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MRI Techniques to Decrease 
Imaging Times in Children

Long acquisition times can limit the use of MRI in pediatric pa-

tients, and the use of sedation or general anesthesia is frequently 

necessary to facilitate diagnostic examinations. The use of sedation 

or anesthesia has disadvantages including increased cost and imag-

ing time and potential risks to the patient. Reductions in imaging 

time may decrease or eliminate the need for sedation or general 

anesthesia. Over the past decade, a number of imaging techniques 

that can decrease imaging time have become commercially avail-

able. These products have been used increasingly in clinical practice 

and include parallel imaging, simultaneous multisection imaging, 

radial k-space acquisition, compressed sensing MRI reconstruc-

tion, and automated protocol selection software. The underlying 

concepts, supporting data, current clinical applications, and avail-

able products for each of these strategies are reviewed in this article. 

In addition, emerging techniques that are still under investigation 

may provide further reductions in imaging time, including artificial 

intelligence–based reconstruction, gradient-controlled aliasing sam-

pling and reconstruction, three-dimensional MR spectroscopy, and 

prospective motion correction. The preliminary results for these 

techniques are also discussed. 
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After completing this journal-based SA-CME 

activity, participants will be able to:

	�Describe the main principles of parallel 

imaging, SMS imaging, radial k-space 

sampling, compressed sensing MRI re-

construction, artificial intelligence–based 

reconstruction, 3D MR spectroscopy, 

and Wave-CAIPI.

	�Identify clinical applications for parallel 

imaging, SMS imaging, radial k-space 

sampling, compressed sensing MRI re-

construction, and automated protocol 

selection software.

	�Discuss the main limitations of these 

imaging strategies.

See rsna.org/learning-center-rg.

SA-CME LEARNING OBJECTIVES

Introduction
MRI is now commonly used to image children with complex medi-

cal problems. Compared with other imaging modalities, it offers the 

advantages of excellent soft-tissue contrast, lack of patient exposure 

to ionizing radiation, and multiplanar and cinematic imaging capa-

bilities (1). However, an important limitation of MRI in this popula-

tion is the long acquisition time, which requires patients to remain 

still for prolonged periods while following repeated instructions to 

ensure adequate image quality. Neonates and infants imaged with 

the use of the “feed-and-swaddle” technique and school-age children 

may tolerate long imaging times (2). However, children between the 

ages of 6 months and 6 years may require deep sedation or general 

anesthesia before diagnostic MRI can be performed (3).

There are numerous disadvantages associated with the use of seda-

tion and general anesthesia at pediatric MRI, including (a) increased 

cost, (b) longer examination and recovery times, (c) longer wait 

times due to limited anesthesia availability, and (d) a higher risk for 

short-term and possibly long-term complications of the sedative and 

anesthetic agents (4–7). Consequently, there has been substantial 

interest in developing new MRI strategies to minimize acquisition 

time and thereby decrease the use, depth, or duration of sedation at 

pediatric MRI.

Over the last decade, several MRI techniques that have substantially 

decreased imaging times have become commercially available. These 

This copy is for personal use only. To order printed copies, contact  reprints@rsna.org
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spatial localization. Parallel imaging is a group of 

MRI techniques that allow the removal of alias-

ing artifacts from acquisitions that undersample 

the k-space in the phase-encoding directions (8). 

Although there are different parallel imaging strate-

gies, all of them leverage the use of multichannel 

phased-array coils (Fig 1). These phased-array coils 

comprise multiple independent receiver elements. 

Each element has a unique location and sensitivity 

profile that can aid in MRI signal spatial localiza-

tion, thereby offsetting the spatial information that 

is lost with skipped-phase encoding lines (9).

There are two major strategies in parallel 

imaging: image domain reconstruction and k-

space domain reconstruction. In image domain 

reconstruction, aliased pixels are corrected in the 

image domain after Fourier transformation. The 

first step in image domain reconstruction typically 

involves generation of a coil sensitivity map with a 

low-spatial-resolution full–field-of-view acquisition 

from each coil receiver element. The undersampled 

main pulse sequence is then performed, resulting in 

generation of an aliased image from each receiver 

element. The information from the coil sensitivity 

maps is subsequently applied to a reconstruction 

matrix inversion process that “unwraps” and com-

bines these separate images to form a nonaliased 

full–field-of-view image (8). The commercially 

available image domain reconstruction products in-

clude sensitivity encoding (SENSE; Philips Health-

care, Best, the Netherlands), modified sensitivity 

encoding (mSENSE; Siemens Healthineers), and 

array spatial sensitivity encoding technique (AS-

SET; GE Healthcare, Milwaukee, Wis).

In contrast, k-space reconstruction corrects 

for aliasing artifacts in the k-space domain before 

image reconstruction. The underlying concept 

behind this strategy is to use acquired k-space data 

to estimate the missing undersampled data by us-

ing coil sensitivity profiles. First, the undersampled 

pulse sequence is performed. During the pulse se-

quence, additional data that are referred to as the 

autocalibration signal are acquired near the center 

of the k-space. The autocalibration signal data usu-

ally have the same field of view as the desired final 

image but with lower resolution (10). The auto-

calibration signal is used to generate weighting fac-

tors for each coil. Application of these weighting 

factors to the acquired data allows for estimation 

of the missing undersampled k-space data for each 

coil acquisition. The Fourier transform creates 

single-coil images, which are subsequently com-

bined to form the final image. The commercially 

available k-space domain reconstruction products 

include generalized autocalibrating partial parallel 

acquisition (GRAPPA; Siemens Healthineers) and 

autocalibrating reconstruction for Cartesian imag-

ing (ARC; GE Healthcare).

techniques are the focus of this article and in-

clude parallel imaging, simultaneous multisection 

(SMS) imaging, radial k-space sampling, com-

pressed sensing reconstruction, and automated 

protocol selection software. In addition, several 

MRI techniques that are still under development 

have shown early promise for even greater imag-

ing time reductions. These investigative techniques 

are also reviewed. Radiologists who perform 

and interpret MRI examinations of infants and 

young children should be familiar with these new 

techniques, which have great potential to minimize 

sedation requirements and improve MR image 

quality in this vulnerable patient population.

Commercially Available Techniques  
to Decrease Acquisition Time

Parallel Imaging
The length of an MRI examination is proportional 

to the number of phase-encoding lines acquired. 

However, reducing the number of phase-encoding 

lines can lead to aliasing artifacts (also known as 

wrap-around artifacts) because of a reduced ef-

fective field of view and inadequate MRI signal 

TEACHING POINTS
	� There are numerous disadvantages associated with the use of 

sedation and general anesthesia at pediatric MRI, including  

(a) increased cost, (b) longer examination and recovery times, 

(c) longer wait times due to limited anesthesia availability, and 

(d) a higher risk for short-term and possibly long-term compli-

cations of the sedative and anesthetic agents.

	� Parallel imaging is a group of MRI techniques that allow the 

removal of aliasing artifacts from acquisitions that undersam-

ple the k-space in the phase-encoding directions.

	� SMS imaging entails the application of a multiband radiofre-

quency pulse that excites protons in multiple sections during 

a single repetition time. Signals from these sections are then 

acquired during a single readout, leading to reduced imaging 

times.

	� Radial k-space sampling can reduce imaging time in several 

ways. First, it may decrease the need for repeated sequences 

because of motion artifacts. Second, radial techniques may 

obviate the necessity of respiratory triggering. Particularly in 

younger patients with shallow, fast, or irregular breathing, 

respiratory triggering at MRI can prolong imaging times, 

because k-space data are only acquired during a portion of 

the respiratory cycle, and the repetition time may increase, 

depending on the patient’s respiratory rate and triggering 

efficiency. Third, improvements in imaging time and quality 

are achievable if the number of and width of the blades are 

optimized and if the repetition time is matched to the respira-

tory cycle.

	� There is considerable redundancy of data with standard MRI. 

Because of this redundancy, there is an opportunity to achieve 

improved temporal resolution and reduced imaging times by 

vastly undersampling the k-space data while preserving high 

image quality, which is the basis of compressed sensing MRI 

reconstruction. 
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(1:1 relationship). However, financial, weight, and 

space considerations often restrict the number of 

receiver elements used.

The most important drawback of parallel imag-

ing is a reduction in signal-to-noise ratio (SNR) 

with an increasing acceleration factor (Fig 2). 

The reduction in SNR results from the decreased 

number of signals acquired during the pulse se-

quence, the geometric arrangement of the receiver 

elements (geometric or g-factor), and the reduced 

sensitivity of the elements toward the center of the 

body. SNR is generally improved when imaging 

at 3.0 T compared with that at 1.5 T with parallel 

imaging. In addition, residual aliasing can appear 

as “ghosts” inside or outside the imaged object. 

This most often occurs because of an acceleration 

factor that is too high for the coil geometry. Re-

sidual aliasing can also result from inaccurate coil 

Both strategies are largely interchangeable, with 

similar image quality and time savings. Reduc-

tions in imaging times are directly correlated with 

the acceleration factor, which is defined as the ratio 

of the amount of k-space data acquired in a fully 

sampled image to the amount acquired in the 

accelerated acquisition (10). For example, an ac-

celeration factor of two would reduce the imaging 

time by half. Typical acceleration factors for paral-

lel imaging in clinical practice range from 1.5 to 

four. Parallel imaging can be combined with other 

imaging time–reduction strategies to reduce imag-

ing times even further, such as SMS imaging and 

compressed sensitivity encoding reconstruction. 

Generally, the number of independent receiver 

elements used in a multichannel phased-array coil 

is directly proportional to the acceleration factor 

that is potentially achievable with parallel imaging 

Figure 1. Examples of multichan-
nel phased-array coils. (a) Sche-
matic representation of a 6  2–

channel phased-array body imaging 
coil. Each octagon represents an in-
dependent coil element that can aid 
in signal spatial localization because 
of its unique signal sensitivity pro-
file. (b) Photograph shows an ex-
ample of an eight-channel phased-
array head imaging coil. (Images 
courtesy of Siemens Healthineers, 
Erlangen, Germany.)

Figure 2. Increasing the parallel imaging acceleration factor (R) leads to reduced acquisition time (TA [minutes:seconds]) but de-
creased SNR in a 19-year-old man. Axial T2-weighted images of the brain acquired with GRAPPA with progressively increasing ac-
celeration factors show that as the acceleration factor increases, acquisition time decreases. However, there is progressively increasing 
image noise. 
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sensitivity maps (image domain reconstruction) or 

errors in the generation of coil-weighting factors 

(k-space domain reconstruction).

Parallel imaging has broad applications and 

can be used with nearly any pulse sequence and 

anatomy, including whole-body imaging, MR an-

giography, cardiac imaging, and dynamic imaging 

of pharyngeal movement (8,11–16). Two-dimen-

sional (2D) controlled aliasing in parallel imag-

ing results in higher acceleration (CAIPIRINHA; 

Siemens Healthineers) is a related parallel imaging 

technique that achieves acceleration in both the 

phase-encoding (ky) and partition-encoding (kz) 

directions through gradient offset mediated con-

trolled aliasing (17). This approach yields aliasing 

patterns that facilitate improved exploitation of coil 

sensitivities across the entire imaged volume. Two-

dimensional CAIPIRINHA is predominantly used 

in breath-hold three-dimensional (3D) abdominal 

imaging. For example, Li et al (18) demonstrated a 

15-fold reduction in abdominal imaging time with 

a T1-weighted 3D gradient-recalled-echo (GRE) 

sequence in nonsedated pediatric patients with 

significantly fewer motion artifacts.

SMS Imaging
SMS imaging entails the application of a multi-

band radiofrequency pulse that excites protons in 

multiple sections during a single repetition time. 

Signals from these sections are then acquired dur-

ing a single readout, leading to reduced imaging 

times (Fig 3). In SMS, additional encoding steps 

are required to resolve aliasing in the section-

encoding direction. Such encoding is usually 

accomplished with a combination of coil encoding 

(parallel imaging) and either radiofrequency pulse 

encoding or gradient encoding (19). These latter 

methods allow controlled shifting of the aliased 

sections in the phase-encoding direction, which 

enables greater exploitation of the sensitivity pro-

files of the multichannel phased-array coils (1).

Reduction in imaging time with SMS is propor-

tional to the number of simultaneously acquired 

images of multiple sections, commonly referred to 

as the section acceleration factor. Currently, section 

acceleration factors typically range from two to 

eight (20). In addition, SMS can be combined with 

other MRI acceleration techniques to achieve even 

faster imaging times, with limited image degrada-

tion (21). For example, Benali et al (22) demon-

strated fourfold acceleration times in pediatric knee 

MRI without compromising diagnostic perfor-

mance with a parallel imaging acceleration factor of 

two and a section acceleration factor of two.

Unlike that with parallel imaging, SNR is gen-

erally preserved with SMS, because the number 

of phase-encoding lines is the same as that in a 

non-SMS pulse sequence (23). SMS can gener-

ally be used at 1.5 T without substantial decreases 

in SNR compared with that at 3.0 T. However, 

residual intersection aliasing (also known as section 

leakage) can occur, particularly with increasing 

section acceleration factors (Fig 4). Intersection 

aliasing artifacts with SMS imaging can be more 

insidious than typical in-plane aliasing artifacts 

and often affect only portions of specific sections 

(19,24). Consequently, differentiating residual 

aliasing artifacts from true signal can be difficult.

Several commercial SMS products are avail-

able from vendors (Simultaneous Multi-Slice, 

Siemens Healthineers; Hyperband, GE Health-

care; and Multi-Band SENSE, Philips Health-

care). There are already numerous applications 

for SMS imaging, and the use of this relatively 

new technique will likely continue to grow as 

increased clinical and research experience de-

velops. The benefit of SMS in neuroimaging has 

been well demonstrated with echo-planar imag-

ing sequences such as diffusion-weighted imaging 

(DWI), diffusion-tensor imaging, and functional 

MRI (blood oxygen level dependent) (23,25,26). 

For example, Setsompop et al (26) demonstrated 

threefold reductions in imaging times for DWI of 

the brain with similar diffusion information and 

only small losses in SNR. Hoge et al (25) showed 

improved sensitivity, spatial detail, and specific-

ity with section acceleration factors up to six for 

blood oxygen level–dependent functional MRI. 

Authors of published articles (27,28) have simi-

larly demonstrated the utility of SMS with DWI of 

the abdomen (Fig 5). SMS more recently has been 

Figure 3. Schematic representation of axial 
SMS T2-weighted fast spin-echo (FSE) MRI of 
the knee. A composite radiofrequency pulse 
excites the protons in multiple sections at once 
(horizontal lines). Data are acquired from each 
section during a single readout. This compares 
to a standard acquisition in which data from indi-
vidual sections are acquired sequentially. Conse-
quently, SMS leads to decreases in imaging time 
that are proportional to the number of simulta-
neously acquired sections.
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implemented clinically with fast spin-echo (FSE) 

sequences (Fig 6), and publications (22,29) have 

shown its benefit with spine and musculoskeletal 

imaging. For example, Longo et al (29) showed 

significant reductions in imaging time for a lumbar 

spine MRI protocol with the use of a combina-

tion of parallel imaging and SMS (5 minutes and 

28 seconds) compared with time for a standard 

protocol (16 minutes and 30 seconds) without a 

significant effect on diagnostic quality.

Radial K-Space Sampling
Historically, K-space sampling has been most 

commonly performed in a Cartesian manner with 

row-by-row acquisition of k-space data. However, 

alternative strategies have been developed over the 

past several decades, the most common of which 

is radial k-space sampling. In radial techniques, 

radially oriented k-space data segments referred 

to as “blades” are acquired (Fig 7). These blades 

comprise several parallel lines of k-space data that 

traverse through the center of the k-space (30). 

Compared with Cartesian acquisitions, radial tech-

niques lead to a relative oversampling of the central 

k-space and undersampling of the peripheral 

k-space, resulting in time savings. Central oversam-

pling generally preserves image contrast and SNR, 

although some blurring of anatomic borders may 

be present. Similar to SMS, radial acquisitions can 

be performed at 1.5 T without a substantial loss in 

SNR compared with that at 3.0 T.

Another advantage of radial acquisition is the 

ability of these sequences to disperse in-plane 

motion artifacts in multiple directions along the 

orientation of the blades. In comparison, in-plane 

motion is distributed coherently along a single 

phase-encoding direction in Cartesian sequences. 

Thus, motion artifacts tend to be reduced with 

the use of the radial technique (Fig 8).

Radial k-space sampling can reduce imaging 

time in several ways. First, it may decrease the need 

for repeated sequences because of motion artifacts. 

Second, radial techniques may obviate the neces-

sity of respiratory triggering. Particularly in younger 

patients with shallow, fast, or irregular breathing, 

respiratory triggering at MRI can prolong imaging 

Figure 4. Residual intersection aliasing artifacts due to SMS acceleration in a 14-year-old girl. Axial DWI MR images of the abdomen 
that were acquired without SMS (a), with an SMS acceleration factor of two (b), and with an SMS acceleration factor of four (c) show 
decreased acquisition times (TA [minutes:seconds]) as the SMS acceleration factor increases. However, use of an SMS acceleration fac-
tor of four results in residual aliasing artifacts, which are not present in the other two images.

Figure 5. Reduced acquisition time without image degradation with SMS imaging in a 5-year-old girl with tuberous sclerosis.  
(a, b) Axial DWI apparent diffusion coefficient maps of the abdomen that were acquired without SMS (a) and with SMS and an ac-
celeration factor of two (b) show similar image quality but substantially reduced acquisition time (TA [minutes:seconds]) in the SMS 
image. A hypointense lesion in the right kidney (arrow) correlates with a known angiomyolipoma (not shown). (c) Axial contrast-
enhanced T1-weighted MR image of the abdomen shows heterogeneous mild enhancement in this lesion (arrow). 
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times, because k-space data are only acquired dur-

ing a portion of the respiratory cycle, and the repeti-

tion time may increase, depending on the patient’s 

respiratory rate and triggering efficiency. Third, 

improvements in imaging time and quality are 

achievable if the number of and width of the blades 

are optimized and if the repetition time is matched 

to the respiratory cycle (1). Fourth, because radial 

sequences oversample the central k-space, these 

acquisitions may also permit prospective motion 

correction. More specifically, the data at the center 

of the k-space can be used as a reference for each 

blade, allowing for correction or discarding of data 

that are compromised by patient motion (30).

There can be several drawbacks to radial k-

space sampling. The relative undersampling of the 

periphery of the k-space can lead to blurring at 

anatomic boundaries. Radial k-space sampling can 

exhibit orientation dependence, often yielding the 

best image quality with axial acquisitions. Sagittal 

and coronal acquisitions are at higher risk for ex-

tensive streak artifacts from peripheral undersam-

pling related to a larger field of view. Also, current 

radial imaging is performed in a Cartesian sam-

pling configuration in the section direction, which 

is often referred to as a “stack of stars” configura-

tion and which decreases in-plane motion artifacts 

but does not correct for through-plane motion. 

In addition, marked patient motion can lead to a 

severely degraded image if prospective motion cor-

rection is used with radial sampling (Fig 9).

Commercially available radial acquisition 

products include periodically rotated overlap-

ping parallel lines with enhanced reconstruction 

(PROPELLER; GE Healthcare) and MultiVane 

and BLADE (proprietary names for the Philips 

Healthcare and Siemens Healthineers versions, 

respectively, of PROPELLER). Clinical applica-

tions have largely centered around FSE sequences. 

For example, Zhang et al (31) described reduced 

motion artifacts and decreased imaging times with 

respiratory-triggered radial T2-weighted sequences 

of the abdomen compared with Cartesian acquisi-

tions. Lee et al (32) reported similar or improved 

image quality with radial T2-weighted abdominal 

imaging without respiratory triggering compared 

with Cartesian T2-weighted imaging with respira-

tory triggering in children. Similar findings have 

been reported at MRI of the brain. For example, 

Lavdas et al (33) showed improved SNR, contrast-

to-noise ratio, and motion degradation with radial 

T2-weighted fluid-attenuated inversion-recovery 

Figure 6. Increasing SMS acceleration factor reduces acquisition time for high-temporal-resolution T2-weighted MRI of the brain 
while preserving SNR in a 17-year-old adolescent boy. Coronal T2-weighted images of the brain that were acquired with no SMS ac-
celeration (a), an SMS acceleration factor of two (b), and an SMS acceleration factor of three (c) show that image quality is preserved 
with decreasing acquisition time (TA [minutes:seconds]) and increasing SMS acceleration factor. 

Figure 7. Schematic representation of 
Cartesian and radial k-space acquisitions. 
(a) In a Cartesian acquisition, line-by-line 
data sampling leads to uniform sampling 
of the central and peripheral portions of 
the k-space. (b) In radial acquisitions, 
data segments are acquired in blades 
that traverse through the center of the 
k-space. This acquisition pattern leads to 
oversampling of the central k-space and 
relative undersampling of the peripheral 
k-space.
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sequences in patients who were unable to stay still. 

Motion-insensitive water-fat separation strategies 

with radial Dixon method acquisitions have also 

been reported (34).

A commercially available version of a volumetric 

interpolated breath-hold examination (VIBE) that 

is a radial volumetric T1-weighted GRE technique 

(StarVIBE; Siemens Healthineers) can be used for 

free-breathing nonenhanced and contrast material–

Figure 8. Cartesian versus radial T2-weighted MRI of the liver in a 12-year-old boy. Axial T2-weighted fat-sup-
pressed FSE MR images of the upper abdomen with respiratory triggering and radial-based k-space sampling (a) 
and with respiratory triggering and standard Cartesian k-space sampling (b) show that there is much less mo-
tion degradation with radial k-space sampling than with Cartesian sampling.

Figure 9. Severe motion degradation due to exces-
sive motion during a radial k-space acquisition in which 
prospective motion correction was used in the abdo-
men in three patients. Axial T2-weighted MR images 
in an 8-year-old girl (a), a 25-year-old man (b), and a 
75-year-old man (c) show severe motion degradation in 
multiple sections through the upper abdomen.

enhanced MRI. This sequence involves a hybrid 

k-space acquisition strategy with radial in-plane 

sampling and Cartesian sampling in the section 

direction (ie, the stack of stars technique). Stud-

ies (35,36) have reported similar or better image 

quality with free-breathing radial T1-weighted GRE 

contrast-enhanced MRI compared with breath-

hold MRI in evaluation of the liver. Similar findings 

have been demonstrated in the orbits, neck, brain, 

and spine (37–40). Finally, Armstrong et al (41) 

reported accurate and repeatable hepatic proton-

density fat-fraction calculations in nonsedated 

pediatric patients with the use of a free-breathing 

stack of stars approach.

Compressed Sensing MRI Reconstruction
There is considerable redundancy of data with 

standard MRI. Because of this redundancy, there 
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is an opportunity to achieve improved temporal 

resolution and reduced imaging times by vastly 

undersampling the k-space data while preserving 

high image quality, which is the basis of compressed 

sensing MRI reconstruction. This technique is 

based on three important concepts: sparsity, inco-

herence, and iterative nonlinear reconstruction.

Sparsity refers to the capacity of an image to be 

characterized by only a few nonzero coefficients 

through a mathematical transform relative to the 

total number of voxels being sampled (42). For ex-

ample, MR angiograms are usually sparse in pixel 

representation. Here, the transform domain is the 

imaging domain (43). Other MRI studies may not 

demonstrate sparsity in the image domain but are 

sparse when other mathematical operations are 

performed on the data. Examples of mathemati-

cal transforms used in compressed sensing MRI 

encoding reconstruction include the discrete 

wavelet transform, fast Fourier transform, and 

finite differences operations. In addition to spatial 

sparsity, dynamic sequences such as cardiac and 

multiphase contrast-enhanced MRI often exhibit 

sparsity in the temporal domain given the large 

amount of redundant or minimally changing data 

from one time point to the next.

Incoherence is another important requirement 

for compressed sensing MRI reconstruction. Data 

undersampling often results in coherent image 

artifacts, such as aliasing artifacts. However, if 

undersampling is performed in a random manner, 

these coherent artifacts are converted into incoher-

ent noiselike artifacts. These incoherent artifacts 

can then be removed through the use of iterative 

nonlinear reconstruction algorithms that at-

tempt to enforce sparsity in the transform domain 

(removing incoherent noise artifacts) while also 

maximizing data consistency (preserving nonnoise 

data). Several undersampling strategies have been 

developed with both Cartesian and non-Cartesian 

sequences (42,43).

A number of commercial products for com-

pressed sensing MRI are currently available, 

including golden-angle radial sparse parallel 

(GRASP)-VIBE (GRASP-VIBE; Siemens Health-

ineers), HyperSENSE (GE Healthcare), and 

compressed SENSE (Philips Healthcare). Com-

pressed sensing MRI reconstruction already has 

several clinical applications and can be imple-

mented with both 2D and 3D techniques. Com-

pressed sensing MRI reconstruction can be used 

with 1.5-T and 3.0-T MRI units; however, there is 

usually relatively decreased SNR with compressed 

sensing MRI reconstruction at 1.5 T. Frequently, 

compressed sensing MRI reconstruction is used 

with other fast imaging techniques such as parallel 

imaging, to achieve even quicker imaging times. As 

an example, Vasanawala et al (44) demonstrated 

similar or improved image quality with higher ac-

celeration factors for T1-weighted GRE sequences 

with compressed sensing MRI reconstruction and 

parallel imaging compared with parallel imaging 

alone for a variety of MRI examinations.

The use of compressed sensing MRI has 

been well demonstrated at abdominal MRI. As 

previously discussed, radially acquired 3D GRE 

MRI sequences can substantially reduce motion 

artifacts during free-breathing contrast-enhanced 

studies of the abdomen relative to Cartesian 

acquisitions. However, the acquisition time for 

these sequences is often longer, which has limited 

the application of radial sequences in multipha-

sic contrast-enhanced abdominal imaging. As 

previously described, the temporal domain of 

multiphase studies is highly compressible, making 

them well suited for compressed sensing MRI 

reconstruction. Multiple studies (36, 45–47) have 

shown the ability of compressed sensing MRI 

techniques to significantly improve the temporal 

resolution of radially acquired 3D GRE contrast-

enhanced MRI sequences, allowing for clinical 

free-breathing acquisition of diagnostic-quality 

multiphasic contrast-enhanced MR images, in-

cluding in pediatric patients (Fig 10).

Other representative examples of the use of com-

pressed sensing MRI reconstruction in abdominal 

imaging include a study by Zhang et al (15) that 

showed the ability to achieve diagnostic free-

breathing abdominal MR angiography in pediatric 

patients with the use of combined parallel imag-

ing and compressed sensing MRI, with an average 

total acceleration factor of six. Chandarana et al 

(48) showed similar or superior image quality with 

free-breathing 3D MR cholangiopancreatography 

compared with conventional respiratory-triggered 

3D MR cholangiopancreatography sequences while 

offering a 17-fold faster acquisition time.

For neuroimaging, established uses of com-

pressed sensing MRI include head and neck MR 

angiography (Fig 11). Fast diagnostic-quality 

time-of-flight imaging of the vessels of the head 

and neck has been demonstrated by multiple 

authors (49–51). Toledano-Massiah et al (52) 

showed 27% faster imaging times and similar di-

agnostic performance with T2-weighted 3D fluid-

attenuated inversion-recovery MRI in patients 

with multiple sclerosis.

Other applications of compressed sensing MRI 

reconstruction include cardiac cinematic (cine) 

imaging and musculoskeletal imaging. Similar to 

dynamic multiphasic abdominal MRI, cardiac cine 

MRI is well suited for compressed sensing MRI 

reconstruction because of the inherent redun-

dancy in both the temporal and spatial domains 

(23). Goebel et al (53) demonstrated improved 

temporal resolution and spatial resolution with 
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similar diagnostic quality with compressed sensing 

cardiac cine MRI compared with a conventional 

steady-state free-precession MRI technique. Other 

authors have shown similar image quality and re-

duced acquisition times with free-breathing com-

pressed sensing cardiac cine MRI compared with 

multibreath-hold conventional MRI (54,55). For 

musculoskeletal imaging, Fritz et al (56) showed 

similar diagnostic performance of a 3D FSE MRI 

protocol with the use of compressed sensing MRI 

reconstruction, with a sixfold acceleration factor 

compared with that of a standard FSE MRI proto-

col for evaluation of the knee. Similarly, Kijowski 

et al (57) showed a 30% reduction in imaging time 

for 3D FSE MRI of the knee with compressed 

sensing MRI reconstruction compared with stan-

dard acquisitions, with similar image quality.

A challenge to the clinical implementation of 

compressed sensing MRI techniques has been the 

long computation times (often more than 30 min-

utes) that are necessary for reconstruction. Long re-

construction times hamper the timely evaluation of 

time-critical studies. This is particularly relevant to 

pediatric radiologists, because a large proportion of 

studies in children are monitored in real time (eg, in 

patients under anesthesia), and decisions to repeat a 

sequence or administer intravenous contrast mate-

rial are often made in real time (58). Acquisition 

times of less than 2 minutes have been achieved for 

certain compressed sensing MRI sequences, includ-

ing 3D non-Cartesian acquisitions, through the use 

of graphics processing units (59,60).

Although compressed sensing MRI has already 

been used in several clinical settings, the technique 

is still in early development. With further familiar-

ity and optimization of compressed sensing MRI 

reconstruction, extension to many more clinical 

applications is likely.

Automated Protocol Selection Techniques
MRI protocol management software seeks to 

improve examination reproducibility, quality, and 

efficiency by automating certain steps in MRI 

acquisition pathways. These steps can include 

the selection of section positioning, the field of 

view, and the imaging plane. In addition, contrast 

material timing, breathing instructions, and post-

processing steps such as anatomic segmentation 

also can be automated. These software platforms 

can also offer guidance and reminders during the 

imaging acquisition to help with navigation of 

complicated examinations and reduce the time 

Figure 10. Compressed sensing MRI allows high temporal resolution in the abdomen of a 19-year-old man. 
Axial 3D GRE MR images of the abdomen with a stack of stars k-space without (a) and with (b) compressed 
sensing reconstruction with temporal resolution of 10.2 seconds and a compressed sensing MRI acceleration fac-
tor of 14.9 show that image degradation was substantially reduced with compressed sensing MRI reconstruction 
and resulted in diagnostic-quality images.

Figure 11. Similar image quality with substantially reduced acquisition time (TA [minutes:seconds]) for time-
of-flight MR angiography of the head with and without compressed sensing reconstruction in a 21-year-old 
man. Time-of-flight MR angiograms of the head that were obtained without (a) and with (b) compressed 
sensing reconstruction show similar image quality but with a 50% time savings with compressed sensing MRI 
reconstruction. Image reconstruction time for the compressed sensing MRI acquisition was 10 minutes. 
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necessary to perform a study. Available evidence 

(61,62) suggests that these platforms can reduce 

the examination time by up to 20% and improve 

examination quality.

Several software platforms are offered com-

mercially, including SmartExam (Philips Health-

care), READY Brain (GE Healthcare), and Dot 

(Siemens Healthineers). READY Brain allows 

automated acquisitions, determination of acquisi-

tion planes (ie, detection of the midsagittal plane 

and anterior commissure–posterior commissure 

line), and postprocessing techniques including 

rotation correction and transference of data to the 

reading station. The SmartExam and Dot plat-

forms offer specific applications for imaging the 

brain, heart, abdomen, large joints, spine, breast, 

and vasculature. As an example, the SmartExam 

spine application provides automated position-

ing, vertebra numbering, and intervertebral disk 

plane detection for axial acquisition planning. The 

LiverLab, a component of the abdominal Dot 

engine, enables automated liver segmentation and 

determination of the region of interest for hepatic 

fat and iron quantitation (63). In our experi-

ence, current implementations of some of these 

automated processing functions such as anatomic 

autosegmentation can be less accurate in grow-

ing children. However, these applications have 

override functions that allow manual correction, if 

necessary.

Investigative Techniques to Decrease 
Acquisition Time

Artificial Intelligence–based 
Reconstruction
MRI reconstruction conventionally has included 

a series of tailored steps that are attempts to best 

approximate the appropriate inverse transform 

for a particular sequence to accurately recreate 

an image. However, a priori knowledge of the 

precise reconstruction parameters needed for any 

given acquisition is often not possible, particu-

larly when there is imperfect data collection. 

Consequently, image degradation can result.

Zhu et al (64) recently demonstrated the 

feasibility of using deep learning artificial intel-

ligence for MRI reconstruction. The goal of this 

approach is to create a single neural network 

that could reconstruct any MRI examination 

more efficiently and accurately, regardless of the 

acquisition method, the presence of noise, or the 

anatomy imaged. In the simplest terms, a deep 

learning neural network comprises multiple layers 

of mathematical calculations that link an input 

with an output. These networks typically require 

training on datasets with known outputs to de-

termine the correct mathematical manipulations 

to perform on the input to reproduce the output. 

Once it is appropriately trained, a neural network 

should be capable of faithfully reproducing an 

output from an unknown dataset.

In their article, Zhu et al (64) evaluated the 

performance of a deep learning artificial intel-

ligence platform named automated transform by 

manifold approximation (AUTOMAP; Mas-

sachusetts General Hospital, Boston, Mass) 

with MR images of the brain that were obtained 

from the Human Connectome Project (Fig 12). 

These images were reverse transformed into the 

sensor data domain according to four different 

encoding schemes: (a) radial k-space sampling, 

(b) spiral-trajectory k-space sampling, (c) mis-

aligned k-space to recreate sampling inaccuracy 

(ie, hardware limitations or physiologic effects), 

and (d) incoherent sparse sampling (64). Vary-

ing levels of white Gaussian noise were intro-

duced into the data. For the first three conditions, 

AUTOMAP was solely trained with data from 

photographs of natural scenes. For incoherent 

sparse sampling, AUTOMAP was trained on 

T1-weighted images of the brain in patients in the 

Human Connectome Project. The reconstruc-

tion performance of AUTOMAP was compared 

with conventional reconstruction techniques: 

model-based iterative reconstruction, SENSE, 2D 

inverse fast Fourier transform, and compressed 

sensing MRI reconstruction for radial k-space 

sampling, spiral-trajectory k-space sampling, 

misaligned k-space to recreate sampling inaccu-

racy, and incoherent sparse sampling, respectively. 

AUTOMAP not only demonstrated the ability 

to perform these sophisticated reconstruction 

functions in milliseconds, but also did so with less 

noise and fewer image artifacts compared with the 

conventional techniques (64). Similar results were 

seen when comparing AUTOMAP to SENSE 

reconstruction with a real-world acquisition of a 

15.5 times retrospectively undersampled T2-

weighted FSE MRI sequence (64).

Deep learning artificial intelligence platforms 

hold promise to substantially improve current 

reconstruction processes through both superior 

image quality and reduced reconstruction time, 

even for noisy and substantially undersampled 

datasets. Therefore, this technology has the po-

tential to accelerate the optimization and exten-

sion of other MRI time reduction techniques to 

achieve even greater improvements in MRI times.

Gradient-controlled Aliasing Sampling 
and Reconstruction
Gradient-controlled aliasing sampling and recon-

struction, or wave–controlled aliasing in parallel 

imaging (Wave-CAIPI; Harvard University, Cam-

bridge, Mass) is a 3D parallel imaging strategy 
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that expands on the 2D CAIPIRINHA technique 

(65). Similar to 2D CAIPIRINHA, a controlled 

pattern of gradient modulation in the phase-

encoding and partition-encoding directions before 

signal readout is used to shift aliased signals in 

different partitions from one another. In addition, 

sinusoidal gradients are applied along the phase- 

and partition-encoding gradients during signal 

readout. Together, the application of these gradi-

ents results in a staggered corkscrew-like sampling 

of the k-space. This k-space trajectory enables the 

spread of aliased signals along all three dimensions 

of k-space (kx, ky, and kz). Consequently, Wave-

CAIPI is able to take full advantage of the spatial 

variation in 3D coil sensitivity profiles, which 

results in highly accelerated imaging with few arti-

facts and minimal SNR degradation (65).

Wave-CAIPI has the potential to be applied to 

any 3D sequence. Initial studies, the majority of 

which have focused on brain imaging, have been 

promising (Figs 13, 14). For example, Bilgic et al 

(65) compared the performance of Wave-CAIPI 

and conventional sensitivity encoding parallel 

imaging in a retrospectively undersampled brain 

GRE sequence with ninefold acceleration. Wave-

CAIPI was associated with a twofold improvement 

in image artifacts and g-factor penalty. G-factor 

is a coil-dependent noise amplification factor that 

varies with spatial position. It typically increases 

as acceleration time increases and is related to the 

size, number, and location of coils, coil loading, 

and the plane of imaging. In the same study (65), 

when compared with 2D CAIPIRINHA, Wave-

CAIPI was associated with a 1.7-fold improve-

ment in g-factor penalty at ninefold acceleration. 

Recently, Polak et al (66) reported similar image 

quality with a threefold reduction in imaging time 

with the use of a ninefold accelerated Wave-CAIPI 

protocol of the brain that consisted of magne-

tization-prepared rapid gradient echo imaging 

(MPRAGE), T2-weighted sampling perfection 

with application optimized contrast (SPACE, 

Siemens Healthineers) with the use of different 

flip angle evolutions, SPACE fluid-attenuated 

inversion-recovery, and susceptibility-weighted 

imaging compared with a two- to fourfold acceler-

ated GRAPPA protocol that included the same 

sequences. To date, Wave-CAIPI has tended to 

perform better with sagittal acquisitions.

3D MR Spectroscopy
MR spectroscopy with the use of chemical shift 

imaging techniques can be useful in the evalu-

ation of numerous disease processes in pediat-

ric patients (eg, the diagnosis or follow-up of 

tumors and metabolic diseases and prediction 

of neurodevelopmental outcomes in neonatal 

hypoxia) (67). Single-voxel spectroscopy (SVS) 

chemical shift imaging has been the dominant 

MR spectroscopic strategy used clinically to 

date because of its short acquisition time. How-

ever, SVS chemical shift imaging is imperfect 

because of its limited spatial coverage. Imaging 

of a single voxel can lead to (a) inconsistency in 

follow-up examinations, because serial evalu-

ation of the same exact voxel is challenging to 

achieve; (b) difficulty in comparing patient data 

to normal spectroscopic tables, which requires 

Figure 12. AUTOMAP, a deep learn-
ing artificial intelligence platform, was 
trained with a DWI (DW) model (top 
row), and a T1-weighted (T1W) imaging 
model (middle row) was compared with 
a standard inverse fast Fourier transform 
technique for reconstruction of an axial 
DWI acquisition (bottom row). Both AU-
TOMAP platforms resulted in less image 
noise compared with the inverse fast 
Fourier transform at b values of 1300 
sec/mm2 and 3000 sec/mm2. AUTOMAP 
trained with DWI slightly outperformed 
AUTOMAP trained with T1-weighted im-
ages in noise reduction. (Images courtesy 
of Neha Koonjoo, PhD.)
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Figure 13. Fast acquisition time (TA [minutes:seconds]) with the use of Wave-CAIPI in a 12-year-old boy 
with a known low-grade optic pathway glioma. (a) Standard sagittal contrast-enhanced magnetization-
prepared rapid gradient echo (MPRAGE) MR image acquired with GRAPPA and with an acceleration fac-
tor of two shows a solid enhancing lesion centered in the optic chiasm and hypothalamus (arrow) that 
correlates with the patient’s known optic pathway glioma. (b) Sagittal contrast-enhanced MPRAGE MR 
image acquired with Wave-CAIPI with an acceleration factor of nine shows the enhancing mass in the optic 
chiasm and hypothalamus (arrow). Image quality is preserved with Wave-CAIPI compared with that of 
the standard acquisition, with a substantially shorter imaging time. (Case courtesy of John Conklin, MD.)

Figure 14. MRI of the brain 
with the use of Wave-CAIPI in a 
13-year old girl with a history of 
a craniopharyngioma who under-
went radiation therapy and cyst 
fenestrations. Axial susceptibility-
weighted MR images obtained 
with GRAPPA and an acceleration 
factor of two (a) and with Wave-
CAIPI and an acceleration factor of 
six (b) show that the image qual-
ity is preserved with Wave-CAIPI 
when compared with the stan-
dard acquisition, with a signifi-
cantly lower acquisition time (TA 
[minutes:seconds]). Both images 
show multiple foci of susceptibility 
(arrow) in the suprasellar cistern, 
hypothalamus, and right tempo-
ral lobe that are compatible with 
posttreatment changes. (Case 
courtesy of John Conklin, MD.)

imaging to occur in precise locations; and  

(c) the inability to assess regional variation in 

the metabolic profile.

Three-dimensional MR spectroscopy is not 

hindered by the same limitations, because a much 

larger volume of tissue is sampled. However, 3D 

MR spectroscopy historically has been less feasible 

clinically because of longer acquisition times. In 

addition, standard radiofrequency pulses often 

lead to large chemical shift displacement errors 

and nonuniform excitation of the imaged tissue 

(68). Several solutions have been developed to 

overcome these barriers, including the use of spiral 

k-space trajectories and adiabatic radiofrequency 

pulses. Similar to radial imaging, spiral k-space 

imaging is a non-Cartesian k-space trajectory that 

results from the modulation of gradient waveforms 

during signal readout. Spiral trajectories allow 

faster imaging mainly through more time-efficient 

spectral and spatial encoding, including the 

simultaneous encoding of kx, ky, and kf (spectral 

frequency dimension) (67,69).

Adiabatic excitation involves the application 

of a radiofrequency pulse over a longer period of 



RG • Volume 40 Number 2 Kozak et al 497

evaluated a similar 3D MR spectroscopic technique 

in pediatric patients compared with the use of 

SVS MR spectroscopy. Notably, there was similar 

diagnostic quality of the spectroscopic data between 

the two strategies, with the same acquisition time 

of 3 minutes (Fig 15). However, 3D MR spectros-

copy provided the additional benefits of higher 

spatial resolution and evaluation of a larger region 

of brain parenchyma. The development of 3D MR 

spectroscopic techniques has expanded the use of 

MR spectroscopy in a number of research efforts, 

such as in the evaluation of early metabolic changes 

after traumatic brain injury in children that could 

allow prediction of long-term cognitive outcomes 

(70), radiogenomic evaluation of gliomas (71), and 

the use of 3D MR spectroscopy to help guide brain 

tumor resection (72).

Prospective Motion Correction
Prospective motion correction (PMC) with volu-

metric navigators is widely available through prod-

uct sequences such as motion correction (MoCo) 

time during which the pulse frequency is slowly 

increased or decreased. Consequently, spins with 

different resonance frequencies behave differently 

at any given time during the radiofrequency pulse 

application. Multiple studies have demonstrated 

improved chemical shift imaging accuracy with 

adiabatic excitation through reductions in chemi-

cal shift displacement error and through greater 

uniformity in imaged volume excitation (68). Con-

currently, several different gradient modulation 

techniques have been developed that have allowed 

significant reductions in the previously seen high 

power deposition with adiabatic excitation (68). 

With lower-power deposition, shorter repetition 

times and echo times are possible, which leads to 

reductions in imaging time.

The clinical feasibility of this approach was dem-

onstrated by Andronesi et al (68), who showed the 

ability to obtain 3D MR spectroscopic sequences in 

the brain with adequate image quality in less than 

5–10 minutes with the use of adiabatic pulses and 

spiral acquisitions. Yazbek et al (67) subsequently 

Figure 15. Similar acquisition times and quality of spectroscopic data for SVS and 3D MR spectroscopy. SVS MR 
spectroscopy (a) and 3D MR spectroscopy (b) were performed in a 4-day-old infant girl. Spectroscopic data were col-
lected in the white box shown in the basal ganglia in the upper images. A much larger volume of brain parenchyma 
was sampled with 3D MR spectroscopy. In addition, 3D MR spectroscopy was associated with higher spatial resolution, 
with an isotropic voxel size of 2 mL compared with 3.5 mL for SVS. Spectroscopic data obtained in the same location 
with the two techniques showed similar results, and acquisition times were also similar between the two techniques at 
3 minutes. Cho = choline , Cr = creatine, Ins 1 = myoinositol, NAA = N-acetylaspartate, ppm = parts per million. 
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MPRAGE (Siemens Healthineers) (73). Although 

motion correction with volumetric navigators is 

helpful to some extent, the low-frequency correc-

tion of the navigator (performed once each repeti-

tion time or every few seconds) can be insufficient 

to mitigate the high demands of imaging children 

who are awake. Also, the noise associated with 

the echo-planar volumetric navigator acquisition 

is disruptive to children and may awaken patients 

who are imaged during natural sleep. An emerging 

approach to PMC relies on external hardware to es-

timate head motion. Device-assisted PMC provides 

estimates of head motion approximately every 50 

msec, nearly two orders of magnitude faster than 

volumetric navigators. Two optical tracking devices 

are currently available for research use only: a mark-

erless tracking system (Tracoline; TracInnovations, 

Ballerup, Denmark) and a marker-based system 

(KinetiCor; Kineticor Biometric Intelligence, Ho-

nolulu, Hawaii). The Tracoline markerless approach 

is based on infrared light, which creates a 3D point 

cloud of the patient’s face as a means to estimate 

head motion (74). KinetiCor uses a plastic marker 

over the patient’s nose or forehead to perform 

the tracking (75). PMC has the potential to help 

decrease MRI times by reducing the need to repeat 

sequences (Fig 16). In addition, PMC may lessen 

the need for sedation in patients who find undergo-

ing MRI challenging.

As with any new clinical software, each of 

these investigative techniques require additional 

scientific and regulatory validation before pos-

sible commercial availability. Artificial intelligence 

systems for image reconstruction pose particularly 

intriguing regulatory challenges, including those 

related to data security, error accountability, and 

a number of other ethical considerations. How-

ever, perhaps the most onerous challenge for deep 

learning neural networks is the inherently opaque, 

autonomous, and continually evolving nature of 

these platforms (76,77). These features severely 

limit the ability of users to understand the deci-

sions that deep neural networks make before arriv-

ing at a particular output, and this complicates the 

ability of clinical and regulatory personnel to vali-

date the reliability, generalizability, and accuracy 

of these systems (76,77). Despite these challenges, 

multiple artificial intelligence algorithms already 

have been approved for clinical use in the United 

States, and some or all of these investigative tech-

Figure 16. Reduced motion artifacts with PMC and Tracoline at MRI of a 7-year-
old boy with recurrent seizures. (a, b) Axial T2-weighted fluid-attenuated inversion-
recovery MR images of the brain were obtained without (a) and with (b) Tracoline 
PMC. (c, d) Axial T2-weighted MR images of the brain were obtained without (c) 
and with (d) Tracoline PMC. PMC shows substantially improved image quality, with 
identical acquisition times. The left parietal polymicrogyria (arrow) is more readily 
apparent on the T2-weighted image with PMC (d) than on that without PMC (c). 
(Images acquired in collaboration with Andre van der Kouwe, PhD; Stephen Robert 
Frost, PhD; P. Ellen Grant, MD; and Borjan Gagoski, PhD.)
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Table 1: Benefits and Applications of Fast MRI Techniques

Imaging Technique

Typical Acquisition  

Acceleration 

Time  

Reduction (%) Common MRI Applications

Parallel imaging 1.5–4 times 33–75 Most pulse sequences and anatomies

SMS imaging 2–8 times 50–88 Blood oxygen level–dependent func-

tional MRI

DWI

FSE MRI of the spine and musculo-

skeletal system

Radial k-space sampling Often neutral

Possible time savings with-

out respiratory triggering 

and repeated imaging due 

to motion

NA FSE MRI of brain, spine, and body

Contrast-enhanced T1-weighted GRE 

MRI of body, brain, and spine

Compressed sensing 

MRI

2–15 times 50–93 MR angiography of the body and brain

MR cholangiopancreatography

Contrast-enhanced dynamic MRI

Cardiac cine MRI

FSE MRI of the musculoskeletal 

system

Automated protocol se-

lection and navigation

Up to 20% greater examina-

tion efficiency

NA Brain, spine, body, musculoskeletal, 

vascular, cardiac

Artificial intelligence 

noise reduction*
Up to 16 times 94 Any sequence and anatomy

Wave-CAIPI* Up to 9 times 89 Any 3D acquisition

Volumetric chemical 

shift imaging*
Approximately 3-minute 

acquisition

NA MR spectroscopy

PMC* Less need to perform re-

peated sequences because 

of motion

NA Structural and functional brain studies

Note.—NA = not applicable.
*Indicates an experimental technique.

Table 2: Drawbacks of Fast MRI Techniques and Solutions

Imaging Technique Main Drawbacks Solutions

Parallel imaging Decreased SNR

Residual aliasing (ghosts)

Reduce acceleration factor

SMS imaging Residual aliasing and/or section leakage Reduce acceleration factor

Radial k-space sampling Severe motion may significantly degrade 

image quality with prospective motion 

correction

Use respiratory triggering (eg, bellows) or 

other methods to reduce patient motion

Compressed sensing 

MRI

Long reconstruction times Graphic processing units have shown prom-

ise in reducing reconstruction time

Automated protocol se-

lection and navigation

NA NA

Note.—NA = not applicable.

niques are likely to be approved for clinical use in 

MRI in the near future.

Conclusion
Multiple techniques are now commercially avail-

able that can significantly reduce MRI acquisition 

time (Tables 1–3), many of which can be used in 

combination to achieve even faster imaging while 

reducing image quality degradation. As clinical 

and research experience with these MRI tech-

niques and investigative strategies grow, improve-

ments in imaging time and quality will likely 

continue, and there will be extension of these 

techniques to many more clinical applications. 



500 March-April 2020 radiographics.rsna.org

Already, these imaging time reduction techniques 

are improving the feasibility and safety of MRI 

examinations in pediatric patients. For instance, 

their use alongside other adjunctive measures, 

such as child life specialist preparation and feed 

and swaddle strategies, can often reduce the 

depth, duration, or even need for sedation and 

anesthesia in infants and young children. 

Despite much enthusiasm for the use of these 

MRI time reduction techniques in pediatric 

patients, the diagnostic accuracy of many of them 

has yet to be fully established in this population, 

particularly for the assessment of subtle or small 

lesions. Further characterization of the diagnos-

tic reliability and limitations of these fast MRI 

strategies will form an essential next step as their 

clinical use becomes more widespread.
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QUESTIONNAIRE 
A2 (22) Part 1 

MRI Techniques to Decrease Imaging Times in Children 
INSTRUCTIONS 

• Read through the article and answer the multiple-choice questions provided below. 

• Some questions may have more than one correct answer; in which case you must mark all the correct answers. 

Question 1: The use of sedation and general anesthesia at 
pediatric MRI is associated with which of the following? 
 

A: Increased cost  
B: Reduced examination and recovery times 
C: Reduced wait times due to anesthesia availability 
D: Higher risk for short-term complications of the 

sedative and anesthetic agents  
 
Question 2: Which of the following are MRI techniques that 
have substantially decreased imaging times and are 
commercially available? 
 

A: 3D MR Spectroscopy 
B: Artificial Intelligence–based reconstruction 
C: Compressed sensing reconstruction  
D: Prospective Motion Correction 
E: Radial k-space sampling  

 
Commercially Available Techniques to Decrease 

Acquisition Time: Parallel Imaging 
 

Question 3: Which of the following refer to a major strategy 
in parallel imaging, known as image domain reconstruction? 
 

A: Aliased pixels are corrected in the image domain 
after Fourier transformation  

B: The information from the coil sensitivity maps is 
subsequently applied to a reconstruction matrix 
inversion process that “unwraps” and combines 
separate images to form a nonaliased full–field-of-
view image  

C: The underlying concept behind this strategy is to 
use acquired data to estimate the missing 
undersampled data by using coil sensitivity profiles 

D: The autocalibration signal data usually have the 
same field of view as the desired final image but 
with lower resolution 

 
Question 4: Which of the following are CORRECT regarding 
the generalized autocalibrating partial parallel acquisition 
(GRAPPA) and autocalibrating reconstruction for Cartesian 
imaging (ARC) strategies? 
 

A: Both are mostly interchangeable  
B: Both have similar image quality  
C: Between the two, GRAPPA has better time saving 

capabilities 
D: None of the above 

 

Question 5: Parallel imaging can be combined with other 
imaging time–reduction strategies to reduce imaging times 
even further, such as SMS imaging and compressed 
sensitivity encoding reconstruction. Is this TRUE? 
 

A: YES  
B: NO 

 
Question 6: What is the most important drawback of parallel 
imaging? 
 

A: A reduction in signal-to-noise ratio (SNR) with an 
increasing acceleration factor  

B: Long reconstruction times 
C: Residual aliasing and/or section leakage 
D: Severe patient motion significantly degrades image 

quality with prospective motion correction 
 
Question 7: Which one of the following best describes the 
application of parallel imaging? 
 

A: It can be used with nearly any pulse sequence and 
anatomy  

B: It can mostly be used with any 3D acquisition 
C: It can only be used for structural and functional 

brain studies 
D: It can only be used with contrast-enhanced 

dynamic MRI and cardiac cine MRI 
 

SMS Imaging 
 

Question 8: Which of the following are CORRECT regarding 
simultaneous multisection (SMS) imaging? 
 

A: It is the application of a multiband radiofrequency 
pulse that excites protons in multiple sections 
during a single repetition time  

B: It is similar to parallel imaging in the sense that SNR 
is reduced due to the decreased number of signals 
acquired during the pulse sequence 

C: Setsompop et al. demonstrated threefold 
reductions in imaging times for diffusion-weighted 
imaging (DWI) of the brain with similar diffusion 
information and only small losses in SNR  

D: Longo et al. showed increased imaging time for a 
lumbar spine MRI protocol with the use of a 
combination of parallel imaging and SMS 

 
Radial K-Space Sampling 

 

Question 9: Is it TRUE or FALSE that radial acquisitions 
cannot be performed at 1.5 T without a substantial loss in 
SNR compared with that at 3.0 T? 
 

A: TRUE 
B: FALSE  

 



Question 10: Which of the following are TRUE regarding the 
effect radial k-space sampling can have on imaging time? 
 

A: It can increase the need for repeated sequences 
due to motion artifacts 

B: Radial techniques can obviate the necessity of 
respiratory triggering; particularly in younger 
patients with shallow, fast, or irregular breathing  

C: Improvements in imaging time and quality are 
achievable if the number and width of the blades 
are optimized and if the repetition time is matched 
to the respiratory cycle  

D: Because radial sequences oversample the central k-
space, these acquisitions prohibit prospective 
motion correction 

E: The relative undersampling of the periphery of the 
k-space can lead to blurring at anatomic boundaries  

 
Compressed Sensing MRI Reconstruction 

 

Question 11: With standard MRI it is possible to achieve 
improved temporal resolution and reduced imaging times by 
vastly undersampling the k-space data, while preserving high 
image quality. Is this TRUE? 
 

A: YES  
B: NO 

 
Question 12: Compressed sensing MRI reconstruction is 
based on which of the following concepts? 
 

A: Sparsity: the capacity of an image to be 
characterized by only a few nonzero coefficients 
through a mathematical transform relative to the 
total number of voxels being sampled  

B: Incoherence: an important requirement for 
compressed sensing MRI reconstruction  

C: Iterative nonlinear reconstruction: the removal of 
incoherent artifacts  

D: None of the above 
 

Question 13: Which of the following are CORRECT? 
 

A: The use of compressed sensing MRI has been well 
demonstrated at abdominal MRI  

B: Radially acquired 3D GRE MRI sequences are 
unsuccessful at reducing motion artifacts during 
free-breathing contrast-enhanced studies of the 
abdomen 

C: The acquisition time for 3D GRE MRI sequences is 
often longer, which has limited the application of 
radial sequences in multiphasic contrast-enhanced 
abdominal imaging  

D: The temporal domain of multiphase studies is not 
well suited for compressed sensing MRI 
reconstruction because is it not highly compressible 

E: Multiple studies allow for clinical free-breathing 
acquisition of diagnostic-quality multiphasic 
contrast-enhanced MR images, including in 
pediatric patients  

 
Automated Protocol Selection Techniques 

 

Question 14: Available evidence suggests that MRI protocol 
management software can reduce examination time by up 
to twenty percent and improve examination quality. Is this 
TRUE? 
 

A: YES  
B: NO 

 
Question 15: According to the authors, current 
implementation of some of the automated processing 
functions can be less accurate in growing children. To which 
one of the following are the authors referring? 
 

A: Contrast material timing 
B: Selection of section positioning 
C: Anatomic autosegmentation  
D: The imaging plane 

 
 
 

END 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



QUESTIONNAIRE 
A2(22) Part 2 

MRI Techniques to Decrease Imaging Times in Children 
INSTRUCTIONS 

• Read through the article and answer the multiple-choice questions provided below. 

• Some questions may have more than one correct answer; in which case you must mark all the correct answers. 

Investigative Techniques to Decrease Acquisition Time: 
Artificial Intelligence–based Reconstruction 

 

Question 1: Zhu et al. evaluated the performance of a deep 
learning artificial intelligence platform named automated 
transform by manifold approximation (AUTOMAP) with MR 
images of the brain. These images were reverse transformed 
into the sensor data domain according to which of the 
following encoding schemes:  
 

A: Cartesian sampling 
B: Incoherent sparse sampling  
C: Misaligned k-space to recreate sampling inaccuracy  
D: Spiral-trajectory k-space sampling  
E: Uniform angular sampling 

 
Gradient-controlled Aliasing Sampling and Reconstruction 

 

Question 2: Which of the following are TRUE regarding 
gradient-controlled aliasing sampling and reconstruction? 
 

A: Wave–controlled aliasing in parallel imaging 
(Wave-CAIPI) can take full advantage of the spatial 
variation in 3D coil sensitivity profiles, resulting in 
highly accelerated imaging with few artifacts and 
minimal SNR degradation  

B: Wave-CAIPI the potential to be applied to any 
sequence and anatomy 

C: To date, Wave-CAIPI tended to perform better with 
coronal acquisitions 

D: Bilgic et al. found that Wave-CAIPI was associated 
with a twofold improvement in image artifacts and 
g-factor penalty  

 
3D MR Spectroscopy 

 

Question 3: Single-voxel spectroscopy (SVS) chemical shift 
imaging is imperfect because of its limited spatial coverage, 
and imaging of a single voxel can lead to which of the 
following? 
 

A: Inconsistency in follow-up examinations, because 
serial evaluation of the same exact voxel is 
challenging to achieve  

B: Difficulty in comparing patient data to normal 
spectroscopic tables, which requires imaging to 
occur in precise locations  

C: The inability to assess regional variation in the 
metabolic profile  

D: None of the above 
 

Question 4: Which of the following are TRUE regarding 
Figure 13? 
 

A: The image quality was preserved with Wave-CAIPI 
compared with that of the standard acquisition  

B: The image correlates with the patient’s known 
optic pathway glioma  

C: There were no changes to imaging time 
D: None of the above 

 
Question 5: Which of the following are TRUE regarding 
Figure 14? 

A: The image quality was preserved with Wave-CAIPI 
when compared with the standard acquisition  

B: There was a significantly lower acquisition time  
C: Images are compatible with posttreatment changes  
D: None of the above 

 
Question 6: Is it TRUE that the ability to obtain 3D MR 
spectroscopic sequences in the brain with adequate image 
quality in less than five to ten minutes with the use of 
adiabatic pulses and spiral acquisitions was demonstrated by 
Andronesi et al.? 
 

A: YES  
B: NO 

 
Prospective Motion Correction 

 

Question 7: Which of the following are CORRECT regarding 
prospective motion correction (PMC)? 
 

A: Motion correction with volumetric navigators is 
helpful to the extent that the low-frequency 
correction of the navigator is sufficient to mitigate 
the high demands of imaging children who are 
awake 

B: Device-assisted PMC provides estimates of head 
motion approximately every 50 msec, nearly two 
orders of magnitude faster than volumetric 
navigators  

C: PMC has the potential to help decrease MRI times 
by reducing the need to repeat sequences  

D: None of the above 
 

Benefits and Applications of Fast MRI Techniques 
 

Question 8: Which imaging technique had a typical 
acquisition acceleration of 2-15 times? 
 

A: Compressed sensing MRI  
B: PMC 
C: SMS imaging 
D: Wave-CAIPI 

 
 
 



Question 9: Which imaging technique had a time reduction 
of 94%? 
 

A: Artificial intelligence noise reduction  
B: Automated protocol selection and navigation 
C: Parallel imaging 
D: Radial k-space sampling 

 

Drawbacks of Fast MRI Techniques and Solutions 
 

Question 10: Which of the following imaging technique’s 
main drawbacks can be solved by reducing acceleration 
factor? 
 

A: Automated protocol selection and navigation 
B: Compressed sensing MRI 
C: Parallel imaging  
D: Radial k-space sampling 
E: SMS imaging  
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