
REVIEW

Golden-Angle Radial MRI: Basics,
Advances, and Applications

Li Feng, PhD*

In recent years, golden-angle radial sampling has received substantial attention and interest in the magnetic resonance
imaging (MRI) community, and it has become a popular sampling trajectory for both research and clinical use. However,
although the number of relevant techniques and publications has grown rapidly, there is still a lack of a review paper that
provides a comprehensive overview and summary of the basics of golden-angle rotation, the advantages and challenges/
limitations of golden-angle radial sampling, and recommendations in using different types of golden-angle radial trajecto-
ries for MRI applications. Such a review paper is expected to be helpful both for clinicians who are interested in learning
the potential benefits of golden-angle radial sampling and for MRI physicists who are interested in exploring this research
direction. The main purpose of this review paper is thus to present an overview and summary about golden-angle radial
MRI sampling. The review consists of three sections. The first section aims to answer basic questions such as: what is a
golden angle; how is the golden angle calculated; why is golden-angle radial sampling useful, and what are its limitations.
The second section aims to review more advanced trajectories of golden-angle radial sampling, including tiny golden-
angle rotation, stack-of-stars golden-angle radial sampling, and three-dimensional (3D) kooshball golden-angle radial sam-
pling. Their respective advantages and limitations and potential solutions to address these limitations are also discussed.
Finally, the third section reviews MRI applications that can benefit from golden-angle radial sampling and provides recom-
mendations to readers who are interested in implementing golden-angle radial trajectories in their MRI studies.
Evidence Level: 5
Technical Efficacy: Stage 1
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Magnetic resonance imaging (MRI) is a powerful and
diverse imaging modality used in our day-to-day clinical

practice. Today, majority of clinical MR images are acquired
using a Cartesian sampling trajectory. An example of 2D Carte-
sian trajectory with five phase-encoding measurements is shown
in Fig. 1a, with which MR measurements (also known as k-
space lines) are collected in a sequential line-by-line manner to
fill in a Cartesian grid (five k-space lines in this example). When
the Nyquist sampling rate is satisfied for k-space acquisition, a
fast Fourier transform (FFT) can be performed to reconstruct an
MR image. In recent years, radial sampling has captured sub-
stantial attention and interest in the MRI community. For those
who are not familiar with radial sampling, it has a long history
in MRI and was the trajectory implemented by Lauterbur in his
seminal work published in 1973.1 Figure 1b shows a simple 2D

radial sampling trajectory with five phase-encoding measure-
ments that are rotated linearly. Instead of collecting k-space lines
in a parallel scheme as in the Cartesian trajectory, radial sam-
pling collects k-space lines in a star shape, and each radial k-
space line (referred to as a radial spoke or simply spoke) passes
through the center of k-space. Similar to Cartesian sampling, all
the rotating radial spokes are also acquired line-by-line sequen-
tially but with overlapping around the center of k-space. These
radial k-space measurements can then be processed to recon-
struct an MR image (see the subsequent section for details). This
unique sampling scheme offers flexibility to design how those
radial spokes are rotated from one to the next. To date, the most
well-known and most often used rotation scheme is golden-angle
radial sampling,2 in which radial spokes are rotated by a so-called
“golden angle” (e.g. 111.25

�
for 2D radial sampling).
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Despite substantial interest, researchers often ask some
questions like: what is a golden angle; why is it 111.25

�
; why

is it interesting; and where does this angle come from? Several
related questions include: how many golden angles do we
have; what are the advantages of golden-angle radial sampling
and when should we use it; are there any challenges in using
it compared to traditional Cartesian sampling? Meanwhile,
many vendors have already made their (golden-angle) radial
MRI sequence as a product or are planning to make it in near
future, and this sampling trajectory is seeing more and more
clinical applications today. Therefore, there is a pressing need
to have a comprehensive review article that summarizes the
basics of golden-angle radial sampling, particularly for those
with a more clinically focused background. The purpose of
this review article is to meet this need. It aims to shed more
light on the basics and advantages of golden-angle radial sam-
pling, to discuss its limitations and potential solutions for
overcoming them, and also to provide suggestions in using
this sampling strategy in practical MRI applications.

This article is organized as three sections. In the first sec-
tion, the basics of golden-angle radial sampling, including its
advantages and limitations, are described. In the second section,
more advanced discussion about golden-angle radial sampling,
including its extension and variants, are discussed. The last
section focuses on potential clinical applications of golden-angle
radial sampling and recommendations for implementing different
types of golden-angle radial trajectories in practical MRI studies.

Basics of Golden-Angle Radial Sampling
This section first guides the readers to derive the golden
angle and shows where the angle (e.g. 111.25�) comes from.
This is followed by discussion about the general advantages
and limitations of golden-angle radial sampling (focusing on

2D golden-angle radial sampling). Although we are specifi-
cally discussing golden-angle radial sampling here, many of
these features are expected to be similar for different types
of radial trajectories, including 2D radial and three-dimen-
sional (3D) radial sampling with or without golden-angle
rotation.

Golden Angle: How Do We Derive It?

THE GOLDEN RATIO. Derivation of the golden angle is
based on the concept of golden ratio (GR).3 As shown in
Fig. 2a, in a line with two segments, the ratio A=B equals the
GR if A=B¼ðAþBÞ=A¼ 1þB=A. Solving this equation

leads to the GR of ð1þ ffiffiffi
5

p Þ=2≈ 1:618. The GR is also
known as the golden section, and it has been widely used in
our daily life, including architecture, art, book, and music.
The inverse of the GR is called the 1D golden mean.4

CUTTING A LINE BY THE GOLDEN RATIO. Figure 2b
shows how a line can be cut by the GR. Here, a line with
length 1 is successively divided into smaller segments by the
GR. The position of the nth point can be expressed as
follows:

FIGURE 1: Comparison of 2D Cartesian sampling (a) with 2D
radial sampling (b). Cartesian sampling acquires parallel k-space
lines on a Cartesian grid. Radial sampling acquires k-space lines
in a star shape. Each radial k-space spoke has a different
orientation and passes through the center of k-space. The
sampling density of radial acquisition is higher around the center
than the periphery. FIGURE 2: (a) In a line with two segments, the ratio of A and B

(A=B) is defined as the golden ratio when
A=B¼ðAþBÞ=A¼1þB=A. This ratio ≈1.618. (b) A line with the
length of 1 is successively divided into smaller segments by the
golden ratio. The position of the nth point can be expressed as
mod 1=GRð Þ�n,1ð Þ. It can be seen that each new point always
cut the largest segment of the line by the golden ratio, and the
points have a roughly uniform distribution on the line. (c) When
the seventh line in (b) is bended to connect as a circle, these
points also have a roughly uniform distribution on the circle. The
small blue triangle in (c) indicates the location where the start
and the end positions of the line are connected. The angle of
each point can then be calculated as mod 360=GRð Þ�n,360ð Þ,
and the golden angle is �137.51�.

46 Volume 56, No. 1

Journal of Magnetic Resonance Imaging



mod
1
GR

�n,1
� �

ð1Þ

where 1 indicates the length of the line and mod(a,1) returns
[a � floor(a)]. It can be seen that each new point always cuts
the largest segment of the line by the GR, and all the points
tend to have a roughly uniform distribution on the line.

CUTTING A CIRCLE BY THE GOLDEN RATIO. When the
seventh line in Fig. 2b is bended to connect as a circle, these
points also have a roughly uniform distribution on the circle,
as shown in Fig. 2c. The small blue triangle here indicates
the point where the start and the end positions of the line are
connected. In this case, instead of cutting a line with length
1, these points successively cut a 360

�
circle based on the

GR. As a result, Eq. 1 can be adapted to Eq. 2 to calculate
the angle of each point heading toward the center.

mod
360
GR

�n,360
� �

ð2Þ

The angle in Eq. 2, defined as 360o

GR ≈ 222:49 ∘ is called a
golden angle. To make smaller gradient switching in MRI,
�137.51

�
(360

�
–222.49

�
) is often used. Setting these points

as the end positions of different lines starting from the center
of the circle, we have a total of eight lines rotated by the
golden angle given above, as shown in Fig. 2c.

HALF-SPOKE GOLDEN-ANGLE RADIAL SAMPLING. Based
on the golden angle of �137.51

�
, a golden-angle radial trajec-

tory can be designed as shown in Fig. 3a. Here, each line
(a radial spoke) starts from the center, and the nth spoke
rotates from the previous one by �137.51

�
. It can be seen that

each new spoke always fills the largest gap of the previous cov-
erage by the GR, and all spokes never repeat each other. For
this sampling trajectory, the first spoke is typically sampled at
0
�
, and the angle of the nth spoke is calculated as follows:

mod 360�360
GR

� �
� n�1ð Þ,360

� �
ð3Þ

This trajectory corresponds to half radial spoke sampling in
MRI, since each spoke starts from the center.

FULL-SPOKE GOLDEN-ANGLE RADIAL SAMPLING. When
full radial spokes are acquired, we only need to rotate the spokes
for half of the circle (180�) to cover the entire 360� circle, as
shown in Fig. 3b. In this case, the golden angle becomes 180�/
GR ≈ 111.25�, and the angle of each spoke is then given as:

mod
180
GR

� n�1ð Þ,360
� �

ð4Þ

This trajectory corresponds to full radial spoke sampling in
MRI, since each spoke starts from one side to the other side.

SUMMARY OF THE GOLDEN ANGLE. This
section demonstrates how to derive the golden angle based on
the GR. It should be noted that there are different golden
angles depending on how radial spokes are sampled (e.g. half
spoke or full spoke). In practice, the angle of �111.25

�
is

used more often because it gives more efficient k-space cover-
age. Half-spoke sampling is often used when we want to min-
imize the echo time (TE) in specific applications, such as in
lung MRI.5 For comparison, radial sampling with standard
linear rotation is shown in Fig. 3c. While the golden-angle
rotation offers very uniform coverage through time, the linear
rotation does not, and this is one of the main advantages to
perform golden-angle radial MRI as will be described more in
the following subsection.

Advantages of Golden Angle Radial Sampling
The unique geometry of golden-angle radial sampling offers
several nice advantages for MRI applications, including
improved robustness to motion compared to standard Carte-
sian sampling, incoherent undersampling behavior that can
be synergistically combined with sparse MRI reconstruction,
and continuous data acquisition with flexible data sorting. In
addition, radial sampling also offers self-navigation that can
be exploited to improve motion management.

MOTION ROBUSTNESS. Cartesian sampling is known to be
prone to motion-induced artifacts, as shown in Fig. 4a (top
row) for two examples, one in axial orientation and one in
coronal orientation. Respiratory motion is indeed one of the
primary resources of motion artifacts in MRI,7 and it can
cause image blurring and ghosting artifacts. Radial sampling,
in contrast, has much higher robustness to motion,6,8–12 as
shown in Fig. 4a (bottom row) for comparing examples.

The improved motion robustness of radial sampling
arises from the following two features. First, different from
Cartesian sampling that has a fixed phase-encoding direction,
radial sampling has a varying phase-encoding direction. Since
motion-induced artifacts mainly occur along the phase-
encoding direction, those artifacts can be distributed to vary-
ing directions in radial images and become less noticeable.
Second, since each spoke passes through the center of k-space
in radial sampling, all the spokes carry an equal amount of
information. Therefore, even if some k-space measurements
are corrupted by motion, other measurements can still com-
pensate for it with an averaging effect. Such a sampling
scheme substantially reduces the influence from motion.

Although radial sampling is less sensitive to motion, it is
not free of motion artifacts. The main effect caused by
motion in radial imaging is blurring, and large motion can
cause severe blurring. From the examples shown in Fig. 4a,
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we can also see that the axial radial image has less blurring
than the coronal radial image. This is because respiratory
motion occurs primarily along the head-to-foot (H-F) direc-
tion and less along the anterior-to-posterior (A-P) and left-to-
right (L-R) directions. As a result, motion displacement is
highly uncorrelated with the radial sampling plane if per-
formed in axial orientation, in a way that motion blurring

mostly spreads along the H-F direction and becomes less
noticeable.

INCOHERENT UNDERSAMPLING PROPERTY. The incoher-
ent imaging behavior is an important feature of radial sampling
that can be combined with advanced sparsity-based reconstruc-
tion methods.10,13–18 Here, incoherent undresampling can be
understood in a way that undersampling-induced artifacts look
like added noise, and the main image content can still be visu-
alized in the presence of undersampling artifacts.13,19

Figure 4b compares a Cartesian image with a radial
image, both of which are regularly undersampled with 64 k-
space measurements. It can be seen that undersampled radial
image has a much better preservation of image content com-
pared to that with Cartesian sampling (see Fig. S1 for addi-
tional examples). This is because of two reasons. First,
undersampling in MRI is typically performed along the
phase-encoding direction and thus undersampling artifacts are
also mostly presented along this direction. While Cartesian
sampling has a fixed phase-encoding direction, radial sam-
pling has a varying phase-encoding direction to distribute
resulting undersampling artifacts along varying directions.
Second, radial k-space sampling has an intrinsic variable-den-
sity pattern, as shown in Fig. 3, where the central k-space
region is sampled much more frequently than the periphery.
Such a sampling pattern results in increased incoherence to
better preserve image content. Therefore, even regular
undersampling in radial imaging can effectively guarantee a
variable-density feature to ensure incoherence.

FIGURE 3: (a) Based on the points on a circle shown in Fig. 2c and corresponding golden angle, a radial trajectory can be designed.
Here, each radial spoke starts from the center and the nth spoke rotates from the (n-1)th spoke by a golden angle of �137.51

�
. (b)

When full radial spokes are acquired, one just needs to cover 180
�
to sample a full circle. The golden angle then becomes 180

�
/

GR ≈ 111.25
�
. (c) For comparison, to sample a radial k-space with 20 full radial spokes using standard linear ordering, each spoke

rotates by an angle of 180
�
/20 = 9

�
.

FIGURE 4: (a) In the presence of motion, Cartesian sampling
generates ghosting artifacts, while radial sampling generates
blurring. When imaging is performed in the axial plane, radial
sampling is more robust to motion. (b) Radial sampling has
higher incoherent undersampling behavior compared to
Cartesian sampling. Undersampling a 2D Cartesian trajectory is
typically performed along the phase-encoding dimension only,
and this leads to aliasing artifacts that spread along the phase
encoding dimension. Undersampling a radial trajectory
effectively enable acceleration along two spatial dimensions,
which generates artifacts that spread along varying directions.
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CONTINUOUS K-SPACE SAMPLING AND FLEXIBLE DATA
SORTING. Figure 3 has shown that golden-angle radial sam-
pling ensures a uniform k-space coverage along time. This
feature enables continuous data sampling while providing a
good coverage of k-space at any time point.2 From the
acquired radial k-space, one can simply select any K consecu-
tive spokes to form an image, as shown in Fig. 5. When K
equals a Fibonacci number3 (defined in Eq. 5), a nice k-space
coverage can be guaranteed. When K equals a non-Fibonacci
number, corresponding k-space coverage will have one or
more larger gaps, as shown by the blue arrows in Fig. 5. The
Fibonacci numbers are defined as follows:

F 0 ¼ 0,F 1 ¼ 1

and

Fn ¼ Fn�1þFn�2

ð5Þ

The flexibility of continuous data acquisition using golden-
angle radial sampling provides a nice way to perform dynamic
MRI, with which data can be continuously acquired without
the need to predefine temporal information (e.g. number of
dynamic frames and temporal resolution).2,15,20 This allows
for flexible sorting of golden-angle radial k-space data with
varying temporal resolution by grouping a different number
of consecutive spokes as one dynamic frame, as shown in
Fig. 6a. More importantly, since golden-angle radial spokes
never repeat each other, it provides good temporal incoher-
ence that is favorable when dynamic compressed sensing
reconstruction is performed. Standard radial sampling with
linear rotation does not provide this feature as shown in Fig.
6b, and thus it is not well suited for dynamic MRI applica-
tions without further modification.

SELF-NAVIGATION. Self-navigated radial MRI has become
an active research topic in recent years. Here, self-navigation

refers to the ability to extract a motion signal (e.g. a respira-
tory motion or a cardiac motion signal) from the acquired
data, so that the motion information can guide motion com-
pensation or data sorting in image reconstruction to reduce
motion artifacts. In radial sampling, the fact that the center
of k-space is repeatedly sampled by each radial spoke and
each of them carries an equal amount of information provides
the feasibility to extract a motion signal from the k-space cen-
ter.21–27 This is because the center of k-space corresponds to
the DC component in the Fourier domain, and the overall
signal variation in the entire FOV, often caused by motion,
can thus be reflected by the DC components. When 3D
radial sampling is performed (see below), the performance of
self-navigation can be further improved with a central k-space
line instead of only one data point.

With golden-angle radial sampling, the extracted
motion signal can be used to guide data sorting to generate a
respiratory motion-resolved image series, as shown in Fig. 7a.
Golden-angle radial rotation ensures a good k-space coverage
after motion-resolved data sorting,22,28–30 which could be
problematic with standard linear rotation (Fig. 7b). XD-
GRASP (eXtra-Dimensional Golden-angle RAdial Sparse Par-
allel) MRI22 is a representative technique that exploits this
feature for free-breathing MRI applications. After motion-
guided data sorting, a dynamic multicoil compressed sensing
reconstruction can be performed to remove undersampling-
induced streaking artifacts to generate a motion-resolved
image series (see Supporting Information Fig. S2 for one
example).

Limitations of Golden Angle Radial Sampling
Despite the advantages described above, golden-angle radial
sampling also has several important limitations. These include
reduced scan efficiency, prolonged reconstruction time, con-
trast mixing, reduced performance in fat suppression, sensitiv-
ity to off-resonance, gradient delay and eddy current, and
strong streaking artifacts that can often be generated.

REDUCED IMAGING EFFICIENCY. Standard radial sampling
has reduced imaging efficiency compared to Cartesian sam-
pling with the same image matrix size. This is mainly because
of the variable-density sampling pattern in the radial trajec-
tory and the repeatedly sampled k-space center in radial imag-
ing. To satisfy the Nyquist sampling rate, radial imaging
typically requires more than M spokes to acquire an M � M
image matrix, while Cartesian sampling only needs M k-space
lines. As a result, the sampling efficiency of radial imaging
could be considerably lower than Cartesian sampling in gen-
eral. Given this limitation, radial sampling is rarely used alone
today, and it is commonly implemented in combination with
advanced fast imaging techniques (e.g. compressed sensing or
deep learning reconstruction), so that fully sampling of radial
k-space is not necessary.

FIGURE 5: When the number of golden-angle radial spokes
equals one of the Fibonacci numbers, the acquired k-space has a
uniform coverage. When the number equals a non-Fibonacci
number, radial k-space is less uniform with larger gaps (blue
arrows).
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PROLONGED RECONSTRUCTION TIME. In standard Car-
tesian sampling, k-space data are sampled with an equal space
along each spatial dimension, which allows for image recon-
struction with a simple FFT when the Nyquist sampling rate
is satisfied. Radial sampling, in contrast, leads to unequally
spaced k-space data, which prevents direct FFT reconstruc-
tion. Reconstructing radial k-space data typically involves a
process called gridding before FFT, in which radial data are
interpolated onto a Cartesian grid. The interpolation can be
performed with a predefined kernel, with which each radial
sample is smeared to neighbor Cartesian locations based on
their distance and corresponding weight defined in the kernel.
This entire reconstruction process is also referred to as non-
uniform FFT (NUFFT),31 since it aims to reconstruct an

image from unequally spaced (thus nonuniform) k-space data.
The need for gridding in radial image reconstruction inevita-
bly prolongs overall reconstruction time, particularly in itera-
tive reconstruction. Thus, development of more efficient
NUFFT algorithms (e.g. gpuNUFFT32 or TRON33) or alter-
native algorithms (e.g. the GROG method34,35) has been an
important research direction now.

CONTRAST MIXING. An important feature of Cartesian sam-
pling is the feasibility to produce different types of contrast
by manipulating k-space sampling ordering scheme. For
example, Cartesian k-space can be sampled with a linear
ordering scheme (line-by-line from one k-space edge to the
other side) or a centric ordering scheme (from the center of

FIGURE 6: (a) Golden-angle radial k-space can be sorted into dynamic frames with flexible temporal resolution by grouping a
different number of consecutive spokes together. When the number equals one of the Fibonacci numbers (e.g. 5 or 13), uniform k-
space coverage for each time point can be obtained. (b) For comparison, standard linear radial k-space cannot be sorted into
dynamic frames with a good coverage of k-space.

FIGURE 7: (a) Radial sampling offers self-navigation with which a motion signal (e.g. a respiratory signal) can be extracted from the
center of the acquired radial k-space. The motion signal can guide sorting of golden-angle radial k-space, so that a motion-resolved
image series can be generated. (b) Golden-angle radial sampling ensures a good coverage of k-space for each motion phase after
data sorting, while standard linear sampling does not provide this feature.

50 Volume 56, No. 1

Journal of Magnetic Resonance Imaging



k-space to the periphery), which can result in different types
of contrast weighting in some sequences such as fast spin
echo (FSE). This, however, is challenging in radial sampling
given the fact that all k-space measurements pass through the
center of k-space and carry an equal amount of information.
As a result, radial image typically has an averaged (or mixed)
contrast from all k-space spokes. This is generally not a prob-
lem for steady-state acquisition (e.g. gradient echo) since the
contrast is the same for all k-space measurements once a
steady state is achieved. However, it can be problematic in
other sequences such as FSE or magnetization-prepared
imaging.

REDUCED FAT-SUPPRESSION PERFORMANCE. Fat sup-
pression in MRI typically starts with a fat-suppression prepa-
ration module, which suppresses MRI signal from fat tissue.
While the fat signal is recovering over time afterwards, a
number of k-space lines can be collected. In Cartesian sam-
pling, one can specifically arrange k-space sampling so that
the k-space center is sampled when the fat signal is fully
nulled following the fat-suppression preparation. Although
some k-space lines will always be sampled with fat signal,
these measurements can be deliberately acquired in the outer
k-space region, thus resulting in reduced influence in image
contrast. In standard radial imaging, however, the perfor-
mance of fat suppression can be reduced due to the repeated
sampling of k-space center. As a result, all k-space measure-
ments with and without fat signal will have an equal contri-
bution to the final image. This prevents good fat suppression
in standard radial MRI and requires more advanced suppres-
sion strategies.

SENSITIVITY TO OFF-RESONANCE. The sensitivity to off-
resonance is a challenge for non-Cartesian imaging in general.
In MRI, off-resonance mainly comes from field inhomogene-
ity, susceptibility in air-tissue boundaries and chemical shift
effect from fat tissue, all of which can lead to additional phase
accumulation along the readout direction. Such a phase mod-
ulation in the Fourier domain then results in a shift of the
reconstructed image in image domain. This is generally not a
big problem in standard Cartesian sampling, given its short
repetition time (TR)/readout duration, good performance in
fat suppression and a consistent phase-encoding direction that
results in a shift of the whole image toward one direction.
However, radial sampling has a varying phase-encoding direc-
tion, which, in the presence of off-resonance, can lead to a
shift of the reconstructed image along different directions to
produce blurring. The reduced performance in fat suppres-
sion, as discussed above, can result in increased chemical-shift
effect to further exacerbate this problem. Fortunately, the
readout duration in radial sampling is typically low, particu-
larly when a high receiver bandwidth is applied. This ensures
minimum phase accumulation due to off-resonance in radial

imaging. However, the off-resonance-induced image blurring
could still be a severe problem in organs with an elevated
amount of fat, such as the breast or the liver.

SENSITIVITY TO GRADIENT DELAY. Inaccuracies of gradi-
ent timing in MRI often lead to deviation of actually sampled
k-space locations from the theoretical sampling positions,
which is known as the gradient delay effect. This is mainaly
caused by eddy current during fast and strong gradient
switching as well as other system imperfections such as gradi-
ent nonlinearity. Gradient delay can lead to a shift of k-space
samples along the readout direction, which then results in a
phase modulation in image domain. Again, this is usually not
a problem in standard Cartesian imaging, because it has a
fixed readout direction and magnitude images is usually used
in clinical exams. In radial sampling, however, this can be
problematic because of its varying readout direction. Gradient
delay in radial MRI (and non-Cartesian MRI in general) can
lead to varying phase modulation in image domain to cause
signal inhomogeneity and/or blurring. Therefore, it is impor-
tant to correct for this error in radial MRI acquisition and/or
reconstruction using appropriate methods, such as that
described by Block and Uecker .36

STRONG STREAKING ARTIFACTS. Radial images can often
be contaminated by strong streaking artifacts, as show in
Fig. 8a for an example. Those streaks typically have much
higher signal intensity than regular undersampling-induced
streaks. The artifacts usually come from regions with high-
signal spots and concentration that are caused by residual fat
signal and/or image distortion due to gradient nonlinearity
and off-resonance in outer FOV.37–39 Although those signal
spots are usually far from image center, the resulting streaks
can affect the entire images if not properly addressed. In con-
trast, this is typically not a problem in Cartesian sampling.
Although Cartesian sampling also suffers from gradient non-
linearity and high signal concentration and distortion can also
be generated, they usually occur in the peripheral FOV that
can be easily cropped without affecting main image content,
as shown in Fig. 8a. An easy way to address those strong
streaks in radial imaging is to remove or attenuate the coil ele-
ments containing high-intensity signal spots, so that they do
not contribute or make less contribution to the final
reconstructed images.39–41 One example of this method,
called unstreaking, is described in the literature.40,42 A repre-
sentative comparison of images reconstructed with and with-
out unstreaking is shown in Fig. S3 of the Supplementary
Material.

SENSITIVITY TO EDDY CURRENT. In standard golden-angle
radial MRI, fast and large gradient switching is usually needed
because each spoke needs to rotate by a large angle from the
previous one. This, unfortunately, can easily produce strong
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eddy current and related image artifacts compared to standard
linear rotation, as shown in Fig. 8b. The tiny golden-angle
rotation scheme,43 as will be seen in the next section, repre-
sents a promising approach to address this challenge.

Advanced Golden-Angle Radial Sampling
Tiny Golden Angle Radial Sampling
Tiny golden angle rotation43 is a novel extension of standard
golden-angle rotation to address its sensitivity to eddy cur-
rent, and a number of prior studies have demonstrated its
greater performance compared to standard golden-angle radial
sampling for 2D imaging applications.44–47 A tiny golden
angle can be calculated as follows:

mod
180

GRþN �1
� n�1ð Þ,360

� �
ð6Þ

From Eq. 6, we can obtain different golden angles depending
on the parameter N , the angles are called tiny golden angles
when N > 2. When N= 1, Eq. 6 becomes Eq. 4 to calculate
the standard golden angle. Figure 9a compares standard
golden-angle radial sampling with tiny golden-angle radial
sampling with N= 5. With tiny golden-angle radial sam-
pling, every N consecutive spokes (but not a number less
than N ) lead to a good coverage of k-space, as shown in
Fig. 9b. Of course, every 2N or 3N spokes can also be com-
bined to form an image. A large value of N can help mini-
mize eddy current better, but it provides uniform k-space
coverage less frequently.

Stack-of-Stars Golden-Angle Radial Sampling
The stack-of-stars trajectory is an innovative sampling scheme
that has seen increasing research and clinical use in recent

years.10 It is a 3D hybrid Cartesian-radial trajectory that can
overcome several limitations in 2D golden-angle radial sam-
pling. In the stack-of-stars trajectory, radial sampling is
employed in the kx-ky plane and Cartesian sampling is
implemented along the kz dimension. The tiny golden-angle
rotation described above can also be implemented for the
stack-of-stars trajectory.

GENERAL ADVANTAGES OF STACK-OF-STARS GOLDEN-
ANGLE RADIAL SAMPLING. Stack-of-stars sampling offers
several unique advantages. First, the stack-of-stars trajectory
allows for flexible selection of image resolution and FOV
along the kz dimension, which can be different from that in
the kx-ky plane. Second, when the kz dimension is fully sam-
pled in stack-of-stars imaging without changing the rotation
angle, all slices (sampled on a Cartesian grid) can be
detangled with FFT, so that image reconstruction can be per-
formed slice by slice (without consuming too much memory)
or can be parallelized to process more than one slice simulta-
neously. Third, partial Fourier, which is widely implemented
in clinical Cartesian MRI, can also be implemented in the kz
dimension in stack-of-stars sampling. This sampling trajectory
also offers a few more important advantages, but it requires a
specific acquisition scheme that will be discussed in the fol-
lowing subsection.

ACQUISITION ORDERING IN STACK-OF-STARS GOLDEN-
ANGLE RADIAL SAMPLING. The standard stack-of-stars tra-
jectory can be implemented based on a partition-in-line (P-
in-L) ordering scheme or a line-in-partition (L-in-P) ordering
scheme, as shown in Fig. 10a. With P-in-L ordering, all
spokes corresponding to different kz locations are first sam-
pled on a Cartesian grid (referred to as a stack) for a given
rotation angle before moving to the next angle (top row,
Fig. 10a), and the same rotation angle is usually implemented
for the entire stack. The sampling of each stack can be per-
formed based on a linear (from one side to the other side) or
a centric scheme (from the center to the two sides), as shown
in Fig. 10b. With L-in-P ordering (bottom row, Fig. 10a), all
radial spokes corresponding to one kz location are first
acquired following golden-angle rotation before moving to
the next kz location. Although the overall trajectory is the
same in the end, these two ordering schemes result in
completely different imaging performance, as described
below.

ADVANTAGES OF STACK-OF-STARS GOLDEN-ANGLE
RADIAL SAMPLING WITH P-IN-L ORDERING. In practice,
the P-in-L ordering scheme is used more often in stack-of-
stars imaging, because it can inherit the advantages of Carte-
sian sampling to achieve good fat suppression and avoid con-
trast mix while maintaining the motion robustness,

FIGURE 8: (a) Radial sampling is prone to strong streaking
artifacts. These artifacts typically arise from high signal spots (e.
g. caused by fat signal or signal concentration due to gradient
nonlinearity and off-resonance) in outer FOV. Artifacts
generated from bright signal spots can also be found in
Cartesian sampling, but they can be easily cropped. (b) Standard
golden-angle radial sampling is sensitive to eddy current due to
the need of fast and large gradient switching in golden-angle
rotation. For comparison, radial sampling with linear rotation is
more robust towards eddy current.
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FIGURE 9: (a) Tiny golden angle radial sampling enables smaller rotation of spokes and thus reduces sensitivity to eddy current.
There are different tiny golden angles depending the parameter N as shown in Eq. 6. (b) For tiny golden-angle radial sampling,
dynamic images with uniform k-space coverage can be obtained by grouping every N or more consecutive spokes together.

FIGURE 10: (a) Stack-of-stars golden-angle radial sampling can be performed with a partition-in-line (P-in-L) ordering scheme or a
line-in-partition (L-in-P) ordering scheme. For the P-in-L ordering scheme, all spokes from different kz locations (a radial stack) are
sampled first before moving to the next stack. For the L-in-P ordering scheme, all radial spokes from a given kz location are acquired
first before moving to the next kz location. (b) Stack-of-stars golden-angle radial sampling allows for linear kz sampling or centric kz
sampling when the P-in-L ordering scheme is used.
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incoherent undersampling and other advantages from radial
sampling.

First, for fat suppression in stack-of-stars sampling with
P-in-L ordering, a fat-suppression module can be applied
before the acquisition of each radial stack. Thus, k-space data
after each fat preparation are acquired on a Cartesian grid,
which ensures good fat suppression.

Second, different types of contrast can be available in
stack-of-stars sampling with P-in-L ordering. For example,
the FSE sequence can be implemented using the stack-of-stars
trajectory with P-in-L ordering, in which one radial stack
(on a Cartesian grid) is acquired during one echo train (the
echo train length equals the number of slices), so that differ-
ent types of contrast offered by the FSE sequence can be
maintained.48,49

Third, stack-of-stars sampling with P-in-L ordering can
be more robust to eddy current. It can be seen from Fig. 11
that stack-of-stars sampling with P-in-L ordering does not
produce eddy current artifacts regardless of rotation schemes,
while the L-in-P ordering scheme is more prone to eddy cur-
rent artifacts. This is because acquisition of each radial stack
only involves changing the kz gradient for P-in-L ordering.
While the kx-ky gradients also change substantially from the
end of one stack to the beginning of the next one, the edge
of k-space is usually sampled first during the gradient
switching period with linear kz ordering (Fig. 10b), which
leads to minimum influence in image content. It is true that
the central k-space line needs to be acquired first right after
the gradient jump for a centric kz ordering (Fig. 10b), but
eddy current is not observed (Fig. 11), mainly because of the
less frequent change of the kx-ky gradients compared to 2D

or L-in-P stack-of-stars golden-angle radial sampling. Mean-
while, and perhaps more importantly, the fat preparation
module, which is often implemented before the acquisition of
each stack, inserts a nature gap between different radial stacks,
which also helps reduce eddy current.

Lastly, it should also be realized that some applications,
such as dynamic contrast-enhanced MRI (DCE-MRI), can
only be performed with P-in-L ordering due to the need to
capture contrast enhancement that occurs in real time.

SELF-NAVIGATION IN STACK-OF-STARS GOLDEN-
ANGLE RADIAL IMAGING. Stack-of-stars golden-angle radial
sampling, when performed with P-in-L ordering, enable
intrinsic self-navigation that can be used for motion manage-
ment.22,27 As shown in Fig. 12a, the centers of k-space in all
the spokes in each radial stack form a central k-space line
(blur vertical line) that can be used for self-navigation. After a
z-directional FFT, self-navigation projections can be gener-
ated to reflect motion information, so that a motion signal
(red curve) can be extracted from projections based on princi-
pal component analysis (PCA),22,50 as shown in Fig. 12a.
This motion signal can then be used to guide motion correc-
tion, motion sorting or motion-resolved image reconstruction.
Although self-navigation has been demonstrated for different
imaging orientations in stack-of-stars imaging, the performance
is expected to be the best for axial imaging where self-
navigation projections are aligned along the H-F direction (the
dominant respiratory dimension). Self-navigation can be very
robust in steady-state imaging, or when the underlying signal
change is slow and smooth such as in DCE-MRI.22 However,
when signal has substantial and quick changes (e.g. due to
magnetization preparation), detection of a respiratory motion
signal can be more challenging, and an external sensor, such as
a respiratory bellow51 or the new pilot tone technique,52 could
be more reliable. It should also be noted that this self-
navigation scheme would only be compatible with the P-in-L
ordering scheme in stack-of-stars golden-angle radial sampling.
This will ensure that all the spokes in each radial stack are
acquired during a similar motion state, so that a motion signal
can be detected and retrospective data sorting is feasible.

ADDITIONAL VARIANTS OF STACK-OF-STARS GOLDEN-
ANGLE RADIAL SAMPLING. Different variants of stack-of-
stars golden-angle radial sampling have been proposed to
improve imaging performance. One of them that may be
clinically useful is called kz-accelerated variable-density stack-
of-stars sampling,53 which performs additional acceleration
along the kz dimension that is fully sampled in the original
stack-of-stars trajectory, as shown in Fig. 12b. With addi-
tional kz acceleration, imaging with higher slice resolution or
higher volumetric coverage can be achieved without increasing
scan time. In addition, a central k-space region can be full sam-
pled, while acceleration is only performed in the outer k-space.

FIGURE 11: Tiny golden-angle rotation can be implemented in
stack-of-stars golden-angle radial sampling. However, although
it is helpful with the L-in-P ordering scheme, it is not necessary
for the P-in-L ordering scheme. In general, the P-in-L ordering
scheme is more robust to eddy current artifacts in stack-of-stars
golden-angle radial imaging.
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This allows for self-navigation while achieving higher slice resolu-
tion. The kz-accelerated variable-density stack-of-stars trajectory
may ensure better imaging performance for applications that
require high slice resolution or large volumetric coverage.

Stack-of-stars golden-angle radial sampling can also be
implemented with varying rotation angle along the kz-dimen-
sion, which could potentially increase incoherence along the
slice direction and thus reconstruction quality.54 However,
this trajectory may introduce eddy current artifacts if the rota-
tion angle along kz is not properly selected.

The main disadvantage of these variants is the need to
reconstruct all slices together, which cannot be separated in
advance for parallelized processing. This leads to increased
memory need and higher reconstruction burden.

3D Kooshball Golden-Angle Radial Sampling
Radial sampling can also be implemented based on a
kooshball pattern for 3D acquisition, and the rotation of each
radial spoke, or a series of radial spokes (referred to as an
interleaf), can be designed to follow golden-angle rotation.
For simplicity, this is referred to as 3D golden-angle radial
sampling hereafter. In 3D radial sampling, each spoke passes
through the center of k-space in the 3D space, and an image
with an isotropic FOV and isotropic spatial resolution are typ-
ically generated. As a result, this sampling scheme is well-
suited for applications where retrospective image reformation
is needed, such as whole-heart MRI24,29,50,55 or 3D MR angi-
ography.56–58 3D golden-angle radial sampling can also be
implemented for ultrashort echo time (UTE) imaging, with
which each spoke starts from the center of k-space to ensure
UTE.30,59–62 However, since only a half spoke is acquired in

each repetition time (TR), it reduces overall sampling effi-
ciency. There are two well-accepted 3D golden-angle radial
sampling trajectories, one called 3D golden-means radial sam-
pling and one called 3D spiral phyllotaxis golden-angle radial
sampling.

3D GOLDEN-MEANS RADIAL SAMPLING. As described in
the first section, the golden mean (φ) in a 1D space, called the
1D golden mean, is defined as the inverse of the GR
(1/GR ≈ 0.618). The golden mean can also be extended to a
multidimensional space, and the 2D golden means are given as
φ1 ¼ 0:4656 and φ2 ¼ 0:6823.

4 From the first section, it has
been shown that designing 2D golden-angle radial sampling
is based on cutting a line by the GR (or 1D golden mean).
Similarly, one can also treat 3D golden-angle radial sampling
as cutting a 2D plane based on the 2D golden means, as
shown by Chan et al.4 The 3D golden-means radial trajectory
can be generated by calculating the azimuthal angle and the
polar angle for each radial spoke, which are given as,

α¼ 2π � mod m �φ2,1ð Þð Þ
β¼ cos�1 mod m �φ1,1ð Þð Þ ð7Þ

Here, m is the mth spoke to be acquired, α is the azimuthal
angle, and β is the polar angle. Figure 13a shows a 3D
golden-means radial trajectory with a total of 160 spokes.
Viewing from the top, it can be seen that the starting points
of all radial spokes are sampled in a 2D plane, and each
starting point is rotated based on the 2D golden means from
the previous one. Similar to 2D golden-angle radial sampling,
3D golden-means radial data can also be sorted to generate a

FIGURE 12: (a) Stack-of-stars golden-angle radial sampling offers self-navigation for motion detection. The centers of k-space spokes
in each stack can be used to generate z-directional projection profiles, which contain motion information. This motion signal can be
used for motion management, including motion sorting and correction in image reconstruction. (b) Additional acceleration can be
performed along the kz dimension in stack-of-stars golden-angle radial sampling. This so-called kz-accelerated variable-density stack-
of-stars sampling enables increased slice resolution or volumetric coverage without increasing scan time. When a central k-space
region is fully sampled, kz-accelerated variable-density stack-of-stars sampling also allows for self-navigation.
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dynamic image series with flexible temporal resolution, where
each temporal frame is a 3D volume with isotropic FOV and
spatial resolution.

3D SPIRAL PHYLLOTAXIS GOLDEN-ANGLE RADIAL
SAMPLING. In 3D spiral phyllotaxis golden-angle radial sam-
pling, all the radial spokes are segmented into different inter-
leaves, and each interleaf rotates by a golden angle from the
previous one. This sampling trajectory, first proposed by
Piccini et al,63 follows the phyllotaxis pattern in as seen in
botany, and each interleaf looks like a spiral arm, as shown in
Fig. 13b. It should be noted that this is not a spiral trajectory
that is commonly seen in the MRI field, and it is still a radial
trajectory.

Similar to the 3D golden-means trajectory, the 3D spi-
ral phyllotaxis golden-angle radial trajectory can also be gener-
ated by calculating the azimuthal and polar angles for each
spoke.

α¼ π

180
�m �Gn

β¼ π

2

ffiffiffiffiffiffiffiffi
m
S � I

r ð8Þ

Equation 8 indicates that two parameters, S and I , are associ-
ated with 3D spiral phyllotaxis golden-angle radial sampling
and need to be defined in advance. The first one is the num-
ber of radial spokes in each interleaf, and the second one is
the total number of interleaves. The multiplication of S and
I (S � I ) then gives the total number of spokes to be acquired
with this trajectory. For example, the trajectory shown in

Fig. 13b follows a 20-8 (SS = 20 and II = 8) pattern, where
each interleaf has 20 spokes and there are a total of eight
interleaves leading to a total of 160 spokes. The first 20 spokes
are first sequentially sampled to constitute the first interleaf,
followed by the second interleaf (the next 20 spokes) rotated
by a golden angle (Gn in Eq. 8) from the first interleaf. The
following interleaves are then acquired with the same pattern
until all spokes are acquired. The golden angle of 137.51� is
used in the 3D spiral phyllotaxis trajectory because each inter-
leaf, viewing from the top, starts from the center and the
entire 360� circle needs to be sampled to cover the whole k-
space.

Figure 14 shows two specific schemes of 3D spiral phyl-
lotaxis golden-angle radial sampling, one based on a 32–377
pattern (S = 32 and I = 377) and the other one based on a
32–385 pattern (S = 32 and I = 385). It can be seen that
the overall trajectory is very sensitive to these two parameters.
While the 32–377 pattern can guarantees smooth gradient
changes to minimize eddy current, it does not give a uniform
k-space coverage until all the spokes are acquired. In contrast,
the 32–385 pattern ensures nice k-space coverage along time,
despite a larger jump between spokes. In practice, one should
always check the resulting trajectory based on the two param-
eters selected in advance. In general, the top pattern in
Fig. 14 might be good for static MRI applications, such as
coronary MRI,64,65 while the bottom pattern might be better
suited for dynamic MRI applications.29,55,66

SELF-NAVIGATION IN 3D GOLDEN-ANGLE RADIAL
IMAGING. The default 3D golden-angle radial trajectory,
either implemented with 2D golden means rotation or spiral

FIGURE 13: Two different 3D kooshball golden-angle radial sampling trajectories, including 3D golden-means radial sampling (a) and
3D spiral phyllotaxis golden-angle radial sampling. In 3D golden-means radial sampling, each spoke rotates by 2D golden means in
two spatial dimensions from the previous spoke. In 3D spiral phyllotaxis golden-angle radial sampling, all spokes are segmented into
different interleaves, where each interleaf, consisting of a series of radial spokes, rotates by a golden angle (�137.51�) from the
previous interleaf.
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phyllotaxis rotation, does not provide self-navigation. How-
ever, additional modification can be easily made to enable this
feature.24,50 Specifically, a radial spoke that is consistently
aligned along the H-F direction can be periodically inserted
into 3D golden-angle radial imaging, so that they can serve as
self-navigation spokes for motion detection. For 3D spiral
phyllotaxis golden-angle radial sampling, a self-navigation
spoke can be inserted in the beginning of each interleaf as a
navigator,64 as indicated by the green lines in Fig. 14.

Golden-Angle Radial Sampling:
Recommendations and Applications
This section first provides general recommendations to use
different types of golden-angle radial sampling trajectories.
This is followed by brief discussion of their respective clinical
applications. It should be noted that these recommendations
are only for reference purpose. Interested readers should
always consider their specific studies carefully when taking
any of these suggestions.

General Recommendations

IMAGING ORIENTATION AND STREAKING ARTIFACTS
REDUCTION. Radial sampling, particularly 2D golden-angle
radial sampling and 3D stack-of-stars golden-angle sampling,
tends to produce strong streaking artifacts due to bright signal
spots and distortion-induced signal concentration in outer
FOV. This is more problematic when the size of the imaging
target is big (e.g. coronal and sagittal body imaging or short-
axis cardiac imaging, as shown in Fig. 15). These streaks have
strong signal intensity and are hard to remove even with
advanced iterative image reconstruction. Meanwhile, when
balanced steady-state free precession (bSSFP) imaging is per-
formed with radial sampling, the banding artifacts from outer

FOV can further result in very strong streaking artifacts to
degrade image quality.

As a result, it is preferred to perform 2D golden-angle
and stack-of-stars golden-angle radial sampling in the axial
orientation, so that those artifacts can be largely avoided
(Fig. 15a). Moreover, as shown in Figs. 4a and 15a, axial
radial imaging ensures improved motion robustness compared
to other imaging planes, and it also enables better self-
navigation as discussed in the previous section. However, it is
expected that non-axial imaging is still needed and important
in specific applications, such as in cardiovascular MRI. For
those applications, streaking artifact reduction41,42 and addi-
tional motion compensation or correction will be essential.

For 3D golden-angle radial sampling, this is less a con-
cern because of its highly incoherent undersampling behavior,
which helps spread the streaking artifacts to the entire 3D
FOV with reduced signal intensity. Since 3D golden-angle
radial sampling provides isotropic spatial resolution and cov-
erage, it is typically performed in the axial orientation.

GOLDEN-ANGLE ROTATION, REORDERING, AND EDDY
CURRENT. For 2D golden-angle radial sampling, the tiny
golden-angle trajectory is strongly recommended to minimize
eddy current artifacts.44 Selection of a specific tiny golden-
angle rotation scheme (the parameter N in Eq. 6) can be
based on the desired temporal resolution in the target
application.

For stack-of-stars golden-angle radial sampling, it is also
important to use tiny golden-angle rotation to minimize eddy
current artifacts when the acquisition is performed with the
L-in-P ordering scheme, but this is not necessary for P-in-L
ordering, as previously shown in Fig. 11. In general, the
P-in-L ordering scheme is more recommended for stack-of-
stars acquisition, since it inherits several important advantages

FIGURE 14: Two parameters need to be selected in the 3D spiral phyllotaxis golden-angle radial trajectory, and it gives completely
different sampling patterns. A self-navigation spoke consistently oriented along the head-to-foot direction can be added to the
beginning of each interleaf for motion detection.
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from Cartesian sampling, including good performance in fat
suppression and the flexibility to tailor image contrast in cer-
tain sequences such as FSE or magnetization-prepared acqui-
sition. In the meantime, some applications, such as DCE-
MRI, can only be performed with P-in-L ordering.

For 3D golden-angle radial sampling, the performance
of golden-means rotation and spiral phyllotaxis rotation is
expected to be comparable for dynamic MRI application.29,50

The 3D spiral phyllotaxis golden-angle radial trajectory pro-
vides additional flexibility in designing desired sampling tra-
jectory, as shown in Fig. 14. Spokes can be acquired with
small steps in each interleaf for static MRI (top row,
Fig. 14),65 while they can acquired more uniformly for
dynamic MRI (bottom row, Fig. 14).55

FAT SUPPRESSION. In general, the fat signal should be
suppressed as much as possible in radial imaging if the fat
information is not of interest. This can help minimize image
blurring due to fat/water chemical shift. However, fat sup-
pression still remains a main challenge for 2D golden-angle
and 3D golden-angle sampling. Although water excitation
can be applied,50,67 it is sensitive to magnetic field inhomoge-
neity at high field, which may cause unwanted signal loss. A
recently proposed method, called fast interrupted steady-state
(FISS),68,69 holds great promise for improved fat suppression

in radial imaging, but it is so far limited to steady-state free
precession imaging and the technique is not widely available
yet. As a result, additional caution should be given when 2D
golden-angle and 3D golden-angle sampling are implemented
for applications where the elimination of fat signal is
essential.

Fat suppression is less a problem in stack-of-stars
golden-angle radial sampling because of its hybrid radial-Car-
tesian acquisition. Thus, it is particularly useful for 3D MRI
applications where an isotropic spatial resolution is not neces-
sary. Moreover, a relatively high receiver bandwidth can be
used to help minimize image blurring due to residual fat
signal.

SELF-NAVIGATION AND MOTION DETECTION. Detection
of respiratory motion has been shown to be very robust in
different golden-angle radial sampling schemes using k-space
centers21,22 or additionally inserted self-navigation k-space
data.50,55,65,70 For stack-of-stars golden-angle radial sampling,
the P-in-L ordering should be used to enable this feature as
discussed in the second section.

Detection of cardiac motion can be more challenging
due to its higher frequency compared to respiratory motion.
As a result, self-navigation data need to be obtained fre-
quently enough to capture the signal change due to cardiac

FIGURE 15: (a) 3D liver images acquired with stack-of-stars golden-angle radial sampling at 3 T in different orientations. Coronal and
sagittal undersampled images both show strong residual streaking artifacts from outer FOV, while axial undersampled images are
more robust and acceptable. (b) Five cardiac cine images acquired using a 2D radial bSSFP sequence at 1.5 T from the same subject
on five different days. All images show strong streaking artifacts in different regions that degrade image quality. These artifacts are
generated from bright signal spots in outer FOV, mostly caused by signal concentration due to gradient nonlinearity and/or off-
resonance.
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beating. For 2D golden-angle radial sampling, this is not a
problem since a motion signal can be obtained from the cen-
ter of each radial spoke. However, this could be more chal-
lenging in stack-of-stars golden-angle and 3D golden-angle
radial imaging. In stack-of-stars golden-angle sampling, a self-
navigation line can be available from each radial stack
(Fig. 12). Thus, its performance of cardiac motion detection
can be highly reduced when a large number of slices are
acquired. For 3D golden-angle radial sampling, self-naviga-
tion spokes can be inserted more frequently (e.g. every 10
spokes) to capture cardiac motion at the cost of reduced over-
all sampling efficiency. New methods for cardiac motion
detection are still desired for this purpose. A prior study has
proposed to acquire a low-resolution navigator in each TR for
cardiac motion detection.71 External sensors, such as the Pilot
Tone device, would be very promising to address this chal-
lenge and can also be considered.72

Clinical Applications

2D GOLDEN-ANGLE RADIAL SAMPLING. 2D golden-angle
radial sampling is well suited for fast real-time dynamic MRI.
For example, it has been demonstrated for real-time imaging
of joint movement,73 cardiac function,47,74,75 fetal
heart,45,76,77 speaking78 and blood flow.79 2D golden-angle
radial sampling has also been demonstrated for conventional
ECG-gated and segmented cardiac cine MRI. However, it
has been shown that additional adaption of the golden-angle
rotation is needed to ensure more optimal k-space coverage
after data synchronization from multiple heart beats.80 2D
golden-angle radial sampling is also suited for 2D MR param-
eter mapping,81,82 which can be performed either with single-
shot acquisition or with multiple repetitions.

Since 2D radial sampling often produce strong streaking
artifacts, 2D Cartesian sampling with 1D variable-density
undersampling is often used as an alternative. Indeed, 2D
Cartesian sampling can be more robust toward various system
imperfections and it has now been combined with com-
pressed sensing for routine clinical use.83–86 However, 2D
Cartesian sampling only allows for 1D acceleration along the
phase-encoding direction, and without further modification,
it does not allow for self-navigation.

STACK-OF-STARS GOLDEN-ANGLE RADIAL SAMPLING.
Stack-of-stars golden-angle radial sampling is most suited for
3D dynamic MRI applications where motion is a challenge.
For example, it has been increasingly used for free-breathing
abdominal imaging,12,48,49 cardiovascular imaging,87,88 and
DCE-MRI.10,16,89–91 In particular, the flexibility to provide
varying temporal resolution with golden-angle radial sampling
can be exploited to reconstruct the same DCE-MRI dataset
for simultaneous qualitative assessment (with low temporal
resolution) and quantitative perfusion analysis (with high

temporal resolution). In addition, stack-of-stars golden-angle
radial sampling has also been demonstrated for imaging non-
moving organs in neuroimaging,51,92 and it is also good for
quantitative MRI, such as MR parameter mapping.48,51,93,94

Stack-of-stars golden-angle radial sampling is often com-
pared against 3D golden-angle Cartesian sampling, in which
the phase-encoding steps in the ky-kz plane can be segmented
into different interleaves rotated by the golden angle.95–97

The main advantage of the 3D golden-angle Cartesian trajec-
tory is that all k-space data are sampled directly on a Carte-
sian grid, so that the time-consuming NUFFT is not needed
for image reconstruction. Meanwhile, self-navigation spokes
can also be added to 3D golden-angle Cartesian sampling for
free-breathing MRI applications.95,96,98 A pilot study has pre-
viously shown that stack-of-stars golden-angle radial sampling
still gives better motion robustness, but it tends to generate
more blurring compared to golden-angle Cartesian sam-
pling.99 Currently, the selection of either sampling method is
primarily based on user preference, and more studies to care-
fully compare the performance of these two golden-angle
sampling schemes are still needed.

3D KOOSHBALL GOLDEN-ANGLE RADIAL SAMPLING.
The use of 3D golden-angle radial sampling in combination
with advanced iterative reconstruction has also become very
interesting in recent years. The main feature of 3D golden-
angle radial sampling includes its highly incoherent
undersampling behavior and its intrinsic isotropic FOV and
spatial resolution. On one hand, this is ideal for applications
where retrospective image reformation is desired, such as
whole-heart imaging29,50,55,64 or MR angiography
(MRA).56,57 It has also been applied for pulmonary MRI-
based UTE sampling with whole-lung coverage.30,59–62 On
the other hand, the intrinsic isotropic FOV and spatial resolu-
tion in 3D golden-angle radial sampling reduces overall sam-
pling efficiency, since much more spokes are needed to satisfy
the Nyquist rate compared to the 2D golden-angle or stack-
of-stars golden-angle radial trajectories. As a result, for appli-
cations where an isotropic FOV and spatial resolution are not
needed, 3D golden-angle radial sampling is not necessary. For
example, liver imaging typically requires a slice thickness that
is larger than the in-plane voxel size. For DCE-MRI, an
anisotropic FOV and spatial resolution may also preferable to
increase imaging speed and signal-to-noise ratio (SNR). For
those applications, stack-of-stars golden-angle radial sampling
might be better suited for 3D imaging.

Conclusion
Although radial sampling has a long history, it does not get
wide clinical use because Cartesian images are much easier to
acquire and reconstruct and Cartesian sampling is more
robust to various system imperfections in MRI scanners.
However, a major limitation of Cartesian sampling is its
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sensitivity to motion artifacts, and small motion can lead to
visible blurring and/or ghosting artifacts. The overall perfor-
mance of radial MRI has been greatly improved over the past
decade with modern MRI scanners, and now it serves as a
valuable alternative to Cartesian sampling when improved
motion robustness is needed. Meanwhile, the introduction of
golden-angle rotation to radial MRI has been recognized as a
major contribution to the field, as can be attested by the sub-
stantial attention and interest it has received in the MRI com-
munity. This article reviewed the basics of golden-angle radial
sampling, its advantages and limitations, and several advanced
types of golden-angle radial trajectories. Recommendations
are also provided to use each of these trajectories along with
their suitable clinical applications. It is with hope that this
review paper can be useful both for clinicians who are inter-
ested in learning the potential benefits of golden-angle radial
sampling in day-to-day clinical exams and for MRI physicists
who are interested in exploring this research direction.
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