boys) versus failed (HF: 70.59% [12/17] boys; ULF:
52.58% [51/97] boys) the QC assessment. However, children
whose scans failed QC (HF: mean [SD]=4.52 [2.34] months;
ULF: mean [SD] =7.08 [4.10] months) were found to be signifi-
cantly younger than children whose scans passed QC across
systems (HF: mean [SD]=11.45 [6.14] months; ULF: mean
[SD]=10.42 [5.26] months), p<0.001. Overall, this data sug-
gests that scanning success improved with age over the first
2years of life due to improved sleep duration and decreased
motion. However, it is also noted that the earlier ULF scans
were acquired with older Hyperfine software contributing to
poorer scan quality in younger ages.

Human Brain Mapping, 2026

3of 14

35UD| SUOLLILLOD dA RO 3| (dde au Ag paueAoh a8 31 VO 2SN JO S3INI 0} Akeiq 1 3UIUO ABJ1A UO (SUORIPUOD-PU-SWB)H WD  AB | 1M"ALe1q)1BUIUO//SdNY) SUORIPUOD Pue SR | 34} 835 *[9202/T0/6T] U0 AkiqiauljuO AB|IM ‘90u|[oX3 818D pue UifeeH Jojaimnsu| euoleN ‘IOIN AQ €702 WqU/200T OT/10p/w0d" A8 1M Aeiq 1|Bul|uo//sdny Wwoij papeojumoq ‘T ‘9202 ‘€6T0L60T



Siemens Skyra 3T MRI

¢

W .
=

Y
1l

Hyperfine Inc. 64mT MRI

.‘n.\;
) |

|

Paired Data

HF (3T) Data

Paired Sample

ULF (64mT) Data

Paired: n =111

Acquired: n = 246

Passed QC: n =229 (93.10%)

FIGURE 1 |

Passed QC: n =78

Acquired: n = 535
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<+—— 90 Days —

Study flowchart demonstrating the determination of a paired sample with infant scans processed on templates for age-groups

3-18 months from HF (3T) and ULF (64mT) MRI systems. Animated images were created for neuroimaging explainer videos directed by J.E.
Ringshaw as a public engagement project linked to the Khula study in South Africa. Available online for HF (Ringshaw et al. 2021a, 2021b) and ULF
(Ringshaw, Wedderburn, Bradford, Williams, et al. 2025) scanning protocols.

The paired dataset (n=78) was compiled for a pooled sample of
infants across age groups with both useable HF and ULF scans
acquired within 90days of one another and processed with the
same age template (see Section 2.3.2). The paired sample deter-
mination is illustrated in the data flowchart (Figure 1).

2.3 | Measures
2.3.1 | Demographics

Child sex and chronological age from date of birth at the time
of scan were collected. Individual infant datasets (HF and ULF
scans) were paired for this analysis if their age at the time of
scan acquisition fell within the same age group used for tem-
plate registration during processing. Additional demographic
data on socioeconomic status (SES; indicated by maternal ed-
ucation and household income), maternal employment, and an-
tenatal maternal anemia status was reported to provide context
for the sample.

2.3.2 | Neuroimaging

2.3.2.1 | Scan Acquisition. Both HF (3T; Siemens Skyra)
and ULF (64mT; Hyperfine Inc., Swoop) imaging was conducted
at the Cape Universities Body Imaging Centre (CUBIC). Neuro-
imaging data were collected during natural sleep using strategies
developed and used successfully for pediatric scanning by our
team (Wedderburn et al. 2020). These include adequate prepara-
tion (desensitization, screening, rapport-building), incorporat-
ing the use of locally developed neuroimaging explainer videos

for HF (Ringshaw et al. 2021a, 2021b) and ULF (Ringshaw, Wed-
derburn, Bradford, Williams, et al. 2025) scanning protocols,
baby-friendly rooms, strategic scan timing (after other data col-
lection activities when babies are most tired and coinciding with
naps in older infants), breastfeeding (and subsequently burp-
ing to avoid discomfort due to gas) or warm meals and nappy
changes prior to sleep initiation, context-specific sleep position-
ing (typically babies are swaddled on their mother's backs in
South Africa), consistency in background noise, adequate venti-
lation and comfortable room temperatures, noise protection (ear
plugs), immobilizing cushions for securing the head, and close
body contact between research staff and babies during transfer
and positioning in the scanner.

For HF MRI, T2-weighted sequences were acquired on a 3T
Siemens Skyrasystem in the sagittal orientation using 16-channel
(for infants at 3- and 6-month visits) and 32-channel (for infants
at 12- and 18-month visits) head coils with the following param-
eters: repetition time =3200ms; echo time =561 ms; voxel size
1.0x1.0x1.0mm?; field of view =256 mm X 256 mm; 144 slices,
1.0mm thick. Scan time: 3min 30s. ULF MRI scans were ac-
quired on the Hyperfine Inc., Swoop 64mT system (software ver-
sions 8.2-8.6.1). Given that T2-weighted sequences are currently
the most developed at ULF and best for structural imaging in in-
fancy, theywere chosen for comparative purposes. Each planewas
acquired separately as orthogonal anisotropic images for axial
(I.5mmx1.5mmx5mm), coronal (1.5mmXx5mmX1.5mm),
and sagittal (Smmx1.5mm X 1.5mm) sequences. All HF scans
were reviewed and reported on by a clinical radiologist. Any
qualitative abnormalities or incidental findings were discussed
with a pediatric neurologist and, where appropriate, referred
via established clinical pathways. For this study, no incidental
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https://cubic.uct.ac.za/resources-tools-researchers/neuroimaging-explainer-videos
https://cubic.uct.ac.za/neuroimaging-children-hyperfine

ULF (64mT)

HF (3T)

Bl Posterior Callosum [l Mid-Posterior Callosum [l Central Callosum

Mid-Anterior Callosum [l Anterior Callosum [l Putamen

Caudate

FIGURE2 | ULF (64mT) and HF (3T) MRI data for paired subjects across age groups: examples of segmented ROIs overlaid on sagittal and axial

views of T2W images.

findings were observed and therefore, no scans were excluded
from the analyses on this basis.

2.3.2.2 | Neuroimaging Processing Pipelines. After QC
of both HF and ULF raw data using the standardized protocol
described above (Section 2.2), only usable scans were included
in analyses. Based on previous HF findings on antenatal mater-
nal anemia (Wedderburn et al. 2022; Ringshaw, Hendrikse,
Wedderburn, Bradford, et al. 2025), volumes for the corpus cal-
losum, caudate nucleus, and putamen were chosen as regions
of interest (ROIs).

Using a multiresolution registration (MRR) technique, ULF T2W
scans were reconstructed from three orthogonally acquired aniso-
tropic images (axial, coronal, sagittal) into a single 1.5mm?3 isotro-
pic image of higher effective resolution (Deoni, O'Muircheartaigh,
et al. 2022). Thereafter, images across field strengths (64mT and
3T) were segmented using MiniMORPH (Casella et al. 2025)
(Figure 2). Tissue and cerebrospinal fluid (CSF) priors were gener-
ated by aligning Baby Connectome Project (BCP) (Chen et al. 2022)
probability maps to native isotropic images via age-specific tem-
plates (Avants, Tustison, Song, et al. 2011) derived from Khula
study data. Tissue priors were created by combining white matter

and gray matter maps, and the skull prior was generated by dilat-
ing the brain mask for improved classification of nonbrain regions.
Subcortical and callosal parcellations from BCP (Chen et al. 2022)
and Penn-CHOP (Feng et al. 2019) atlases were also registered
to native isotropic images (Avants, Tustison, Song, et al. 2011).
Given that the Penn-CHOP atlas only includes parcellations for
the total corpus callosum, the mask for this brain structure was
manually divided into subregions (anterior, mid-anterior, central,
mid-posterior, posterior) based on the Desikan-Killiany atlas, and
reviewed for anatomical accuracy (Fischl et al. 2002). Tissue priors
and masks were then registered to native T2-w isotropic images
via age-specific templates (Avants, Tustison, Wu, et al. 2011). The
images were segmented into the three tissue classes (tissue, CSF,
and skull) using ANTSs Atropos (Avants, Tustison, Wu, et al. 2011).
The resulting CSF class was multiplied by the ventricle mask to
separate CSF from ventricular CSF. The ANTs tissue class was
multiplied by the subcortical gray matter and callosal masks to
refine subcortical and callosal segmentations. The tissue class ob-
tained from ANTSs was multiplied by subcortical gray matter and
callosal masks to refine subcortical and callosal segmentations.

The previously developed MRR (Deoni, O'Muircheartaigh,
et al. 2022) and MiniMORPH (Casella et al. 2025) processing
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pipelines were integrated to run using an automated gear im-
plemented on Flywheel for the batch-processing of all scans.
The MiniMORPH gear was set to run based on the child's age at
the time of scan, using age-specific templates for 3 months (scan
age <5months), 6months (scan age <10months), 12months
(scan age < 16 months), and 18 months (scan age < 22 months).

2.4 | Statistical Analysis

Given the broad age windows of the study timepoints, individ-
ual infant datasets (HF and ULF scans) were paired based on
their age at the time of scan acquisition and the corresponding
age group selected for registration using Khula age-specific tem-
plates. A Z-score criterion of >3 or <—3 was used to identify
outliers for regional infant brain volumes assessed separately
for HF and ULF data across each respective age group. Given
that no outliers were observed, no paired scans were excluded
from the sample on this basis. The characteristics of the pooled
sample and each age group were presented as means and stan-
dard deviations for continuous variables and frequencies for cat-
egorical variables. To test for group differences in age between
scans acquired for the same children at HF and ULF, paired ¢
tests were conducted. All statistical analyses were conducted in
R Studio (2025.05.1+513) for R (Version 4.5.1) and a two-sided
significance level was used throughout (p <0.05).

The comparative relationship between HF and ULF MRI was
assessed using Pearson's correlation coefficients (r) and Lin's
concordance correlation coefficients (o ) in a pooled sample of
paired scans. While the correlation coefficients quantified the
strength and direction of the relationship between HF and ULF
volumes, the concordance coefficients demonstrated the level of
agreement between HF and ULF volume estimates. This statis-
tical analysis approach was repeated for each age group sepa-
rately to assess the comparative performance and feasibility of
ULF MRI in younger versus older children.

In the pooled sample with an age-specific key, the associations
between HF and ULF volume estimates were graphically rep-
resented using a regression line of best fit (Figure 3). This was
plotted relative to an identity line demonstrating perfect concor-
dance (where HF and ULF are equivalent; Y=X) visualized as a
45° angle on axes with the same scale and dynamic range. The
regression equation was used to quantify the magnitude and di-
rection of any disagreement between HF and ULF volume es-
timates. Specifically, the slope (§3,) of the regression was used
to assess how ULF volumes predicted HF volumes, assuming
HF as the reference. Given an intercept (8,) of 0, a slope <1 in-
dicated systematic overestimation of HF volumes by ULF vol-
umes (i.e., ULF values are proportionally larger than HF), while
a slope >1 indicated systematic underestimation. However, in
parallel, the intercept (value of Y when X=0) and the crossover
point (where the regression line intersects the line of identity,
Y=X) were used to identify the value of X at which the direction
of bias may switch between overestimation and underestima-
tion. Furthermore, a general linear hypothesis test (GLHT) was
used to jointly determine whether the regression model was sig-
nificantly different from the line of identity (Y=X), as indicated
by a slope that differed significantly from 1 and an intercept that
differed significantly from 0. This assumed that a slope of 1 and

an intercept of 0 represents perfect agreement. For brain regions
with significant disagreement, the extent to which the ULF
overestimated or underestimated HF regional brain volumes
was quantified using percentage differences for each age group.

Finally, agreement between HF and ULF systems for ICV and re-
gional brain volumes was explored further using Bland-Altman
plots (Figure 4). The difference in HF and ULF volumes was plot-
ted against the average brain volume measured by the two systems,
with a key for age group. The mean difference line demonstrated
the average bias between HF and ULF MRI, with readings closer
to O representing stronger agreement. The limits of agreement
displayed the expected range within which 95% of differences oc-
curred, with narrow limits indicating less variability.

Given how rapidly brain growth occurs during the first 2 years of
life (Knickmeyer et al. 2008; Gilmore et al. 2012), we ran sensi-
tivity analyses to ensure that study results were not confounded
by large age differences in pairings (up to a maximum of 90 days
apart). These were conducted with subsamples of paired data
that were compiled with shorter time intervals between HF
and ULF acquisitions. Correlation and concordance coefficients
were determined for paired data acquired within 60days (n=72)
and 30days (n=52), respectively, and compared with the full
sample of paired data acquired within 90days (n=78).

3 | Results
3.1 | Sample Characteristics

Across all study timepoints, 78 children (42 [53.85%] male) had
paired HF (mean [SD] age=9.64 [5.26] months, range =2.56-
21.07months) and ULF (mean [SD]=9.47 [5.32] months,
range =2.27-21.90 months) datasets. The maximum time inter-
val between acquisitions was 90days (observed for a single pair-
ing), with only 7.69% (6/78) scans being more than 60days apart.
Overall, 92.31% (72/78) of scans were acquired within 60days
of each other and 66.67% (52/78) were acquired within 30days.

In the full paired sample (n=78), 52.56% (41/78) of mothers had
not completed secondary school, 64.10% (50/78) of mothers were
unemployed, and 66.67% (52/78) of households had a combined
income of less than R5000 (approximately $300) per month.
Overall, 65 mothers had antenatal maternal hemoglobin data,
of which 26.15% (17/65) were found to be anemic during preg-
nancy. This is consistent with the broader Khula South Africa
cohort (Ringshaw, Zieff, Williams, et al. 2025).

There were no differences in age between children with HF and
ULF scans for paired groups overall or at 3, 6, and 18 months
(Table 1). However, in the 12-month age group, children were
found to be significantly older at the acquisition of their HF scan
(mean [SD]=13.60 [1.91] months) than their ULF scan (mean
[SD]=13.15 [1.76] months), p=0.032.

3.2 | Cross-Validation: Full Sample

In the pooled sample with all age groups, volume estimates
were significantly correlated (p<0.001) with a high degree
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TABLE1 | Agedistribution across HF and ULF MRI acquisitions in
a paired sample (n=78).

Mean age in

months
M (SD) [range]
Khula HF ULF
study (37) (64mT)
Visit Age group MRI MRI
number  in months? scan scan p®
1 3(n=25) 3.72 3.58 0.405
(0.68) (0.93)
[2.56- [2.27-
5.00] 4.96]
2 6 (n=18) 8.10 7.90 0.463
(1.37) 1.07)
[5.39- [5.39-
9.96] 9.60]
3 12 (n=28) 13.60 13.15 0.032%*
(1.91) (1.76)
[10.42- [9.93-
15.81] 15.39]
4 18(n=7) 18.94 19.78 0.140
(2.15) 1.79)
[16.54-  [16.77-
21.07] 21.90]
Across 3-18 (n=78) 9.64 9.47 0.151
visits (5.26) (5.32)
[2.56- [2.27-
21.07] 21.90]

2Age groups correspond to the age-specific templates used for processing scans
with MiniMORPH. The age-specific template was selected according to the
infants' actual age at the time of the scan. HF and ULF MRI scans were paired if
they had been processed with the same age-specific template.

YA paired ¢ test was conducted to assess differences in age between HF MRI and
ULF MRI acquisitions within the same sample.

*p<0.05.

of concordance for total intracranial volume (ICV; r=0.96,
P =0.95), and brain ROIs in antenatal maternal anemia in-
cluding the putamen (r=0.97, p . =0.96), caudate nucleus
(r=0.89, p,..=0.86), and corpus callosum (r=0.87, p_..=0.79).
Across all age groups, the putamen emerged as having the stron-
gest comparative relationship between HF and ULF volume es-
timates. Overall, Pearson's correlations and Lin's concordance
coefficients were similar, demonstrating a linear relationship
with strong agreement between brain volume estimates in in-
fants between 3-18 months of age (Figure 3).

Using a joint GLHT, the linear regression model (Figure 3) for the
putamen (Y=0.94X+ 308.46) did not differ significantly from the
line of identity, demonstrating theoretical agreement (slope =1)
without bias (intercept =0), F(2,76) =2.68, p=0.075. While there
was strong concordance between HF and ULF volumes for the
caudate nucleus, it did not represent perfect agreement as the re-
gression line (Y=1.07X—215.94) differed slightly from the line of
identity, F(2,76)=3.27, p=0.043. While the slope was marginally
>1 suggesting systematic underestimation, the negative inter-
cept was indicative of a downward bias and there was crossover

between the regression and identity lines (Figure 3). Taken to-
gether, this model predicted that ULF overestimated HF MRI at
lower brain volume ranges (younger age groups) and underesti-
mated them at higher brain volume ranges (older age groups). The
disagreement between HF and ULF MRI was more prominent
for the corpus callosum (Y=0.64X+4848.38; F(2,76)=62.69,
p<0.001) and ICV (Y=0.83X+150905.53; F(2,76)=29.40,
p<0.001) with the regression models differing to a greater ex-
tent from the identity lines for both. In these instances, regres-
sion slopes of <1 with a positive intercept and some crossover
(Figure 3) suggested ULF underestimation of HF at lower brain
volumes (younger age groups) and overestimation at higher brain
volumes (older age groups). The nature and magnitude of dis-
agreement was explored further by age groups below.

3.3 | Cross-Validation: By Age Group

Cross-validation analyses were repeated for each individual age
group to assess the relative predictive performance of ULF MRI
in younger and older children (Table 2). These findings are dis-
cussed separately for each brain region below.

3.31 | ICV

Agreement between HF and ULF estimates (Table 2) for total
brain volume, as indicated by ICV, strengthened with age from
3months (r=0.64, p,..=0.61) to 18 months (r=0.93, p_..=0.89).
However, there was an inconsistency at 12months, with correla-
tions and concordance dropping for this age group. Following
on from the GLHT findings for the full sample (Figure 3), ULF
underestimated HF estimates of ICV by 1.77% at 3months, and
overestimated them by 0.78% at 6 months, 4.97% at 12months,
and 3.48% at 18 months. This result was further supported by
the Bland-Altman plot (Figure 4) which demonstrated a mean
difference line (HF — ULF) just below 0 with slightly higher HF
ICV volumes (> difference; underestimation) at 3months and
slightly lower HF volumes (<difference; overestimation) at 12
and 18 months.

3.3.2 | Basal Ganglia

The comparative association between HF and ULF volume es-
timates consistently improved with age for the putamen and the
caudate nucleus (Table 2). By 18months, both structures had
strong positive correlations above 0.9 with similar concordance
coefficients. As demonstrated using GLHT results for the full sam-
ple, HF and ULF volume estimates for the putamen were in agree-
ment (Figures 3 and 4). Following on from the GLHT findings
demonstrating marginal disagreement for the caudate nucleus in
the full sample (Figure 3), ULF overestimated HF volumes for this
structure by 2.60% at 3 months, and underestimated them by 3.79%
at 6months, 3.96% at 12months, and 3.12% at 18 months. This is in
alignment with the Bland-Altman plot (Figure 4), demonstrating
amean difference line (HF — ULF) just above 0, with slight overes-
timation (< difference) in infants at 3 months and slight underesti-
mation (> difference) in infants at 6-18 months. However, this was
marginal, with 95% of differences occurring within narrow limits
of approximately 500mm?>.
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FIGURE3 | Associations and concordance between HF (3T) and ULF (64mT) MRI volume estimates for ICV and regional brain volumes (mm?)

implicated in anemia.

3.3.3 | Corpus Callosum

There was an overall improvement (Table 2) in correlations and
concordance coefficients with age for the corpus callosum from
3 months (r=0.69, p...=0.60) to 18 months (r=0.92, o, .=0.63).
However, there were inconsistencies across age groups with

the strongest agreement for infants in the 6-month age group
(r=0.90, p...=0.79) followed by the weakest agreement for in-
fants in the 12-month age group (r=0.82, p_..=0.51). Following
on from the GLHT findings demonstrating disagreement and
crossover in the full sample (Figure 3), it was found that the
ULF system underestimated corpus callous volumes by 5.57%
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TABLE 2 | Pearson's correlations and Lin's concordance coefficients for ICV and brain ROIs in antenatal maternal anemia for infants across age

groups (n="78).

Correlation and concordance (r, p_.)*

Study visit 1: Study visit 2: Study visit 3: Study visit 4:
3months® 6 months® 12months? 18 months?
Brain region (n=25) (n=18) (n=28) (n=7)
Caudate nucleus 0.63*** (0.61) 0.73*** (0.64) 0.74*** (0.65) 0.94** (0.92)
Putamen 0.83%** (0.78) 0.85%** (0.84) 0.91%* (0.91) 0.91%* (0.89)
Corpus callosum 0.69*** (0.60) 0.90*** (0.79) 0.82***(0.51) 0.92** (0.63)
ICV 0.64*** (0.61) 0.94*** (0.93) 0.88*** (0.78) 0.93** (0.89)

*The comparative relationship between HF and ULF MRI was assessed using Pearson's correlation coefficient () and Lin's concordance correlation coefficients (o )

in a pooled sample of paired scans.

bAge groups correspond to the age-specific templates used for processing scans with MiniMORPH. The age-specific template was selected according to the infants’
actual age at the time of the scan. HF and ULF MRI scans were paired if they had been processed with the same age-specific template.

D <0.01.
##5p <0.001.

in children at 3months, and overestimated them by 6.77% at
6months, 12.15% at 12months, and 14.72% at 18 months. This
was corroborated by the Bland-Altman plot (Figure 4) which
revealed a pattern of differences (HF — ULF) indicative of ULF
underestimating HF corpus callous volumes in younger in-
fants at 3months and overestimating them in older infants at
6-18 months.

Overall, the magnitude of the % volume difference be-
tween HF and ULF volumes was largest in children at 12
and 18 months, demonstrating that overestimation in older
age groups occurred to a greater extent than underestima-
tion in the younger children. This was reinforced by the
Bland-Altman plot (Figure 4) with a wider lower limit (ap-
proximately—4000mm?) showing negative differences
(overestimation) in older infants than the upper limit (approx-
imately 2000mm?®) showing positive differences (underesti-
mation) in younger children.

To gain further insight into any misalignment between HF
and ULF volume estimates for the corpus callosum, each seg-
ment was compared separately (Table 3). Overall, the concor-
dance between HF and ULF volume estimates for the corpus
callosum regions improved across the 3-month and 6-month
age groups. However, there was less agreement in the older
children, particularly in the 12-month age group. While this
age-related pattern was true for all corpus callosum regions,
the mid-posterior region of the corpus callosum consistently
demonstrated weaker associations and lower concordance
coefficients across age groups than other corpus callosum re-
gions (Table 3).

3.4 | Sensitivity Analyses

The primary results of this study were found to be robust in
sensitivity analyses, with comparable correlations and concor-
dance coefficients between the full sample (acquired within a
maximum of 90 days) and the two subsamples (acquired within
a tighter window of 60 and 30days). In comparing the paired
samples with a 90-day interval relative to a 60-day interval,

correlations and concordance coefficients for ICV and total
regional brain volumes remained relatively unchanged, with
the maximum difference being 0.02. Similarly, when compar-
ing paired samples with a 90-day interval relative to a 30-day
interval, only minor differences ranging between 0.01 (ICV,
putamen, corpus callosum) and 0.05 (caudate nucleus) were
observed. Given that the HF and ULF samples are not signifi-
cantly different based on age (Table 1), and considering the re-
assuring findings in subsequent sensitivity analyses described
above, the paired data in this sample was considered to be ad-
equately matched and valid.

4 | Discussion

This study serves as the first to demonstrate the feasibility of
ULF MRI for pediatric neuroimaging research on antenatal
maternal anemia in LMICs, and to corroborate cross-validation
work previously reported in healthy adults (Vasa et al. 2025).
The key finding of this research was evidence for excellent
agreement between paired data across HF and ULF systems.
Overall, in a pooled sample of infants between 3 and 18 months
of age, there was a very strong linear relationship (Pearsons's
correlations; range of r=0.87-0.97) and high agreement (Lins
concordance; range of p=0.79-0.96) between 3T and 64mT
brain MRI volume estimates for ICV and ROIs implicated in
antenatal maternal anemia. Improved correspondence was ob-
served in older infants, particularly, for the basal ganglia struc-
tures (caudate nucleus and putamen). While this was also true
for ICV and the corpus callosum, findings were less consistent
across age groups.

In assessing the overarching validity of ULF MRI for brain vol-
ume estimation across different early ages, it is likely that the
basal ganglia structures were easier to segment than the cor-
pus callosum due to their high visual contrast. The striatum of
the basal ganglia (caudate nucleus and putamen) is a target of
the nigrostriatal pathway with dopaminergic neurons project-
ing from the substantia nigra, resulting in a darker appearance
on T2W MRI sequences as an indirect consequence of higher
iron content (Aquino et al. 2009; Péran et al. 2009). This is
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FIGURE 4 | Bland-Altman plots demonstrating the difference between HF (3T) and ULF (64mT) volume estimates for ICV and regional brain

volumes implicated in anemia across age groups.

particularly prominent for the putamen, which receives the
densest dopaminergic input, potentially explaining why this
region emerged with the most comparable findings across HF
and ULF (r=0.97, p=0.96) and perfect agreement between the
regression model and line of identity. In contrast, the caudate

nucleus has slightly less contrast than the putamen and is
closer to the ventricular CSF, making it somewhat more dif-
ficult to distinguish structural boundaries for segmentation.
This may have contributed to the disagreement observed for
this region, although this was marginal with overestimation
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TABLE 3 | Pearson's correlations and Lin's concordance coefficients for corpus callosum regions (n=78).

Correlation and concordance (r; o )*

Study visit 1: Study visit 2: Study visit 3: Study visit 4:

3months 6 months® 12months® 18 months
Corpus callosum region (n=25) (n=138) (n=28) (n=7)
Anterior 0.69*** (0.53) 0.67** (0.60) 0.70*** (0.53) 0.95%* (0.74)
Mid-anterior 0.75%** (0.60) 0.83%** (0.75) 0.68*** (0.30) 0.80* (0.49)
Central 0.77%%* (0.73) 0.79%* (0.75) 0.58** (0.38) 0.78* (0.50)
Mid-posterior 0.39 (0.39) 0.74%* (0.62) 0.64*** (0.31) 0.59 (0.23)
Posterior 0.66%** (0.66) 0.93%** (0.84) 0.89%** (0.65) 0.93** (0.68)

2The comparative relationship between ultra low and HF MRI was assessed using Pearson's correlation coefficient (r) and Lin's concordance correlation coefficients

(peco) in a pooled sample of paired scans.

bAge groups correspond to the age-specific templates used for processing scans with MiniMORPH. The age-specific template was selected according to the infants’
actual age at the time of the scan. HF and MRI scans were paired if they had been processed with the same age-specific template.

*p<0.05.
D <0.01.
kD <0.001.

and underestimation never exceeding 4%. While there was
good correspondence across field strengths for all brain re-
gions investigated here, the results were generally weaker
for the corpus callosum with lower concordance values and
a regression model that differed significantly from the line of
identity. This region may have been more difficult to segment
at low field strengths than the distinctive basal ganglia due
to it being a narrow and intricate structure of commissural
fibers connecting hemispheres, with incomplete myelination
in early infancy (Barkovich and Kjos 1988; Tanaka-Arakawa
et al. 2015; Deoni et al. 2011). Given its lower visual contrast
on MRI, partial volume effects (PVEs), characterized by in-
accuracies in voxel representation at ULF strength, may have
contributed to segmentation difficulties.

Further investigation revealed general age-related patterns,
with improved associations and correspondence between HF
and ULF volume estimates in older infants than younger in-
fants. This was demonstrated by a steady increase in associ-
ations and concordance from 3 months to 18 months for both
the caudate nucleus (r=0.63, p=0.61 to r=0.94, p=0.92) and
putamen (r=0.83, p=0.78 to r=0.91, p=0.89). This finding
is to be expected in the developing brain, as ongoing myelin-
ation and maturation contribute to more discrete gray-white
matter boundaries, and improved contrast for segmentation
of ROIs in children over 12 months of age (Deoni et al. 2015;
Croteau-Chonka et al. 2016). While this was generally true for
ICV and the corpus callosum with overall improved agree-
ment from 3 months to 18 months, there were inconsistencies
across age groups. For example, concordance coefficients for
ICV weakened at 12 months, with ULF 64mT volumes slightly
underestimating HF estimates of ICV by 1.77% at 3 months
and overestimating them by 0.78%- 4.97% in infants between
6 and 18 months. Similarly, a comparative assessment of the
corpus callosum revealed the strongest agreement to be evi-
dent at 6 months (r=0.90, p =0.79) followed contrastingly by
the weakest agreement at 12 months (r=0.82, p=0.51). While
the ULF 64mT MRI system underestimated corpus callosum
HF 3T volumes in infants at 3 months by 5.57%, the extent to
which it overestimated HF corpus callosum volumes in older

infants was much greater, particularly, at 12 (12.15%) and 18
(14.72%) months.

In interpreting this finding, we acknowledge that there was a
group difference in age for the 12-month age group, with chil-
dren being slightly older at the time of their HF 3T scan than
their ULF 64mT scan. This may have biased cross-validation
comparisons of total brain volume (ICV). Furthermore, given
the corpus callosum's dynamic and nonlinear postnatal mat-
uration (Tanaka-Arakawa et al. 2015), with myelination oc-
curring in a spatiotemporal pattern (Barkovich and Kjos 1988;
Deoni et al. 2011), it is possible that analyses may have been
undermined by the comparison of this ROI at different stages
of development. Previous research has demonstrated region-
specific developmental trajectories with normal growth
spurts occurring in the genu (anterior corpus callosum) at
2-3months followed by the splenium (posterior corpus cal-
losum) at 4-6 months (Barkovich and Kjos 1988), while post-
natal myelination begins in the splenium (posterior corpus
callosum) at 3-4months and progresses rostro-caudally to
the genu (anterior corpus callosum) at 6-8 months (Barkovich
and Kjos 1988; Deoni et al. 2011). With such drastic changes
occurring in the first year of life in opposite directions, age
differences in paired data at 12 months serve as a likely expla-
nation for generally weaker cross-validation results.

This may be exacerbated by segmentation difficulties at ULF
for smaller regions of the corpus callosum body, morphologi-
cally defined by the Desikan-Killiany atlas (Fischl et al. 2002)
as the mid-posterior, central, and mid-anterior corpus cal-
losum. In particular, the mid-posterior section which corre-
sponds with the isthmus is known to be the hardest region
to segment due to interindividual variation and its narrow
curved shape transitioning between the body and splenium
of the corpus callosum (Cover et al. 2018). Finally, it is noted
that the corpus callosum was the only structure for which the
mask had to be manually divided into subregions when being
created in the template space. While these were reviewed by
an expert for anatomical accuracy, tracing may have intro-
duced some error and variability contributing to less accurate
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automated segmentation and generally lower concordance for
this structure.

Study strengths of this research include the corroboration of
established clinical strategies for successfully scanning in-
fants in natural sleep across field strengths and the success-
ful use of a novel template-based approach (MiniMORPH)
(Casella et al. 2025) for specialized processing of pediatric
MRI data. In turn, this supported the feasibility of cross-
validation work in a relatively large pediatric sample. While
future work would benefit from using more closely matched
age groups for valid comparisons, it should also focus on im-
proving templates to minimize any potential biases. The on-
going optimization of the MiniMORPH (Casella et al. 2025)
pipeline is particularly relevant for the accurate segmentation
of intricate corpus callosum regions in infant samples and
is likely to be necessary for other small structures of inter-
est such as the hippocampus. To improve generalizability of
this processing method for infants, toddlers, and children, we
suggest the derivation of templates from larger paired datasets
across a broader age range.

ULF MRI is a rapidly growing field with ongoing advances in
hardware and software. For example, continuous improvements
in sequence development and software versions may further
increase comparability across field strengths. Finally, for this
study, correspondence was demonstrated without the prior ap-
plication of synthetic enhancement using deep learning image
quality transfer (IQT). While this reinforces the true validity of
the findings without concern of confabulation in super-resolved
images where the input does not match the training dataset
(Vasa et al. 2025), there is great potential for deep learning
approaches to improve ULF scan quality at no additional cost
(Baljer, Zhang, et al. 2025; Baljer, Briski, et al. 2025). This is an
important and relevant consideration for increased scalability of
neuroimaging in LMICs.

In conclusion, this study demonstrates high comparability be-
tween and HF (3T) and ULF (64mT) volumes for infant brain
regions associated with antenatal maternal anemia. These novel
findings represent the first paired dataset to be used to validate
the use of ULF (64mT) MRI for ongoing pediatric neuroimaging
work on antenatal maternal anemia across LMICs. Given that
this is a relevant health priority being investigated globally, this
work will be key for the meaningful interpretation of neuroim-
aging research findings on the impact of anemia on child brain
development as well as the efficacy of ongoing interventions.
This includes large-scale research projects across a collaborative
international network known as ultra low-field neuroimaging in
the young (UNITY) (Abate et al. 2024) in an effort to increase
neuroimaging accessibility for improved maternal and child
health.
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