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How many of the MR community can remember neuroim-
aging pre-MRI or pre-CT, when highly skilled neuroradiolo-
gists performed air studies to outline the ventricles or  
CSF pathways to visualize the impact of intracranial or  
intraspinal pathology on normal anatomy? That was my  
introduction to pediatric neuroimaging in 1979.

How far we have come in such a short time is an  
extraordinary accomplishment, and the review by Runge 
[1] looking at the 50 years of innovation in imaging puts  
it all in perspective.

As a member of the MR community, I celebrated  
30 years of pediatric MRI during the early phases of the 
COVID-19 pandemic, and every new advance in hardware, 
clinical applications, and pulse sequences still continues  

to amaze me – with a diverse and eclectic group of scien-
tists and engineers working within academia and Siemens 
Healthineers taking us to places most of us never dreamed 
possible. If I reflect on my early days with my first Siemens 
system in the early 1990s I would never have imagined  
just how far this amazing imaging modality would develop.  
My first system was a MAGNETOM 63SP 4000 with no  
array coils, fast spin echo was only just being talked about, 
MPRAGE didn’t exist, the gradient strength was 10 mT/m 
with an almost glacial slew rate of 10 T/m/s. When you 
compare that to our latest scanner, a MAGNETOM Prismafit 
with 80/200 gradients, it brings to reality how far we have 
come (Fig. 1).
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1   Evolution of MRI systems utilized by The Royal Children’s Hospital for scanning pediatric patients from 1991 to present. Gradient strength 
represented by max gradient amplitude (mT/m) / slew rate (T/m/s).

1  MR scanning has not been established as safe for imaging fetuses and infants less than two years of age. The responsible physician must evaluate the benefits of the 
MR examination compared to those of other imaging procedures. Note: This disclaimer does not represent the opinion of the author.
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such as the coil, the object to be imaged, and relaxation,  
it is fundamentally defined by the voxel size VVoxel and  
the time that is used to sample data TS [2]:

The fact that SNR is not abundant in MRI leads, as can  
easily be seen from the above equation, to the well-known 
trade-off between spatial resolution, scan time, and SNR. 
Any small change of the above parameters will likely have 
an impact on image quality and it is ultimately the image 
quality that determines our success or failure on our quest 
to reduce scan times.

However, what is ultimately determined to be a  
diagnostic image of sufficient spatial resolution, signal-to-
noise, and contrast-to-noise to adequately display the  
anatomical structure or pathology is not standardized. Our 
acceptance of image quality is mainly based on a radiolo-
gist’s perception and their qualitative or semi-quantitative 
assessment of the data. Rofsky [3] wrote an editorial in 
JMRI in 2015 looking at this issue and its implications for 
how we construct our MR imaging protocols.

The goal for the MR team is to redefine the protocol  
to reduce the scan time whilst maintaining image quality 
consistent with the internal standards of the department, 
system hardware, and needs of the patient. In our attempts 
to make scan times shorter, the historical perception  
was that to successfully shorten scan times we needed  
to compromise on image quality. This is an unacceptable 
compromise, and we should be investigating methodolo-
gies that either produce images of an equivalent standard 
as our basic protocols or in some instances a higher quality, 
understanding the complexities involved in reducing our 
scan times (Fig. 2).

The use of MRI in the evaluation of pediatric neuroimaging 
has grown over the past 30 years, going from a clinical 
problem-solving tool after an equivocal CT to the imaging 
modality of choice in the majority of pediatric neuroimag-
ing protocols.

This change in clinical focus has been due largely to 
the increasing availability of the modality and an explosion 
of technical advancements in areas such as field strength, 
system hardware, coil design, image reconstruction, pulse 
sequences, and more user-intuitive operating systems that 
have unleashed the potential to reduce scan times and, in 
some instances, correct for motion. 

The requirement to make MR faster is driven by many 
factors within the clinical or research community. These 
range from patient compliance, pressure on the MR facility 
to scan more patients in a shorter time based on the  
rising costs of healthcare or unacceptable waiting lists,  
the requirement to add newer sequences into the protocol, 
and a reduction in sedation or anesthesia times.

The most common question for MR users is: Why  
can’t we scan faster? And the processes that underlie that 
very simple but emotive question are complex and there  
is no one solution. To answer that question, we need to 
look at the basic equation that defines scan time in MRI, 
and at the complexity of interrelated components that  
define it. The scan time in MRI in its most basic form is 

with TR being the repetition time, and NAve, Ny, and Nz  
being the the number of averages, phase encoding steps 
and partition encoding steps or slices, respectively. All 
these individual components contribute to image contrast, 
spatial resolution, and foremost the signal-to-noise ratio 
(SNR). While the latter may be affected by many factors, 

2A 2B 2C

TSE p2, 2:35 min,
200 FOV, 384 × 288

SMS TSE p2s2, 54 sec,
200 FOV, 320 × 256

SMS TSE p2s2, 1:34 min,
200 FOV, 384 × 288

2   Three T2 images acquired with 
different scan times demonstrating 
that it is possible to balance a scan 
time reduction whilst maintaining 
diagnostic integrity.

Equation 1

TA = TR ∙ NAve ∙ Ny ∙ Nz

Equation 2

SNR ∝ VVoxel ∙ √TS ∝ VVoxel ∙ √NAveNyNz
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Our longstanding collaboration with Siemens Healthineers 
has been instrumental in refining the internal parameters 
of new research applications or pre-product sequences and 
translating them into standard-of-care pediatric imaging. 
One of the most significant of these was the development 
of our Code Stroke protocol, in which MRI and not CT is 
considered as the first-line imaging modality in pediatric 
stroke (Fig. 3). But as we know, as soon as this article is 
published there will be newer and faster options available 
to the MR community and the acquisitions presented in 
this article will be considered slow. 

Understanding the pulse sequence and the reconstruc-
tion method is crucial to a facility’s ability to make in-
formed adjustments within the protocol to reflect the 
speed and image quality they require. Many of these faster 
scanning sequences or iterative reconstruction techniques 
have the potential to introduce artifacts into the images, so 
it is imperative that all the information about the method is 
available locally, prior to implementing significant change.

So reducing scan time is just not as simple as changing 
one parameter. It is essential that we as end users under-
stand the reliance on maintaining overall image quality 
and the potential consequences of producing unacceptable 
image quality based on these changes.

How many times has a member of the team come 
back from a meeting such as ISMRM with a new ultrafast 
scanning protocol, but when you try it the images look 
bad? Most of the time, not all the information is available 
during the presentation and often crucial information isn’t 
shared. It’s like baking a cake with only half the recipe and 
you must guess the rest. My advice would be: In your earli-
est foray into these new techniques, don’t go jumping into 
the freezing lake. Instead, take it slowly and ease your way 
in. Initially work within the protocol tree from Siemens 

3   A screenshot of the Code Stroke 
protocol. MAGNETOM Prismafit with 
syngo MR E11C software using a 
32-channel coil incorporating our 
latest modification to the protocol 
using advanced sequences.

Healthineers. Or if it’s a C2P agreement between two sites, 
adopt their protocol as they have done all the development 
work; once you have some local experience with the  
sequence, then and only then should you modify the  
parameters.

Every MRI scanning facility has its own definition of 
what is acceptable image quality, and that is ultimately 
how we all must define the success or failure of imple-
menting any new sequence or reconstruction methodology 
designed to facilitate more efficient or faster scanning.

I would strongly advise all MR facilities to run their 
own side-by-side comparison of any new sequence or  
reconstruction technique before redefining your standard 
protocols. The qualitative evaluation of the data should  
include these questions:
1. Maintaining image sharpness – is there more image 

blurring? 
2. Artifacts – comparable to previous protocol, or are 

there new artifacts based on the internals of the new 
sequence? 

3. Maintenance of soft-tissue contrast that you would  
expect? 

4. Is there more noise in the image than you are used to? 
5. Is there image distortion of the anatomy within  

the FOV? 
6. Are you getting the reduction in scan time you would 

expect? 
7. How does it affect patient compliance? 
8. Reconstruction times – are these slowing your booking 

allocations?

During the early 1990s, turbo spin echo was introduced 
based on the work by Hennig et al. [4]. It made significant 
reductions to scan times, but as a consequence drew a 
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considerable amount of criticism from the MR community 
because the image contrast, apparent image sharpness, 
and the appearance of fat wasn’t the same as conventional 
spin echo imaging, leading to multiple comparative studies 
appearing in the literature [5, 6]. The experience gained 
from the very passionate debate brought about by this  
significant advance in MR sequences has served as a  
reminder to the members of the MR community who lived 
through it how slow we are to change. To quote John  
Maynard Keynes: “The difficulty lies not so much in devel-
oping new ideas as in escaping from old ones”.

In the late 1990s and early 2000s, there were several 
major developments that had a significant impact on  
our ability to scan faster, and further refinements of these 
techniques have been the mainstay of our clinical and  
research imaging protocols. The development of multi- 
element phased array coils for brain and spine imaging  
enabled the development of parallel acquisition tech-
niques. The introduction of techniques to undersample 
data using the characteristics of the individual coil  
elements in the coil array to reconstruct the data, i.e., 
SENSE by Pruessman et al. [7, 8] and GRAPPA by Griswold 
et al. [9], form the building blocks of our current parallel 
imaging techniques. The undersampling of data in the 
phase encoding direction within the imaging slice will  
directly impact the scan time as shown by Equation 1, but 
at the same time will reduce overall SNR (see Equation 2). 
In addition to that, we must account for noise amplifica-
tion due to imperfections during the image reconstruction 
process. The equation for the SNR in parallel imaging is  
given by 

where SNR refers to the SNR of non-accelerated data, R to 
the acceleration factor, and g to the geometry factor or 
g-factor. The latter essentially describes the capability of 
the coil array to reconstruct the given image in its specific 
orientation from undersampled data by exploiting the  
intrinsic spatial information encoded in their individual  
receiver sensitivities. The observed g-factor varies across 
the reconstructed image and is influenced by the coil  
geometry, i.e., by the number and location of the individu-
al coil elements in the array with respect to the imaging 
volume, the phase encoding direction, the coil loading, 
and the applied acceleration factor R. 

Apart from this g-factor noise amplification, parallel 
imaging has the potential to generate different and distinct 
types of image artifacts, which are often dependent on the 
parallel imaging technique used [10, 11]. Understanding 

Equation 3

SNRPAT = SNR
g√R

the formation and characteristics of those artifacts can be 
complicated [12, 13], but is crucial.

The incorporation of parallel imaging into imaging  
protocols is standard nowadays, and acceleration factors  
of up to 3 can typically be achieved without impacting the 
resultant SNR and image quality.

In 3D imaging, the earliest implementations of parallel 
imaging only utilized data undersampling in the phase  
encoding direction. As demonstrated by Breuer et al.  
[14, 15], looking at parallel imaging from a more volumet-
ric perspective opens up opportunities for modifying or  
distinctively controlling the aliasing that arises from the 
undersampling of k-space. The technique, which became 
known by the acronym CAIPIRINHA makes efficient use  
of the encoding capabilities of the coil array by exploiting 
the coil sensitivity variations not only along the phase  
encoding direction but also along the partition encoding 
direction, which results in reduced g-factors when com-
pared to standard in-plane parallel imaging. 

As we travel through the history of MRI, there are  
several very distinct periods of time in which vendors  
competed based on their ability to redefine the technology, 
and these translated to imaging protocols that produced 
scans of higher quality in less time.

The introduction of higher field strengths and higher 
density coil combinations redefined how we scanned  
our patients. It unleashed the potential of the significant 
increase in signal-to-noise and overcame some of the  
limitations of standard parallel imaging.

In 2005 we took delivery of our 3T MAGNETOM Trio,  
A Tim System, and 6 months later our 32-channel head coil 
[16]. These two components took our imaging to the next 
level. The combination of the high-SNR, high-coil-density 
array and 3 Tesla enabled us to confidently accelerate our 
acquisitions with higher acceleration factors whilst main-
taining exquisite image quality.

As history has shown, nothing stands still in MRI. The 
evolution of new sequences or hardware from benchtop  
to clinic can be extremely short, and this has enabled the 
ongoing refinement of our clinical protocols.

The fundamental principle of CAIPIRINHA can also be 
applied in 2D imaging, where it has become a cornerstone 
of what today is known as simultaneous multi-slice (SMS) 
or multiband (MB) imaging [16, 17]. Notably, the simulta-
neous acquisition of multiple slices was explored well  
before the advent of parallel imaging. Mueller [18], Glover 
(with POMP) [19], and Larkman [20] investigated the  
concept in the context of acceleration and this early work 
underpinned the development of the SMS or MB sequenc-
es we use today. 

By simultaneously exciting multiple slices rather than 
undersampling k-space, SMS doesn’t shorten the time  
that is used to sample data. As such, it doesn’t suffer the 
reduction in SNR generally associated with conventional 
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parallel imaging. In particular, SMS has proven useful  
for applications that intrinsically suffer from limited slice 
coverage or where long TRs or breath-holds render fast  
sequential scanning impossible [21–25]. 

The earliest adopters of these new SMS sequences 
were academic research centers that were probing the  
inner workings of the brain using DWI, and resting state 

and functional MRI. Depending on the encoding strategy, 
the excitation of multiple slices within the imaging volume 
comes with some inherent issues, such as interslice leak-
age degrading imaging, slice aliasing, Nyquist ghosts,  
and SAR. Given that TSE and DWI acquisitions are already 
relatively high-SAR sequences at 3T, sequence developers 
looked at methods to address the issue of peak RF load. 

Diffusion Comparison

qDWI, Seg 3, b-value 1000 s/mm2,  
1.4 × 1.4 × 3.0 mm3, 2:47 min

SMS DWI p2s2, b-value 1000 s/mm2,
0.5 × 0.5 × 3.0 mm3, 48 sec

SMS RESOLVE p2s2, Seg 7,
0.4 × 0.4 × 3.0 mm3, 1:49 min

Case 1: Neonatal1 stroke Case 2: 5-day-old1 severe hypoxic event

4   A comparison of different diffusion-weighted imaging (DWI) sequences demonstrating equivalent diagnostic sensitivity.

SMS RESOLVE p2s2 (7 Segment) vs  
small FOV (Zoomed) SMS RESOLVE p2s2 (9 Segment Zoomed FOV 65%)

5   An example of SMS RESOLVE diffusion-weighted imaging (DWI) in a baby1 with hypoxic ischemic encephalopathy (HIE).  
The images demonstrate the flexibility of the sequence to perform high diagnostic quality acquisitions in transverse and coronal. 
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One of the methods was to modify the original VERSE [26] 
pulse to meet the demands required of SMS imaging.

Our unit’s first foray into SMS imaging was in 2012 
and involved adapting the C2P sequence from CMRR to  
enhance our research studies (resting state and fMRI) and 
multi-direction multi-shell high b-value DTI examinations 
for epilepsy surgical planning. Although over the past  
10 years there have been multiple modifications and  
enhancements to the SMS sequences, they still form an  
important component of our patient care.

In regards to clinical imaging, the introduction of SMS 
ssDWI acquisitions and later SMS RESOLVE has altered our 
clinical protocols. Currently we only perform accelerated 
ssDWI acquisitions in Code Stroke or for patients requiring 
a quick DWI. The use of SMS RESOLVE [24, 27, 28] is  
standard in all our other protocols, due to the reduction  

in scan time when compared to standard RESOLVE. The  
resultant scan time is equivalent to a ssDWI with the added 
benefits of significantly reduced image degradation at 
bone–air interfaces and areas of calcification or hemor-
rhage, and reduced T2* blurring based on the segmented 
acquisition. The beauty of the acquisition is that you can 
balance the number of segments and acquisition time  
to improve image quality in non-transverse acquisitions. 
We also opted to use the advanced shimming mode to  
further enhance our image quality (Figs. 4, 5). 

With the diffusion imaging sorted, we turned our  
attention to implementing SMS TSE [29, 30] sequences 
into our standard neuroimaging protocols at 3T, primarily 
focusing on our epilepsy protocol. The T2 acquisitions in 
the protocol were required to cover the whole brain with  
a resolution of 0.2 × 0.2 × 2.5 mm3 and a scan time less 

6A 6B 6   Two coronal T2 TSE acquisitions  
with matched slice thickness  
(2.5 mm) and resolution parameters 
(0.2 × 0.2 × 2.5 mm3) demonstrating 
similar image quality. Image (6B) 
appears to have a higher spatial 
resolution but this is due to a slightly 
higher level of noise in the final 
image. (6A) Std T2 p2 TSE with (6B) 
SMS T2 TSE p2s2.

TSE p2s2 (whole brain),  
0.2 × 0.2 × 2.5 mm3, 2:35 min

TSE p2, 1.5 mm isotropic,  
3:24 min. Limited left  
hemisphere coverage

7   Clinical example from our epilepsy 
Dot protocol demonstrating the 
image quality using SMS p2s2 turbo 
spin echo (TSE) in a case of suspected 
bottom-of-sulcus dysplasia (BOSD), 
using MAGNETOM Prismafit with  
syngo MR E11C and the 32-channel 
Head Coil.
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TGSE T2 BLADE p1s2, 0.6 × 0.6 × 0.6 mm3, 2:04 min 

8   Two clinical examples of 
using TGSE SMS BLADE to 
reduce scan time. 
(8A) Neonate with multiple 
congenital vascular 
malformations.  
(8B) Follow-up postarterial 
stroke including coronal DWI.

Standard T2 BLADE, 0.6 × 0.6 × 0.6 mm3, 3:26 min TGSE BLADE p1s2,  
EPI factor = 1, Diffusion 

8A 8B

SMS TSE p2s2, 
1:45 min

SMS TSE p2s3, 
19 sec

SMS TSE p2s3, 
19 sec

9   Due to referrer preferences, MRI  
is proving to be the examination  
of choice in pediatrics to look at 
hydrocephalus and shunt malfunc-
tion in patients with hydrocephalus –  
in reality: How fast can we go?

than the current standard TSE. The implementation of  
SMS into the diffusion components of our protocols was 
relatively straight forward, but SMS TSE was far more chal-
lenging in terms of addressing the SAR issues, interslice 
aliasing, matching similar image contrasts, and patient 
compliance. At our institution, we keep the scanner in  
normal mode and SAR management proved challenging; it 
required a reduction in flip angle and the utilization of nor-
mal or low SAR RF. The RF associated with the multi-slice 
excitation also has an impact on the image contrast and 
especially on the signal intensity of CSF through magneti-
zation transfer effects. In the initial phase of trialing the  
sequence, the radiologists preferred the non-accelerated 

version, but increasing TR and TE values brought the image 
contrasts closer and made them acceptable to the radiolo-
gists whilst still reducing scan times by 45% (Figs. 6, 7). 
SMS is an extremely flexible addition to the pulse sequence 
and can be used with PAT or without. Most of the initial  
trials regarding the introduction of SMS or MB into clinical 
T2 imaging was using the standard TSE sequence. Howev-
er, a variant was used for diffusion in cholesteatomas using 
the turbo gradient spin echo (TGSE) sequence, and the  
parameters could be modified to obtain T2 TGSE SMS 
BLADE acquisitions. This was extremely useful in reducing 
the scan time of T2 BLADE (Fig. 8). We currently use SMS 
TSE in non-longitudinal studies such as general screening, 

11siemens-healthineers.com/magnetom-world

MAGNETOM Flash (81) 2/2022 Neurologic Imaging · Clinical



hydrocephalus follow-up, and Code Stroke. Not all our 3T 
scanners have the SMS option, so tumor monitoring still 
requires standard TSE. We have developed an extremely 
quick 3-plane T2 protocol using SMS TSE to evaluate shunt 
dysfunction in patients with hydrocephalus (Fig. 9).

The next phase of MRI technical developments herald-
ed the arrival of higher density 4G coils, in particular the 
64-channel coil [31] for head and neck imaging, and  
MAGNETOM Prismafit with its industry-leading gradients 
with a maximum gradient amplitude of 80 mT/m and  
a slew rate of 200 T/m/s. The ongoing development at  
Siemens Healthineers culminating in MAGNETOM Prismafit 
was covered by Schmitt [32] in a recent article in  
MAGNETOM Flash. In our efforts to reduce scan times the 
narrative is normally focussed on novel pulse sequences 
and complex image reconstruction algorithms but the 
complex interactions of the gradient sub-system that  
drives many of these advances is often ignored. Many of 
our standard clinical protocols utilize complex diffusion 
scans or fast scanning applications require the gradient 
sub-system to deliver acquisitions that produce smaller 
field of view (FOV), higher spatial resolution, shorter echo 
spacing (ESP), and minimum echo times (TE) to minimize 
image blurring and distortion artifacts.

3D imaging is the mainstay of numerous protocols 
within our institution, ranging from MR angiography, 
high-resolution T1 and FLAIR in our epilepsy protocols, and 
post-contrast black blood imaging in our neuro-oncology 
protocols, to volumetric T1 and T2 in research studies, or  
a basic T1 in screening brains.

10   A comparison of the minimum  
TE obtained across several clinical 
systems with differing gradient 
performance (maximum gradient 
amplitude and slew rates) using a 
standardized acquisition protocol:  
TR 5 sec minTE,  
FOV 380 × 81%,  
Res 128 × 100%,  
p2, 1.5 × 1.5 × 5.0 mm3,  
Monopolar Bw 2442 Hz,  
Normal RF,  
Max Performance Gradients,  
b-values 50/400/800 s/mm2.

Min TE vs max gradient strength (mT/m)
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Historically these acquisitions, even with standard PAT  
and the inclusion of 3D acceleration, have long resulted  
in many studies being degraded by patient motion. 

In 2007 Michael Lustig et al. [33, 34] introduced their  
work on Compressed Sensing (CS). The technique, initially 
proposed as a concept to accurately reconstruct signals 
from small numbers of random measurements, exploits 
the inherent redundancy of MRI data and thus facilitates 
significant scan time reductions. CS requires that the  
acquired image is compressible. In other words, it needs  
to have a sparse representation in a well-known transform 
domain. If this condition is met, and k-space is undersam-
pled such that the undersampling artifacts have a noise-
like appearance in this transform domain, the image can 
be reconstructed using a nonlinear iterative optimization 
[35–37]. The level of scan acceleration is governed by the 
compressibility of the image rather than the factors that 
affect standard parallel imaging and may highly depend  
on the application and the basic SNR conditions at hand. 
While CS is typically suited to 3D applications and excellent 
results are obtained in 2D functional cardiac studies,  
the sparsity requirements are often not met with static  
2D sequences. 

Our first introduction to CS imaging was with 3D TOF 
MRA [38–40], which has a high degree of sparsity that 
gives us the possibility to use higher acceleration factors 
based on the inherent differences in MR contrast based on 
the TOF acquisition. We learned very quickly that CS was a 
very different entity from standard acceleration techniques 
and it presented us with many challenges on the road to 
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clinical acceptance – including very slow reconstruction 
times due to the complex image reconstruction pipeline. 
As with all our research sequences, we performed intensive 
cross-technique comparisons to optimize the data quality. 
We were introduced to new image reconstruction parame-
ters that had dramatic effects on image quality. Many 
hours of retrospective data reconstruction were undertak-
en and involved varying the number of iterations and  
regularization factor to find the best trade-off between 
data consistency and mathematical data optimization. If 
the regularization factor was set too high, the images ap-
peared over-filtered. If it was set too low, the images were 
noisy. We also found that if we changed the number of  
iterations, the regularization factor needed to be adjusted 
(Fig. 11). This process was undertaken for the acceleration 
factors, and our preferences for these were determined  
by clinical presentation. We opted for two acceleration  
factors: one of 7.2 for vascular follow-up cases and for 
moyamoya and vasculitis scans; and one of 10.2 in AVM 
and Code Stroke. This resulted in considerable reductions 
in scan times (Figs. 12–14). An added bonus from the  
reconstruction process was an increase in spatial resolu-
tion, which went from 0.3 × 0.3 × 0.5 mm3 (5:48 min)  

using standard 3D TOF to 0.4 × 0.4 × 0.4 mm3 (3:20 min) 
using 3D CS TOF (Fig. 15).

The translation of 3D CS TOF acquisition, although 
challenging at times, presented us with fewer challenges 
than developing protocols for our other 3D sequences. 
Each 3D acquisition posed different challenges in relation 
to overall image quality and our perceptions of how far  
we could take the acceleration factors. The beauty of  
optimizing CS protocols is that you can retrospectively  
reconstruct the data by modifying the regularization factor 
and number of iterations until you have reached that level 
of data consistency. The optimization of the CS T2 SPACE 
acquisition was the most straightforward and resulted in 
significant reductions in scan time. Similar to the 3D CS 
TOF, an added bonus was an increase in spatial resolution 
from 0.9 × 0.9 × 0.9 mm3 (5:20 min) for the standard  
3D T2 SPACE to 0.8 × 0.8 × 0.8 mm3 (2:30 min) for the  
compressed sensing version (Fig. 16). 

11   These images demonstrate the 
importance of optimizing the 
regularization factor in Compressed 
Sensing (CS) reconstruction and  
the impact it has on image quality.  
The images shown are CS MPRAGE2 
acquired on a MAGNETOM Prismafit 
with syngo MR E11C with a spatial 
resolution of 0.8 mm isotropic 
acquired in 2:30 min using a standard 
32-channel Head Coil.GM / WM blurring:  

regularization too high
Acceptable image quality: 

balanced
Image noise:  

regularization too low

11A 11B 11C

12   The image quality achieved in our 
internal quality assurance testing 
prior to our implementation of 
Compressed Sensing 3D Time of 
Flight (CS 3D TOF) into our standard 
protocols. The images shown are 
acquired on a MAGNETOM Prismafit 
with syngo MR E11C using a standard 
32-channel Head Coil with previously 
determined regularization factor and 
number of iterations. These images 
represent the image quality achieved 
at differing levels of acceleration  
when compared to our standard  
3D TOF MRA.

3D TOF MRA p2,  
0.5 mm isotropic, 5:35 min

3D CS TOF MRA, 0.4 mm 
isotropic, Accel 7.2, 2:20 min

3D CS TOF MRA,  
0.4 mm isotropic, Accel 4.4

2  CS MPRAGE is work in progress. The application is currently under development 
and is not for sale in the U.S. and in other countries. Its future availability cannot 
be ensured.
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13   A comparison of two MRA techniques 
in a follow-up study of intracranial 
vasculitis.

Conventional 3D TOF MRA, 0.5 mm isotropic, 5:34 min

3D CS TOF MRA, 0.4 mm isotropic, 3:30 min

14   A clinical case of pre-operative 
planning in a patient with an 
arteriovenous malformation (AVM) 
acquired using CS MPRAGE2 and CS  
3D TOF MRA. The MRA was acquired 
with an acceleration of 10.2, which  
is our standard acceleration factor for 
AVMs balancing whole-head vessel 
coverage in an acceptable scan time 
whilst maintaining high quality data.

3D T1 CS MPRAGE2,  
0.8 mm isotropic, cor MPR

CS TOF 3D TOF MRA, 0.4 × 0.4 × 0.4 mm3,  
5 Slab (whole-brain coverage),  

Accel 10.2, 4:34 min
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15   A screenshot of our Dot protocols  
for MRA demonstrating the protocol 
variations between our old standard 
3D TOF MRA and the updated 
Compressed Sensing 3D Time of 
Flight (CS 3D TOF). The screenshots 
demonstrated the difference in 
spatial resolution, acceleration 
(shown as PAT) which equates  
to scan time reduction, volume  
coverage, and importantly  
image quality.

16   MAGNETOM Prismafit with syngo MR 
E11C and 32-channel Head Coil,  
3D T2 SPACE, 0.9 mm isotropic,  
5:20 min vs. 3D T2 CS SPACE,  
0.8 mm isotropic, 2:30 min.  
(16A, B, D, E) 13-year-old normal 
control research participant.  
(16C, F) High-grade glioma.

16A

16D

16B

16E

16C

16F

Our center has a very busy epilepsy surgery program  
and we have become reliant upon high-resolution  
fat-suppressed 3D SPACE FLAIR for our comprehensive  
imaging protocol in these patients [41, 42]. High resolu-
tion? Our previous standard of care protocol acquired  
0.9 × 0.9 × 0.9 mm3 p2 FLAIR in 6:20 minutes, so the  
challenge was to see if we could obtain the same degree  
of scan time reduction as we did with T2 SPACE. Based on 
the information we obtained working with the T2 SPACE,  
it was clear that this wouldn’t be possible. We settled on  
a protocol that provided a modest reduction in scan time, 
but as we experienced with the T2 SPACE, the SNR in  
acquisition enabled us to obtain a higher resolution of  
0.8 × 0.8 × 0.8 mm3 (4:10 min) for the CS version com-

pared to 0.9 × 0.9 × 0.9 mm3 (6:20 min) for the standard 
3D T2 SPACE (Fig. 17).

3D T1 MPRAGE acquisitions are an integral component 
when constructing our pediatric brain protocols, and the 
flexibility to modify scan parameters based on the patient’s 
age, clinical presentation, and compliance whilst preserv-
ing image quality is critical. If we apply our original  
question – can we reduce scan time whilst maintaining  
image quality that is equal to or better than the original? – 
I believe that with the majority of applications for MPRAGE 
we have met the brief, with the exception of epilepsy, 
where the image sharpness at the cortical grey matter–
white matter junctions is slightly inferior to standard 
MPRAGE imaging, which reduces our diagnostic confidence 
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in finding small cortical dysplasias (Figs. 18, 19). In  
contrast studies, the Compressed Sensing version of 
MPRAGE had the same degree of diagnostic accuracy  
when compared to standard MPRAGE [43, 44] (Fig. 20). 

Our most challenging and definitely most frustrating 
task was the implementation of post-contrast, fat-sup-

pressed black blood T1 SPACE in oncology. The sensitivity 
and specificity when evaluating metastatic disease in pedi-
atric brain tumors dictates that this sequence is included  
in our protocols. Our initial attempts at developing this  
protocol failed due to inconsistent image quality resulting 
from a lack of inherent image contrast that introduced  

18   Comparison of standard 3D MPRAGE 
p2, 0.9 mm isotropic, 4:20 min (top 
row) and 3D CS MPRAGE, accelera-
tion factor 3.5, 0.8 mm isotropic, 
2:30 min (bottom row) in a patient 
with an AVM (arrow) demonstrating 
higher spatial resolution in a shorter 
scan time.

Standard 3D SPACE FLAIR, 0.9 mm isotropic, 6:20 min

3D CS SPACE FLAIR, 0.8 mm isotropic, 4:10 min

17   Comparison of 3D T2 FS SPACE and 3D T2 FS CS SPACE in a 16-year-old female with hippocampal lesion on outside imaging.  
Acquired on 3T MAGNETOM Prismafit with syngo MR E11C and the 32-channel Head Coil.
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19   A clinical example of a patient with 
an arachnoid cyst comparing 3D 
MPRAGE p2, 0.9 mm isotropic,  
4:20 min, and 3D CS MPRAGE2, 
acceleration factor 3.5, 0.8 mm 
isotropic, 2:30 min, resolution in a 
shorter scan time. The T2 images 
were acquired with SMS TSE.

*3D T1 CS MPRAGE

21   Our first clinical case comparing  
our standard susceptibility-weighted 
sequence (SWI) to 3D Wave CAIPI 
SWI. The standard SWI protocol  
(21A) uses a parallel imaging (PAT) 
factor of 3 and a minimally higher 
interpolated spatial resolution  
(0.6 × 0.6 × 1.8 mm3) acquired in  
3:05 minutes compared to (21B)  
the Wave CAPI SWI (0.7 × 0.7 ×  
1.5 mm3) acquired with an accelera-
tion of 3 × 2 and a resultant scan 
time of 1:32 min.

21A 21B

20   A side-by-side comparison of three 
fat-suppressed (FS) 3D T1 volumetric 
sequences in a patient with 
metastatic pilocytic astrocytoma 
following the administration of  
0.05 ml/kg 1 mmol gadolinium 
contrast agent. 

3D T1 FS MPRAGE,  
0.9 mm isotropic, p3, 3:20 min

3D T1 FS BB SPACE,  
0.8 mm isotropic, 4:10 min

3D T1 FS CS MPRAGE2,  
0.9 mm isotropic, 2:10 min
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artifacts from a lack of data fidelity due to undersampling 
effects, motion and pulsatile artifacts, and ultimately lower 
acceleration rates.

On reflection, the introduction of Compressed Sensing 
into our standard protocol has achieved our goals by reduc-
ing scan times whilst maintaining imaging quality and  
diagnostic integrity [45–48]. But outside of a scan time 
perspective, CS also represents a paradigm shift in MRI.  
Unlike conventional imaging, the image reconstruction  
operation is non-linear, which renders this process less 
comprehensible. Artifacts and pitfalls may be much harder 
to detect and understand. The variation in our ability to  
reduce scan times was dictated by the weighting of the se-
quence (T1, T2) and the level of sparsity from the inherent 
tissue contrasts rather than the system hardware. The tech-
nique does require optimization of critical reconstruction 
parameters to maintain data fidelity when compared to 
standard acquisitions, and the introduction of different  
artifacts based on low-sparsity data and movement needs 
to be recognized and where necessary repeated. In some 
cases, a non-accelerated acquisition will produce data of 
higher consistency and the skill is to determine when to 
make that call. Remember that going faster isn’t always the 

best option – understand the limitations and consequenc-
es of all the options you choose for scanning your patient. 

The earliest attempts to accelerate 3D imaging  
by applying parallel imaging in both phase encoding  
directions produced images of varying degrees of quality 
and it was not until the development of CAIPIRINHA and 
more recently Wave CAIPI [49, 50] that it has been possible 
to produce high-quality data in reduced scan times without 
the use of computer-intensive iterative reconstruction  
techniques. CAIPIRINHA can be applied to SPACE and VIBE 
sequences within the standard 3D tree, Wave CAIPI is avail-
able also for GRE with SWI and for research applications in 
MPRAGE2 and SPACE2 [49]. This produces imaging proto-
cols with significant reductions in time depending on  
the matrix coil, which ultimately defines the limitations on 
acceleration in both phase encoding directions. A review  
of the literature [51–56] supports our conclusions that  
the implementation of Wave CAIPI sequences into standard 
pediatric imaging protocols is possible and the reduction  
in scan times is consistent with other techniques without 

22   Clinical case of a 2-week-old baby1, complex congenital heart disease (CHD) post 1st phase corrective surgery – clinical presentation  
floppy. Comparing our standard susceptibility-weighted sequence (SWI) to 3D Wave CAIPI SWI. The standard neonatal SWI protocol (22A)  
uses a parallel imaging (PAT) spatial resolution (0.6 × 0.6 × 1.6 mm3) acquired in 3:47 min compared to (22B) the Wave CAPI version  
(0.6 × 0.7 × 1.6 mm3) acquired with an acceleration of 2 × 2 and a resultant scan time of 2:30 min. 
(22A,B) BLADE T2, 0.6 × 0.6 × 2.5 mm3; (22C–F) SMS RESOLVE DWI b 1000 s/mm2, (22G) SWI p2, 0.6 × 0.6 × 1.6 mm3, 3:47 min;  
(22H) Wave CAIPI SWI 2 × 2, 0.6 × 0.6 × 1.6 mm3, 2:30 min

22A

22B

22C

22D

22E

22F

22G

22H

2 Work in progress. The applications are currently under development and not for 
sale in the U.S. and in other countries. Their future availability cannot be ensured.
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the long reconstruction times attributed to the iterative  
reconstruction methods. We currently use tgre_wave with 
SWI and MPRAGE2. Depending on the resolution required, 
the minimum reduction in scan time is 50% and higher  
in some other instances. In standard applications of Wave 
CAIPI SWI we use an acceleration factor of 3 × 2, but  
in neonatal1 cases we use a more modest 2 × 2 as shown  

in the images. We haven’t fully evaluated the application  
of Wave CAIPI SPACE2 to pediatrics, as we have primarily  
focused our work on the compressed sensing applications  
(Figs. 21, 22).

Currently our preferred choices are 3D TOF, T2 SPACE,  
and FS SPACE FLAIR where we use Compressed Sensing 
and for MPRAGE and SWI we use the Wave CAIPI sequences 

p2: 1:23 min p3: 1:06 min p4: 58 sec p3 + DL: 1:06 min p4 + DL: 58 sec

24   This is an illustration of the effect of varying the parallel imaging factor (PAT) on the scan time and subsequent reduction in signal-to-noise 
(SNR). All parameters remained locked except for the PAT factor. A deep learning algorithm (DL) was applied during image reconstruction to 
denoise the images and improve image quality.

3D T1 MPRAGE p2, 1.0 mm isotropic, 4:20 min

23   Clinical case of stroke follow-up in a 17-year-old girl with moyamoya disease comparing our standard 3D T1 MPRAGE (p2, 1 mm isotropic,  
4:20 min) protocol to 3D Wave CAIPI MPRAGE2 with a moderate PAT factor (p2x2, 1 mm isotropic, 2:34 min). 

3D T1 Wave CAIPI MPRAGE2, p2x2, 1.0 mm isotropic, 2:34 min
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(Fig. 23). We currently still prefer to use standard MPRAGE 
for neonatal imaging.

The most recent innovation and potentially the most 
exciting is the use of artificial intelligence (AI) image  
reconstruction techniques to denoise and sharpen our data 
in our quest to reduce scan times. Two recent articles pub-

lished in MAGNETOM Flash by Behl [57] and Hammernik 
[58] describe the potential to dramatically reduce imaging 
time while maintaining image quality by using deep  
learning techniques. We know from the literature and  
every MR lecture we attend that the final MR image is a 
compromise between three tightly associated factors:  

25   Clinical case of patient presenting 
with seizures requiring MRI for 
evaluation of suspected focal cortical 
dysplasia (FCD). 
Three whole-brain coronal T2 scans 
were acquired where spatial 
resolution was matched (0.2 × 0.2 × 
2.5 mm3). 
 
25A: TSE p2, 4:23 min 
25B: SMS TSE p2s2, 2:36 min 
25C: TSE p4 DL, 2:27 min

25A 25B 25C

Std TSE  
TR 7500 msec 
TE 119 msec 
TI 2290 msec 
Slice thickness 3.5 mm 
220 × 75% FOV 
320 × 80% 
TA 3:28 min

DL TSE p3  
TR 7500 msec 
TE 119 msec 
TI 2290 msec 
Slice thickness 3 mm 
220 × 80% FOV 
352 × 80% 
TA 2:02 min

26   Clinical example comparing standard (std) 2D FS FLAIR and 2D FS FLAIR with deep learning (DL) in a patient with bilateral infarcts from 
venous sinus thrombosis.
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SNR, resolution, and acquisition time. Minor modifications 
of one factor significantly affect the others – and AI or 
deep learning (DL) reconstruction methods have the poten-
tial to minimize these effects [59, 60]. 

We know that the use of PAT options introduces noise 
within the image, and the use of high-density coils intro-
duces an inhomogeneous distribution of noise, which  
combined will degrade image quality. Deep learning  
solutions have the potential to denoise these images and  
dramatically improve image quality (Fig. 24).

By using deep learning we can increase the resolution, 
introduce higher PAT factors, or reduce the number of  
averages. We can intentionally create an image with more 
noise present in the data and use DL in the reconstruction 
phase to produce images of diagnostic quality. These tech-

niques have enabled us to reduce the scan times of our 2D 
acquisitions that were previously not suitable for iterative 
reconstruction techniques (Fig. 25). 2D FLAIR acquisitions 
are used in many pediatric brain protocols and, based on 
conventional TSE acquisition strategies, they are consid-
ered slow when compared to other TSE sequences. The  
use of higher PAT factors and denoising of the image using 
DL has enabled a minimum 50% reduction in scan time 
(Figs. 26–28). This reduction in scan time is like all our  
2D TSE sequences, but users should be aware that because 
we are potentially increasing the degree of data undersam-
pling by using higher PAT factors, there is the potential  
for ringing artifacts, more prominent pulsatile effects,  
and more evident image degradation from movement. 

27   Same patient as in Figure 26, comparing DL 2D TSE FLAIR with 3D SPACE FS FLAIR CS. Patient presenting with seizure, clinical question: Focal 
Cortical Dysplasia (FCD)?  
(27A) DL 2D T2 TSE FLAIR, 0.4 × 0.4 × 3.0 mm3, 2:23 min 
(27B) 3D SPACE FS FLAIR CS, 0.8 × 0.8 × 0.8 mm3, 3:48 min 

27A

27B
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28   Standard 2D FS FLAIR has been one of the roadblocks to faster clinical brain protocols. These examples (28A, B) post operative DNET (28C, D) 
post operative Ewings sarcoma and (28E, F) Code Stroke that turned out to be high grade glioma demonstrate the utility of applying deep 
learning (DL) to 2D FLAIR to provide a strategy to reduce scan times and improve image quality. (28G) is an example of our 1 min Code Stroke 
FLAIR protocol.

Standard 2D FLAIR protocol  
(3:20 min)

Std 2D FLAIR protocol  
(3:20 min)

DL 2D FLAIR protocol  
(1:36 min)

DL 2D FLAIR protocol  
(1:43 min)

Code Stroke FLAIR protocol  
(2:00 min)

Code Stroke DL 2D FLAIR protocol 
(1:02 min)

DL 2D FLAIR protocol  
(1:02 min)

28A

28C

28B

28D

28E

28F

28G

29   Putting it all together into a clinical 
neuro-oncology protocol. Recurrent 
supra tentorial Ewings Sarcoma.  
 
29A: T2 TSE DL p3,  
 0.2 × 0.2 × 2.5 mm3, 2:20 min 
29B:  T2 FS FLAIR DL, 1:43 min 
29C:  SMS RESOLVE p2s2 DWI,  
 b-value 1000 s/mm2  
29D:   CS FS T1 SPACE BB,  

0.8 mm isotropic, 4:12 min

29A

29D

29B 29C
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Conclusion
The introduction of faster scanning techniques into routine 
pediatric protocols is possible and the scan time reductions 
can be significant. Whilst there may not be a single solu-
tion for each clinical protocol, the tools are available to  
customize your sequences to match the requirements of 
your department (Fig. 29). The MR team must have a basic 
understanding of the technique and, importantly, of any 
limitations associated with it before blindly implementing 
it into your daily protocols. There is the potential to intro-
duce new artifacts with many of these methods, so you 
need to have a basic understanding of the underlying pulse 
sequence and reconstruction processes so you can perform 
quality assurance on your images. A caveat to introducing 
faster techniques is that some of the options available may 
use gradient-intensive pulse sequences that could produce 
a different acoustic noise profile or higher volume and  
induce more vibration that may disturb some patients.

Disclaimer
All images and author comments relate to the research  
versions of the Compressed Sensing, Wave CAIPI, and deep 
learning applications scanned on a MAGNETOM Prismafit 
with syngo MR E11C software. 
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