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ABSTRACT

Introduction: Combined diffusion-relaxation MRI shows potential for improved characterisation of pregnancy
complications. All existing diffusion-relaxation studies in the placenta are at high field strength, mostly 3T. Here
we demonstrate quantitative multi-parametric mapping in the placenta with combined T2*-diffusion MRI at low-
field strength (0.55T).

Methods: We present 56 placental MRI scans performed on a commercially available 0.55T scanner. We acquired
the images using a combined T2*-diffusion technique that simultaneously acquires multiple diffusion prepara-
tions and echo times. We processed the data to produce quantitative T2* and diffusivity maps using a combined
T2*-ADC model. We compared the derived quantitative parameters across gestation in healthy controls and a
cohort of clinical cases.

Results: Quantitative parameter maps show similar spatial patterns, but different absolute values, to previous
experiments at high field strength, with similar trends in T2* and ADC against gestational age observed.
Discussion: Combined T2*-diffusion placental MRI is reliably achievable at 0.55T. The advantages of low-field
imaging - such as reduced cost, ease of deployment, improved accessibility, greater patient comfort due to the
wider bore, and longer T2* values enabling greater absolute range - can support the broader adoption of
quantitative placental MRI techniques, such as combined T2*-diffusion, as a complementary tool to ultrasound
during pregnancy.

1. Introduction

monitoring of pregnancy complications. This is particularly timely as
there are potential treatments emerging for complications such as

The placenta is vital to the health of mother and baby during preg-
nancy, performing the role of all organs and enabling exchange of ox-
ygen, nutrients, and removal of waste products [1,2]. Placental
dysfunction is a primary cause of many common pregnancy complica-
tions, such as stillbirth, fetal growth restriction (FGR), and
pre-eclampsia [3]. However, human placental development remains
poorly understood due to the difficulty of direct in-vivo observation [4].
Non-invasive biomarkers of human placental structure and function
during pregnancy are therefore of great interest and can ultimately
contribute to new techniques suitable for the prediction, diagnosis, and

pre-eclampsia and FGR [5], which will be most effective if diagnosis is
early and specific.

Placental MRI is a promising technique for diagnosis, prognosis and
monitoring of multiple pregnancy complications including fetal growth
restriction (FGR) [6] and pre-eclampsia (PE) [7]. In particular, T2*
relaxometry is emerging as a tool for detecting pregnancy complications
[8-11], with T2* reduced in FGR and PE [12,13]. The apparent diffusion
coefficient (ADC) derived from diffusion MRI (dMRI) also shows
promise as a biomarker, with lower ADC values in FGR [14-16]. The
more complex dMRI intravoxel incoherent motion (IVIM) model is also
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sensitive to pregnancy complications [17-21]. Recent combined dif-
fusion-relaxation approaches merge relaxometry and dMRI into a single
scan that accounts for correlations between relaxation and diffusion
properties and can hence disentangle complex microenvironments that
cannot be distinguished with diffusion or relaxation MRI alone [22].
Combined diffusion-relaxation has been demonstrated for T2-diffusion
[23] and T2*-diffusion [24,25] in the placenta, and shows initial
promise for detecting a range of pregnancy complications at 3T [13,24,
26]. However, the added value of these combined measurements over
individual diffusion and relaxation measurements has yet to be defini-
tively established.

Although placental MRI shows promise as a screening tool, there are
several drawbacks that hinder widespread adoption. These include the
high cost and time requirements associated with MRI scanning
compared to ultrasound. This is especially pertinent for quantitative
techniques such as T2* and dMRI, which require the acquisition of
multiple volumes. Motion due to maternal breathing and fetal move-
ment is another significant problem, as are uterine contractions which
can necessitate discarding affected data. Additionally, combined
diffusion-relaxation MRI necessitates longer protocols than single T2*
and dMRI scans, exacerbating the issue. Furthermore, these techniques
are typically based on single-shot Echo Planar Imaging (EPI) which, due
to its low bandwidth, is sensitive to field inhomogeneities, such as at air-
tissue boundaries.

Low-field MRI offers multiple advantages over high-field [27], and
hence has the potential to enable widespread use of placental MRI. In
particular, low-field MRI is generally cheaper to operate and easier to
deploy. A 0.55T MRI system is estimated to be 40-50 % cheaper than
1.5T [28]. Consequently, low-field MRI can help widen access to ante-
natal MRI beyond specialist centres. Some, although not all, low-field
MRI scanners also have a wider bore, potentially expanding accessi-
bility to the growing pregnant population with obesity whilst main-
taining field homogeneity, hence offering less susceptibility-induced
distortions. The possibility of increased space within a wide bore,
alongside lower acoustic noise, can also increase patient comfort.
Furthermore, the longer T2* relaxation time, provides a greater absolute
range, which could enable clearer discrimination between controls and
cases, particularly given the low T2* values that are typically observed
in late gestation and pathological cases. However, low-field MRI does
come with trade-offs, the most significant being lower SNR, which ne-
cessitates longer scan times and/or larger voxel sizes.

In this paper, we demonstrate the feasibility of combined T2*-
diffusion MRI at low-field, showing that the potential benefits of both
techniques can be jointly realised. We first describe how we adapt a
previously demonstrated multi-echo gradient-echo diffusion-weighted
single-shot EPI sequence to a commercially available low-field scan-
ner. We then calculate quantitative parameter maps from the low-field
data and show reasonable compatibility with those derived at higher
field strengths. Our first demonstration motivates broader studies of
low-field combined diffusion-relaxation placental MRI for widespread
pregnancy monitoring.

2. Methods

Pregnant women were recruited at St Thomas’ Hospital, a tertiary
referral centre in London. Exclusion criteria for participants were mul-
tiple pregnancies, extreme claustrophobia, contraindications for MRI
such as pacemakers, and maternal age under 16 or over 55 years.
Exclusion criteria for scans were the presence of clear contractions or
gross visual artefacts. We performed 68 scans on these pregnant par-
ticipants on a 0.55T clinical low field scanner with an 80 cm wide bore
(MAGNETOM Free.Max, Siemens Healthineers, Erlangen, Germany)
after informed consent was obtained (MEERKAT project, REC 19/L0O/
0852). Participants were scanned in supine position maintaining
frequent verbal interaction and life monitoring including heart rate and
blood pressure readings. Before scanning each participant with our new
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low-field sequence, we performed an initial localiser scan, T2-weighted
anatomical imaging, T1 relaxometry and short clinical diffusion se-
quences. Out of the 68 scans, we excluded 10 scans with clearly visible
contractions to eliminate this known source of variation. Although the
presence of a contraction does not necessarily render a scan unusable,
contractions have been shown to affect T2* values [29-31], therefore we
exclude these scans to leave a dataset with fewer confounding factors.
We also excluded one scan since it was a molar pregnancy and one scan
due to clear and gross visual artefacts, likely because this placenta was in
a fundal position.

This remaining 56 scan cohort comprised 49 distinct participants,
with seven participants who were scanned twice over gestation. We
obtained detailed clinical information for all participants, including
maternal blood pressures and fetal biomarkers from ultrasound moni-
toring during pregnancy, as well as birth weight centile, type of delivery,
and neonatal outcomes. The mean gestational age (GA) at scan time for
the final 56 scan cohort was 29.9 4 5.84 [18.4,41.3] weeks, maternal
BMI 28.1 + 4.84 [18.6, 37.6] kg/m2 and mean maternal age 34.3 +
5.19, [24.1, 44.5] years. After collecting the data and clinical informa-
tion, we grouped all participants into cohorts. We decided to retain all
participants, including those with specific pathologies, to maximise the
amount of data available for analysis. This results in a heterogeneous
cohort with a variety of complications but without large numbers in any
single group. Consequently, we cannot make inferences about how well
T2* or ADC discriminate between groups; instead, we present all the
data with the aim of demonstrating feasibility. Specifically, we used
these clinical details to prospectively categorise the participants into
four cohorts. Participants were categorised through holistic investiga-
tion of clinical details throughout the entire pregnancy, from recruit-
ment up to and including birth, see Table S1. These cohorts are:

1. Syndromes and pregnancy complications: participants with a con-
dition diagnosed clinically either antenatally or postnatally. This
cohort comprises 8 participants who underwent 1 scan each.
Table S1 outlines the specific diagnosis for each patient.

2. Brain pathology: participants where a fetal neurological pathology
was diagnosed but no additional complications. This cohort com-
prises 9 participants who underwent 1 scan each. Table S1 outlines
the specific diagnosis for each patient.

3. T1 diabetes: participants with type 1 diabetes but no additional
complications. This cohort comprises 1 participant who underwent 2
scans.

4. Healthy controls: all remaining participants. This cohort comprises
31 participants who underwent 37 scans.

Before scanning each participant with our new low-field sequence,
we performed an initial localiser scan, T2-weighted anatomical imaging
(between 12 and 30 min), T1 relaxometry (3 min) and short clinical
diffusion sequences (3 min).

We implemented a combined diffusion-relaxation multi-echo T2*-
diffusion scan, using an adapted version of the ZEBRA sequence [32] as
previously demonstrated at 3T [24]. We only used automatic shimming,
which doesn’t require the user to manually highlight an anatomical
region for shim optimisation; this manual process is necessary to obtain
the best images at 3T [33]. We scanned with two diffusion-weighting
schemes, which we denote protocol 1 and protocol 2. Protocol 1 is a
subset of protocol 2, with protocol 2 expanded to include more low
b-values to better characterise the perfusion component of the signal.
For protocol 1, the b-values are 0, 50, 100, 150, 300, 500, 750, 1000
s/mm?2. For protocol 2, the b-values are 0, 20, 30, 50, 70, 100, 120, 150,
300, 500, 750, 1000 s/mm?. For both protocols, each b-value was ac-
quired with three echo times (TEs), 117, 161, 205 ms - these are longer
than typical TEs in standard T2* multi-echo gradient echo scans due to
the diffusion gradients - and three orthogonal gradient directions,
aligned with the scanner’s x, y, and z axes, were acquired for each
non-zero b-value-TE pair. Compared to our previous 3T protocols [34],
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Fig. 1. Exemplary direction-averaged data for three TEs and four b-values after denoising for a single control participant with GA = 27.14 weeks. See Fig. 2 for
derived maps for this participant. The dark lines visible in the axial and sagittal planes are due to inter-slice motion.

the highest b-value is lower and the TEs are longer. These adaptations
were made to account for the lower SNR and the reduced gradient
performance available. The number of b-values and TEs was intention-
ally kept low to maintain a clinically feasible scan time and ensure the
examination is widely available and accessible. Furthermore, the lowest
b-value employed on the Free.Max was 20 s/mm?, 4 times higher than
previously utilised at 3T [24], potentially reducing sensitivity to very
high diffusivities associated with perfusion. No BO map and calibration
scans were acquired and no image-based shimming was performed,
reducing both the scan time and need for expert knowledge. Scans were
acquired in coronal orientation with respect to the mother with a
6-channel surface coil and in-built 9-channel table coil. Other acquisi-
tion parameters were: FOV = 400 x 400 x 1600 mm, 4x4x4mm reso-
lution, Grappa 2, TR = 11.1 s, partial Fourier 7/8, receiver bandwidth =
1162 Hz/Px. Protocol 1 has 66 total volumes and acquisition time 7 min
20 s. Protocol 2 has 102 total volumes and the acquisition time is 11 min.
We performed 28 scans with protocol 2. Since protocol 1 is a subset of
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protocol 2, all 56 scans effectively included protocol 1. Consequently,
the protocol 1 portion of the scans could be processed downstream in the
same way for all 56 scans.

The data was denoised using the mrtrix [35] implementation of
Marchenko-Pastur Principal Component Analysis (MP-PCA) [36] and
direction-averaged for each b-TE combination. We analysed the
direction-averaged data using a modified version of the dmipy toolbox
[37] with a joint T2*-D model given by

S(T2*, ADC) = SO exp(-TE/T2*) exp(-b ADC)

where TE and b are the acquired echo times and b-values respectively,
T2* and ADC the obtained T2* and diffusivity values, and SO is the signal
at the b = 0 volume with lowest TE. For the protocol 1 data we fit the
model using the full dataset, i.e. all b-TE combinations. For the protocol
2 data, we fit the model to the full dataset, and also to the subset of the
protocol corresponding to the protocol 1 b-TE combinations. We
therefore obtained 56 protocol 1 T2* and ADC maps (i.e. all scans), and
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T2* map (joint T2*-ADC fit)
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T2* map (T2* fit from multi-echo GE)

Fig. 2. Detailed view into one example dataset (control, GA = 27.14 weeks - same participant as Fig. 1). Top row: the ADC and T2* map from the joint fit. Bottom
row: the T2* map from the additional multi-echo gradient echo scan. The blue arrow shows the increased ADC and T2* in the lobule centres, the pink arrow the
increase on the chorionic plate and the orange arrows the increase in ADC and reduction in T2* in the septa between the lobules. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

28 protocol 2 T2* and ADC maps.

We also acquired a separate standard multi-echo gradient echo T2*
scan in all participants, as previously reported [38]. The resolution was
3x3x3 mm, FOV = 400 x 400 x [30-55] mm? (slices were added or
removed as necessary to maximise placental coverage), TR = 9670 ms
and the TEs were 80 ms, 222 ms and 365 ms. The total acquisition time
for one individual volume at all three echo times was 33 s. Of the 56
scans where we acquired combined T2*-diffusion data, 12 of the cor-
responding standard multi-echo gradient echo scans contained a clear
contraction or visual artifact. As for the T2*-diffusion scans, we there-
fore exclude these scans to reduce confounds, leaving 44 matched
standard scans. Note that the prevalence of contractions was comparable
between combined diffusion-relaxation and standard multi-echo
gradient echo field scans. We calculated T2* maps from these scans
with a mono-exponential fit.

We performed a scan-rescan experiment using protocol 2 with an
additional participant with GA = 21 + 5 weeks. This participant does not
form part of the main cohort and is not included in any other graphs or
analyses. The participant was scanned once, removed from the scanner,
and then scanned again. T2* and ADC maps were generated using the
same pipeline as described earlier.

We also include a matched scan for one participant who was also
scanned at 3T in a parallel study. The 3T diffusion-relaxation scanning
protocol is given in Ref. [24].

A volumetric ROI containing the whole placenta across all slices
where it was visible was defined, ensuring full coverage of the whole
organ, was manually defined by a single reader with 10 years of fetal and
placental MRI experience (Hutter). We hence calculated the mean
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placental T2* and ADC from the joint T2*-ADC fit to the combined scan,
and the mean placental T2* for the separate scans. We then fit a linear
model to the mean combined scan values against gestational age using
numpy’s polyfit function.

3. Results

Fig. 1 shows exemplary direction averaged data for a single scan after
denoising. There is clear attenuation with increasing TE - with higher
TEs revealing the lobular structure of the placenta. There is also clear
signal attenuation with higher b-value, with the signal in the uterine
wall attenuating quicker than the signal in the placenta.

Fig. 2 shows example T2* and diffusivity maps from the T2*-ADC fit
to protocol 1 data for the same participant as Fig. 1. The maps clearly
reveal placental features; there are lobular structures revealed in the T2*
map as expected [10], and higher diffusivity at the boundaries of the
placenta.

Figs. S2 and S3 show T2* and diffusivity maps for the T2*-ADC fits to
the protocol 1 data, ordered by gestational age. Figs. 3 and 4 show the
same maps for fits to the acquired protocol 2 data. There is a noticeable
decrease in T2* values over gestation, whereas for ADC no clear pattern
emerges.

Fig. 5 shows the mean values of T2* and ADC in the placenta plotted
against gestational age. There is a clear negative trend over gestation for
T2* for both protocols, but no clear trend over gestation for the ADC.
Fig. S5 shows the differences in T2* and ADC when estimated from
protocol 1 against protocol 2. The ADC estimated with protocol 2 is
higher than with protocol 1, likely due to the additional low b-values.
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Fig. 3. T2* maps across gestation from joint T2*-diffusivity model fit to the protocol 2 combined T2*-diffusion data. Subplot titles give the gestational age in weeks
and text color denotes the cohort. Maps show a single mid-placental slice. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

On the other hand, the T2* estimated with protocol 2 is lower than with
protocol 1.

Fig. 6 presents the maps and histograms of the T2* and ADC from the
scan-rescan experiment. The close agreement between the maps and
histograms from the two scans serves as demonstration that the scanning
and analysis pipeline is stable and reproducible.

Fig. S6 shows mean T2* values against gestational age for the non-
diffusion weighted standard multi-echo gradient echo scans and com-
pares the mean T2* values between the combined T2*-diffusion and
non-diffusion weighted scans. The left panel of Fig. S6 reveals the same
downward trend in T2* as observed in combined scans, with a slightly
lower Pearson coefficient than the combined scan (—0.71 for the stan-
dard scan compared to —0.76 and —0.75 for the protocol 1 and protocol
2 combined scans respectively). The middle and right panels of Fig. S6
show that the standard scan routinely estimates higher T2* than the
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combined scans.

Fig. S7 displays the calculated 0.55T and 3T maps for the participant
who was also scanned at 3T in a parallel study. Although these images
are not co-registered, and the T2* values differ as expected due to the
variation in relaxation times across field strengths, there are reasonably
consistent patterns in the ADC and T2* maps. For instance, regions with
high ADC and high T2* are visible along the boundaries of the placenta
in the second row of Fig. S7.

4. Discussion

Our study demonstrates quantitative placental MRI at 0.55 T, which
offers several advantages over high-field scanning for the purpose of
pregnancy monitoring. In addition to the potential for reduced cost and
thus increased accessibility, low-field MRI can address specific issues
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Fig. 4. Diffusivity maps across gestation from joint T2*-diffusivity model fit to the protocol 2 combined T2*-diffusion data. Subplot titles give the gestational age in
weeks and text color denotes the cohort. Maps show the mid-placental slice as Fig. 3. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

related to pregnancy, such as a larger bore size allowing access to this
modality for the growing number of overweight and women with
obesity, and reduced distortion artefacts and Bl inhomogeneity,
addressing some image quality challenges in abdominal/fetal MRI and
foregoing the need for specialist shimming tools and expertise. However,
it is important to note that these advantages come with trade-offs. Low-
field MRI has several disadvantages compared to high-field, including
significantly lower SNR, which necessitates the use of larger voxels to
maintain sufficient signal, which in turn reduces image resolution.
Deriving quantitative metrics from low-field MRI could potentially
enable early and specific diagnosis of pregnancy complications,
including pre-eclampsia and FGR. Although we emphasise that the small
number scans with complications prevent us from making definitive
statements about the utility of low field combined T2*-diffusion MRI
from this study alone, we note that this approach is promising and
warrants further exploration, as low field MRI can be deployed in a
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much broader range of settings than high-field MRI alone. This could
significantly improve pregnancy monitoring and management, espe-
cially in low-resource settings.

On first inspection, our 0.55T scans contain similar information to
previous work at 1.5T and 3T. Namely, the measured low-field T2* and
diffusivity maps (Figs. 2-4, Figs. S2 and S3) have comparable patterns to
those previously observed at higher field strengths and for separate T2*
scans [39]; for example, the T2* clearly decreases over gestational age
and some ADC maps show bright patches at the placental boundaries.
We emphasise that our findings regarding how these parameters change
over gestation are not novel in themselves, but we show these trends for
the first time in a combined T2*-diffusion experiment at low field. Maps
from a single participant who was scanned at 0.55T and 3T also show
reasonable agreement, with high ADC and T2* patches appearing in
similar areas (Fig. S7). This is despite different scanning parameters such
as the voxel size (4 mm® isotropic here compared to ~2 mm?® at 3T, e. g.
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Fig. 5. Mean T2* and ADC values over gestational age across the cohorts for protocol 1 (b = 0, 50, 100, 150, 300, 500, 750, 1000 s/mm?) and protocol 2 (b =0, 20,
30, 50, 70, 100, 120 150, 300, 500, 750, 1000 s/mm?). Solid lines indicate the same participant scanned twice. Dashed line shows linear fit to the control data.
Parameters of the fitted lines are given in Table S4. Note that a single outlier datapoint is cut off from panel A.

Ref. [24]). Many T2* maps (Figs. 2 and 3, Fig. S2) reveal the lobular
structure of the placenta, potentially revealing the oxygenation level of
maternal blood, as previously observed in standard T2* [7,40,41] and
combined T2*-diffusion [24,25] experiments. There is also a higher
diffusivity at the boundaries of the placenta in ADC maps potentially
reflecting areas with high volumes of maternal blood perfusing into the
placenta (Fig. 4 and Fig. S3). This was previously shown in diffusion
[34] and combined T2*-diffusion [24,25] scans. These observations
highlight that combined T2*-diffusion MRI at 0.55T is viable and
promising.

As expected, the T2* values calculated from our 0.55T scans are
higher than those previously reported at higher field strengths. An
extensive quantitative comparison of T2* values across field strengths
for standard gradient echo sequences was undertaken by Hall et al. [39].
They reported predicted values for T2* at 0.55 T as 245 ms, 200 ms, and
152 ms at 20, 30, and 40 weeks respectively. For comparison, their
predicted T2* values at 3T were 98 ms, 60 ms, and 25 ms at 20, 30, and
40 weeks respectively, and their predicted T2* values at 1.5T were 160
ms, 110 ms and 70 ms 20, 30, and 40 weeks respectively. Visual in-
spection of Fig. S6A confirms that our standard multi-echo gradient echo
T2* values are in line with these. However, since the standard T2* scans
in this paper are a subset of the Hall et al. dataset, this serves as a sanity
check rather than an external validation.

The expected T2* values from a linear fit to the mean placental T2*
values from combined T2*-diffusion scans are given in Table S8, and are
lower than those from Hall et al. When directly comparing combined
and separate scans from the same participant, we again found that
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measuring T2* with a standard, separate T2* scan routinely estimates
higher T2* than the combined scan (Fig. S6B-C). We also observed that
the combined T2*-diffusion protocol with more b-values (protocol 2)
results in higher ADC and lower T2* values (Fig. S5). This may reflect
the fact that the current model does not account for IVIM effects. In
future, we will apply combined diffusion-relaxation models that incor-
porate these, such as those demonstrated in Ref. [25]. Additionally,
combined T2*-diffusion scans may inherently yield different values than
separate T2* scans, due to a portion of the T2* decay being fit by the
diffusion component of the model and vice-versa. The extent to which
the separate and/or combined scans reflect the true, underlying, T2*
value is an open question that warrants further investigation, by first
undertaking combined and standard scans with matched TEs.

An interesting observation across both this study and Hall et al. is
that despite having fewer echo times, we observe a potentially wider
absolute range in T2* values across gestational age at 0.55T likely due to
these longer relaxation times. This may allow for better quantification of
more subtle and individual differences in oxygenation in pregnancy
complications where T2* is reduced [12], by enabling wider separation
of controls and cases. A further disadvantage of larger voxels is their
impact on regional T2* analyses. While the mean T2* across the whole
placenta may not differ significantly with larger voxels, analyses
involving histograms of T2* values or spatial T2* maps will likely be
affected by the voxel size.

We removed several scans from the analysis due to clearly visible
contractions, since it is known that contractions affect the T2* value
[29-31]. In future, we will explore methods to limit the influence of
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Fig. 6. Scan-rescan results from a single control participant with GA = 21 + 5 weeks. Top rows: ADC and T2* maps Bottom row: ADC and T2* histograms.

contractions on the scans and ensure that interpretable data can still be
obtained despite their occurrence. It is possible that contractions are not
entirely detrimental; their effect on T2* may provide valuable infor-
mation about placental health and function.

5. Limitations and future work

The presented results hint that low-field ADC and T2* maps display
wider across-scan variance than those obtained at high field. This could
be because our preprocessing pipeline is not as extensive as those used at
higher field strengths. Whilst we did denoise the data, we did not
perform motion correction, as we have not yet developed low-field-
specific algorithms that account for the larger voxel size and lower
resolution. In future, we will continue building our pre-processing
pipelines for low-field placental MRI by developing and integrating
low-field specific methods for motion correction and artifact correction.

This study has reduced b-value coverage, particularly at very low b-
values, to previous studies at higher field strength. For example, the
minimum b-value in Ref. [34] was 5 s/mm? compared to 20 or 50 s/ 'mm?
here. This may lead to diffusivity maps with lower ranges than in
comparable studies at 1.5 T and 3 T. An obvious path for further
investigation is to collect repeat combined T2*-diffusion (and separate
T2*) measurements for the same participants on the same day at 0.55 T,
15T, and 3 T.

We assumed that T2* and diffusion decays are both mono-
exponential. This is suboptimal, particularly as it has been previously
shown that multi-compartment models are required to adequately
explain the diffusion MRI signal in the placenta [34]. In future we will
explore such models, as previously demonstrated in T2-diffusion [23,
26] and T2*-diffusion [25] experiments. Although in principle we could
also explore multi-exponential decay models of the T2* signal, in
practice this would likely require more TEs than the current three. As
well as multi-compartment modelling, we will also explore data-driven
unsupervised machine learning approaches that don’t require fixing the

80

number of model compartments [42]. We will also assess the goodness
of fit and appropriateness of the models using model selection proced-
ures to determine which model best explains the data. This can also
evaluate the relative strengths of T2* and diffusion metrics in diagnosing
pregnancy complications and determine whether longer combined scans
are necessary or if a single T2* or diffusion scan would suffice.

In this study, we scanned coronally to the maternal habitus and
displayed parameter maps of the largest slice through the placental
parenchyma (in Figs. 2-4). In future, specific visualisation and analysis
of the whole placenta including spiral arteries and chorionic plate would
be simplified by transforming the placenta into a common, biological
space as previously proposed [43,44].

We demonstrated that the estimated T2* values differ between in-
dividual gradient echo scans and combined T2*-diffusion scans (Fig. S6)
as well as between protocol 1 and protocol 2 combined T2*-diffusion
scans (Fig. S5). Additionally, the ADC values vary between protocol 1
and protocol 2 (Fig. S5). This variation is expected to some extent since
different b-values and different TEs probe different diffusion and
relaxation regimes. A major step towards addressing these challenges in
a clinical setting will be to fix the b-values and TEs to optimal settings for
assessing pregnancy complications, but this first requires determining
what these optimal settings are.

The data we present in this study is insufficient to demonstrate that
T2* or ADC from combined T2*-diffusion scans at low field can reliably
identify pregnancy complications. The limited number of non-control
scans necessitated broad cohort definitions, potentially masking subtle
differences. Despite this, we remain optimistic that further studies with
larger and more specifically defined cohorts will reveal biomarkers for
specific pregnancy complications. Our optimism is backed up by the fact
that T2* calculated from a standard multi-echo gradient echo scan does
not show clear separation between our cohorts, despite strong evidence
in the literature showing that placental T2* is a biomarker for pregnancy
complications. An obvious and compelling avenue for further research
involves conducting a multi-centre study with a larger participant pool,
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including a wider range of fine-grained pregnancy-related complica-
tions, rather than the broad categorisation of complications we use here.
This study would have increased statistical power and could identify
more nuanced relationships between placental MRI metrics and specific
pregnancy complications.

6. Conclusion

We demonstrate placental quantitative MRI at 0.55T. Our results
show many common features with studies conducted at higher field
strengths; parameter maps have similar patterns and there are similar
trends in T2* and ADC across gestational age. Our findings can initiate
broader research into quantitative placental MRI at low-field, with the
long-term goal of complementing ultrasound in pregnancy monitoring.
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