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Abstract

Purpose:

Ultra-low field (ULF) point-of-care MRI systems allow image acquisition without interrupting
medical provision, with neonatal clinical care being an important potential application. The
ability to measure neonatal brain tissue T} is a key enabling technology for subsequent structural
image contrast optimisation, as well as being a potential biomarker for brain development. Here

we describe an optimised strategy for neonatal T mapping at ULF.

Methods:

Examinations were performed on a 64mT portable MRI system. A phantom validation
experiment was performed, and total of thirty-three in-vivo exams were acquired from twenty-
eight neonates with postmenstrual age ranging 31" to 49™ weeks. Multiple inversion-recovery
turbo spin echo sequences were acquired with differing inversion and repetition times. An
analysis pipeline incorporating inter-sequence motion correction generated proton density and T
maps. Regions of interest were placed in the cerebral deep grey matter, frontal white matter and

cerebellum. Weighted linear regression was used to predict T as a function of postmenstrual age.

Results:

Reduction of T} with postmenstrual age is observed in all measured brain tissue; the change in
T per week and 95% confidence intervals is given by dT1=-21ms/week [-25, -16] (cerebellum),
dTi=-14ms/week [-18, -10] (deep grey matter), and dT1=-35ms/week [-45, -25] (white matter).

Conclusion:
Neonatal T values at ULF are shorter than those previously described at standard clinical field
strengths, but longer than those of adults at ULF. T, reduces with postmenstrual age and is thus

a candidate biomarker for perinatal brain development.
Keywords: Ultra Low Field MRI, Relaxometry, Neonatal, White Matter, Grey Matter

Word Count: 3,544



Introduction

Recent years have seen increased popularity of MRI systems utilising magnetic field strengths far
below those of traditional clinical systems with superconducting magnets. These systems have
been engineered to optimise alternative design criteria (such as increased portability and lowered
cost) in contrast to high field systems, which generally aim to maximise image quality. Crucially,
these low-field systems can also have reduced infrastructure needs, promising to expand the use

of MRI beyond radiology departments in high-income countries.

Ultra-low field (ULF) point-of-care (POC) MRI systems (1-5) are a category of device designed
to allow image acquisition without interrupting a patient’s medical provision. Neonatal clinical
care is an important potential application, as portable systems would allow imaging on Neonatal
Intensive Care Units in both high and lower-resourced settings and where rapid diagnostic
information could have large implications for clinical decision making. Key examples include
neonates suffering from neurological pathologies such as hypoxic ischaemic injury,

hydrocephalus, stroke, as well as other conditions elsewhere in the body.

Although neonatal brain MRI has been performed at a variety of field strengths (6—10), there is
limited work in this cohort at ULF. Whilst ULF adult imaging has been successfully
demonstrated (11), initial local experience demonstrates that sequences and acquisition
parameters optimized for adults do not necessarily provide optimal image contrast in younger
cohortts. This phenomenon is likely due to marked relaxation rate differences between adult and
neonatal brain tissues, demonstrated at both high field in vivo (12—17) and at ULF in ex-vivo

tissue samples (18).

The ability to measure neonatal brain tissue longitudinal relaxation time (T4) is a key enabling
technology for further ULF neonatal imaging. It will allow image contrast optimisation for
structural imaging, as well as having the potential to be a biomarker for neonatal brain
development. However, there has been no in-vivo ULF neonatal Ty mapping to date, motivating
this work utilising a 64mT portable MRI system. Here we describe an optimised strategy for T}
mapping using an inversion recovery turbo spin echo (TSE) sequence and report values in 28

neonates.



Methods

We designed a combined acquisition and analysis strategy to allow T1 mapping in the presence of
participant motion, typical in neonates and infants. Multiple Ti-weighted volumes are first
acquired, with each acquisition designed to have short duration to minimise the chance of intra-

volume motion corruption.

The reconstruction pipeline then takes an iterative two-step approach. First, data fitting is

performed without any correction for inter-sequence motion. The resulting proton density (M)
and T) maps are then used to synthesise new images with the same T)-weighting as the acquired
data, to which the original images are registered. These registered images are then used for data

fitting, with this process repeated for a fixed number of iterations.
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Figure 1 - Pulse sequence diagram of inversion recovery 3D turbo spin echo. The sequence is
comprised of an adiabatic inversion pulse, a turbo spin echo read-out train, and a centre

frequency navigator.

Acquisition

Two phantom experiments were performed to validate the acquisition and analysis pipeline used
for our in-vivo neonatal studies. A contrast phantom comprised of six 50mL falcon tubes
containing distilled water and MnCl, at concentrations of 0, 0.01, 0.05, 0.1, 0.15 and 0.2mM,
placed in a custom-built holder so that the long axes of the vials were aligned with the main
magnetic field. The second, a homogeneity phantom, was a spherical flask of diameter of 144mm
containing a solution of saline and gadolinium doped to achieve a T’ in the range of neonatal

white matter at 64mT.

A total of thirty-three exams were acquired from twenty-eight neonates (mean gestation at birth:

36" weeks ™, range: [277, 40|, mean age at first scan: 13 days, range: [1, 94], mean



postmenstrual age at scan: 39" weeks ™", range: [317, 49™)), as part of two NHS UK Research
Ethics Committee approved studies (12/L.0O/1247, 19/1L.0O/1384). Recruitment to these studies
included healthy controls and clinically referred neonates. Infants referred for clinical scans were
eligible for Chloral Hydrate sedation. All medical support requirements, such as ventilation,
intra-venous infusions and/or thermoregulation were continued throughout scanning, alongside
continuous oxygen saturation and heart rate monitoring. Subjects were swaddled and
immobilised using a vacuum-evacuated bag containing polystyrene beads and placed in a
neonatal imaging cradle designed to position the neonate’s head at the magnet isocentre. Imaging
utilised 2 64mT Swoop® portable MRI system (Hyperfine, Inc., Guilford, CT), utilising the built-
in radiofrequency interference rejection method (19) and single channel transmit/eight channel

receive coil.

The scanning protocol comprised a pre-scan calibration, localiser, and several acquisitions of the
Hyperfine product inversion-recovery 3D turbo spin echo (TSE) acquisition (Figure 1), each
modified using the sequence development interface to have differing repetition and inversion
times (TRa, TI,, with the subscript indexing the multiple acquisitions). The base sequence
contains an adiabatic inversion pulse, a T recovery period (T1,), a non-selective TSE read-out of
Nrr echoes utilising low-high phase-encode ordering, a delay period TD1 between the read-out
and a centre-frequency navigator echo generated by a non-selective excitation of flip angle 6,4,
followed by a recovery time TD2.. The signal S, at the first echo for a given choice (TR, T1,) is

given by 1; note that the contribution from non-zero TE is subsumed into the M, term.

1 Su(Mo, Ty; TRy, Thy) = Mo(1 — e7™/™) = My (1= e ™Y/ ) 08(Bap) €™ T0%/™ + (1 — e7T020/T) ) =T/

The following base sequence parameters were used for all acquisitions: field of view = 180 x 220
x 180mm (RL x AP x FH), resolution = 2.8 x 2.8 x 2.8mm, turbo factor (N1r) = 48, echo

spacing (T) = 4.62ms, BW = 64kHz, excitation flip angle = 90°, refocusing flip angle = 180°, TE
= 4.62ms, 0,4, = 30°, TD1 = 239ms, and TD2, = TR,-TL.-N7-TD1. Preliminary experiments

confirmed insensitivity to transmitter voltage miscalibration.

The comprehensive mapping protocol is given by row 0 in Table 1. This was used exclusively for
the phantom acquisitions, with the protocol acquired at lower resolution (5 x 5 x 5mm) for the
homogeneity phantom to increase measurement signal-to-noise ratio. Additionally, the

homogeneity phantom experiment included the acquisition of a B+ map using Actual Flip-angle



Imaging (AFI) (20) with the following sequence parameters: TR1 = 20ms, TR2 = 100ms, TE =
2.56ms, flip angle = 90°, BW = 20kHz, field of view = 210 x 210 x 210mm, resolution = 5 x 5 x

5mm.

Other variants were also utilised (rows 1-7), reflecting the need to limit total acquisition time for
neonatal scanning as per study protocol (protocol 1), abbreviated scanning sessions due to other
clinical priorities and neonates awaking from sleep (protocols 2-4), or initial trial versions of the
protocol before modification to improve performance for longer relaxation times (protocols 5-
7). All data is included to maximise the number of subjects included in the study. Additionally,
note that the listed inversion times are those entered on the system’s user-interface; the physical
inversion times are 5.75ms longer. Sequences utilising TR = 1500ms had a total duration of

3m32s; sequences utilising TR = 3000ms had a total duration of 7m04s.

Number of In-Vivo

Acquisition Protocol

Acquisitions

TI = [ 100, 200, 300, 400, 500, 600, 700, 800, 1010, 900]

0 TR = [1500, 1500, 1500, 1500, 1500, 1500, 1500, 1500, 1500, 3000] 0
TI = [ 100, 300, 400, 500, 600, 800, 1010, 900]

! TR = [1500, 1500, 1500, 1500, 1500, 1500, 1500, 3000] 12

5 TI = [ 100, 300, 500, 600, 800, 1010, 900] 5
TR = [1500, 1500, 1500, 1500, 1500, 1500, 3000]

. TI = [ 100, 300, 400, 500, 600, 800, 1010] 1
TR = [1500, 1500, 1500, 1500, 1500, 1500, 1500]
TI = [ 400, 500, 600, 800, 1010, 900]

¢ TR = [ 1500, 1500, 1500, 1500, 1500, 30001 !
TI = [ 100, 200, 300, 400, 500, 600, 700, 800, 1010]

> TR = [1500, 1500, 1500, 1500, 1500, 1500, 1500, 1500, 1500] :

. TI = [ 100, 200, 300, 400, 500, 600, 700, 800] .

TR = [1500, 1500, 1500, 1500, 1500, 1500, 1500, 1500]
TI = [ 100, 200, 300, 400, 500, 600]
TR = [1500, 1500, 1500, 1500, 1500, 1500]

Table I — Imaging parameters of the protocols used within presented study, and number of

acquisitions each protocol was utilised.

Reconstruction — Data Fitting

Magnitude images were exported from the scanner in DICOM format, with the following steps
performed for each participant. An initial brain and scalp mask was generated utilising FSL. BET
(21) with fractional threshold set to 0.1. This mask was manually edited to exclude the face,

mouth, and all anatomy inferior to the brain to allow utilisation of rigid-body registration in



subsequent processing steps. Phantom images were masked by image thresholding using Matlab

(The Mathworks, Inc., Natick, MA).

Fitting was performed using Matlab. The low signal-to-noise ratio of ULF-MRI and the
magnitude-only image intensities available via data export results in a Rician distribution of
image noise (22). It is appropriate to use statistical parameter estimation methods designed for
the statistical noise distribution present in the data. In this case, the optimisation problem stated
as Equation 2 is obtained by maximising the log-likelihood function given Rician-distributed
noise (23). Herein @ is the cost function, n is an index over the N acquisitions, o is the standard
deviation of the underlying Gaussian-distributed noise, I is the zeroeth order modified Bessel
function, and d, is the measured signal of the n® acquisition. An estimate of @ is obtained by

finding the mean signal Op;ciqn 10 a region of interest (ROI), manually placed in a region

avoiding signal and artifacts, and using the relation @ = Gricign/+/ T/ 2.

Mo, T, 202 o2

N
5 e Z Iu (TR Thy Mo DI - (1 (dnlsn(TRn.TIn,Mo,Tl)l))
- - 0
n=1

The cost function was minimised for each voxel in the mask using a two-step procedure. A
coarse search was first performed (160,000 My & Ti combinations; range [0, 1000] and [50ms,
4000ms], respectively) to obtain an estimate of the solution. This was used as the initial point
when minimising the cost function using the fmincon routine, with the solutions constrained to

lie in the ranges utilised in the coarse search. This process yielded My and T maps.

Reconstruction — Motion Compensation

These initial My and T maps were then used in conjunction with Equation 1 to generate
synthetic images for each acquired sequence. These synthetic images were used as registration
targets to which the acquired images were registered. The registration is performed with FSL
FLIRT (24,25) using a rigid body transformation and sinc interpolation, with the previously
defined mask used to exclude areas that may have undergone non-rigid motion. These registered
acquired images were then again used for data fitting. The whole process was repeated until

convergence, with local experience indicating that three iterations were sufficient.

Phantom Data Analysis




Both phantom datasets (acquired as per protocol 0 in Table I) were reconstructed with the
pipeline outlined above. However, the contrast phantom data was reconstructed eight times in
total, each using the appropriate set of source images as prescribed by protocols 0-7 in Table I.
The T, of all voxels within each vial were extracted and the mean and standard deviation
calculated. In order to assess the validity of the acquisition, each protocol and the reconstruction
pipeline, a linear weighted least-squares fit was performed for each protocol and results plotted
against concentration (c) of MnCL to confirm consistency with the known relationships given by
equation 3, where T1(c=0) is the unknown relaxation time of the distilled water at 64mT and R is
the concentration of added salt in mM. The t* for each fit was used to evaluate data to model

consistency.

3 1/T,(c) =1/T;(c =0) + Rc

In-Vivo Region of Interest Analysis

The final set of synthesised in-vivo neonatal images were visually examined by a single reader
(FP) to place ROIs in the deep grey matter (putamen/caudate), frontal white matter and
cerebellum. For each anatomical location, ROIs of size 2x2x2 voxels were placed on both the
left and right of the brain. The mean and standard deviation T} values were calculated for each
anatomical location to obtain per subject values. A group analysis was performed by calculating a
weighted linear regression to predict T as a function of postmenstrual age; the weights were

taken as the inverse square of the standard deviations.




Results

Figure 2 shows the results of the contrast phantom validation experiment. Figure 2A shows the
measured T versus concentration for protocol 0, with datapoints and error bars indicating the
mean and standard deviations of all voxels within each vial. The dashed black lines indicate the
fit to equation 3. The 1 values of the fits to equation 3 were greater than 0.997 for all protocols,

indicating that the pulse sequence, protocols and reconstruction pipeline are valid.

Figure 2B shows the results of reconstructing the contrast phantom data presuming the
acquisition protocols outlined in Table I. The vertical axes show the fractional difference
between the measured Ti’s versus those predicted via the model fit for protocol 0. All but three
measurements (protocol 7, 0.01mM; protocols 1 and 2, 0.05mM) are within one standard
deviation of the model. Different protocols show different degrees of bias and variance as

compared to protocol 0, and differences are seen as a function of T'.
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Figure 2 — Results of contrast phantom validation experiment.

Figure 3 shows the result of the homogeneity phantom experiment. Figure 3A show the Bi+ of
three orthogonal slices through the phantom. Whilst there is little appreciable inhomogeneity in
the transverse plane (top row), there is a 15-20% variation in the superior-inferior direction. This

is shown further by the black line profiles in the second and third rows of Figure 3B. Despite the



Bi+ inhomogeneity present, Figure 3C and D demonstrate this does not introduce spatial

variation in the T measurements.
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Figure 3 — Results of homogeneity phantom validation experiment.

Supporting Information Videos S1 and S2 show the effect of the inter-sequence motion

correction pipeline for three participants with varying degrees of motion. In each case, the top

row shows the source data prior to inter-sequence motion correction, and the bottom row shows

the source data after three iterations of the proposed reconstruction pipeline. Whilst there is still

motion present in the images after correction, motion is only present outside of the brain

parenchyma; the brain after correction is static.

10



No Motion Correction

Motion Corrected

Subject A Subject B Subject C

Supporting Information Video S1 — Top row: coronal images prior to motion compensation.
Contrast changes across the volume are seen due to varying sequence parameters, and inter-
image motion is observed. Bottom row: After inter-volume motion compensation, the brain
remains static in the frame. Nonlinear motion is still observed outside of the head, but is not

relevant for T mapping in the brain.

No Motion Correction

Motion Corrected

Subject A Subject B Subject C

Supporting Information Video S2 — Top row: saggital images prior to motion compensation.
Contrast changes across the volume are seen due to varying sequence parameters, and intet-

image motion is observed. Bottom row: After inter-volume motion compensation, the brain
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remains static in the frame. Nonlinear motion is still observed outside of the head, but is not

relevant for T mapping in the brain.

Figure 4 shows example data from one subject (gestation 33" post-menstrual age 34""). Figure
4A shows the three axial slices containing the selected regions of interest for all acquired
sequences, with the centre of each ROl in a single hemisphere marked. Figure 4B and Figure 4C
show My and T maps for the same slices. Figure 4D-F show the intensity of the centre pixel of
each selected ROI (blue points). To allow visual evaluation of the fitting procedure, the
measured My and T, were used in conjunction with equation 1 to predict the signal as a function

of TT assuming TR=1500ms (red line), and for TI=900ms and TR=3000ms (red cross).
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Figure 4 — Three slices from a single neonate (gestation 33", post-menstrual age 34™) A)
Source images for each Tiw acquisition; B,C) My and Ti maps; and D-F) Raw datapoints (blue
dots) and predicted signals (red lines/cross) based on measured Ti and M. The blue
datapoint/red cross away from the curve corresponds to the TR=3000ms datapoint, and

therefore belongs to a separate inversion-recovery curve.

Figure 5 shows the impact of image registration on T map quality. Figure 5A and B show
coronal and axial T'1 maps for the three iterations of the reconstruction pipeline. Later iterations
of the T maps have fewer spurious individual pixels intensities, as for example in the deep grey

matter which has a more uniform appearance. Figure 5C and D show root-mean square error
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(RMSE, between the input images and the predicted images) maps as a fraction of the average
input image pixel intensity across acquisitions at each iteration. The relative RMSE (tRMSE)

error reduces for increasing number of iterations.
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10(
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Figure 5 — The effect of motion correction on T1 maps of a neonate born at 38" gestation and
imaged at 41" post-menstrual age. Coronal (A) and axial (B) Ti maps for three iterations of
the reconstruction pipeline. Coronal (C) and axial (D) the relative root-mean square error

maps between the input images and predicted output images at each iteration.

Figure 6 shows example Ti maps for eight subjects ordered by postmenstrual age at scan in
weeks (31-49 weeks). Maps have isotropic voxel size and demonstrate the ability to differentiate

white matter, grey matter and CSF spaces.
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Figure 6 — T1 maps of eight subjects over the full age range of neonates scanned in this study.

Figure 7 shows the T values plotted against postmenstrual age. Reduction of T} with
postmenstrual age is observed in all three brain regions, with the change in T} per week and 95%
confidence intervals given by dT1=-21ms/week [-25, -16] (cerebellum), dTi=-14ms/week [-18, -
10] (deep grey matter), and d'T1=-35ms/week [-45, -25] (white matter).

Cerebellum Deep Grey Matter White Matter
2000 2000 (Putamen/Caudate Nucleus) 2000 (Frontal)
_ _ it Protocol 1 _ _ i Protocol 1 _ _ $ Protocol 1
T, =-21PMA + 1486, = 0.74 T Protocol2 T, = -14PMA + 1188, # =063 T Protocol2 T, = -35PMA + 2351, # =064 T Protocol2
t  Protocol 3 t  Protocol 3 t  Protocol 3
1500 Protocol 4 1500 Protocol 4 1500 Protocol 4
Protocol 5 Protocol 5 | Protocol 5
t  Protocol & t  Protocol 6 } t t  Protocol &
— t  Protocol 7 . t  Protocol 7 . I 1 | { } +  Protocol 7
@ ) @ }
E 1000 | E 1000 E 1000 } { p ”
= | | = i = f i - 1
i M hi"i“ﬁ}l' fro s . 1
i t (i ¥ ‘ * * i ¥
500 3 500 Bt . 500
0 0 0
30 35 40 45 50 30 35 40 45 50 30 35 40 45 5
Postmenstrual Age (PMA, weeks) Postmenstrual Age (PMA, weeks) Postmenstrual Age (PMA, weeks)

Figure 7 — T} versus postmenstrual age. The colour of each datapoint indicates the acquisition

protocol from Table 1.
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Discussion
This study presents first results from an acquisition method and novel reconstruction pipeline to

achieve motion compensated T relaxation rate mapping in the neonatal brain at 64mT.

The proposed methodology utilised an inversion-recovery TSE for image acquisition. This
sequence was chosen due to its widespread use in prior Ti mapping publications, including at
ultra-low field (26). Whilst individual sequence acquisition times were short (3m32s or 7m04s,
depending on TR), the overall protocols ranged from 21mins to 32mins. Though this extended
protocol duration is viable for a research study, future work could utilise methods which acquire

data in a shorter amount of time, allowing for clinical use where time is more limited (27).

The presented study used a varying protocol across our cohort. This reflected the practicalities of
imaging neonates in a neonatal unit where a scan may be terminated early to prioritise other
clinical work, as well as intentional modifications to the protocol to improve accuracy for longer
relaxation times. Future work will utilise a protocol optimised using the appropriate efficiency
metric (28) for the range of Tis we have observed in neonates, accounting for a desired protocol
duration, as well as accounting for the possibility of individual sequence failures due to motion,

and the fact any protocol may be truncated due to competing clinical pressures.

The results show that measured neonatal brain T} values at ULF are shorter than those at
standard clinical field strengths (12—14,29), but longer than those of adults at ULF (26). The
results also show that T reduces with postmenstrual age, which is thought to reflect an interplay
between maturation and key facets of brain tissue composition including water content and
myelination. Whilst this trend is consistent with literature obtained at higher fields (13,29), at
ULF we observe larger fractional reductions in T than at higher field. Schneider et. al. (13)
found that normative T; values at 3T in the thalamus and frontal white matter dropped 11% and
4% respectively between ~30 to 40 weeks gestation, whilst at 64mT the measured T reduces in

the deep grey matter and frontal white matter by 18% and 26% respectively.

Whilst this study performed T; mapping in-vivo, the paper by Koenig (18) presented values from
unfixed samples excised from a 4 day old neonate who had died due to meconium aspiration.
Ex-vivo samples from the cortical grey matter and subcortical white matter of the subject’s left

parietal lobe had T values at 64mT of 494ms and 655ms, respectively. Whilst the grey matter

15



sample is consistent with our results (529-841ms), the white matter sample (taken at four days

post-delivery) is considerably lower than our measurements at that age range (781-1292ms).

Future work will utilise the presented methodology to explore T variation in more extremely
premature infants, in addition to investigating the impact of mode of delivery, age of infant from
birth, and pathology. Furthermore, we hope to use these methods to optimise Ti-weighted
structural imaging in this population, as well as to validate measures of brain development that

can be utilised wherever ULF-POC MRI can be deployed.
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Figure Legends

Figure 1 - Pulse sequence diagram of inversion recovery 3D turbo spin echo. The sequence is
comprised of an adiabatic inversion pulse, a turbo spin echo read-out train, and a centre frequency
navigator.

Figure 2 — Results of contrast phantom validation experiment.

Figure 3 — Results of homogeneity phantom validation experiment.

Figure 4 — Three slices from a single neonate (gestation 33+2, post-menstrual age 34+0) A) Source

images for each T1w acquisition; B,C) MO and T1 maps; and D-F) Raw datapoints (blue dots) and

predicted signals (red lines/cross) based on measured T1 and MO. The blue datapoint/red cross
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away from the curve corresponds to the TR=3000ms datapoint, and therefore belongs to a

separate inversion-recovery curve.

Figure 5 — The effect of motion correction on T1 maps of a neonate born at 38+3 gestation and
imaged at 41+0 post-menstrual age. Coronal (A) and axial (B) T1 maps for three iterations of the
reconstruction pipeline. Coronal (C) and axial (D) the relative root-mean square error maps

between the input images and predicted output images at each iteration.

Figure 6 — T'1 maps of eight subjects over the full age range of neonates scanned in this study.

Figure 7 — T1 versus postmenstrual age. The colour of each datapoint indicates the acquisition

protocol from Table 1.

Table I — Imaging parameters of the protocols used within presented study, and number of

acquisitions each protocol was utilised for.

Supporting Information Video S1 — Top row: coronal images prior to motion compensation.
Contrast changes across the volume are seen due to varying sequence parameters, and inter-image
motion is observed. Bottom row: After inter-volume motion compensation, the brain remains
static in the frame. Nonlinear motion is still observed outside of the head, but is not relevant for

T1 mapping in the brain.

Supporting Information Video S2 — Top row: saggital images prior to motion compensation.
Contrast changes across the volume are seen due to varying sequence parameters, and inter-image
motion is observed. Bottom row: After inter-volume motion compensation, the brain remains
static in the frame. Nonlinear motion is still observed outside of the head, but is not relevant for

T1 mapping in the brain.
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