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Abstract

Over the past few decades, the use of functional magnetic resonance imaging (fMRI) on
neonates and very young children has increased dramatically in research and clinical set-
tings. However, the specific characteristics of this population and the MRI standards largely
derived from adult studies, pose serious practical challenges. The current study aims to pro-
vide general methodological guidelines for customized neonatal fMRI by assessing the per-
formance of various fMRI hardware and software applications. Specifically, this article
focuses on MR equipment (head coils) and MR sequences (singleband vs. multiband). We
computed and compared the signal-to-noise ratio (SNR) and the temporal SNR (tSNR) in
different fMRI protocols using a small-size spherical phantom in three different commercial
receiver-only head-neck coils. Our findings highlight the importance of coil selection and
fMRI sequence planning in optimizing neonatal fMRI. For SNR, the prescan normalize filter
resulted in significantly higher values overall, while in general there was no difference
between the different sequences. In terms of head coil performance, the 20-channel head
coil showed slightly but significantly higher values compared to the others. For tSNR, there
was no difference in the usage of the prescan normalize filter, but the values were signifi-
cantly higher in the singleband EPI sequences compared to the multiband. In contrast to the
SNR, the pediatric head coil seems to have an advantage for tSNR. We provide five practi-
cal guidelines to assist researchers and clinicians in developing fMRI studies in neonates
and young infants. These recommendations are especially relevant considering ethical con-
straints and exogenous challenges of neonatal fMRI.
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Introduction

Magnetic resonance imaging (MRI) of newborns has proven essential in understanding brain
functioning and brain development at cellular [1], microstructural [2-4] and connectivity [5]
levels. Functional MRI (fMRI) can be used in clinical settings to non-invasively study brain
development and brain injury, and in research settings to characterize metabolic processes [6],
elucidate neonatal brain networks [7-9] and describe neural correlates of sensation and
motion [10-13]. Despite the growing interest in neonatal fMRI, reflected in large-scale neuro-
imaging projects, for instance the Developing Human Connectome Project [dHCP; 14], its
usage faces formidable challenges [15-21].

Intrinsic challenges of fMRI in neonates relate to tissue properties that are typical at very
young ages and drastically different from those observed in adults. The most noticeable differ-
ences are the overall brain size and microstructural properties [22, 23], which vary across the
brain and change over very short time frames (e.g., dendritic arborization and axonal packing).
Further, water and fat content in the newborn brain result in different T1 and T2 relaxation
times as compared to adults [1, 16, 24]. This affects signal intensities and questions the suitabil-
ity of standard (adult) f{MRI acquisition parameters. Other intrinsic challenges relate to safety
and the high demands of collecting good quality data. In-scanner monitoring and motion arte-
fact prevention are crucial in clinical and research settings. In most cases, a dedicated medical
team will constantly monitor the newborn’s vital signs to rule out any potential risks [18, 20].
In research settings, it is unusual to sedate neonates for scanning, but natural sleep is induced
instead. However, this is no guarantee of movement-free measurements and scanning sessions
often need to be interrupted or even aborted.

Extrinsic challenges generally refer to the ethical concerns raised by testing individuals who
are unable to express consent and highly sensitive to environmental stress. While clinical MRI
scans are necessary from a medical point of view, neonatal fMRI for research purposes under-
goes an exhaustive ethical review. Furthermore, neonatal fMRI researchers typically face meth-
odological issues when planning studies and collecting data. For example, ethical committees
are unlikely to approve the scanning of neonates to test and refine protocol parameters to
establish data collection pipelines. This entails a high risk of collecting unusable data or data of
suboptimal quality.

The field has coped with some of the challenges of neonatal fMRI described above by mak-
ing modifications to the MRI hardware, the fMRI sequences and the scanning procedure. A
remarkable example is the development of customized dedicated neonatal head coils. Overall,
a larger filling factor is accompanied by a larger SNR [11, 18, 25, 26]. Other hardware modifi-
cations, such as customized incubators and MRI scanners have been developed independently
or integrated with customized coils, also able to adapt to complex and variable structures, to
enhance the quality of neonatal MRI data [for reviews see 15, 18, 20, 27-29].

Concerning fMRI sequences, protocol parameters have been adjusted to the tissue-depen-
dent T1 and T2 relaxation times for MRI scanners of different magnetic field strength [16, 19,
20]. Characterizing brain activity in the neonatal brain via blood oxygenation level dependent
(BOLD) signal fluctuations with resting-state fMRI (rs-fMRI) requires rapid data acquisition,
which can be achieved with an accelerated multiband fMRI sequence [30], although the use of
acceleration methods can lead to a reduction in SNR [31] and temporal SNR (tSNR; [32]).
There are several ways to calculate the SNR [see 32, 33, for an overview, 34], depending on dif-
ferent factors which need to be considered for the calculation of the SNR, such as the influence
of multichannel combinations, various reconstruction techniques or parallel imaging [35, 36].
Furthermore, noise can be measured in different regions of the image itself, either as back-
ground noise outside the interesting signal or background noise within the signal itself. The
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background noise not related to the signal itself represents just the noise of the system, whereas
the noise within the signal also includes patient related noise, such as physiological noise (car-
diac and respiratory pulsation, motion), partial volume effects or flow artifacts [37]. Note that
the latter is not relevant for the current study, since we only use phantom data. For fMRI stud-
ies, with the goal to detect small fluctuations over multiple measurements, the SNR as a static
value might not be sufficient. Thus, the tSNR can be used to calculate the SNR of time series
which uses the mean over the time series [34].

The use of prescan normalize filter can improve MRI data quality [33]. One of the disadvan-
tages of coils with a high number of channels is a non-uniformity of the signal, i.e. signals
deeper in the brain will be smaller whereas those from the cortex are larger [38], resulting in a
bright surface signal. There are different methods to correct for this signal non-uniformities,
whereas one possibility is the prescan normalize filter which is implemented in Siemens MRI
system starting from software version VE11. This function uses a calibration scan with the
body coil to measure a phase reference image which is then used to correct the surface coil
image [see 33, for a more detailed description of the origin and calculation of the prescan nor-
malization as well as the advantages and disadvantages].

Finally, modifications to the scanning procedure include preparation, in-scan monitoring
and detailed documentation of scanning sessions. For instance, the Baby Connectome Project
[39] provides a detailed description of participant preparation before data collection, including
training sessions. Similarly, the dHCP has developed MRI sequences and protocols that can be
interrupted and resumed if the newborn wakes up while scanning. Monitoring and recording
physiological data during fMRI data acquisition allows to apply correction methods during the
data preprocessing stages [30], for instance to account for blood flow changes locked to cardiac
and respiratory activity.

The present study

Despite the growing interest in neonatal fMRI and fruitful efforts to overcome its difficulties,
setting up fMRI measurements remains extremely challenging: First, dedicated neonatal MRI
hardware may not be available at all neuroimaging centers. Second, MRI sequences and proto-
col parameters are rarely transferable among MRI scanner vendors and models without side
effects, limiting the use of publicly available MRI protocols. Third, assuming compatibility
between MRI scanners, publicly available descriptions of MRI sequences and protocol parame-
ters are often incomplete or may require specialized knowledge. Fourth, assistance services
provided by MRI vendors may not cover neonatal imaging. Lastly, the specific absorption rate
calculation is based on adult data and must be recalculated for neonatal data to allow the MRI
to run the sequences with the necessary safety parameters.

In order to address some of the above challenges, the main goal of the present study is to
evaluate the performance of dedicated hardware and fMRI sequences available in the context
of neonatal fMRI. We compared SNR and tSNR measures resulting from a series of functional
images acquired with three different head coils and a small spherical phantom mimicking the
head size of a newborn. We hypothesized that SNR and tSNR would vary as a function of head
coil size, and specific sequences and protocol parameters, with higher SNR and tSNR for
smaller head coils and the usage of the prescan normalize filter. Our results will contribute to
technological development in the growing literature on neonatal fMRI and will provide a
quantitative summary of differences among head coils, sequences and protocol parameters.
We expect the current study to assist clinicians and researchers in the early stages of projects
involving functional imaging of neonatal brains, especially when protocol optimization cannot
be carried out with human neonates.
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16-channel

Materials and methods
Hardware

Measurements are performed on a 3T MRI scanner (Siemens Magnetom Prisma, VE11C)
with three different commercial receiver-only head-neck coils (Siemens) available at the Neu-
roimaging Unit of the Carl von Ossietzky Universitdt Oldenburg. The 20-channel head coil
consists of 20 integrated pre-amplifiers arranged on two rings with eight elements each and
one ring with four elements. The head coil has a vertical inner diameter of 26.5 cm and a hori-
zontal inner diameter of 23 cm. The 64-channel head coil consists of an anthropomorphic
geometry with 64 integrated pre-amplifiers, whereas the upper coil part consists of 24 ele-
ments, and the lower coil part of 40 elements. The head coil has a vertical inner diameter of 22
cm and a horizontal inner diameter of 19.5 cm. Both head coils are dedicated for usage in
adults. The pediatric head coil (QED provided by Siemens) consists of 16 channels, 13 chan-
nels for head and three channels for neck imaging. The coil enables fast, high-resolution exam-
inations and is specifically designed for children up to 18 months. This head coil has a vertical
inner diameter of 19.5 cm and a horizontal inner diameter of 16.5 cm. One additional advan-
tage of this head coil is that a cradle is provided to allow a safe and efficient transport and posi-
tioning of the child.

For our study we used the spherical Funstar Jr phantom (Gold Standard Phantoms, www.
goldstandardphantoms.com) with 11 cm in diameter, 34.5 cm circumference and 700 ml vol-
ume filled with a chemically cross-linked form of polyacrylamide. This filling is resulting in a
super-absorbent, viscoelastic gel which is an update to the traditional agar fBIRN phantom.

Images of the different head coils with the Funstar Jr phantom (A) as well as a doll repre-
senting a newborn’s head (head circumference = 34 cm; B) are shown in Fig 1 for visualization
purposes of the filling of the head coils. The filling factor of the different head coils can be cal-
culated as the ratio between the phantom and the coil inner volumes (i.e., capacity): phantom

20-channel 64-channel 16-channel 20-channel 64-channel

Fig 1. Different head coils used in the study with (A) the Funstar Jr phantom (circumference = 34.5 cm) and (B) a doll representing a newborn

(circumference = 34 cm).

https://doi.org/10.1371/journal.pone.0313192.9001
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Table 1. Geometric properties of the different head coils.

Head coil | Inner vertical diameter [cm] | Inner horizontal diameter [cm] | Average distance between phantom and coil border [cm] | Capacity [1] | Filling factor

16-channel 19.5 16.5 4.8 2.5 0.28
20-channel 26.5 23 7.9 8.5 0.08
64-channel 22 19.5 6.4 6.5 0.11

https://doi.org/10.1371/journal.pone.0313192.t001

ml/coil ml. It ranges between 0 and 1 with higher filling factor values closer to 1. Main geomet-
ric properties of the three head coils used in the present study are shown in Table 1.

Sequences

Different fMRI sequences for neonatal MRI were compared with variations in some protocol
parameters (see Table 2 for more details).

A standard EPI sequence was used with the protocol parameters described in [30], where
they tested newborns in a 3T Siemens Skyra with the 32-channel head coil (named in the fol-
lowing “EPT”). Smith-Collins et al. (2015) compared the results of the standard EPI with the
CMRR multiband sequence [40, 41], which was also used in the current study. To compare the
results, we varied the multiband factor between 1 (“CMRR1”) and 3 (“‘CMRR3”). In addition,
we also included the protocol of the dHCP, which was available for the Siemens Prisma (soft-
ware version VE11C) and the 32-channel head coil, which also used the CMRR multiband
sequence (“CMRR8”). However, the 32-channel head coil was not available at our facility. As a
comparison for the CMRR multiband sequence also the Siemens multiband sequence was set
up with similar parameters as the CMRR sequence used in [30] (“MB3”).

All measurements were performed twice, with and without the prescan normalize filter to
reassess effects previously demonstrated by Schmitt and Rieger [33]. In total, the same dataset
was measured four times to achieve repeated measures for statistical analyses. GRAPPA and
Partial Fourier were OFF during all measurements, since GRAPPA can result in a reduction of
SNR due the reduced number of acquired k-space lines [42, 43].

Data acquisition

The phantom was placed in the respective head coil via the Siemens ComfortKit, a vacuum
cushion system to allow a stable positioning of the phantom within the head coil and avoid
moving of the phantom due to possible vibrations of the MRI system (see Fig 1). Following
each other, the sequences from Table 2 were measured with each of the available head coils. In
each of the four runs, 150 scans were acquired to allow better comparability between acquisi-
tion times from standard and multiband sequences. Thereafter, the head coil was changed,
and the same sequences were run again without any adjustment of the parameters to ensure
comparability between the head coils.

Table 2. Overview of the sequences and protocols used with the different head coils.

Name Slices Resolution Voxelsize Bandwidth TE TR Flip TA
[mm)] [Hz] [ms] [ms] Angle [min]
EPI 30 64x64 2.5x25x25 1700 30 2000 90 05:04
CMRR1 30 64x64 25x25x2.5 1700 30 2030 90 05:09
CMRR3 30 64x64 25x25x2.5 1700 30 906 60 02:22
CMRR8 72 104x104 2x2x2 2290 37 770 52 02:05
MB3 30 64x64 25x25x2.5 2790 30 906 60 02:21

https://doi.org/10.1371/journal.pone.0313192.t002
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Data analyses

SNR is a measure of the MRI signal relative to the noise in the measurement. SNR increases
linearly with field strength and is largely influenced by the features of the receiver coil [29, 33,
34], the geometry and size of the individual being tested, as well as the distance of the mea-
sured object from the coil surface [44]. Finally, MRI acquisition parameters also affect the
SNR. In particular, shortening the echo time (TE; i.e., time between radio-frequency pulse
application and signal collection) is associated with increasing SNR, but also with loss of tissue
contrast in T2 images, which are widely used in neonatal MRI.

There are several ways to compute SNR [33, 34], some of which are available to researchers
and clinicians as part of quality-check toolboxes, for example the MRIQC tool [45]. However,
MRIQC compares individual data to a standard adult brain, which makes the toolbox less use-
ful in neonatal neuroimaging.

In the present study, for each sequence and head coil, SNR was calculated on 4D-averaged
phantom data according to the procedure implemented in the MRIQC tool [45], known as a
standard tool for MRI quality control.

If
SNR = ———
a/n/(n—1)

where, Iris the mean across voxel intensities in the image foreground, 0 is the standard devia-
tion of the image foreground and # is the number of voxel in the foreground. The foreground
mask was extracted via FSL 6.0.3 BET. For better visualization purposes, SNR homogeneity
maps were calculated with the same SNR equation (eq. 1), with the voxel-wise image intensities
as enumerator instead.

The tSNR was calculated by averaging the foreground of the tSNR map of each image. The
tSNR maps are computed with the Nipype tSNR implementation (https://doi.org/10.3389/
tninf.2011.00013) using the equation:

L
tSNR = -
Oy

where Ij; corresponds to each foreground voxel’s mean value along the time series, and oy, cor-
responds to each foreground voxel’s standard deviation along the same time series.

For statistical comparisons between sequences, coils and the effect of the prescan normalize
filter on SNR and tSNR, we estimated linear mixed effects models (LMM) over the four mea-
surement repetitions. In these models, SNR vs. tSNR was predicted by the repeated measures
factors sequence, coil and prescan with levels 5*3*2. In both models, dummy coding was used
with CMRR1, 16-channel head coil and prescan normalize off as reference categories for the
respective factors.

Results
SNR

The SNR in the different measurements showed an overall higher value throughout all
sequences (see S1 Table), when the prescan normalize filter was turned ON (Fig 2A, filled,
solid line indicates the mean), compared to when the prescan normalize filter was turned OFF
(Fig 2A, not filled, dashed line indicates the mean). The model accordingly revealed a signifi-
cant main effect (parameterized by the regression coefficient b) of the factor prescan (b =1.17,
t=41.17, p < 0.01). Comparisons of the different head coils revealed a general better SNR for
the 20-channel head coil (Fig 2A, marked in red) over all measurements, followed by the
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Fig 2. Mean and standard deviation of the SNR (A) and tSNR (B) calculated from the four runs for the different head coils (16-channel in green, 20-channel in
red, 64-channel in blue) and prescan normalize filter (ON = filled symbols, with mean shown as a solid line; OFF = not filled symbols, with mean shown as
dashed line) for the different sequences. For SNR differences are larger for prescan normalize ON (filled, solid line) compared to OFF (not filled, dashed line)
with less differences between the different sequences, whereas tSNR shows no differences for the usage of the prescan normalize filter, but for different
sequences (note that tSNR results will be described in the following paragraph).

https://doi.org/10.1371/journal.pone.0313192.9002

64-channel (in blue) and the 16-channel pediatric coil (in green). The model accordingly
revealed a significant main effect of the factor coil (F, ;99 = 40.75, p < 0.01), with a significant
difference between the 16-channel pediatric coil and the 20-channel coil (b = 0.25, t = 7.11,

p < 0.01), but no difference between the 16-channel pediatric coil and the 64-channel coil (b =
-0.04, t = 1.25, p = 0.21). Notably, when the prescan normalize filter was ON, SNR differences
across coils were smaller for all sequences as compared to when the prescan normalize filter
was OFF. This was statistically confirmed by a model adding the two-way interaction effects
between the factors sequence and prescan and coil and prescan. The two-way interaction
effects between sequence and prescan was thus significant (F, ;93 = 4.25, p < 0.01). Less differ-
ences occurred between the 64-channel and the 16-channel head coil when prescan normalize
filter was ON, which was statistically significant as indicated by the two-way interaction
between the coil and prescan (F, 03 = 15.88, p < 0.01; see also Fig 2A).

The usage of the multiband sequences (CMRR3, CMRRS8 and MB3) compared to standard
singleband sequence (EPI) did not result in any difference regarding the SNR. However, it
needs to be considered that more data points can be acquired within the same time, since mul-
tiband reduces the TR and consequently the acquisition time (see Table 2).

Homogeneity maps of the SNR (Fig 3) for each measurement and head coil indicated that
the images were more homogenous when the prescan normalize filter was used.

tSNR

In contrast to the SNR calculation, where the higher SNR values were found for the 20-channel
head coil, we found better tSNR values for the 16-channel head coil followed by the 20- and
the 64-channel ones (Fig 2B and S1 Table). Accordingly, the model with tSNR as the depen-
dent variable showed a significant difference between the 16- and 20-channel head coil (b =
-36.50, t = 11.04, p < 0.01) and between the 16- and 64-channel head coil (b = -31.47, t = 9.52,
p < 0.01). Further, there are no substantial differences between prescan normalize ON and
OFF throughout the sequences (F; 199 = 0.22, p = 0.64), but larger tSNR occurred for the stan-
dard EPT and CMRR1 compared to the multiband sequences (F 199 = 577.52, p < 0.01), with
about twofold higher values.
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CMRR1

CMRR3

CMRR8

EPI

MB3

16-channel 20-channel 64-channel

OFF ON OFF ON OFF

Fig 3. SNR homogeneity maps shown for the middle slice of the phantom for the different sequences (in rows) and head coils (in columns), with
separation of the prescan normalize filter (ON in each left column and OFF in each right column).

https://doi.org/10.1371/journal.pone.0313192.9003

Homogeneity maps of the tSNR (Fig 4) for each measurement and head coil indicated dif-
ferences in the homogeneities between the different head coils with more homogeneous results
for the 20-channel head coils and clear differences between the singleband versus multiband
sequences in the 16-channel head coil.

Discussion

Over the past few decades, our understanding of the structure and function of the brain in
newborns and very young children has increased dramatically. f{MRI of the newborn human
brain is currently employed in clinical and research settings for a widespread of diagnostic and
scientific purposes. BOLD changes following neuronal activation only account for a small pro-
portion of changes in raw fMRI signal intensity. The remaining variance in fMRI signal inten-
sity is due to a widespread of factors, in general referred to as noise. Establishing practices to
cope with such noise and other difficulties of neonatal fMRI constitutes a fruitful path to
enrich our understanding of the developing brain and the human brain in general. Given the
lack of clear recommendations on sequences, protocol parameters and head coils for neonatal
fMRI, the current study compared the SNR and tSNR of different sequences and protocol
parameters in combination with three different head coils, the 20- and 64-channel adult head
coil and the 16-channel pediatric head coil. In line with the neonatal and general MRI litera-
ture, we hypothesized that the application of a prescan normalize filter, and the use of standard
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CMRR1
300
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Fig 4. tSNR homogeneity maps shown for the middle slice of the phantom for the different sequences (in rows) and head coils (in columns), with
separation of the prescan normalize filter (ON in each left column and OFF in each right column).

https://doi.org/10.1371/journal.pone.0313192.9004

(non-multiband) sequences and smaller head coils would result in better SNR and tSNR
measures.

Regarding SNR, our findings are partly in line with prior expectations. Overall, the usage of
the prescan normalize filter entails an advantage in terms of SNR. As already shown in Schmitt
and Rieger [33], this is likely due to a complex-values multiplication of smoothed images
instead of a mere scalar multiplication of image intensities. The number of elements in the
head coil, as well as the filling factor was not linearly related to SNR. The 20-channel head coil
showing some advantages in all conditions over the 64-channel and, unexpectedly, over the
dedicated pediatric head. This conjecture has relevant practical implications for research cen-
ters where no funds for additional MRI equipment are available and only adult coils are at dis-
posal. One possible explanation is related to the difference in the number of channels in each
coil. According to the literature, increasing number of channels as well as a higher filling factor
should improve the SNR which should have result in higher SNR values for the 64-channel
head coil, because of the higher number of elements and a better filling factor. Ghotra et al.
[46] build a size-adaptive 32-channel array coil for infants which resulted in twofold higher
SNR values compared to a commercially available 32-channel head coil, because of the better
filling factor. Nevertheless, Kaza [47] and Schmitt and Rieger [33] also found that SNR might
differ depending on the region in the brain, i.e. head coils with more channels are less sensitive
in subcortical regions. Consequently, the fact that only a small phantom is used, probably
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mimics the fact that less SNR is found in subcortical regions in head coils with a larger number
of elements.

Another potential explanation for the fact, that the performance of the pediatric head coil is
not as expected, is the geometry of the phantom, as it is not a perfect match of a newborn
head’s shape as well as the tissue probabilities might not be the same as in “real” brains, since
the phantom only contains one specific type of filling, not allowing for any contrast within the
image. In addition, in adult head coils, normally the shoulders of the adults touch the lower
end of the coil surface. For newborns it might not be possible to position the head exactly in
the middle of the coil as it was done with the phantom, because the shoulders might not fit
that well. A logical better alternative is to test the performance with human neonates, however,
as mentioned before it is rarely possible to conduct pilot studies with newborns or infants,
hence the need of using phantoms for sequence adjustment. It might thus remain necessary to
adjust some of the parameters during the study.

With respect to tSNR, our findings largely support our expectation that the pediatric head
coil would outperform the others. This was the case irrespective of the application of a prescan
normalize filter and more prominent in non-multiband (“CMRR1” and standard “EPI”)
sequences and in line with adult studies showing that head coils with less channels improve
data quality in functional scans [33]. Finally, in line with prior expectations and other studies
[31], multiband sequences shower poorer tSNR, altogether, we observed a considerable advan-
tage in tSNR when using a pediatric head coil.

Besides the number of the channels and the geometry of the phantom and the arrangement
within the coil, there are also various parameters in the protocol which might explain the dif-
ferences in the SNR and tSNR, such as bandwidth, flip angle and size of the acquisition matrix
as well as resolution. As shown in Table 2, the resolution and the voxel size of most of the
sequences used in the current study was the same, i.e. 2.5 mm”. The only difference is the
CMRRS protocol which was originally taken from the HCP. There, the voxel size is a bit
smaller with 2 mm? and thus, the resolution larger. Smaller voxel sized lead to a decrease in
the signal because there are fewer protons within each voxel, as seen in the tSNR results where
the values for the CMRR8 sequence are the lowest. Another factor which might influence the
SNR and tSNR is the bandwidth, where a higher bandwidth led to an increased amount of
noise captured within the signal. Tn the current study, the bandwidth does not influence the
SNR or tSNR in a direct way, as it was similar for EPI, CMRR1 and CMRR3 with 1700 Hz
compared to the MB3 with 2790 Hz. But there was no difference in the data between those
sequences. Finally, also the flip angle varies between the protocols, however still depending on
the TR to allow for the optimal flip angle (Ernst angle) to maximize the signal by balancing
transverse magnetization and longitudinal recovery. Thus, setting the flip angle at the optimal
level, it should not influence the SNR or tSNR calculation.

General recommendations

Based on the results conveyed in this study, we propose the following guidelines to assist
researchers in the early stages of designing a research project on newborns. We hope that they
prove useful, in particular when there is no prior experience with neonatal MRI in the lab and
as it is generally the case, optimizing MRI sequences with human neonates is not feasible.

1. Whenever possible, we recommend considering the use of a dedicated pediatric head coil,
because of the more appropriate filling factor and resulting better tSNR. However, if this is
not an option, adult head coils may be employed too, considering that SNR values do not
differ dramatically between various head coils.
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2. Whenever possible, imaging protocols should include a prescan normalize filter, as this has
been shown to result in higher SNR.

3. The standard EPI imaging protocol shows a better performance in tSNR compared to a
multiband sequence. However, in the common scenario of very limited scan time, fast rs-
fMRI acquisition in neonates using the multiband sequence protocol may outweigh the
tSNR advantage of EPI sequences. Specifically, the multiband sequence takes less than half
the time to acquire the same amount of data (i.e., images).

4. Whenever possible, phantom studies should be considered to develop an optimized envi-
ronment for neonatal fMRI studies.

Limitations

The present study assessed SNR and tSNR from various MRI sequences proposed in the scien-
tific literature and using three different head coils with the aim of providing practical guide-
lines for MRI users when planning imaging studies on newborns. One important limitation of
the study however is that the observations and conclusions derived from the present work are
mostly applicable to scenarios that closely mimic the present methodology (i.e., same MRI
scanner vendor, MRI sequences, and head coils). Additionally, there are currently no specific
protocols for the pediatric head coil, especially for fMRI. Furthermore, it is difficult to adjust
protocol parameters on a phantom, since not every important factor could be considered, as
for example, the contrast-to-noise ratio, which cannot be calculated in a homogenous phan-
tom. Nevertheless, unlike studies in adults, where it is not as ethically problematic to perform a
pilot measurement and adjust some protocol parameters, this is not possible in neonates or
infants for reasons of protection. Thus, recommendations need to be derived from measure-
ments with phantoms. This study fills an important gap in the lack of a similar published
guideline for the field of newborn fMRL
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