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Abstract

Purpose—Maximization of the BOLD fMRI contrast requires TE of the MR sequence to match
the T2* value of the tissue of interest, which is expected to be higher in the fetal brain compared to
a child or an adult.

Methods—T2* values of the cortical plate/cortical grey matter tissue in utero in healthy fetuses
from mid-gestation onwards (20-36 GW) were measured using 3D T2* maps calculated from 2D
dual-echo T2*-w data corrected for between-slice motion and reconstructed in 1.0 mm3 isotropic
resolution from a sequence of multiple time points, together with 1.0 mm3 isotropic resolution T2-
w structural data.

Results—Mean T2* relaxation times of the cortical tissue were about two times higher than
previously reported in adults. In a supporting single seed analysis experiment default mode and
auditory networks appeared better localized and less noisy while using TE=100 ms versus TE=43
ms. The results of the previous study reporting a trend for T2* values to decrease with fetal age
were reproduced and extended to include subjects in earlier gestation (20-26 GW) and cortical
tissues.

Conclusions—The first measurement of T2* values in fetal cortical tissues suggested the
appropriate TE range for fetal BOLD fMRI protocol optimization to be 130-190 ms.
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Introduction

The human brain development taking place in utero during gestation and continuing into the
neonatal period consists of a series of complex anatomical and physiological events. The
process involves the growth and migration of the cells, synaptogenesis and myelination, and
results in changes of measureable tissue properties within different anatomical regions.
Importantly, tissue characteristics of a developing brain can differ significantly when
compared with those observed in the brain of a healthy adult or a child, including increased
levels of water content, lower macromolecular concentration and reduced synaptic density.
All of these can influence the transverse and longitudinal MR relaxation times of the tissues
and therefore may be open to investigation using non-invasive MRI techniques. A better
understanding of the tissue relaxation values in-utero could potentially help to explain the
nature of these measures and provide useful markers for the clinical evaluation of brain
abnormalities in utero.

Elevated T2* relaxation times have been recently reported in prematurely born infant brains
as compared to adults, including regions of white matter (WM) and deep gray matter, such
as the Thalamus (THA) (1,2). Previous research conducted in human fetuses in utero
reported T1 values in WM (3) and T2* values in various regions of WM and in the THA (4)
to be significantly higher than those measured in the adult brain, with a trend to decrease
with fetal age found for the T2* values.

Interest in the possibility of fetal brain fMRI has increased recently (5-13), motivated by the
need of better understanding of the functional development of a human brain at its early
stages, as well as by a potential clinical impact of the findings allowing for early diagnosis
of certain diseases or abnormalities. The accurate assessment of T2* relaxation times in the
fetal brain is important for the maximization of the blood oxygen level dependent (BOLD)
contrast in the fMRI experiments, which requires the TE of the MRI sequence to match the
T2* value of the tissue of interest (14). The standard protocols currently applied to study
fetal and infant brain fMRI have simply used acquisition parameters optimized for adult
subjects. Therefore, it is crucial to investigate T2* values of different tissue zones of the fetal
brain, especially the cortical gray matter/cortical plate (CGM/CP), at different stages of
development, in order to correctly optimize fMRI BOLD protocols. To the best of our
knowledge, there is no existing study investigating T2* values in the cortical and subplate
(SUB) tissue of the fetal brain in utero.

One of the main difficulties in fetal imaging in utero is motion, which cannot be controlled
or tracked during the scanning process. In order to accurately assess relaxation parameters of
different types of tissue in the fetal brain, high quality MR images are necessary. This
requires employing motion estimation algorithms allowing post-hoc correction of the
extensive between-slice fetal motion and 3D reconstruction. In order to distinguish thin
layers of the cortical tissue in the small fetal brain high image resolution is also essential.
The only existing study investigating T2* values in fetuses used slice-based 2D multi-echo
approach which minimized the between-echo interval (4). However, this method did not deal
with the between-slice motion problem and therefore did not allow 3D reconstruction of the
whole brain volume for 3D examination of the brain tissue properties.
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In the first part of this study, we investigated for the first time CGM/CP T2* values of the
fetal brain in utero using motion corrected dual-echo 3D reconstructions and a high
resolution conventional T2-w structural data. We used dual-echo multi-slice EPI acquisition,
where between-slice motion was corrected and repeated time frames were combined to
increase the signal, allowing 3D mapping of T2* values in the presence of fetal head motion.
We applied this method to a cohort of healthy fetuses from mid-gestation onwards extending
previously published measurements (4) into the 20-26W period, where many clinical MRIs
are acquired after an earlier ultra-sound evaluation of pregnancy. As the second part of this
work, we performed a preliminary single seed analysis experiment limited to two subjects
looking into default mode and auditory networks in order to compare standard and longer
echo times in fMRI experiments in utero.

In the first part of our study fifteen scanning sessions of healthy fetuses in the age range 20—
36 gestational weeks (GW), female/male/unknown 6/5/2, mothers’ age 3243 Y, were
performed including two re-scan sessions of the same subjects 5 and 9 weeks later. The
second part included two fetuses in 29 and 32 GW, one male and one female, mothers’ ages
29 and 28 'Y, respectively. Written informed consent to undergo MRI was obtained from all
participants and the study protocol was approved by the Institutional Review Board (IRB) of
University of Washington. Acquired MRI datasets were post hoc evaluated by a radiologist
to confirm absence of any pathological changes in the fetuses included in the study.

All the data were acquired using a 1.5T Philips Achieva scanner equipped with a 16 channel
“Torso XL” coil. For both parts of the study the scanning protocol consisted of T2*-w 2D
EPI dual-echo acquisition with TE1=15 ms, TE2~43 ms TR=3000 ms, spatial resolution
3.0x3.0 mm?, 3.0 mm slice thickness, 24-32 slices, 90-150 time points, interleave equal to a
square root of number of slices (Philips default), one package, acquisition time ~6 min. Both
phase and magnitude images were acquired. TE1 was set to the shortest possible value to
allow accurate unwrapping of the phase data, TE2 was based on typical values used in fMRI
of adult brain. In the second part of this study an additional T2*-w EPI acquisition was
acquired which differed only in second echo time TE2=100 ms. Each scanning session
included three T2-w 2D HASTE scans acquired in 3 approximately orthogonal planes
(sagittal, coronal, axial) consisting of 34 stacks each with spatial resolution 1.0x1.0 mm?,
3.0 mm slice thickness, TE/TR=150-250/1000-3000 ms, 22-36 slices, interleave equal to a
square root of number of slices, acquisition time ~5 min.

1. T2* mapping of the tissues

Each of two EPI images of a dual-echo fMRI acquisition was processed separately following
the procedure described below. First, correction of the susceptibility distortions that can arise
from air spaces in the maternal digestive system was performed. The applied method used
unwrapped phase data acquired with two different echo times to create a field map and
generate a voxel shift map at each time point of the acquisition (15). Second, for each fMRI
dataset all time points were automatically aligned to a manually repositioned reference
frame (usually corresponding to the 15t time point) and transformed from the scanner
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acquisition coordinates into a standard coordinate frame using the SLice MRI Motion
Estimation and Reconstruction (SLIMMER) tool (16). The brain masks used by SLIMMER
were based on manually delineated fetal brain segmentations averaged for subjects within
age ranges of 2 GW in order to represent the appropriate brain size and shape. Finally, to
correct the effects of fetal head motion that occurred between the acquisitions of subsequent
slices (between-slice motion), cascaded slice to volume registration was applied (17). The
final 3D T2*-w reconstructions were created in 1.0 mm3 isotropic resolution by applying
linear interpolation at the initialization step followed by the iterative optimization process.
Combining volumes acquired at multiple time points into one 3D reconstruction allowed
using the information about multiple views of the same anatomy of the moving fetal brain
for resolving some of the errors caused by the partial volume effect. In addition, the slices
affected by spin history effects are treated as outliers by this algorithm and their positions
are estimated from the slices acquired at neighboringtimes. Upsampling of the data was
motivated by the aim of measuring T2* values in the cortical tissue of the fetal brain which,
especially in younger fetuses, may not exceed 1.0 mm in thickness. T2* maps were
calculated voxel wise from the 3D reconstructions of both echo images for each acquisition.
This final part of the processing scheme is illustrated in Figure 1.

Conventional T2-w data acquired with high in plane resolution (1.0x1.0 mm?2) and 3.0 mm
slice thickness in three approximately orthogonal planes of the subject coordinate system
were loaded into the SLIMMER tool and transformation into a standard coordinate frame
was calculated for each of the stacks. Between-slice motion was estimated using the slice
intersection motion correction SIMC approach, which simultaneously co-aligns multiple
stacks of 2D slices using a matching structure along intersecting slice pairs acquired in
orthogonal planes (18). A 3D reconstruction based on iterative deconvolution was performed
to obtain a final high resolution isotropic (1.0 x 1.0 x 1.0 mm3) volumes from the motion
scattered slices (19). These images were subsequently mapped to the voxel coordinate
system of the final 3D T2*-w reconstructions using a rigid body transformation.

Manual segmentation of the regions of interest (ROI) was carried out using the rview
software (http://rview.colin-studholme.net). Different tissue types were delineated on
transformed T2-w images viewed together with the corresponding T2* maps. The CGM
(fetus age >25 GW) or CP (fetus age <25 GW)) ROIs were outlined on the sagittal slices and
corrected in the coronal view to minimize partial volume effect (with WM/SUB or CSF),
choosing cortical tissue in the most prominent sulci in older fetuses and cortical tissue
adjacent to the inter-hemispheric fissure in younger fetuses (Figure 2). The THA ROIs were
segmented in the axial plane and the frontal lobe WM (FWM) ROIs were segmented in the
sagittal plane in the eleven oldest subjects in age range 26-37 GW (Figure 2). In the three
youngest subjects, age 20-23 GW, different tissue layers within the region corresponding to
the frontal lobe were still visible in T2-w images. Therefore, two separate ROIs were used to
distinguish SUB tissue hyperintense in T2-w from the remaining hypointense part of the
lobe corresponding to the intermediate zone (1Z) and subventricular/ventricular zone (VZ)
(Figure 2). Mean T2* values were calculated within ROIs for all the maps and plotted
against subjects’ age.
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2. Single seed analysis

Results

As a second part of the study, single seed analysis of fMRI data acquired with two different
TEs was performed on two fetal subjects. The initial processing of both EPI datasets, with
TE2=43 ms and TE2=100 ms, included the same stages as performed in the first part of the
study. Subsequently, cascaded slice to volume registration was then applied to each fMRI
acquisition in order to correct for between-slice head motion and reconstruct sequences of
T2*-w images in original 3.0 mm? isotropic resolution across all the time points. For each
subject two multi-frame R2* maps were created using voxel wise least square regression,
one for each TE2.

T2-w high resolution images were reconstructed from multiple stacks with the method
described in the first part of the study and used to outline the seeds for default mode network
(DMN) and auditory network (AN). The seeds were created applying 3D dilation to grow a
manually selected voxel placed in praecuneus for DMN and in both sides of the auditory
cortex separately for left and right AN, until the seed included 60-80 voxels (0.06—
0.08cm?3), depending on the size of the brain. Binary seed masks were transformed to the
space of R2* maps using linear interpolation (with the intensity threshold 0.5) and single
seed analysis were performed using in house developed software. The final results were
presented overlapped with the structural images. In addition, the values of the percentage of
brain voxels presenting a correlation above the threshold of 400 were calculated for all the
seeds. T2* values within WM, cGM and THA ROIs were measured using maps created for
both pairs of TEs.

1. T2* mapping of the tissues

Parameters of the fetal head motion estimated in reference to the volume acquired in the first
time point (in a relation to the center of the image) from the slice transformations of T2*-w
data time series, averaged across all the subjects, time points and slices, were: —0.3+1.4,
1.745.0, —1.0£3.3 mm of translation along X, y, z axes, 3.0£10.8, 1.9+4.2 and 1.9+3.2
degree of rotation in relation to the X, y, z, axes. Figure 3 presents motion plots illustrating
translation and rotation of a fetus measured between the consecutive slices (as acquired in
time) of the imaging sequence plotted for a subject (22GW) presenting an average amount of
motion.

Volumes of the ROIs plotted against the subjects’ age showed an increasing trend consistent
with the subjects’ age, except for SUB, which was gradually disappearing in older fetuses
(Figure 4). This was expected based on the knowledge about the development of brain tissue
and validated the process of ROIs selection. R-squared values calculated for the trends were
0.79, 0.84, 0.74, 0.87 and 0.93 for CGM/CP, THA, FWM, SUB and IV/VZ, respectively.

Mean T2* values calculated for all the ROIs were plotted against the subjects’ age in Figure
5 with error bars in corresponding to the standard deviations of the T2* values within the
ROI. Significant correlations were found between decreasing T2* values and increasing fetal
age for CGM/CP (p<0.0001), THA (p<0.0001) and FWM (p<0.01), while values for SUB
and IV/VZ in four analyzed subjects between 20-23 GW were relatively constant.
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Interestingly, values obtained for these two ROIs were lower than calculated for FMW in
older fetuses (Figure 5). Average value of a standard deviation as a percentage of the mean
calculated for all the subjects was 22%, 14%, 20%, 23% and fell into range of 18-29%, 8-
28%, 13-27%, 17-25% for CGM/CP, THA, FWM or IV/VZ and SUB, respectively.

Table 1 summarizes mean values of T2* measured in all investigated tissues averaged across
all subjects and compares our results with these previously reported in the literature for
fetuses, pre-mature newborns, infants and adults. R-squared values for CGM/CP, THA and
FWM were high, reaching 0.68, 0.68 and 0.59, and low for 1Z/VZ and SUB, 0.08 and 0.15,
respectively.

2. Single seed analysis

The correlation maps calculated for two subjects and for all three seeds are presented in
Figure 6 overlaid on the structural data. Comparison of the maps obtained from the datasets
including images acquired with 43 ms and 100 ms echo times showed DMN, left and right
AN to be better localized and less noisy in cases with TE=100 ms. This finding was
confirmed by the decreased percentage of brain voxels presenting a correlation above a
given threshold of 400 in maps acquired for longer TE, except for ANL in subject 2, where
results for both TEs were comparable (Table 2). AN correlation maps did not show high
values within the appropriate region on the side opposite to the seed ROl in all the cases.

T2* values calculated using two echo pairs (with longer TE of 43/100 ms, respectively), for
two subjects (29 and 32 GW, respectively) were 167/168 ms and 143/136 ms for cGM,
174/174 ms and 155/140 ms for THA, and 285/303 ms and 220/194 ms for WM.

Discussion

We presented the first report of the T2* relaxation values measured in cortical tissues of the
fetal brain in utero using 3D T2* maps created by applying between-slice motion correction
and high resolution image reconstruction using a sequence of multiple time points to provide
robust estimates. The mean T2* value calculated across all the subjects (163ms, Table I) was
about two times higher than previously reported for adults using the same field strength
(84ms, Table 1) (20) and correlated with increasing fetal age (Figure 4). This difference
should be taken into account when optimizing the TE values for BOLD fMRI sequences
applied in fetal brain imaging, which currently uses similar parameters as adult studies. This
preliminary result suggests that, depending on the actual age of the scanned fetal subject, TE
values for BOLD fMRI at 1.5T should be chosen from the range of 130-190ms
(corresponding approximately to mean + standard deviation reported for the cortical tissues
for subjects 20-36GW), however further research is necessary to provide recommendations
regarding specific age groups. It has to be taken into account that long TE optimized to
maximize BOLD signal may not necessarily be the best choice from the data quality point of
view leading to increased signal loss, more severe spin history effects and motion related
artifacts.

The developmental trend reported for the T2* values to be higher in younger fetuses (4), was
confirmed in FWM/1Z/VZ and THA, with significant correlations between T2* values and
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fetal age found for FWM and THA. Importantly, as a novel finding of this study, we
observed a similar trend and significant correlation for CGM/CP, which is especially
important for the BOLD fMRI studies. In addition, the results obtained for the healthy
subjects in the previous study that focused on WM and THA (4) were extended here to
include earlier gestation (20-26GW), which is potentially more relevant for many clinical
studies. The trend for T2* to continue decreasing with age during later stages of brain
development, is consistent with the results obtained in earlier studies of babies aged 9
months (1) and in adults (1,20).

Mean T2* values calculated within FWM/1Z/VVZ and THA were similar, but slightly higher
than those previously measured in healthy fetuses in late gestation (4), which would be
expected considering the lower average age of the subjects in our study (29 vs 32 GW).
There was an agreement between the results we obtained for THA and those reported by the
previous studies in premature newborns of the similar age (1), however our results for
FWM/1Z/\VZ were much higher (Table I). Interestingly mean T2* values calculated for SUB
and 1Z/VZ regions tended to be lower than FWM relaxation times in older ages (Figure 5),
but low R-squared values obtained for these tissues suggest that the results are not
conclusive and require reinvestigation using a larger number of subjects.

To date only one previous T2* study has been performed on the human fetal brain in-utero,
showing the feasibility of slice-based multi-echo T2* measurements (4). The technique
employed in this early study acquired multiple echoes at each slice location before
proceeding to imaging the next slice location. Such an approach minimizes motion between
the subsequent echoes, but makes it less feasible to recover between-slice motion in order to
reconstruct a 3D volume because of the time between spatially neighboring slices.

In this work, we used a novel approach allowing 3D T2* brain mapping, based on dual-echo
multi-slice acquisition where between-slice motion was estimated and corrected. It has
previously been shown that T2* values within WM regions measured in utero using one
dual-echo acquisition are comparable to these calculated based on five T2*-w images
acquired with different echo times (21). The final 3D T2*-w reconstructions were created in
1.0 mm3 isotropic resolution using all acquired time points, in order to increase the signal-
to-noise ratio of the T2* maps and also average out the possible contribution of a BOLD
effect. In addition, T2* (R2*) maps have been previously shown to allow more reliable
functional signal extraction (22) and to be less prone to bias and spin history effects
compared to T2*-w images in case of a severe subject motion (12). Between-slice motion
correction, 3D reconstruction, and high resolution of the final T2* maps allowed us to
perform first measurements of the T2* values of cortical tissues in utero.

Preliminary experiment performing single seed analysis using R2* maps obtained from
datasets acquired with two different echo times, shorter (43ms) and longer (100ms)
demonstrated better localization of DMN, left and right AN in the correlation maps
calculated for longer TE. Lack of strong correlations between both sides of AN in all of the
analyzed cases was expected for the subjects in this age range (29 and 32GW) (23). The T2*
values measured from the T2* maps calculated for both TE2s were comparable and
consistent with the previous result based on fetal age for all three tissue types.
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There were several limitations to this study. The assumption that the optimal BOLD contrast
is acquired with TE of the sequence matching T2* of the cortex is only valid in the thermal
noise domination regime (14). Several factors such as voxel size or subject motion may
increase a contribution of physiological noise (24), therefore this assumption may be
questionable in fetal imaging.

The echo time of 100 ms used in the experiment performing single seed analysis on two fetal
subjects remained below the expected T2* values of the fetal cortical tissue. This was
determined by the practical reasons of keeping the total scan time within the limits feasible
for the subjects in their special condition, as well as by an expected signal loss and increased
motion related artifacts with longer TE. In addition, due to the limited number of subjects
used in single seed analysis experiment, these results can only be treated as preliminary,
showing possible direction for the future studies.

Finally, a relatively small number of fetuses in mid-gestation (<26GW) available for analysis
caused SUB T2* measurements to remain inconclusive. Further work will also include
improving image reconstruction techniques, especially applying a newly developed robust
method for 4D T2* mapping (12). In addition, more experiments examining T2* values
obtained from the acquisitions with long echo times is required to support TE
recommendations for the specific fetal age groups.

Conclusions

To the best of our knowledge this is the first measurement of T2* relaxation times in the
cortical tissues of the fetal brain in utero. We showed a trend for the T2* values to decrease
with the fetal age, including healthy fetuses from age range down to 20GW, which is critical
for optimizing sequence parameters (TE values) of the protocols used in fetal BOLD fMRI.
This study included first 3D maps of T2* relaxation values revealing age related decrease of
the T2* measurements in frontal WM, THA and the most importantly cortical tissues of the
fetal brain.
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Figure 1.
Left: Hlustration of the between-slice motion correction process using cascaded slice motion

estimation: example stack of slices before (top) and after correction (bottom). Right: Three
stages of data processing presented on an example dataset, one frame of T2*-w sequence
acquired with the longer TE after volume registration (top row), iterative reconstruction of
the high resolution (1mm isotropic) T2*-w image from all time frames (middle row) and
subsequently calculated R2* map (bottom row). Brain has been outlined in red.
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Figure 2.
The outlines of ROIs presented on slices of T2* maps and T2w images used for drawing;

CGMI/CP (left, green) and THA (middle, orange), for younger (20 and 23 GW) and older
(33 and 35GW) subjects; SUB (yellow) and the remaining part of the frontal lobe (1Z/VZ,
red) in a young subject (22GW, left) and FWM in an older subject (36GW, right).
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Between-slice motion parameters (translation and rotation) measured and plotted for the
consecutive slices (as acquired in time) of the T2*-w imaging sequence, for the example

subject in 22GW.

Magn Reson Med. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Blazejewska et al.

14
e CGM/CP oTHA e FWM SUB e (Z/VZ
12 e
e® e o
10 | e e
— ~
- 2 é o
£ 8
E 54
o o ~
S 4 - S o » AV
= =
> 9 _ o __—7%
2 e—=s ° e __:4 ase —p00°
O e -I.T “ - _| T T T
19 22 25 28 31 34
age [GW]

Figure 4.

Page 14

The volumes of manually outlined ROIs for CGM/CP, THA, WM, SUB and 1Z/VZ plotted

against subjects’ age.
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Mean T2* values calculated within the ROIs for FWM, SUB, 1Z/VZ, CGM/CP and THA
plotted against the subjects’ age with standard deviations marked by the error bars for each
subject; decrease of CGM/CP and THA T2* values as well as FWM values significantly

correlated with the increasing fetal age (p<0.0001 for CGM/CP and THA, p<0.01 for

FWM).
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Default Mode Network (DMN)
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Figure 6.
Correlation maps calculated for seeds placed in praecuneus, right and left auditory cortex,

for R2* maps obtained from the datasets including images acquired with 43ms and 100ms
echo time, overlaid on the structural data. For both subjects (29 and 32GW) default mode
network (DMN), right and left auditory network (RAN and LAN) appear to be better
localized and less noisy in the maps obtained for the dataset with TE=100 ms.
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A summary of the percentage of brain voxels presenting a correlation above threshold 400 for two subjects and

three seeds: default mode network (DMN), left and right auditory network (ANL and ANR).

subject seed

TE=43ms TE=100 ms

DMN 102 14
subjectl ANL 34 2.1
ANR 51 2.2
DMN 6.2 24
subject2 ANL 1.6 1.8
ANR 22 1.0

Percentage of brain voxels presenting a correlation above threshold of 400.
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