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Abstract
The purpose of this study was to compare the image quality of the single-slab, 3D T2-weighted turbo-spin-eco
sequence with high sampling e�ciency (SPACE) with accelerated SPACE using compressed sensing (CS-SPACE) in
paediatric brain imaging. A total of 116 brain MRI (53 in SPACE group and 63 in CS-SPACE group) were obtained
from children aged 16 years old or younger. Quantitative image quality was evaluated using the signal-to-noise
ratio (SNR) and contrast-to-noise ratio (CNR). The sequences were qualitatively evaluated for overall image quality,
SNR, general artifact, cerebrospinal �uid (CSF)-related artifact and grey-white matter differentiation. The two
sequences were compared for the total and for two age groups (< 24 months vs. ≥ 24 months). CS application in
3D T2-weighted imaging resulted in 8.5% reduction in scanning time. Quantitative image quality analysis showed
higher SNR (Median [Interquartile range]; 29 [25] vs. 23 [14], P = .005) and CNR (0.231 [0.121] vs. 0.165 [0.120], P 
= .027) with CS-SPACE compared to SPACE. Qualitative image quality analysis showed better image quality with
CS-SPACE for general artifact (P = .024) and CSF-related artifact (P < .001). CSF-related artifacts reduction was
more prominent in the older age group (≥ 24 months). Overall image quality (P = .162), SNR (P = .726), and grey-
white matter differentiation (P = .397) were comparable between SPACE and CS-SPACE. In conclusion, compressed
sensing applied 3D T2-weighted images showed comparable or superior image quality compared to conventional
images with reduced acquisition time for paediatric brain.

Introduction
High-resolution three-dimensional (3D) imaging is now feasible in paediatric neuroimaging1. 3D imaging has
advantages over 2D imaging as the reconstruction of different orientations can be done without additional
scanning. In addition, volumetric assessment is more reliable with 3D imaging. One popular 3D imaging sequence
for paediatric neuroimaging is the magnetization-prepared rapid gradient echo (MPRAGE) sequence, which
generates T1-weighted images (T1WI)1. Compared to 3D T1WI, 3D T2-weigthed images (T2WI) are generally not
applied to clinical practice. This is mainly because they require longer scanning times and result in lower contrast
compared to 2D sequences. Still, 3D T2WI are being increasingly used for the quanti�cation of brain structures2–4.

Acceleration methods are important for paediatric magnetic resonance imaging (MRI) because they reduce the
need for sedation and its consequent adverse effects while lowering the chance of movement by reducing
scanning time. Several techniques have been introduced to reduce scanning time in children including compressed
sensing5,6, parallel imaging7, simultaneous multisection imaging8, radial k-space sampling9, and arti�cial
intelligence–based reconstruction10. Compressed sensing (CS) is the one of the most recently developed
techniques5,6 and has already been applied to adult neuroimaging studies11–14.

When CS was used for head and neck magnetic resonance angiography, fast diagnostic-quality time-of-�ight
imaging was possible for the head and neck vessels11,12. In patients with multiple sclerosis, brain imaging times
were 27% faster with similar diagnostic performance when CS was used for T2-weighted 3D �uid attenuated
inversion recovery (FLAIR)12. CS achieves accelerated acquisition through non-linear iterative reconstruction of
undersampled k-space data6. Although acceleration times depend on the acceleration factor, it is di�cult to predict
how much acceleration is realistically possible without signi�cant degradation of image quality.

To the best of our knowledge, there has been no study regarding the clinical utility of CS when applied to 3D T2-
weighted brain imaging in children. Children neuroimaging application can be different from adults, since they
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have different condition during scanning as well as different brain tissue contrast that is affected by development.
Therefore, the purpose of our study was to compare the image quality of conventional 3D T2WI with that of 3D CS-
applied T2WI in children.

Methods
This retrospective study was approved by our institutional review board (The Catholic University of Korea Catholic
Medical Center) and the requirement for patient consent was waived. All experiments in this study were performed
in accordance with relevant guidelines and regulations.

Patients
We reviewed the brain MR imaging of children (16 years or under) obtained from May 2019 to February 2020 using
a 3T scanner (Vida; Siemens, Erlangen, German). We included brain MR imaging obtained between May 2019 and
October 2019 using the conventional 3D T2-weighted turbo-spin-eco sequence with high sampling e�ciency
(SPACE) and brain MR imaging obtained between November 2019 and February 2020 using accelerated SPACE
with compressed sensing (CS-SPACE). Demographic information was collected through a review of medical
records. Patients were grouped according to sequence (SPACE vs. CS-SPACE) and age (younger than 24 months
vs. 24 months or older).

Image acquisition
Scan parameters are described in detail in Table 1. All scans were acquired using 3T MRI with a 64-channel head
coil. The spatial resolution of SPACE and CS-SPACE were the same (matrix, 320×320×208; FOV, 256×256×166.4
mm3; voxel size, 0.4×0.4×0.8 mm3). Repetition time was longer for CS-SPACE compared to SPACE (5000 msec vs.
3500 msec). SPACE was obtained using the CAIPIRINHA method with an acceleration factor of 4. For CS-SPACE,
an acceleration factor of 7 was applied. The total scanning time for CS-SPACE was 193 s and for SPACE was 211
s, resulting in an 8.5% reduction in scanning time when CS was applied.

For scanning, neonates were fed, wrapped, and placed in a MedVac infant immobilizer (CFI Medical, USA). The
need for sedation was determined by physicians and when patients had to be sedated for scanning, oral chloral
hydrate (0.5–1 mL/kg) was the �rst choice of sedation and when patients could not be sedated with oral chloral
hydrate, intravenous midazolam (0.025–0.05 mg/kg) was used. Since the number of sedated patients in each
group could affect the nature of the artifacts observed, we compared the number of patients who were sedated
between the CS-SPACE and SPACE groups.
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Table 1
Parameters of SPACE and CS-SPACE

  SPACE CS-SPACE

Echo time (msec) 502 450

Repetition time (msec) 3500 5000

Flip angle Variable Variable

Matrix 320×320×208 320×320×208

Field of view (mm3) 256×256×166.4 256×256×166.4

Voxel size (mm3) 0.8×0.8×0.8 0.8×0.8×0.8

Acceleration factor 4 7

Turbo factor 290 230

Echo spacing (msec) 3.72 3.72

Echo train duration (msec) 1045 859

Scan time (s) 211 193

Image quality evaluation
For quantitative analysis, regions of interests (ROIs) were manually drawn at the frontal white matter and deep
grey matter. The ROIs were drawn using the Picture Archiving and Communication System (PACS) (TaeYoung Soft,
Gyeonggi-do, Republic of Korea). The contrast-to-noise ratio (CNR) between white and grey matter was measured
using the Michelson contrast equation. In this equation, the contrast is the difference between the maximal and
minimal intensities divided by the sum of the maximal and minimal intensities15. The signal-to-noise ratio (SNR)
was estimated as white matter intensities divided by the standard deviation of white matter16. Denoising effect of
CS results in different effect on SNR and should be termed apparent SNR instead of SNR6. However, for the
comparison with SPACE, this SNR estimation method was applied for CS-SPACE as well as SPACE. For
interobserver agreement evaluation, two radiologists (with 10 years of experience in paediatric neuroradiology and
with 13 years of experience in neuroradiology) drew ROIs. For interobserver agreement evaluation, one radiologist
drew second ROIs after two weeks. The representative images for ROIs are in Supplementary Fig. 1.

For qualitative analysis, the two radiologists (one with 10 years of experience in paediatric neuroradiology
[radiologist 1] and one with 13 years of experience in neuroradiology [radiologist 2]) performed visual
assessments. MR images were analysed blindly and independently in random order. The sequences were
qualitatively evaluated with 3-point scales for overall image quality, SNR, general artifacts, cerebrospinal �uid
(CSF) -related artifacts, and grey-white matter differentiation. The grades for image quality, signal-to-noise ratio,
and grey-white matter differentiation were de�ned as follows: 1 = poor, 2 = adequate, 3 = good. The grades for
general and CSF-related artifacts were de�ned as follows: 1 = severe artifact, 2 = moderate artifact, 3 = mild or no
artifact. For general artifacts, the degree of motion or truncation artifacts were evaluated17. For CSF-related
artifacts, signal change and distortion inside and around the third ventricle were evaluated18. The representative
images for image quality scales are in Supplementary Fig. 2.
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Image quality was compared for the total study population and for each age group (younger than 24 months vs.
24 months or older). This approach was chosen because brain tissue contrast depends on myelination degree.

Statistical Analysis
Age and quantitative image quality values (CNR and SNR) were compared between SPACE and CS-SPACE using
the Mann-Whitney test. Gender, use of sedation, and qualitative image analysis variables were compared between
SPACE and CS-SPACE using either the Chi-square or Fisher’s exact test. The mean values of the two radiologists’
qualitative scales were compared between SPACE and CS-SPACE using Mann-Whitney test. Weighted Cohen’s
Kappa (κ) statistics were used to show interobserver agreement. Inter- and intraobserver agreements were de�ned
as poor (0.00-0.20), fair (0.21–0.40), moderate (0.41–0.60), substantial (0.61–0.80), and almost perfect (0.81-
1.00). SPSS (version 27.0, IBM, Armonk, New York) were used for analysis and graphs were prepared using
Graphpad prism software (version 8.4.2, San Diego, USA). P values < .05 were considered statistically signi�cant.

Results

Patients
A total of 116 brain MRI scans were performed with either SPACE or CS-SPACE. Children underwent brain MR
imaging for various indications, with prematurity, headaches, seizure, and trauma being the most common. There
were 53 brain MRI scans obtained with the SPACE sequence and 63 scans obtained with the CS-SPACE sequence.

Demographic characteristics of the patients are summarized in Table 2. There was no signi�cant difference in
gender or age between the two sequences (P = .305). Sixty-two subjects underwent MR with sedation. For total
patients, the use of sedation did not differ between CS-SPACE and SPACE (SPACE, 52.8% vs. CS-SPACE, 49.2%, P 
> .999). However, when the two age groups were compared, younger patients were more frequently sedated in the
CS-SPACE group than the SPACE group (SPACE, 50.0% vs. CS-SPACE, 92.3%, P = .020). In older patients, the use of
sedation did not differ between the two sequences (SPACE, 54.1% vs. CS-SPACE, 44.0%, P = .391).
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Table 2
Demographic characteristics

  SPACE CS-SPACE P Value

(n = 53) (n = 63)

Age (month) 76.1 ± 66.6 88.7 ± 64.5 .305

Age group     .333

< 24 months 16 (30.2%) 13 (20.6%)  

≥ 24 months 37 (69.8%) 50 (79.4%)  

Gender     > .999

Male 27 (50.9%) 31 (49.2%)  

Female 26 (49.1%) 32 (50.8%)  

Sedated subjects      

Total 28 (52.8%) 34 (49.2%) > .999

< 24 months 8(50%) 12(92.3%) .020

≥ 24 months 20(54.1%) 22(44%) .391

Data – number (percentage)

Quantitative image quality
Quantitative image quality of SPACE and CS-SPACE are summarized in Table 3 and Fig. 1. Regarding total
subjects, both CNR (median [interquartile range]; 0.231 [0.121] vs. 0.165 [0.120], P = .027) and SNR (29 [25] vs. 23
[14], P = .005) were signi�cantly higher with CS-SPACE than SPACE. When quantitative image quality was
compared in patients under 24 months, SNR tended to be higher with CS-SPACE than SPACE (64 [49] vs. 36 [33], P 
= .050), but CNR showed no signi�cant difference between the two sequences (0.088 [0.067] vs. 0.111 [0.097], P 
= .630). In patients 24 months and older, both CNR (0.242 [0.064] vs. 0.208 [0.115], P = .048) and SNR (27 [16] vs.
19 [8], P < .001) were signi�cantly higher with CS-SPACE compared to SPACE.
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Table 3
Quantitative image quality comparison between SPACE and CS-SPACE

  Total Age < 24 months Age ≥ 24 months

Quantitative
parameters

SPACE CS-
SPACE

P
value

SPACE CS-
SPACE

P
value

SPACE CS-
SPACE

P
value

(n = 53) (n = 63) (n = 16) (n = 13) (n = 37) (n = 50)

CNR 0.165
(0.120)

0.231
(0.121)

0.027 0.111
(0.097)

0.088
(0.067)

0.630 0.208
(0.115)

0.242
(0.064)

0.048

SNR 23 (14) 29 (25) 0.005 36 (33) 64 (49) 0.050 19 (8) 27 (16) < 
0.001

CNR, contrast-to-noise ratio; SNR, signal-to-noise ratio

Qualitative image quality
The qualitative image qualities of SPACE and CS-SPACE are summarized in Table 4 and Fig. 2. CSF-related
artifacts between CS-SPACE and SPACE images were rated differently by both radiologists (P < .001). When mean
scale values by the radiologists were compared, general artifact (3.0 [0.5] vs. 2.5 [0.5], P = .024) and CSF-related
artifact (2.5 [0.5] vs. 2.0 [0.5] P < .001) showed higher values in CS-SPACE compared to SPACE. Overall image
quality (SPACE vs. CS-SPACE; 2.0 [1.0] vs. 2.0 [0.5], P = .162), SNR (2.0 [0.5] vs. 2.5 [0.5], P = .726), and grey-white
matter differentiation (2.5 [1.0] vs. 2.5 [0.5], P = .397) did not show signi�cant differences.

In patients under 24 months, general artifacts were rated higher (radiologist 1, P = .047) or comparable (radiologist
2, P = .426) with CS-SPACE than SPACE. In patients 24 months or older, CSF-related artifacts were rated with higher
scores with CS-SPACE than SPACE (both radiologists, P < .001). In patients under 24 months, CSF-related artifacts
were not signi�cantly different between the two images. Other qualitative features for image quality were
comparable for SPACE and CS-SPACE in both age groups. Representative images of SPACE and CS-SPACE are
shown in Fig. 3
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Table 4
Qualitative image quality comparison between SPACE and CS-SPACE in age groups

  Total Age < 24 months Age ≥ 24 months

Qualitative
parameters

SPACE CS-
SPACE

P
value

SPACE CS-
SPACE

P
value

SPACE CS-
SPACE

P
value

(n = 53) (n = 63) (n = 
16)

(n = 
13)

(n = 37) (n = 50)

Overall image
quality

                 

Radiologist 1 20/21/12 8/39/16 0.006 7/6/3 1/9/3 0.089 13/15/9 7/30/13 0.057

Radiologist 2 12/20/21 9/28/26 0.486 3/4/9 1/7/5 0.262 9/16/12 8/21/21 0.529

SNR                  

Radiologist 1 9/29/15 9/39/15 0.736 4/8/4 4/8/1 0.471 5/21/11 5/31/14 0.840

Radiologist 2 9/22/22 5/30/28 0.325 2/7/7 0/8/5 0.348 7/15/15 5/22/23 0.489

Artifact                  

Radiologist 1 8/14/31 2/16/45 0.064 2/6/8 0/1/12 0.047 6/8/23 2/15/33 0.131

Radiologist 2 4/13/36 2/8/53 0.118 1/3/12 0/1/12 0.426 3/10/24 2/7/41 0.191

CSF artifact                  

Radiologist 1 21/23/9 3/37/23 < 
0.001

3/6/7 0/8/5 0.188 18/17/2 3/29/18 < 
0.001

Radiologist 2 9/29/15 0/25/38 < 
0.001

0/4/12 0/4/9 0.811 9/25/3 0/21/29 < 
0.001

GW
differentiation

                 

Radiologist 1 3/33/17 2/40/21 0.805 3/9/4 2/10/1 0.415 0/24/13 0/30/20 0.811

Radiologist 2 0/19/34 0/33/30 0.110 0/6/10 0/8/5 0.360 0/13/24 0/25/25 0.245

Values are number of images assigned in 3-point scales (scale 1/2/3); SNR, signal-to-noise ratio; CSF,
cerebrospinal �uid; GW, grey-white matter

Inter- and intraobserver agreements
Inter- and intraobserver agreements for SNR and CNR were good to excellent. Interobserver agreements κ for CNR
and SNR were 0.856 (P < .001) and 0.610 (P < .001), respectively. Intraobserver agreements κ for CNR and SNR
were 0.961 (P < .001) and 0.607 (P < .001), respectively. For qualitative image quality analysis, interobserver
agreements were fair (0.261–0.393, P < .001).

Discussion
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Our study showed that the application of CS to high-resolution 3D T2WI has the potential to reduce scanning times
without degrading image quality in paediatric brain imaging. With CS, scanning times were reduced by 9% which
resulted in higher or comparable image quality. Quantitative CNR and SNR were higher with CS-SPACE compared
to SPACE, a difference that was more prominent in the older age group that had full myelination (i.e., ≥ 24 months
in age). CSF-related artifacts decreased with CS-SPACE, and this reduction was also more prominent in the older
age group.

Reducing scanning time is particularly important in paediatric MRI studies19. Sedation may be necessary for
children to undergo MRI scanning and by reducing sedation time, we can reduce the potential risks of sedation
such as cardiac and respiratory depression or neurologic damage in this vulnerable patient population20. Even if a
child is cooperative enough to undergo MRI scanning without sedation, it is not easy for them to hold still for the
entire examination and this presents another problem as patient motion during scanning leads to degraded image
quality. To resolve the above issues, various acceleration techniques have been developed for faster MR studies
such as parallel MRI, radial sampling, spiral sampling, and recently, CS21. CS generates images from random or
pseudo-random undersampled k-space data using an iterative nonlinear method21. As this allows high temporal
resolution, CS has been applied to cardiovascular and abdominal imaging in paediatric patients21.

In this study, we applied CS to 3D volumetric T2-weighted brain imaging in children. Image quality improved using
CS with 3D T2WI compared to conventional 3D T2WI and this was also observed in a previous study on adult brain
imaging22. 3D volumetric imaging allows the retrospective analysis of brain structure along many axes which is an
advantage over 2D images. It also allows quantitative imaging by enabling the calculation of cortical thickness or
regional volume. For this reason, many research protocols for both paediatric and adult populations include 3D
images rather than 2D images. In terms of T1WI, 3D imaging is considered to be the standard protocol for
neonates, because it can identify more white matter punctate lesions that are frequently involved in neonates with
ischemic insult23. In contrast, 3D T2WI imaging is not as well included in clinical practice, mainly because of its
long scanning time. Nonetheless, T2WI is more suitable for anatomical segmentation24 or for assessing
myelination degree in young populations that have not reached full myelination25. We think that 3D T2WI could be
more broadly applied to children by using CS to shorten acquisition time as well as improving image quality.

In contrast to previous studies that showed substantially reduced scanning times ranging from 20–70% using
CS12,26,27, our protocol resulted in approximately 9% reduction. This is mainly due to the longer TR set for CS-
SPACE than conventional SPACE (5000 msec vs. 3500 msec). Further scan time reduction could be achieved with
shorter repetition time; however, this reduction would be at the expense of image quality. Still, we achieved our
initial goal to �nd an approach that could adapt 3D T2WI more reasonably to clinical settings since the scanning
time of 2D T2-weighted spin echo imaging for paediatric brain MRI is approximately 2 min 30 seconds to 3 min 35
seconds and our scanning time was 3 min 13 seconds15. Further studies that discover ways to achieve additional
time reduction are needed.

Interestingly, we found signi�cant reduction of CSF-related artifacts after using CS-SPACE. CSF-related artifacts are
categorized into time-of-�ight effects and turbulent �ow18. CSF-related artifacts at and around the third ventricle
are explained with time-of-�ight loss18. In a previous study that compared conventional and CS-applied 3D time-of-
�ight angiography, the use of CS resulted in better image quality28. Similar to this previous study, we postulate that
the decrease in CSF-related artifacts is a result of undersampling and its reconstruction which leads to a denoising
effect.
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On the other hand, CS does not affect CSF-related artifacts identically when patients are of different ages and this
is thought to be due to the different hemodynamic of CSF as younger patients show higher CSF velocities29. Unlike
CSF-related artifacts, general artifacts decreased with the use of CS in the younger age group. We postulate that
this is because of reductions in scanning time which may have led to less movement during scanning. Further
scanning time reduction will result in less movement artifacts, but more study on this topic is necessary with a
larger number of patients who are both sedated and not sedated.

There are several limitations to our study. Firstly, we compared the sequences in two different subjects for two
different study periods. Secondly, there was large variation in age as we included patients with various degrees of
brain maturation. As different results were found for each age group, large-scale studies that classify patients into
more narrow age ranges could be needed. Thirdly, we did not evaluate speci�c artifacts that would be subject to
the two sequences. A previous study applying CS to parallel imaging such as sensitivity encoding showed starry-
sky or streaky-linear artifacts, which represented grainy image noise and horizontally oriented lines in the centre of
the transverse reconstructed images, respectively30.

In conclusion, the application of compressed sensing to high-resolution 3D T2-weighted imaging in children has
reduced scanning times without degrading image quality. Both quantitative and qualitative image quality were
comparable when 3D T2-weighted imaging with and without compressed sensing were compared. This advanced
technique has potential to increase routine use of high-resolution 3D T2-weighted imaging in children’s brain.
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Figures

Figure 1

Boxplots showing the quantitative image quality comparison between SPACE and CS-SPACE. The asterisks
indicate P value < .05. CNR, contrast-to-noise ratio; SNR, signal-to-noise ratio.
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Figure 2

Bar charts showing the qualitative image quality comparison between SPACE and CS-SPACE. The asterisks
indicate P value < .05. SNR, signal-to-noise ratio; CSF, cerebrospinal �uid; GW, grey-white matter.

Figure 3

SPACE (a, b, c) and CS-SPACE (d, e, f) images from two 5-month-old females. CNR and SNR were higher with CS-
SPACE compared to SPACE (CNR, 0.084 vs. 0.074; SNR, 42.5 vs. 20.2). CSF-related artifacts inside and around the
third ventricle are shown in c and f. CNR, contrast-to-noise ratio; SNR, signal-to-noise ratio; CSF, cerebrospinal �uid.
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