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OBJECTIVE. The purpose of this article is to provide a practice-focused review of 
the clinical application of advanced acceleration techniques for rapid musculoskeletal 
MRI examinations.

CONCLUSION. Parallel imaging, simultaneous multislice acquisition, compressed 
sensing–based sampling, and synthetic MRI techniques provide unprecedented oppor-
tunities for rapid musculoskeletal MRI examinations. For 2D and 3D fast spin-echo and 
turbo spin-echo pulse sequences, acceleration factors between 3 and 8 can be realized 
in clinical practice, amounting to a time savings of 66–85% when compared with unac-
celerated acquisitions.

Jan Fritz, MD1, Roman Guggenberger, MD2, Filippo Del Grande, MD3

Rapid Musculoskeletal MRI in 2021: Clinical Application of 
Advanced Accelerated Techniques

Use of a field strength of 3 T, compact echo trains afforded by high-performance gradi-
ents, short radiofrequency pulses, high receiver bandwidth, matrix resolution phase un-
dersampling, partial Fourier phase sampling, and matrix interpolation allows acceleration 
of fast spin-echo (FSE) and turbo spin-echo (TSE) pulse sequences [1]. However, accelera-
tion factors greater than 2 may be difficult to achieve. The additional use of advanced ac-
celeration techniques, such as parallel imaging (PI), simultaneous multislice (SMS) acqui-
sition, compressed sensing (CS)–based sampling, and synthetic MRI techniques, permits 
musculoskeletal MRI examinations with acceleration factors of 3–8.

The purpose of this article is to provide a practice-focused review of the clinical appli-
cations of advanced acceleration techniques for rapid musculoskeletal MRI examinations.

Associations Between Acquisition Time and Acceleration Techniques
PI, SMS acquisition, CS-based sampling, and elliptical scanning are acceleration tech-

niques that shorten acquisition time in a linear fashion. Similar to the use of widely acces-
sible acceleration techniques [1], in practice the use of simplified, proportional relation-
ships can be helpful for estimating the effects of techniques when applied in isolation or 
in combination, as is shown by the following equation:

Acquisition time ≈ ,
1

PIy × PISL × SMS × ES × CS

where PIy denotes the PI acceleration factor in the in-plane, phase-encoding direction; PISL 
represents the PI acceleration factor in the slice phase-encoding direction (and applies to 
3D acquisitions only); SMS indicates the SMS acceleration factor (and applies to 2D acquisi-
tions only); ES is the undersampling of peripheral phase-encoding information in an ellip-
tical fashion; and CS is the CS-based undersampling acceleration factor. The acceleration 
factors of the advanced acceleration techniques are inversely proportional to the acqui-
sition time, and the combination of techniques results in the multiplication of individual 
acceleration factors.

Parallel Imaging Acceleration of 2D MRI
How It Works

PI acceleration is one of the most accessible and easy-to-use advanced acceleration 
techniques for rapid musculoskeletal MRI examinations. PI techniques save acquisition 
time through sampling only every second phase-encoding step (twofold acceleration) or 
every third phase-encoding step (threefold acceleration) (Fig. 1) while keeping the FOV, 
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matrix size, and spatial resolution unchanged [2]. The number of 
omitted phase-encoding steps is directly proportional to the re-
duced acquisition time (see equation 1). Whereas partial Fourier 
phase undersampling is methodologically limited to acceleration 
factors of less than 2, PI can accelerate clinical musculoskeletal 
MRI examinations by factors of 2 and even 3 (Fig. 2 and Table 1).

Practical Considerations
PI acceleration requires the use of multichannel array coils, 

which consist of multiple smaller coil elements in specific ar-
rangement patterns [2]. The combination of multiple smaller 
surface coils and parallel acquisition of MR signals offers sever-
al advantages for musculoskeletal MRI (Fig. 3), including a higher 
overall signal-to-noise ratio (SNR) compared with that observed 
with the use of single-channel coils and better anatomic coil cov-
erage with smaller air gaps because the smaller coil elements 
permit building of the coils into anatomic shapes, such as for the 
foot, hand, and shoulder.

Most PI techniques require either previously obtained or inte-
grated reference scans [2], which deliver information about the 
origin of the MR signals received in parallel (Fig. 3). Because ref-
erence scans require additional acquisition time, the actual PI-ac-
celerated acquisition time is often longer than the original acqui-
sition time divided by the PI acceleration factor (see equation 1). 
In certain situations, no reference scans are needed.

Many different acronyms exist for PI (Table 2). The differences 
are usually small. Sensitivity encoding (SENSE, Philips Healthcare 
or Siemens Healthcare] or mSENSE [Siemens Healthcare])–based 
techniques [3] may be slightly faster and may yield slightly higher 

SNRs. GRAPPA–based techniques [4] avoid artifacts with smaller 
FOVs and exhibit less motion sensitivity when a previous refer-
ence scan is used [5].

Although the number of omitted phase-encoding steps reduc-
es the acquisition time, it also results in SNR loss, which is inverse-
ly proportional to the square root of the acceleration factor. For 
example, twofold acceleration results in approximately 30–35% 
less SNR for musculoskeletal structures. However, many FSE and 
TSE pulse sequences have an abundance of SNR and afford two-
fold or even threefold PI acceleration with little perceptible loss 
of image quality (Fig. 2).

Aside from the SNR threshold of diagnostic image quality, the 
maximally possible PI acceleration factor also depends on the 
geometric pattern of the coil elements. The acceleration fac-
tor should not exceed the number of coil elements across the 
phase-encoding direction. If this number is exceeded, degrad-
ing aliasing artifacts and noise enhancement may occur. For ex-
ample, in a 15-channel knee coil that consists of three rings in a 
head-to-foot direction, PI acceleration with a factor of 4 likely will 
result in additional aliasing artifacts.

PI and partial Fourier phase acceleration can be combined 
synergistically. PI acceleration is neutral, whereas partial Fourier 
phase acceleration can be used to reduce the minimum required 
TR, which can be especially beneficial for musculoskeletal MRI 
protocols that consist of T1-weighted pulse sequences (Table 3).

Musculoskeletal Applications
A previous series of studies evaluated the diagnostic perfor-

mance of PI-accelerated musculoskeletal MRI examinations of 

TABLE 1: Effects of Parallel Imaging (PI) Acceleration on Acquisition Time of Sagittal Proton Density–
Weighted Turbo Spin-Echo MR Images of the Knee

Parameter No Acceleration Twofold Acceleration Threefold Acceleration

Orientation Sagittal Sagittal Sagittal

Gradient performance High High High

Radiofrequency speed Fast Fast Fast

Minimum TR (ms) 4010 4010 4010

TE (ms) 27 27 27

Echo-train length 12 12 12

Bandwidth (Hz/pixel) 395 395 395

FOV (mm) 150 × 150 150 × 150 150 × 150

Matrix size 386 × 386 386 × 386 386 × 386

Slice thickness (mm) 2.5 2.5 2.5

Voxel size (mm) 0.4 × 0.4 × 2.5 0.4 × 0.4 × 2.5 0.4 × 0.4 × 2.5

No. of slices 30 30 30

No. of concatenations 1 1 1

PI acceleration factor 1 2 3

Phase direction Head to foot Head to foot Head to foot

Phase oversampling (%) 75 75 75

Flip angle (°) 150 150 150

Echo spacing (ms) 8.6 8.6 8.6

Acquisition time 3 min 50 s 2 min 2 s 1 min 26 s
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native joints, with surgical inspection used as the reference stan-
dard [6–10].

A twofold GRAPPA-accelerated, 8-minute protocol for FSE and 
TSE MRI of the knee performed at a field strength of 1.5 T showed 
surgically validated diagnostic accuracies of 87–100% for the de-
tection of internal derangement, which were similar to the diag-
nostic performances of longer traditional and unaccelerated 2D 
FSE and TSE MRI protocols [6].

Using an early version of PI, twofold acceleration of fat-sup-
pressed T2-weighted 2D FSE and TSE pulse sequences reduced the 
duration of knee and shoulder MRI protocols performed at 1.5 T by 
50% (to approximately 6–7 minutes) and showed surgically validat-
ed diagnostic accuracies similar to that of unaccelerated MRI [7, 8].

A study evaluating twofold PI-accelerated 1.5-T and 3-T proto-
cols for MRI of the knee, each with an acquisition time of 10 min-
utes, including native proton density (PD)–weighted, T2-weighted, 

TABLE 2: Vendor-Specific Acceleration Techniques

Acceleration Technique Canon Medical Systems GE Healthcare Hitachi Healthcare Philips Healthcare Siemens Healthcare

Parallel imaging

Image based Speeder ASSET RAPID SENSE SENSE and mSENSE

k-Space based NA ARC k-RAPID kt-SENSE GRAPPA and CAIPIRINHA

Compressed sensing Compressed Speeder HyperSense NA Compressed SENSE Compressed sensing

SMS acceleration MultiBand Speeder HyperBand Dual-Slice Multiband SENSE SMS acquisition

3D FSE sequences mVox Cube isoFSE 3D View SPACE

Note—ASSET = array spatial sensitivity encoding technique, RAPID = rapid acquisition through parallel imaging design, SENSE = sensitivity encoding, mSENSE = 
modified SENSE, NA = not applicable, ARC = autocalibrating reconstruction for Cartesian imaging, k-RAPID = k-space–based RAPID, k = phase-encode index, t = time, 
CAIPIRINHA = controlled aliasing in parallel imaging results in higher acceleration, SMS = simultaneous multislice, FSE = fast spin-echo, mVox = multivoxel, isoFSE = 
isotropic fast-spin echo sequence.

TABLE 3: Effects of Combined Use of PI Acceleration and Partial Fourier Phase Undersampling on 
Acquisition Time of Coronal T1-Weighted Turbo Spin-Echo MR Images of the Knee

Parameter No Acceleration 2.5-Fold Acceleration

Gradient performance High High

Radiofrequency speed Fast Fast

Minimum TR (ms) 582 461

TE (ms) 8 8

Echo-train length 4 4a

Bandwidth (Hz/pixel) 397 397

FOV (mm) 150 × 150 150 × 150

Matrix size 386 × 386 386 × 386

Slice thickness (mm) 3 3

Voxel size (mm) 0.4 × 0.4 × 3.0 0.4 × 0.4 × 3.0

Slices 28 28

Concatenationsb 2 2

Partial Fourier phase sampling (%) — 75

PI acceleration factor — 2

Phase direction Head to foot Head to foot

Phase oversampling (%) 75 75

Flip angle (°) 150 150

Echo spacing (ms) 8.6 8.6

Acquisition time 3 min 17 s 1 min 21 s

Note—Dash (—) denotes not applied. PI = parallel imaging.
aThe new timing afforded by partial Fourier phase sampling would permit an increase in echo-train length from a maximum of 4–5 and an acquisition time of 2 minutes 
5 seconds. However, an echo-train length of 5 would result in a small increase in T2 weighting and thus may be avoided to preserve sufficient T1 weighting of the 
resulting MR images.

bTwo concatenations indicate that the total number of slices were acquired in two sets.

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

jr
on

lin
e.

or
g 

by
 N

Y
U

 L
an

go
ne

 M
ed

 C
tr

-S
ch

 o
f 

M
ed

 o
n 

02
/0

5/
21

 f
ro

m
 I

P 
ad

dr
es

s 
21

6.
16

5.
12

6.
11

3.
 C

op
yr

ig
ht

 A
R

R
S.

 F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d 



F r i t z  e t  a l .

4	 AJR:216, March 2021

T1-weighted, and fat-suppressed, PD-weighted TSE pulse sequenc-
es found similar diagnostic performances for internal derangement 
between accelerated and unaccelerated MRI protocols [11, 12].

In combination with reduced TRs and spatial resolution, twofold 
PI acceleration of 2D FSE and TSE pulse sequences enabled the cre-
ation of abbreviated 5-minute protocols for knee and shoulder MRI 
performed at 1.5 T and 3 T, which were found to be statistically in-
terchangeable with unaccelerated MRI protocols [9, 10].

Threefold PI acceleration has been successfully applied to ac-
celerate advanced metal artifact reduction MRI examinations of 
the hip [13] and knee [14]. The acceleration reduced the acquisi-
tion time of axial, sagittal, and coronal T1-weighted and STIR slice 
encoding for metal artifact correction (SEMAC) pulse sequences 
to clinically feasible acquisition times of 5–6 minutes.

Parallel Imaging Acceleration of 3D MRI
How It Works

Similar to 2D MRI, PI reduces the acquisition time of 3D pulse 
sequences by undersampling phase-encoding information. Be-
cause 3D FSE and TSE pulse sequences have two phase-encod-
ing directions (Fig. 4), the baseline acquisition times of 3D pulse 
sequences are much longer for musculoskeletal MRI applications 
with high spatial resolution (see equation 1). However, PI accel-
eration can be performed in both phase-encoding directions 

(Fig. 4), which leads to multiplication of the acceleration factors. 
For example, multiplying twofold PI acceleration in the in-plane 
phase-encoding direction by twofold acceleration in the slice 
phase-encoding direction produces fourfold acceleration (Fig. 4). 
Therefore, PI is an an essential acceleration technique for 3D FSE 
and TSE pulse sequences, PI achieves clinically feasible acquisi-
tion times of 5 minutes and less [15] (Table 4 and Fig. 5).

Practical Considerations
Although multiplication of bidirectional acceleration schemes 

leads to higher accelerations that can drastically reduce the ac-
quisition time of 3D pulse sequences (Fig. 4), associated SNR loss 
occurs in the same proportion as that observed in 2D MRI. For ex-
ample, fourfold 3D acceleration results in an SNR loss of approx-
imately 50–60%. However, the volume excitation of 3D pulse se-
quences yields a much higher baseline SNR than the slice-by-slice 
excitation of 2D pulse sequences, which compensates for the 
SNR loss associated with higher acceleration factors. Modern ver-
sions of accelerated 3D FSE and TSE pulse sequences can acquire 
isotropic datasets with spatial resolutions of 0.5–0.6 mm3 within 
5 minutes or less [16–20]. Three-dimensional FSE and TSE pulse 
sequences are most suitable for peripheral joints because of the 
availability of transmit-receive coils and less adjacent tissue, both 
of which avoid phase wrap artifacts in the slice direction.

TABLE 4: PI and Compressed Sensing Acceleration on Acquisition Time Using Sagittal Proton Density–
Weighted 3D TSE MR Images of the Knee

Parameter
Fourfold Acceleration of 3D CAIPIRINHA  

SPACE TSE
Sixfold Acceleration of 3D Compressed Sensing 

SPACE TSE

Contrast PD-Weighted T2-Weighted with FS PD-Weighted T2-Weighted with FS

Orientation Sagittal Sagittal Sagittal Sagittal

Gradient performance High High High High

Radiofrequency speed Fast Fast Fast Fast

TR (ms) 900 1000 1100 900

TE (ms) 28 108 29 92

Echo-train length 60 44 46 36

Bandwidth (Hz/pixel) 422 416 410 410

FOV (mm) 160 × 160 160 × 160 160 × 160 160 × 160

Matrix size 320 × 320 256 × 256 320 × 320 320 × 320

Slice thickness (mm) 0.5 0.6 0.5 0.5

Voxel size (mm) 0.5 × 0.5 × 0.5 0.6 × 0.6 × 0.6 0.5 × 0.5 × 0.5 0.5 × 0.5 × 0.5

No. of slices 240 192 240 240

PI acceleration factor CAIPIRINHA 2 × 2 shift 1 CAIPIRINHA 2 × 2 shift 1 Sixfold CS Sixfold CS

Phase direction Anterior to posterior Anterior to posterior Anterior to posterior Anterior to posterior

Phase oversampling (%) 20 25 12 9

Flip angle (°) Variable Variable Variable Variable

Echo spacing (ms) 5.6 5.1 5.4 5.3

Acquisition time 4 min 41 s 4 min 45 s 4 min 28 sec 4 min 36 sec

Note—PI = parallel imaging, TSE = turbo spin-echo, CAIPIRINHA = controlled aliasing in parallel imaging results in higher acceleration (Siemens Healthcare), PD = 
proton density, FS = fat suppression, CS = compressed sensing.D
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Musculoskeletal Applications
Compared with 2D FSE and TSE pulse sequences, 3D FSE and 

TSE pulse sequences have undergone a remarkable evolution 
over time, showing a diagnostic performance similar to that of 2D 
FSE and TSE pulse sequences in detecting anterior cruciate liga-
ment tears, meniscus tears, and articular cartilage defects [21–23].

In a study investigating 3D MR arthrography of the shoulder, 
twofold SENSE acceleration of a fat-suppressed, T1-weighted, 3D 
gradient-echo pulse sequence with isotropic voxel size and an ac-
quisition time of 5 minutes 32 seconds enabled diagnosis of gle-
noid labral lesions with a surgically confirmed diagnostic perfor-
mance similar to that of a 2D MR arthrography protocol with an 
acquisition time of 16 minutes 40 seconds [24].

When compared with a 2D knee MRI protocol with an acquisi-
tion time of 12 minutes, a twofold GRAPPA-accelerated, fat-sup-
pressed, PD-weighted 3D SPACE TSE pulse sequence with an 
acquisition time of 10 minutes showed similar performance in di-
agnosing internal derangement [25].

Threefold autocalibrating reconstruction for Cartesian imaging 
(ARC, GE Healthcare)–accelerated, fat-suppressed, PD-weighted 
3D variable flip angle (Cube, GE Healthcare) FSE MRI of the knee 
with an acquisition time of 5 minutes and an isotropic resolution 
of 0.7 mm showed surgically confirmed diagnostic accuracies of 
80–100% for the detection of ligament tears, which were simi-
lar to those observed with use of the 2D FSE MRI protocol with a 
17-minute acquisition time [26].

To achieve fourfold acceleration of 3D FSE and TSE sequenc-
es, PI can be combined with the controlled aliasing in PI results in 
higher acceleration (CAIPIRINHA, Siemens Healthcare) algorithm, 
which creates a shift between the two undersampling directions 
to improve image reconstruction quality, noise, and aliasing ar-
tifacts [17, 27] (Fig. 4). Two studies evaluated the performance 
of fully automated one-button-push 3D CAIPIRINHA SPACE TSE 
protocols for 10-minute acquisition of MRI examinations of the 
knee for children and adults [16, 18]. For pediatric patients, the 
10-minute protocol resulted in surgically confirmed diagnostic 
accuracies of 84–100% for detecting articular cartilage defects, 
meniscus tears, and ligament injuries [17, 18]. For adults, the di-
agnostic performance of the 10-minute 3D MRI protocols for de-
tecting internal derangement was interchangeable with that of 
the 20-minute 2D TSE standard-of-reference MRI protocols per-
formed with field strengths of both 1.5 T and 3 T [16].

Simultaneous Multislice Acceleration
How It Works

SMS acceleration techniques acquire several images in a stack 
of MR images at the same time [28], whereas traditional pulse se-
quences acquire one image at a time. Dedicated deconvolution al-
gorithms are used to separate the mixed MR signals from the origi-
nating slices, using coil sensitivity profiles, FOV shifts, and gradient 
encoding [27. Similar to PI acceleration, SMS acceleration requires 
the use of multichannel array coils [29]. SMS acceleration effectively 
reduces the total TR that is required to complete a pulse sequence 
[30], which can be translated into direct and indirect time savings.

Practical Considerations
In contrast to PI acceleration, SMS acceleration techniques 

sample all phase-encoding steps and are therefore almost SNR 

neutral. The number of simultaneously acquired slices equal the 
SMS acceleration factor, which reduces the acquisition time pro-
portionally (see equation 1); however, reductions in acquisition 
time need to be realized through conversions of TR, echo-train 
length, or both.

In musculoskeletal MRI, indirect time savings result from SMS 
acceleration affording acquisition of twice the number of slices in 
a time-neutral fashion, which can be used to minimize or avoid 
slice gaps, increase anatomic coverage, or use thinner slices while 
keeping the anatomic coverage constant. Other solutions in-
clude the time-neutral use of techniques that consume TR, such 
as the use of spectral attenuated inversion recovery (SPAIR) for 
more homogeneous fat suppression (Table 5 and Fig. 6).

Direct time savings result from a numeric reduction of the TR, 
reducing the number of slice packages (i.e., concatenations) or in-
creasing the echo-train length.

For musculoskeletal MRI protocols that use native and fat-sup-
pressed T1-weighted pulse sequences, slice coverage often re-
quires concatenation of slices to fit the short TR. SMS acceleration 
reduces the number of concatenations, which directly translates 
into time savings.

For musculoskeletal MRI protocols using PD-weighted and 
T2-weighted pulse sequences, sufficiently long TRs are import-
ant determinants of fluid sensitivity, high SNR gain, and contrast 
differentiation of musculoskeletal tissues. TR should only be re-
duced if it is greater than 3500–4000 ms, and SMS acceleration 
decreases the number of required concatenations and excess TR, 
resulting in a proportionate reduction in acquisition time.

Another strategy is to apply the benefits of SMS acceleration 
for longer echo trains. In scenarios in which the combination of 
echo spacing and TR permits limited echo-train length only, SMS 
acceleration enables longer echo trains, which are directly pro-
portional to a shorter acquisition time.

In contrast to PI, SMS acceleration may result in higher specific 
absorption rate values because of the sum of simultaneously im-
parted radiofrequency pulses. However, dedicated radiofrequen-
cy pulse designs [31], flip angles of 125–150°, and local transmit 
coils can reduce the specific absorption rate to the level observed 
for conventional FSE and TSE pulse sequences.

Musculoskeletal Applications
SMS acceleration has been used for faster acquisition of MRI 

examinations of the hip [32]. When T1-weighted, PD-weighted, 
and fat-suppressed T2-weighted TSE sequences are used, SMS 
acceleration afforded a nearly SNR-neutral reduction in acquisi-
tion time of 38% compared with PI acceleration. SMS acceleration 
yielded lower numbers of signals and concatenations.

For knee MRI, SMS acceleration was successfully used as the 
sole technique for twofold acceleration [33]. The SMS accelera-
tion protocol was 51% shorter than the unaccelerated version 
and included T1-weighted and fat-suppressed, PD-weighted TSE 
sequences. SNR, image contrast, and frequency of detecting ab-
normalities were similar between the two protocols.

For imaging of the spine, SMS acceleration was used instead of 
PI to achieve nearly SNR-neutral twofold acceleration of an axial 
T2-weighted TSE pulse sequence [34]. SMS acceleration contrib-
uted to a comprehensive spine protocol with a total acquisition 
time of 5–6 minutes.
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For musculoskeletal MRI protocols, the synergistic combination 
of SMS acceleration and PI is especially beneficial because SMS ac-
celeration is nearly SNR neutral but increases the specific absorp-
tion rate, whereas PI results in signal loss but a similar specific ab-
sorption rate. The multiplicative effects of the acceleration factors 
of SMS acquisition and PI acquisition permit fourfold and sixfold 
acceleration of 2D FSE and TSE MRI examination of the knee with 
different image contrasts and plane orientations [30]. Fourfold ac-
celeration of FSE and TSE pulse sequences permits the design of a 
5-minute knee MRI protocol that consists of five pulse sequences, 
different plane orientations, different contrast weightings, and ho-
mogeneous SPAIR fat suppression (Table 5 and Fig. 6).

In a knee MRI study performed in a pediatric population, 
fourfold SMS acquisition– and PI-accelerated, fat-suppressed, 
T2-weighted TSE pulse sequences were 41% faster than PI accel-
eration and showed no differences in image quality and diagnos-
tic performance [35].

Compressed Sensing–Based Undersampling
How It Works

Similar to PI, CS acceleration reduces acquisition time by un-
dersampling phase-encoding information. Although PI samples 
phase-encoding information in lines (Fig. 1), CS uses nonlinear 
undersampling patterns and recovers missing data during image 
reconstruction [36] (Fig. 7). Furthermore, use of CS techniques of-
ten resulted in disproportionate undersampling of areas with less 
dense or less critical information [37].

Practical Considerations
Recovery of missing data during image reconstruction is a 

practically relevant feature of CS that sets it apart from the loss-
ier undersampling of PI [38, 39]. Depending on the accelera-
tion factor, number of iterations, and the number of voxels, CS-
based image reconstructions can require longer than PI-based 
image reconstructions. However, reductions in reconstruction 
times have been observed as software and workstation perfor-
mances have evolved.

For musculoskeletal MRI, CS can be applied alone or in combina-
tion with PI to achieve higher accelerations, retain more SNR, and 
overcome geometric coil limitations that apply for PI. For 2D FSE 
and TSE sequences, the reported acceleration factors of PI, CS, and 
the combination of CS and PI are similar, ranging from 2 to 3 [6–10, 
40, 41]; however, CS accelerations may retain more SNR [40, 41].

For 3D FSE and TSE sequences, CS can achieve faster accelera-
tion than PI alone and can retain more SNR [42, 43]. For example, 
although PI can achieve twofold, threefold, and fourfold accelera-
tion of 3D FSE and TSE pulse sequences [16, 18, 20, 25, 26], CS and 
combined PI and CS techniques can achieve fivefold and sixfold ac-
celerations of 3D FSE and TSE sequences [42, 43]. Faster accelera-
tion factors are afforded by the increased number of areas of sparse 
signal in 3D FSE and TSE pulse sequences for which CS undersam-
pling achieves higher acceleration factors and gains in SNR than PI.

CS achieves substantially higher acceleration factors than PI 
when combined with advanced metal artifact reduction pulse 
sequences [44–46]. The high intrinsic sparsity renders SEMAC 

TABLE 5: Comprehensive 5-Minute Protocol for 3-T MRI of the Knee With Combined Parallel Imaging (PI) 
and Simultaneous Multislice (SMS) Acceleration

Parameter
Axial PD-Weighted 

FS Image
Sagittal PD-

Weighted Image
Sagittal T2-Weighted 

FS Image

Coronal 
PD-Weighted FS 

Image 
Coronal  

T1-Weighted Image

Gradient performance High High High High High

Radiofrequency speed Fast Fast Fast Fast Fast

Fat suppression SPAIR — SPAIR SPAIR —

TR (ms) 3600 3480 3700 3510 546

TE (ms) 32 23 56 35 7.1

Echo-train length 11 11 11 11 4

Bandwidth (Hz/pixel) 296 354 299 301 355

FOV (mm) 140 × 140 140 × 140 140 × 140 140 × 140 140 × 140

Matrix size 272 × 204 336 × 252 304 × 228 272 × 204 256 × 179

Slice thickness (mm) 3 3 3 3 3.5

No. of slices 38 38 38 36 28

PI acceleration factor 2 2 2 2 2

SMS acceleration factor 2 2 2 2 2

Phase direction Right to left Head to foot Head to foot Head to foot Right to left

Phase oversampling (%) 38 39 83 94 12

Flip angle (°) 125 125 125 125 125

Echo spacing (ms) 7.1 7.5 8.0 7.1 7.1

Acquisition time 1 min 00 s 1 min 08 s 1 min 23 s 1 min 15 s 0 min 22 s

Note—Dash (—) denotes no fat suppression was used. PD = proton density, FS = fat suppressed, SPAIR = spectral attenuated inversion recovery (Siemens Healthineers).
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and multiacquisition variable-resonance image combination 
(MAVRIC) metal artifact reduction pulse sequences [45, 47, 48] 
nearly ideally suitable for CS acceleration. Although PI accelera-
tion is usually limited to a factor of 3 [46, 49, 50], CS enables ac-
celeration factors of 8 [44, 46, 51]. With use of the combination of 
CS acceleration and elliptical scanning, SEMAC acquisition times 
can be reduced by 60–70% to 4–5 minutes per sequence (Fig. 8), 
which in some instances permits the time-neutral use of SEMAC 
compared with conventional high-bandwidth 2D FSE and TSE 
pulse sequences [52, 53].

Musculoskeletal Applications
The combination of PI and CS enabled two- and threefold ac-

celeration of 2D knee MRI examinations when T1-weighted and 
fat-suppressed PD- and T2-weighted 2D FSE pulse sequences were 
obtained at a field strength of 3 T. When compared with unaccel-
erated 2D FSE and TSE, twofold and threefold accelerations were 
reported to afford acquisition times that are 40% and 59% faster, 
respectively, providing similar image quality but limited interread-
er agreements [40].

A study evaluating 3-T MRI examination of the ankle com-
pared twofold acceleration using PI and 2.5-fold acceleration us-
ing the combination of PI and CS for T1-weighted, fat-suppressed 
PD-weighted, and T2-weighted 2D TSE pulse sequences [41]. Ac-
celeration with the combination of CS and PI was 18% faster than 
that with PI alone and yielded similar visibility of anatomic struc-
tures as well as similar SNR and contrast-to-noise ratio in muscu-
loskeletal structures.

CS applied to 3D knee MRI afforded sixfold accelerations of iso-
tropic intermediate-weighted and fat-suppressed T2-weighted 
3D SPACE TSE datasets (Fig. 9) with an isotropic voxel size of 0.5–
0.6 mm3 and an acquisition time of 5 minutes per sequence [42]. 
Compared with twofold accelerated conventional 3D SPACE TSE 
MRI, CS afforded an acquisition time that was 60% faster. The di-
agnostic performance of a 10-minute CS-accelerated 3D SPACE 
protocol was similar to that of a 20-minute 2D TSE reference stan-
dard MRI protocol for detecting internal derangement.

In another study that evaluated fast 3D knee MRI, CS accelera-
tion reduced the acquisition time for an isotropic, fat-suppressed, 
PD-weighted 3D SPACE TSE pulse sequence from 7 minutes 28 
seconds to 5 minutes [54]. Cartilage lesions, high signal intensity 
of synovial fluid, and menisci were best visualized on CS SPACE 
images, whereas 2D TSE images showed bones, ligaments, mus-
cles, and fat to better advantage.

CS acceleration of a fat-suppressed PD-weighted 3D Cube (GE 
Healthcare) FSE sequence with an anisotropic voxel size of 0.5 × 
0.5 × 1.0 mm resulted in a 31% reduction in acquisition time from 
4 minutes 44 seconds to 3 minutes 16 seconds [43]. PI-accelerated 
and CS-accelerated Cube FSE sequences had similar performance 
in diagnosing internal derangement.

Acceleration achieved using a combination of CS and PI with 
zero-filling interpolation of an anisotropic axial PD-weighted 3D 
Cube FSE pulse sequence reduced the acquisition time of 3D MRI 
examinations of the shoulder from 3 minutes 32 seconds to 2 min-
utes 22 seconds [55]. Structural similarity indexes and frequency of 
detection of abnormalities were similar for both pulse sequences.

Multiple studies have described the clinical application of eight-
fold accelerated STIR, T1-weighted, PD-weighted, and T2-weighted 

SEMAC pulse sequences for metal artifact reduction MRI examina-
tions in patients with hip [51, 56–58], knee [44], and ankle [59, 60] 
arthroplasty implants, achieving 60–70% reductions in acquisition 
times when compared with PI-accelerated protocols.

Use of multispectral imaging pulse sequences accelerated by 
the combination of PI and CS for imaging of the spine has been 
described elsewhere [45]. Acceleration factors of 5.2–6 reduced 
the acquisition time of a T2-weighted multispectral imaging 
pulse sequence from 9 to 10 minutes to 7 to 8 minutes and pro-
duced similar structural similarity indexes and observer-rated im-
age quality.

Synthetic MRI
How It Works

Synthetic MRI describes techniques that use quantitative T1, 
PD, and T2 maps to calculate morphologic MR images with post-
processing software rather than sample the information of mor-
phologic MR images [61]. During postprocessing, the operator 
can choose any TR, any TE, and different inversion times for final 
MR images along with virtually unlimited numbers of contrasts.

For musculoskeletal MRI, synthetic MRI can achieve savings in 
acquisition time through the simultaneous generation of quan-
titative maps and morphologic MR images, which would other-
wise require longer, separate acquisitions.

Practical Considerations
In addition to classic T1-weighted, PD-weighted, T2-weighted, 

and STIR MR images, new contrasts can be generated from the 
quantitative parental dataset, such as fat- and fluid-suppressed 
MR images used as a surrogate for contrast-enhanced, fat-sup-
pressed, T1-weighted MR images [62].

Fat can be suppressed during postprocessing with synthetic 
STIR techniques, or the parental synthetic MRI dataset can be ac-
quired with spectral fat suppression [63, 64]. With use of the latter 
technique, however, only fat-suppressed morphologic MR imag-
es can be generated synthetically.

At present, most synthetic techniques use 2D pulse sequences, 
which limit synthetic MR images to the acquired plane; however, 
3D acquisitions that permit multiplanar reformatted MR images 
are under investigation [65].

Synthetic MRI can be realized in various ways. A combination of 
pulse sequences that obtain quantitative T1, PD, and T2 data per-
mits synthesis of the full spectrum of musculoskeletal contrasts 
with any combination of short and long TRs and TEs, respectively, 
in addition to added inversion times [61, 66] (Fig. 10). The use of a 
quantitative pulse sequence that maps the T2 spectrum only will 
limit synthesizing morphologic MR images to long TR contrasts, 
including PD- and T2-weighted MR images [64, 67, 68].

Musculoskeletal Applications
Full-spectrum synthetic 3-T MRI examination of the knee per-

formed using a 10-minute synthetic protocol can generate ac-
curate quantitative T1, PD, and T2 maps as well as morpholog-
ic T1-weighted, PD-weighted, T2-weighted, and STIR MR images 
[61]. Synthetic and conventionally acquired MR images had sim-
ilar image quality and diagnostic performance. The efficiency 
gain of synthetic MRI was the time-neutral acquisition of quan-
titative maps.
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T2-spectrum synthetic 3-T MRI examination of the knee per-
formed using a 7-minute synthetic MRI protocol with spectral 
fat suppression is feasible for generating accurate quantitative 
T2 maps and morphologic fat-suppressed PD- and T2-weighted 
MR images [64]. Synthetic and conventionally acquired MR imag-
es had similar interreader agreements for diagnosing internal de-
rangement, whereas synthetic MRI afforded time-neutral acqui-
sition of accurate T2 maps.

In a study that investigated the clinical utility of full-spectrum 
synthetic MRI of the knee performed at a field strength of 1.5 T 
found that synthetic MR images acquired using a 7-minute proto-
col can replace conventionally acquired T1-weighted, PD-weight-
ed, and STIR MR images obtained using a 12-minute clinical MRI 
protocol for the diagnosis of a variety of knee conditions [69].

In a study evaluating diagnosis of knee synovitis with 3-T MRI, 
a 6-minute, full-spectrum, synthetic MRI protocol was used to 
generate classic musculoskeletal contrast MR images and, in 
addition, MR images with combined water and fat suppression 
as a replacement for gadolinium contrast medium–enhanced, 
fat-suppressed, T1-weighted MR images [70]. With allowance for 
some limitations, synthetic water and fat suppression MR images 
were capable of diagnosing knee synovitis, representing a prom-
ising alternative for use in scenarios in which gadolinium admin-
istration is not feasible.

In a study investigating the utility of full-spectrum synthetic 
MRI for MR arthrography examinations of the shoulder [71], cor-
onal oblique synthetic pulse sequences had a faster acquisition 
time (6 minutes 20 seconds) than did images obtained using the 
conventional protocol. For synthetic T1-weighted MR images, 
postprocessing permitted identification of optimal TRs and TEs 
to allow maximization of the contrast between gadolinium-en-
hanced joint fluid and the labrum, and for T2-weighted MR im-
ages, it allowed maximization of the contrast between fluid and 
rotator cuff tendons. The individual adjustments improved the 
conspicuity of labral and rotator cuff lesions.

In a study focusing on characterization of articular cartilage of 
the knee, a fat-suppressed, double-echo, steady-state pulse se-
quence was used to synthesize T2 maps in addition to morpho-
logic MR images, permitting segmentation, quantification, and 
structural evaluation of articular cartilage [72]. The efficiency gain 
was the near time-neutral acquisition of T2 maps in a total se-
quence acquisition time of 5 minutes or less.

Combined Use of Advanced Acceleration Techniques
The advanced acceleration technique can be applied to pulse 

sequences that previously were optimized using widely accessi-
ble techniques [1]. The advanced techniques can be combined 
in practice, which leads to synergies through the multiplication 
of acceleration factors, SNR gains, and specific absorption rate. 
Table 6 provides a checklist for applying the different accelera-
tion techniques to the spectrum of FSE and TSE pulse sequences.

Conclusion
Advanced acceleration techniques, including PI, SMS acceler-

ation, CS, and synthetic MRI techniques, provide unprecedented 
opportunities for rapid musculoskeletal MRI examinations while 
retaining quality, comprehensiveness, and diagnostic perfor-
mance. The combined use of advanced acceleration techniques 
is advantageous for rapid musculoskeletal MRI examinations: 
combined PI and SMS acceleration enables fourfold to sixfold 
accelerations of 2D FSE and TSE pulse sequences, combined use 
of PI and CS enables fourfold to sixfold accelerations of 3D FSE 
and TSE pulse sequences, and combined CS and elliptical scan-
ning enables fivefold to eightfold accelerations of advanced met-
al artifact reduction pulse sequences. Synthetic MRI techniques 
permit the time-neutral acquisition of quantitative maps and the 
generation of virtually unlimited musculoskeletal MRI contrasts. 
Acceleration factors of 3–8 can be realized in clinical practice, 
amounting to time savings of 65–85% compared with unaccel-
erated acquisitions.

TABLE 6: Checklist of Advanced Techniques for Rapid Musculoskeletal MRI

Technique Effect on Acquisition Time Musculoskeletal Applications

Parallel imaging acceleration Acquisition time decreases proportionally to the 
acceleration factor

Twofold to threefold acceleration of 2D FSE and TSE pulse 
sequences

Fourfold acceleration of 3D FSE and TSE pulse sequences

SMS acceleration Acquisition time decreases through shorter minimum TR, 
fewer concatenations, and longer possible echo trains

Near SNR-neutral twofold and threefold acceleration of 2D 
FSE and TSE pulse sequences

Combined fourfold to sixfold SMS and parallel imaging 
acceleration of 2D FSE and TSE pulse sequences

Compressed sensing acceleration Acquisition time decreases proportionally to the 
acceleration factor; may afford faster acceleration and 
less SNR loss than parallel imaging

Fivefold to sixfold acceleration of 3D FSE and TSE pulse 
sequences

Fivefold to eightfold acceleration of SEMAC and 
multispectral imaging pulse sequences

Synthetic MRI Time-neutral acquisition of quantitative maps and 
creations of multiple musculoskeletal contrasts

Quantitative mapping in time-neutral fashion

Limitless creation of classic and new MRI contrasts

Note—FSE = fast spin-echo, TSE = turbo spin-echo, SMS = simultaneous multislice, SEMAC = slice encoding for metal artifact correction, SNR = signal-to-noise ratio.D
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A
Fig. 1—Parallel imaging acceleration of 2D fast spin-echo and turbo spin-echo pulse sequences.
A–C, Schematics show fully sampled phase-encoding information (A), twofold parallel imaging acceleration achieved through sampling of every second phase-
encoding step only (B), and threefold parallel imaging acceleration achieved through sampling of every third phase-encoding step only (C). Dotted horizontal lines 
indicate signal sampling lines in case space.

CB

A
Fig. 2—32-year-old healthy man. Parallel imaging GRAPPA (Siemens Healthcare) acceleration of sagittal proton density–weighted musculoskeletal MR images 
acquired using 3-T MRI system, 15-channel knee coil, and pulse sequence parameters as shown in Table 1. GRAPPA enables artifact-free acceleration factors of up to 3 
with decreasing acquisition times and signal-to-noise ratios. For this 15-channel knee coil configuration consisting of three rings in head-to-foot direction, each with 
five elements, parallel imaging acceleration is limited to factor of 3 in head-to-foot direction.
A–C, Appearance of MR images obtained using no acceleration (acquisition time, 3 minutes 50 seconds) (A), GRAPPA factor 2 acceleration (acquisition time, 2 minutes 
2 seconds) (B), and GRAPPA factor 3 acceleration (acquisition time, 2 minutes 2 seconds) (C).

CB
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Fig. 3—32-year-old healthy man.Parallel imaging acquisition of knee performed using 15-channel receiver array coil (denoted by gray circle). Each of 15 coil elements 
obtains partial image (denoted by images along gray circle) on basis of location and distance to anatomic region, which allows spatial allocation of origin of received 
data for construction of final composite MR image (center image).
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A
Fig. 4—Parallel imaging acceleration of 3D fast spin-echo and turbo spin-echo pulse sequences.
A–C, Schematics show fully sampled phase-encoding information (A); combined fourfold parallel imaging acceleration achieved through sampling of every second 
phase-encoding step in phase and slice (partition) directions, respectively (B); and combined fourfold parallel imaging acceleration with controlled aliasing in parallel 
imaging results in higher acceleration (CAIPIRINHA) algorithm introducing additional shift between skipped phase- and slice-encoding steps (C). Dotted horizontal 
lines indicate signal sampling lines in case space.

CB

Fig. 5—30-year-old man with acute knee trauma who underwent 10-minute isotropic 3D CAIPIRINHA (controlled aliasing in parallel imaging results in higher 
acceleration, Siemens Healthcare) SPACE turbo spin-echo 3-T MRI examination of knee performed with use of 15-channel knee coil and pulse sequence parameters 
as shown in Table 3. Acquisition time of each 3D CAIPIRINHA SPACE turbo spin-echo pulse sequence was 5 minutes or less, whereas acquisition times for sequences 
obtained without acceleration and with twofold acceleration were more than 20 minutes and more than 10 minutes per sequence, respectively.
A–F, Intermediate-weighted (IW) (spatial resolution, 0.5 × 0.5 × 0.5 mm), unenhanced sagittal (A), coronal (B), and axial (C) MR reformatted images and fluid-sensitive 
(spatial resolution, 0.6 × 0.6 × 0.6 mm), unenhanced, fat-suppressed sagittal (D), coronal (E), and axial (F) MR reformatted images show full-thickness tear of anterior 
cruciate ligament (black arrows, A and D), parrot beak tear of lateral meniscus (arrows, B, C, E, and F), and hemorrhagic joint effusion with fluid-fluid level (white arrows, 
A and D).

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

jr
on

lin
e.

or
g 

by
 N

Y
U

 L
an

go
ne

 M
ed

 C
tr

-S
ch

 o
f 

M
ed

 o
n 

02
/0

5/
21

 f
ro

m
 I

P 
ad

dr
es

s 
21

6.
16

5.
12

6.
11

3.
 C

op
yr

ig
ht

 A
R

R
S.

 F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d 



F r i t z  e t  a l .

14	 AJR:216, March 2021

Fig. 6—45-year-old man with acute knee trauma who underwent MRI examination performed using combined parallel imaging (PI) and simultaneous multislice (SMS) 
acceleration with use of 3-T MRI system and 15-channel knee coil. IW = intermediate-weighted, FS = fat-suppressed.
A–E, Twofold PI-accelerated turbo spin-echo pulse sequences with total acquisition time of 9 minutes show moderate-to-large knee joint effusion and complex 
partial-thickness medial meniscus tear (arrows, A, B, and E)
F–J, Fourfold SMS- and PI-accelerated turbo spin-echo pulse sequences with total acquisition time of 5 minutes show moderate-to-large knee joint effusion and 
complex partial-thickness medial meniscus tear (arrows, F, G, and J)

A

Fig. 7—Compressed sensing (CS)-based 
acceleration of 3D fast spin-echo and turbo spin-
echo pulse sequences.
A and B, Schematics (k-space) show fully sampled 
phase-encoding information (A) and CS-based 
sampling pattern (B) with pseudorandom 
undersampling of peripheral phase-encoding 
information and full sampling shown centrally 
(square, B). Dotted horizontal lines indicate signal 
sampling lines in case space.

B
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Fig. 8—64-year-old woman with pain and dysfunction of left hip who underwent metal artifact reduction MRI performed using 1.5-T system.
A–H, Eightfold compressed sensing (CS)-accelerated SEMAC (slice encoding for metal artifact correction) turbo spin-echo (TSE) MR images (E–H) show particulate 
synovitis (white arrows, A, B, D–F, and H) around neck of femoral component with fluid decompression into greater trochanteric bursa (black arrows, B, D, F, and H), and 
intact implant-bone interface (arrows, C and G) to better advantage than do high-transmit, high-receiver-bandwidth TSE MR images (A–D). Total acquisition time was 
18 minutes for each of two protocols. IW = intermediate-weighted.

A
Fig. 9—11-year-old boy with acute knee trauma who underwent 3D compressed sensing–accelerated SPACE turbo spin-echo 3-T MRI examination of knee with 
acquisition time of 5 minutes.
A–C, Reformatted fat-suppressed, fluid-sensitive (spatial resolution, 0.5 × 0.5 × 0.5 mm) sagittal (A), coronal (B), and axial (C) MR images show osseous avulsion fracture 
(arrows) of tibial attachment of anterior cruciate ligament. Pulse sequence acquisition times without acceleration and with twofold acceleration are more than 20 
minutes and more than 10 minutes, respectively.

CB
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Fig. 10—28-year-old woman with right knee pain who underwent synthetic MRI.
A–K, Sagittal conventional MR images (A–D) and synthetic MR images (E–H) and T1 (I), proton density (J), and T2 (K) maps of knee show focal area of subchondral 
bone marrow edema (arrow) in central patella. PD = proton density.
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