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Magnetic resonance imaging 
(MRI) has seen significant 
advances over the past de-

cade, allowing for an expanding vari-
ety of clinical applications. However, 
it is still prone to several technical 
shortcomings, one of the most impor-
tant being its sensitivity to physiologic 
and respiratory motion. This concern 
becomes of utmost significance when 
imaging certain body regions in debili-
tated patients, the elderly, and children, 
who cannot perform adequate breath 
holds.1 Ghosting artifacts from respira-
tory motion significantly degrade image 
quality, potentially rendering MR ex-
aminations non-diagnostic.2-5 Several 
techniques have been employed to help 
mitigate the effects of respiratory mo-
tion, including breath-hold compatible 
acquisitions,2,3,6 external bellows for 
respiratory monitoring,7 and navigator 

triggering.8-11 These methods, however, 
often require additional steps in clinical 
workflow and may fail in cases of ir-
regular respiration.12-14 This high sensi-
tivity to motion of conventional MRI is 
heavily influenced by the Cartesian data 
sampling scheme used by conventional 
pulse sequences, in which k-space is 
sampled along parallel lines.

Using traditional Cartesian k-space 
sampling, proton spins in tissue differ 
by a constant offset for each sampled 
k-space line, described as the phase en-
coding principle.15 If an object moves 
during the examination when using 
such a sampling scheme, the phase en-
coding is disturbed, which can be in-
terpreted as displacement of individual 
lines along the phase-encoding direc-
tion. This offset in turn leads to aliasing 
effects or ghosting artifact.2 Non-Car-
tesian acquisition schemes, in which 
the k-space acquisition is changed to a 
different sampling geometry, have been 
used to overcome this limitation. One 
such alternative acquisition technique 
is the radial sampling scheme. A radial 

T1-weighted gradient echo sequence 
(T1W-GRE) has recently become avail-
able for routine clinical imaging.15-19 

In the radial acquisition scheme, data 
is acquired along rotating spokes within 
k-space.20 All spokes overlap in the k-
space center, thereby preventing gaps 
in k-space upon object movement. Ef-
fectively, traditional ghosting artifact 
is not possible using this acquisition 
scheme.1,15 Furthermore, with radial ac-
quisition, extensive signal averaging due 
to the overlapping nature of the k-space 
lines helps to substantially decrease the 
appearance of motion artifact.20 In the 
radial T1W-GRE sequence, a conven-
tional gradient echo sequence is obtained 
in combination with radial sampling by 
using a 3D “stack of stars” approach. In 
this scheme, radial spokes are acquired 
along the kx-ky plane while conventional 
rectilinear sampling is performed along 
the kz dimension, resulting in cylindri-
cal coverage of k-space.15,16 Despite 
conventional acquisition in the kz plane, 
a high degree of motion robustness is 
achieved, allowing for free-breathing 
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FIGURE 1. A 16-year-old boy with Crohn’s disease underwent contrast-enhanced MR-enterography using standard breath hold T1W-GRE (A) 
and free-breathing radial T1W-GRE (B), demonstrating bowel wall thickening, hyper-enhancement, and entero-enteric fistula within the right 
lower quadrant (arrow). The entero-enteric fistula is more conspicuous on the radial T1-GRE due to the decreased blurring and superior spatial 
resolution achieved using this sequence.

FIGURE 2. A 33-year-old woman with a left hepatic focal nodular hyperplasia underwent gadoxetate disodium enhanced liver MRI using stan-
dard breath-hold T1W-GRE (A) and free-breathing radial T1W-GRE (B). The rim-enhancement of the lesion in the hepatobiliary phase is better 
visualized using the radial T1W-GRE sequence (arrow). 

FIGURE 3. A 61-year-old man with cirrhosis underwent an abdominal MRI using standard breath-hold T1W-GRE (A) and free-breathing post-
contrast radial T1W-GRE (B), demonstrating severe image degradation by respiratory motion artifact on the standard T1W-GRE sequence. The 
normal pancreas is more clearly delineated using the radial T1W-GRE sequence due to its motion robustness (arrow).
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FIGURE 4. A 13-year-old girl with Crohn’s disease underwent contrast-enhanced MR-enterography using standard breath hold T1W-GRE (A) 
and free-breathing radial T1W-GRE (B), demonstrating subtle wall thickening within the distal ileum (arrow) consistent with ileitis. These findings 
are better visualized using the radial T1W-GRE due to its motion robustness and superior spatial resolution.

FIGURE 5. A 22-year-old woman with ulcerative colitis underwent contrast-enhanced MR-enterography using standard breath-hold T1W-GRE 
(A) and free-breathing radial T1W-GRE (B), demonstrating mural stratification and wall thickening within the sigmoid and descending colon 
(arrow). The findings are better delineated using the radial T1W-GRE sequence due to the superior spatial resolution of this sequence. 

FIGURE 6. A 56-year-old man with a right renal cell carcinoma underwent contrast-enhanced abdominal MRI using standard free-breathing 
T1W-GRE (A) and free-breathing radial T1W-GRE (B). The invasion of tumor into the right renal vein (arrow) is more conspicuous using the 
radial T1W-GRE due to the lack of motion artifact and increased spatial resolution of this sequence. 
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imaging. Furthermore, radial T1W-GRE 
allows for superior spatial resolution 
(Figure 1).1,16,20  Achievable spatial reso-
lution in Cartesian imaging is limited by 
the amount of k-space data obtained in 
an approximately 20 second breath hold. 
As radial T1W-GRE allows for free-
breathing, data can be sampled over sev-
eral minutes, in turn, increasing spatial 
resolution.1,20 

Abdominal imaging
Given its motion robustness, radial 

imaging has shown great advantage in 
abdominal imaging (Figures 2-6).15,21-23 
Traditionally, abdominal MRI is per-
formed using suspended respiration, 

usually requiring a 15- to 20-second 
breath hold, which can be difficult or 
impossible for some patients, including 
post-operative patients and those with 
chronic medical conditions.2,3 With ra-
dial T1W-GRE, data acquisition can be 
performed during shallow respiration. 
Azevedo et al demonstrated the feasibil-
ity of performing abdominal MRI ex-
aminations using a free breathing radial 
T1W-GRE sequence, whether patients 
were cooperative or uncooperative with 
breathing instructions.21 These authors 
demonstrated overall image quality for 
free-breathing radial T1W- GRE that 
was rated at least nearly as good as stan-
dard breath hold T1-GRE in coopera-

tive patients. In uncooperative patients, 
overall image quality was rated good to 
very good using radial T1W-GRE.21 An 
additional study by the same group dem-
onstrated the feasibility of free breathing 
radial T1-GRE images for pancreatic 
evaluation.22 Free breathing radial T1W-
GRE was compared with standard breath 
hold T1W-GRE for evaluation of the 
normal and diseased pancreas, demon-
strating that overall image quality was 
lower for radial T1W-GRE than standard 
T1W-GRE on pre- and post-contrast ex-
aminations. However, radial T1W-GRE 
achieved good overall image quality, 
pancreatic edge sharpness, and pancre-
atic ductal clarity.22

FIGURE 7. A 21-month-old girl status post-Wilm’s tumor resection, underwent contrast-enhanced abdominal MRI using standard free-breathing 
T1W-GRE (A) and free-breathing radial T1W-GRE (B). The anatomic structures are more clearly defined on the radial T1W-GRE due to the 
motion robustness of this sequence. For instance, portal venous branches are clearly visualized using radial T1W-GRE, although obscured 
using standard T1W-GRE (arrow).

FIGURE 8. A 2-year-old boy with pelvic rhabdomyosarcoma underwent contrast-enhanced pelvis MRI using standard free-breathing T1W-GRE 
(A) and free-breathing radial T1W-GRE (B). The margins of the mass (arrow) with the surrounding structures are more clearly delineated using 
the radial T1W-GRE due to its superior spatial resolution and motion robustness.
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Liver MRI can be particularly chal-
lenging for patients with diminished 
breath holding capacity, as it requires 
serial breath holding sequences for 
dynamic contrast enhanced imaging. 
Furthermore, adequate image qual-
ity is crucial for lesion detection and 
anatomic delineation.24 Chandarana 
et al compared contrast enhanced liver 
MRI techniques, demonstrating similar 
overall image quality, respiratory mo-
tion artifact, and liver edge sharpness 
for free breathing radial T1W-GRE and 
standard breath hold T1W-GRE.15 In 
addition, these authors demonstrated 

significantly better overall image qual-
ity for post-contrast free-breathing 
radial T1W-GRE when compared to 
free-breathing standard T1W-GRE 
sequences.15 Liver MRI with hepato-
biliary phase imaging poses additional 
challenges for patients with inability to 
breath hold, as the duration of the ex-
amination is typically longer and the 
number of breath holds greater than 
with liver MRI without a hepatobi-
liary phase. Reiner et al evaluated the 
image quality of free breathing radial 
T1W-GRE and standard T1W-GRE 
sequences after the administration of 

gadoxetate disodium on hepatobiliary 
phase liver MRI in patients who were 
unable to perform adequate breath 
holds.23 Significantly better overall 
image quality and image sharpness 
were demonstrated using free-breathing 
radial T1W-GRE when compared to 
standard breath hold T1W-GRE. He-
patic lesion detection on the hepatobili-
ary phase imaging was not significantly 
different between the two sequences.23 

Pediatric imaging
Motion artifact is also of particu-

lar importance in pediatric imaging, 

FIGURE 9. A 12-month-old female with a left retroperitoneal neuroblastoma (arrow) underwent contrast-enhanced pelvis MRI using standard 
free-breathing T1W-GRE (A) and free-breathing radial T1W-GRE (B). The radial T1W-GRE demonstrates superior spatial resolution and 
motion robustness.

FIGURE 10. A 9-year-old girl with tuberous sclerosis underwent contrast-enhanced renal MRI using standard breath-hold T1W-GRE (a) and 
free-breathing radial T1W-GRE (B). The multiple right and left renal angiomyolipomas are more conspicuous on the radial T1-GRE due to its 
superior spatial resolution and lack of motion artifact (arrow). 
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as breath holding is often difficult or 
impossible in young children. Further-
more, general anesthesia is used in the 
majority of MRI examinations for chil-
dren under 5 years of age.25,26 While an-
esthesia prevents gross patient motion, 
it makes breath holding impossible. 
Radial T1W-GRE imaging has been 
evaluated for pediatric imaging exami-
nations (Figures 7-10).17,27 Roque et al 
compared three different post contrast 
T1-weighted GRE sequences: standard 
T1W-GRE, magnetization-prepared 
GRE (MP-GRE), and radial T1W-
GRE, all acquired in free-breathing se-
dated pediatric patients younger than 5 
years of age.27 These authors demon-
strated improved parameters of image 
quality including liver and pancreatic 
edge sharpness, hepatic vessel clarity, 
and shading for the MP T1W-GRE and 
radial T1W-GRE sequences than those 
for the standard T1W-GRE.27 In addi-
tion, radial T1W-GRE demonstrated 
the overall highest image quality among 
all three sequences. An additional study 
evaluated image quality in pediatric pa-
tients who underwent sequential con-
trast enhanced standard T1W-GRE and 
radial T1W-GRE acquisition schemes, 
in which standard T1W-GRE was ac-
quired using breath hold or free breath-
ing schemes in patients who were 
unable to breath hold, and radial T1W-
GRE was performed using free breath-
ing.17 These authors demonstrated 
improved scores for overall image 
quality, hepatic edge sharpness, hepatic 
vessel clarity, and respiratory motion 

FIGURE 11. A 69-year-old woman with a history of non-small cell cancer who underwent PET/MRI immediately following a PET/CT. A right 
upper lobe lung nodule (arrow) measuring 0.8 cm in diameter is clearly visualized by (A) CT, (B) radial T1W-GRE, and (C) the fused radial T1W-
GRE/PET image, demonstrating FDG avidity.

FIGURE 12. A 41-year-old man with history of right vagal paraganglioma underwent a con-
trast-enhanced neck MRI using T1W-turbo spin echo (T1W-TSE) (A) and radial T1W-GRE 
(B). The vagal paraganglioma within the right carotid space (arrow) is better delineated using 
the radial T1W-GRE sequence.
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FIGURE 13. A 68-year-old woman with a left optic nerve meningioma underwent contrast-
enhanced brain MRI using magnetization-prepared rapid acquisition gradient echo sequence 
(MP-RAGE) (A) and radial T1W-GRE (B) demonstrating fusiform dilation of the left optic nerve 
(arrow). The tram-tracking appearance of the left optic nerve, characteristic of an optic nerve 
meningioma, is better delineated using the radial T1-GRE. 
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robustness for radial T1W-GRE than 
standard T1W-GRE, as well as superior 
lesion detected on radial T1W-GRE.17 

Simultaneous PET/MR imaging
Systems for performing simultaneous 

whole body positron emission tomogra-
phy (PET) and MRI examinations have 
recently become clinically available 
and have been described for evaluat-
ing tumor detection and staging.28-30 
PET/MRI combines the high contrast 

resolution and functional information 
available using MRI with the metabolic 
information of PET, with the benefit of 
reduced radiation compared with PET/
CT.31 However, MRI artifact including 
respiratory, cardiac, and patient mo-
tion leads to limitations in registration 
between PET and MRI, as is often seen 
using conventional PET/CT.7,32,33 Free-
breathing, motion robust radial MRI  can 
be performed simultaneously with PET, 
which may improve accuracy of co-reg-

istration.18 To investigate this concept, 
Rakheja et al compared the accuracy of 
spatial registration of PET/CT with that 
of PET/MR including free breathing ra-
dial T1W-GRE in patients with FDG 
avid metastatic lesions.18 Radial T1W-
GRE and T2-weighted images demon-
strated more accurate spatial registration 
than PET/CT,18 likely secondary to the 
simultaneous acquisition of the PET/MR 
system. An additional concern of using 
PET/MRI in place of PET/CT for tumor 

Table 1. Applications of radial T1W-GRE

Authors Year MRI Population Main Findings for radial T1W-GRE

Azevedo et al21 2011 Upper abdomen Adults & pediatrics - Good to very-good overall image quality in   
          cooperative and uncooperative patients   
         (although lower than standard T1W-GRE in  
       cooperative patients) 
    - Mild streak artifact

Chandarana et al15 2011 Liver Adults - No difference in overall image quality between  
       free-breathing radial T1W-GRE and standard  
       breath-hold T1W-GRE 
    - Better image quality scores for free-breathing  
       radial T1W-GRE than free-breathing standard  
       T1W-GRE 
    - Streak artifact present

Bamrungchart et al22 2013 Upper abdomen Adults - Fair to good overall image quality in cooperative  
       and uncooperative patients (although lower than  
       standard T1W-GRE in cooperative patients) 
    - Mild streak artifact

Chandarana et al19 2013 PET/MRI of chest Adults - PET/MRI with radial T1W-GRE achieved high  
       sensitivity for the detection of FDG-avid and  
	 	 	 	 			≥	0.5	cm	pulmonary	nodules

Rakheja et al18 2013 Whole body Adults - PET/MRI with radial T1W-GRE achieved more  
  PET/MRI     accurate spatial registration than PET/CT

Reiner et al23 2013 Liver  Adults - Better overall image quality than standard  
       T1W-GRE 
    - No difference in liver lesion detection  
    - Mild streak artifact

Chandarana et al17 2014 Abdomen & pelvis Pediatrics - Better overall image quality than standard  
       T1W-GRE 
    - More liver lesions detected

Roque et al27 2014 Upper Abdomen Pediatrics - Less respiratory motion and better image  
       quality  parameters than standard T1W-GRE 
    - Mild streak artifact

Wu et al38 2014 Neck MRI Adults - Better overall image quality than standard  
       T1W-TSE sequence
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staging has been the ability of PET/
MRI to detect pulmonary nodules.34-37 
The spatial resolution of conventional 
MR is limited by the amount of k-space 
data acquired during a breath hold, 
while free-breathing Cartesian MRI is 
prone to motion artifact.19 Chandarana 
et al assessed the diagnostic sensitiv-
ity of free breathing radial T1W-GRE, 
PET, and PET/MR in the detection of 
lung nodules, with PET/CT serving as 
the reference standard.19 PET/MR had 
higher sensitivity in the detection of lung 
nodules when compared with PET or 
MR imaging alone, with a sensitivity of 
70.3% for all nodules, 95.6% for FDG 
avid nodules, and 88.6% for nodules 
with a diameter of at least 0.5 cm,19 dem-
onstrating the feasibility of PET/MR, in-
cluding radial T1W-GRE, in whole body 
tumor staging, including MRI evaluation 
of the lungs (Figure 11). 

Head and neck imaging
Although conventional neck MRI is 

performed using free-breathing and is 
not usually affected by respiratory ar-

tifact, motion and flow related artifacts 
may often cause severe limitations.4,5,24 
Elderly or debilitated patients often can-
not suppress coughing or swallowing 
during the examination, which may ren-
der the study non-diagnostic. In addition, 
flow related artifact in the upper chest, 
related to the great vessels, can obscure 
pathology in this region. Conventional 
neck MRI, which is performed using a 
fat-suppressed T1-weighted turbo spine 
echo (T1W-TSE) sequence, is very sus-
ceptible to motion and pulsation artifact, 
and thus prone to such limitations. To 
address this issue, Wu et al compared 
the image quality of contrast enhanced 
radial T1W-GRE and standard fat-sup-
pressed T1W-TSE sequences in the head 
and neck.38 These authors demonstrated 
improved overall image quality, fat sup-
pression, mucosal enhancement, muscle 
edge clarity, vessel clarity, respiratory 
motion artifact, pulsation artifact, and 
lesion edge sharpness for radial T1W-
GRE compared with traditional fat-sup-
pressed T1-weighted sequences (Figures 
12 and 13).38

FIGURE 15.  A 62-year-old man with 
biopsy-proven Gleason 3+3 prostate can-
cer in the right mid-gland of the prostate. A 
non-specific region of decreased T2 signal 
is present in this region (A, arrow). Early 
time-point from standard dynamic contrast-
enhanced (DCE) (B) and GRASP DCE (C) 
MRI show corresponding focus of abnormal 
early enhancement in this region (arrow, B, 
C), which has sharper edges and is more 
clearly visualized using GRASP. 

FIGURE 14. A 73-year-old woman underwent contrast-enhanced abdominal MRI for abdomi-
nal pain using radial T1W-GRE. Streak artifact that is characteristic of radially acquired 
sequences is present, predominantly in the image periphery (arrow). This artifact is typically 
mild and can be “read through” without substantially affecting diagnostic quality. 
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Limitations
Although radial imaging is free of 

ghosting artifact, it is susceptible to 
streak artifact and object blurring due 
to data inconsistencies.16 This artifact 
is largely due to respiratory motion, al-
though it can be exacerbated by under-
sampling,39 especially in larger patients. 
This artifact radiates outward from the 
motion-affected regions and often ap-
pears as additional “texture” superim-
posed on the underlying image. As such, 
radiologists can usually “read through” 
the presence of this artifact, similar to 
radiologists reading through streak arti-
fact of varying extent when encountered 
on CT. In effect, this artifact is usually 
minor and seems much less likely to af-
fect diagnostic quality than ghosting ar-
tifact encountered when using traditional 
Cartesian imaging (Figure 13).

Despite the numerous advantages of 
radial T1W-GRE imaging, the less ef-
ficient coverage of k-space in radial ac-
quisition leads to a higher sampling rate 
and lower scan efficiency.16 This results 
in a relatively long acquisition time, 
often requiring up to approximately 160 
seconds.27 These long acquisition times 
restrict the utility of radial T1W-GRE 
for dynamic contrast enhanced (DCE) 
imaging.16 With such long acquisition 
times, the arterial and venous phases of 
contrast administration cannot be dif-
ferentiated, as such differentiation re-
quires a temporal resolution of at least 
15-20 seconds.40 In effect, while portal 
and equilibrium phase examinations 
can be performed using radial T1W-
GRE sequences, the hepatic arterial 
phase cannot be achieved. Advanced 
applications of radial T1W-GRE that 
have been developed to address this 
limitation and improve temporal reso-
lution (Table 1) include the sequences 
GRASP (golden-angle radial sparse 
parallel MRI)40 and KWIK (k-space 
weighted image contrast),33 which will 
be explored in the next section. 

Future directions
When radial imaging is performed 

using a golden-angle acquisition scheme 
in which the angle of the acquired spokes 

is continuously increased by 111.25 
degrees, increased motion robustness 
is attained.40 Moreover, when the ad-
vanced compressed sensing reconstruc-
tion scheme is combined with parallel 
imaging for radial sampled data,31 rapid 
continuous acquisition can be performed 
using a flexible temporal spatial resolu-
tion that can be determined retrospec-
tively following the initial post-contrast 
acquisition.40 GRASP is a recently in-
troduced sequence that combines both 
of these advances.40 GRASP has been 
applied for multiple clinical applica-
tions that require dynamic post-contrast 
evaluation, including imaging of the 
liver, prostate, and bowel in patients 
with inflammatory bowel disease (Fig-
ures 14 and 15).40,41 Chandarana et al 
demonstrated that diagnostic quality 
DCE MRI imaging of the liver can be 
performed using GRASP.40 Rosen-
krantz et al demonstrated better clar-
ity of prostate anatomic structures, as 
well as improved lesion detection, using 
GRASP in comparison to standard Car-
tesian DCE MRI.41 GRASP has also 
been used in the evaluation of inflam-
matory bowel disease, in which detec-
tion of increased vascularity in inflamed 
bowel segments may be used to predict 
disease status.42 The KWIK sequence is 
an additional advanced implementation 
of radial T1W-GRE in which k-space 
data is acquired along coinciding pro-
jections. KWIC obtains high temporal 
resolution sub-frame images and has 
also shown feasibility for free-breathing, 
dynamic contrast enhanced imaging of 
the abdomen.33 KWIC does not require 
compressed sensing. However, a disad-
vantage of KWIK is less accurate fidelity 
of the temporal profile of pixels, specifi-
cally near the edges of lesions.33 While 
these advanced versions of radial T1W-
GRE have not yet achieved widespread 
clinical use, ongoing investigations are 
underway to support their future integra-
tion into standard MRI clinical protocols.

Conclusion
A T1W-GRE sequence obtained 

using a radial acquisition scheme of-
fers a solution to the major technical 

challenge encountered in MRI of mo-
tion artifact and the associated need 
for breath holding, a main limitation 
of traditional abdomen, pediatric, and 
neck MRI examinations. The radial 
T1W-GRE sequence has already been 
integrated into clinical practice and 
complements existing protocols at 
many centers. Further investigations 
are underway to allow for dynamic 
contrast-enhanced imaging at both 
high temporal resolution and high spa-
tial resolution using radial acquisition. 
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