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Purpose: Amplified MRI (aMRI) has been introduced as a new method of detecting 
and visualizing pulsatile brain motion in 2D. Here, we improve aMRI by introducing 
a novel 3D aMRI approach.
Methods: 3D aMRI was developed and tested for its ability to amplify sub- voxel 
motion in all three directions. In addition, 3D aMRI was qualitatively compared to 
2D aMRI on multi- slice and 3D (volumetric) balanced steady- state free precession 
cine data and phase contrast (PC- MRI) acquired on healthy volunteers at 3T. Optical 
flow maps and 4D animations were produced from volumetric 3D aMRI data.
Results: 3D aMRI exhibits better image quality and fewer motion artifacts compared 
to 2D aMRI. The tissue motion was seen to match that of PC- MRI, with the predomi-
nant brain tissue displacement occurring in the cranial- caudal direction. Optical flow 
maps capture the brain tissue motion and display the physical change in shape of the 
ventricles by the relative movement of the surrounding tissues. The 4D animations 
show the complete brain tissue and cerebrospinal fluid (CSF) motion, helping to 
highlight the “piston- like” motion of the ventricles.
Conclusions: Here, we introduce a novel 3D aMRI approach that enables one to visualize 
amplified cardiac-  and CSF- induced brain motion in striking detail. 3D aMRI captures 
brain motion with better image quality than 2D aMRI and supports a larger amplification 
factor. The optical flow maps and 4D animations of 3D aMRI may open up exciting appli-
cations for neurological diseases that affect the biomechanics of the brain and brain fluids.
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1 |  INTRODUCTION

The human brain undergoes constant motion and deforma-
tion due to a range of physiological dynamics. Blood vessel 
pulsation, together with cerebrospinal fluid (CSF) motion, 
apply changing pressure on brain tissue, which in turn, re-
sults in small motions and deformations.1- 8 The physiological 
and biomechanical response of the human brain in vivo is 
thought to be altered in various neurological disorders, such 
as hydrocephalus,9- 12 Chiari I malformation,13,14 idiopathic 
intracranial hypertension,15 and age- related diseases in small 
cerebral vessels.16- 20 Thus, the ability to observe the manifes-
tation of these disorders in the form of altered brain motion is 
thought to be of great interest.

Several methods, such as tagged MRI,21- 23 phase- contrast 
MRI (PC- MRI),24,25 and cine displacement encoding with 
stimulated echoes (DENSE) MRI26- 28 have been introduced 
to quantify and explore this pulsatile motion. Recently, ampli-
fied MRI (aMRI) has been introduced as a new brain motion 
detection and visualization method,29,30 which enables one to 
dramatically amplify the brain tissue response due to blood 
pulsation and CSF motion. Together with the high spatial and 
temporal resolution underlying the raw data acquisition, and 
conspicuous brain tissue and CSF contrast, aMRI allows one 
to observe the biomechanical response of the brain in exqui-
site detail.

aMRI is based on the use of a phase- based motion mag-
nification algorithm31 applied to 2D multi- slice cardiac gated 
(cine MRI) data, which results in an amplified “movie” of 
brain motion. Preliminary data have shown that aMRI may 
be a promising tool for differentiating abnormal from normal 
motion in Chiari I malformation patients30; in this study, a pa-
tient exhibited increased caudal midbrain tissue displacement 
and downward displacement at the level of the brainstem and 
craniocervical junction consistent with previous studies using 
phase contrast (PC- MRI).1,32,33 In addition, aMRI has shown 
promise for visualizing cerebrovascular motion using ampli-
fied flow imaging (aFlow).34 aFlow can capture the charac-
teristics of transient events present in brain tissue (ie, blood 
flow interaction with arterial walls) when applied to 3D PC- 
MRA. By incorporating dynamic mode decomposition into 
the aMRI data processing pipeline, it has potential applica-
tion in the assessment of evolving intracranial aneurysms.34 
In addition, by generating amplified strain maps, aMRI has 
also been shown to have relevance in studying the effects 
of head impacts on brain health, as a tool for tracking tissue 
strain.35 In their study on subconcussive impacts, Champagne 
et al used aMRI together with diffusion tensor imaging and 

helmet accelerometer data to gather insight on the region- 
specific vulnerability of the corpus callosum to microstruc-
tural changes in white- matter integrity.35

In light of the promise of aMRI for various clinical appli-
cations, this work sets out improvements to the aMRI algo-
rithm and acquisition. Notably, the original aMRI approach 
employs a 2D post- processing algorithm which only ampli-
fies motion occurring in the in- plane direction, while ignor-
ing motion occurring in the out- of- plane (ie, third) direction, 
which gives rise to motion artifacts in the amplified movie. 
Furthermore, the 2D aMRI algorithm has thus far only been 
applied to multi- slice data. Such data typically only support 
thick slices, which increase motion artifacts due to partial 
volume effects. In addition, each slice is captured with a 
slightly different heart rate, which can result in an asynchro-
nized data acquisition that can lead to more motion artifacts 
in the amplified movie.

In this study, we introduce a novel 3D aMRI post- 
processing algorithm, which we apply to 3D cardiac gated 
balanced steady- state free precession (bSSFP) cine data to 
improve the image quality and visualization of the original 
2D aMRI output. By capturing motion in all three directions, 
the 3D aMRI approach improves the image quality and vi-
sualization of amplified cardiac-  and CSF- induced brain 
motion in all three directions. The new 3D aMRI algorithm 
incorporates an extended version of the 2D steerable pyra-
mid filters36,37 used in the 2D aMRI algorithm, allowing one 
to capture both in- plane and out- of- plane brain motion. To 
further increase the spatial resolution and improve the per-
formance of the 3D aMRI algorithm, we also applied it to 
3D volumetric cine in vivo data. In addition, in an effort to 
assist clinicians’ interpretation of the 3D movies in the form 
of 2D maps, we generated optical flow vector maps38 as a 
qualitative visual tool for capturing the brain’s motion. These 
maps were visually compared alongside PC- MR for their 
ability to capture the predominant brain tissue displacement, 
which typically occurs in the cranial- caudal direction around 
the midbrain region.

Last, the 3D aMRI algorithm was tested on 2D multi- slice 
cine fast low angle shot (FLASH) in vivo data to demonstrate 
its applicability to different MRI contrasts.

The combination of the 3D aMRI post- processing algo-
rithm and the 3D volumetric acquisition provides a novel and 
promising imaging tool that can assist clinicians in the non-
invasive assessment of brain pathologies that alter the brain’s 
biomechanical responses. In addition, by producing 4D ani-
mations from 3D aMRI when applied to a volumetric data-
set, the complete brain tissue and CSF motion is captured to 

K E Y W O R D S

3D steerable pyramid, amplified MRI, cardiac- gated cine MRI, optical flow



1676 |   TEREM ET al.

highlight the mechanism that is thought to drive the passage 
of CSF throughout the brain.

2 |  METHODS

The following convention (Supporting Information Figure S1)  
will be used throughout: “volumetric 3D aMRI” and “multi- 
slice 3D aMRI” refer to the 3D algorithm applied to 3D (volu-
metric) and multi- slice data, respectively. By the same token, 
“volumetric 2D aMRI” and “multi- slice 2D aMRI” refer to 
the 2D aMRI algorithm applied to volumetric and multi- slice 
data, respectively.

2.1 | Human subjects

With ethical approval granted by The University of Auckland 
Human Participants Ethics Committee (ref: 018466), and 
informed consent, experiments were conducted on seven 
healthy adult volunteers. (The volunteers were a mix of both 
male and female with an age range between 25 and 65 y old.)

2.2 | MRI acquisition

Scans were performed on volunteers on a 3T MAGNETOM 
Skyra system (Siemens Healthcare, Erlangen, Germany), 
XQ Gradients (45 mT/m @ 200 T/m/s), and a 32- channel 
head coil. Both 2D multi- slice and 3D volumetric (true 3D) 
cardiac- gated (cine) MRI datasets were acquired. A bSSFP 
cine sequence was run in the sagittal plane with peripheral 
pulse gating to target a common scan time of 2:40 min and 
a field of view (FOV) of 23 cm2. The parameters for the 2D 
multi- slice cine sequence were as follows: sagittal plane, ma-
trix size = 192 × 192, repetition time (TR)/echo time (TE)/
flip- angle = 35 ms/1.5 ms/43°, acceleration factor = 3, 30 
slices, minimum achievable slice- thickness of 3 mm (reso-
lution = 1.2 × 1.2 × 3 mm), zero slice gap and slice inter-
leaving, 25 cardiac phases, scan time = 2:40 min. The 3D 
volumetric bSSFP cine sequence used a matrix size = 194 ×  
240, TR/TE/flip- angle = 46 ms/1.7 ms/26°, acceleration fac-
tor = 3, partition- thickness of 1.2 mm (resolution of 1.2 ×  
1.2 × 1.2 mm). To achieve whole brain coverage, 104 slices 
and prospective binning to 18 cardiac phases were acquired 
on the 24- y- old male, and 112 slices and prospective binning 
to 13 cardiac phases for the 44- y- old female. The scan time 
for the 3D volumetric sequence to cover the whole adult brain 
was approximately 10- 12 min, with the variation dependent 
on the brain size and cardiac input stability.

To test the ability of the 3D aMRI algorithm to amplify 
cine images of a different contrast, a 2D multi- slice cine 

fast low angle shot (FLASH) sequence was acquired with 
a FOV  = 23 cm2, matrix size = 192 × 192, TR/TE/flip- 
angle = 70 ms/3.4 ms/12°, acceleration factor = 2, and 30 
slices.

For reproducibility, we also collected five more datasets 
from volunteers using a 3T SIGNA Premier system (GE, 
USA), SuperG Gradients (80 mT/m @ 200 T/m/s), and a 
46- channel head coil. The parameters for the 3D volumetric 
cine FIESTA sequence were as follows: FOV = 23 cm2, ma-
trix size = 256 × 256, TR/TE/flip- angle = 2.9 ms/1 ms/25°, 
Hyperkat eight acceleration, partition- thickness of 1.2 mm 
(resolution of 1.2 × 1.2 × 1.2 mm), peripheral pulse gating. 
A total of 116 slices were used for whole brain coverage and 
retrospectively binning to 20 cardiac phases was applied. The 
3D volumetric cine FIESTA sequence took approximately 
2.5 min.

For comparison to past studies using the common phase 
contrast MRI (PC- MRI) approach, we also collected one 
set of cine PC- MRI data and 3D volumetric aMRI data on 
a same volunteer using the 3T GE Signa system, with the 
following parameters: FOV = 23 cm2, velocity encoding =  
1 cm/s, matrix size = 256 × 256, TR/TE/flip- angle = 50 
ms/12 ms/10°. Phase- encoding was performed in the right- 
left direction in the axial plane, and in the superior- inferior 
direction for the sagittal and coronal planes. The resulting 
images were masked to remove the background noise and 
highlight the brain motion in these directions of interest.

2.3 | Motion amplification

Both 2D and 3D aMRI are based on the Eulerian perspec-
tive for the flow field, where the properties of a voxel of 
fluid, such as pressure and velocity, evolve over time. This 
differs from the Lagrangian perspective, where the trajec-
tory of particles is tracked over time. In the Eulerian ap-
proach to motion magnification, the motion is not explicitly 
estimated, but rather magnified by amplifying temporal in-
tensity changes at fixed voxel,30 assuming that the motion is 
subtle (sub- voxel).

While 2D aMRI was limited at capturing only in- plane 
motion, 3D aMRI captures and amplifies motion in all three 
directions. The 3D motion amplification is achieved by ex-
tending the linear complex steerable pyramid filters from 2D 
to 3D.

The 3D steerable pyramid is a linear decomposition in 
which steerable filters are used in a multi- scale recursive 
scheme (low- pass filtering and down sampling), resulting in 
a decomposition in terms of scale and orientation. The scale 
tuning of the filters is constrained by a recursive system, 
and the orientation tuning is constrained by the property of 
steerability.37
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3D aMRI starts by decomposing the data into scales and 
orientations using the 3D steerable pyramid. Initially, the 
image is separated into low-  and high- pass subbands. The 
low- pass image is then divided into six oriented bandpass 
subbands and a lower- pass subband. This last one is then 
subsampled by a factor of 2, both in the x, y, and z directions. 
The recursivity is achieved by inserting another level of de-
composition in the lower branch.39

The scales (levels) basis functions are band pass filters 
in the frequency domain. They are calculated in polar coor-
dinates by multiplying a low- pass filter Ls−1 of the previous 
scale with a high pass filter Hs of the current scale. The low- 
pass and high- pass filters for each scale are given by the fol-
lowing equations:

where s is the scaling factor of the level, and the band pass filter 
for the level is given by,

The angular filters are the 3D cones oriented along the six 
vertices of cuboctahedron (Table 1) and satisfy the following 
equation in the frequency domain:

where �j, � j and � j are the direction of the axes of symmetry of 
the six basis filters Bj.

The resulting filter in the frequency domain (Figure 1) for 
each level and orientation is given by:

where r =
√
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T A B L E  1  Directions cosines for the axes of symmetry of 6 basis 
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F I G U R E  1  The 3D amplified MRI (aMRI) algorithm pipeline. The volumetric/multi- slice cine MRI is decomposed by the 3D complex 
steerable pyramid into scales and orientations. The colors represent the frequency response of the different filters (scales and orientations). Each 
filter is a bandpass with specific orientation and satisfies Equation (5). Small amplitudes have been zeroed in order to emphasize the filter's conic 
shape. The phases of the decomposition are separated from the amplitude component, and independently temporally band pass filtered at each 
spatial location, orientation, and scale. The filtered phases are then “spatially” filtered again to increase the phases signal- to- noise ratio using 
amplitude- weighted Gaussian spatial smoothing, and then multiplied by an amplification parameter and added to the original amplitude component. 
The 4D data are then reconstructed to produce an amplified 4D movie
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For both the 2D and 3D algorithms, the steerable pyra-
mid decomposition outputs a complex number (amplitude 
and phase) at each scale and orientation. The phases of the 
decomposition contain information about sub- voxel motion, 
and we exploit this in order to achieve motion magnification; 
this is similar to the Fourier theorem, where phase variation 
(rotation) in the frequency domain corresponds to translation 
in the spatial domain. The phases are temporarily band- passed 
in order to isolate the cardiac temporal frequency and to re-
move any DC component. In addition, in order to increase the 
performance of the algorithm, and to enable motion magni-
fication with minimal noise artifacts, the band- passed phases 
are spatially filtered with an amplitude- weighted Gaussian 
smoothing filter. Next, the band- passed phases are multiplied 
by a user- defined amplification factor, α, and added to the 
original phase component. Attenuation of motion of the other 
temporal frequencies can be achieved by adding the band- 
passed phases to a reference phase image/volume, which in 
our case was chosen to be the first volume. The volume is 
then reconstructed to synthesize an amplified 4D movie with 
the desirable range of temporal frequencies.

The 3D aMRI algorithm was used to amplify the motion 
of the brain during the cardiac cycle in all three directions 
simultaneously in both multi- slice and volumetric data. In 
addition, both datasets were also amplified using the original 
2D aMRI algorithm. The following parameters were used for 
both 2D and 3D aMRI: amplification factor α = 25, band- 
pass filter of the heart rate frequency (±0.1) in addition to at-
tenuating the motion related to all other temporal frequencies, 
and amplitude- weighted Gaussian smoothing with � = 5.  
The amplification factor α was chosen according to the orig-
inal 2D aMRI30 study as 𝛿 (t) 𝛼 <

𝜆

2
, where � (t) is a displace-

ment function, and � is the spatial wavelength. By assuming 
a maximum displacement of the brain stem (midbrain, pons, 
and medulla) of approximately � (t) = 187 μm,14 and mini-
mum resolve wavelength � = 4 × 2.4 mm (due to amplitude- 
weighted Gaussian smoothing), we chose an α within the 
boundary 𝛼 < 25.6, that supports sufficient amplification and 
with minimum artifacts and distortions. Note that different 
input parameters will result in a different amplification factor 
boundary. For example, the selection of larger value of the 
variance in the Gaussian smoothing parameter will result in a 
bigger amplification boundary, so one should choose it care-
fully according to the desired application.

2.4 | In vivo data comparative maps and 
visualization tools

For all aMRI datasets, anatomical snapshots of the car-
diac cycle and maximum differences maps were produced 
to compare the brain tissue motion response and motion 
artifacts. Each successive frame was subtracted from the 

first frame of the cardiac cycle, and a “difference map” was 
chosen based on the maximum difference in overall signal 
intensity.

A built- in MATLAB Farneback optical flow algorithm38 
was applied to the aMRI data, to aid the visualization of 
the amplified motion, and to capture the predominantly 
midbrain tissue displacement which typically occurs in 
the cranial- caudal direction (as seen in PC- MRI). The 
Farneback method is based on signal decomposition into 
polynomial basis and analytical solution of the optic flow 
problem,38 and assesses the change within a small selected 
neighborhood size of each vector. It aligns a floating image 
to the reference image in the optimal position and orien-
tation by modeling the signal with polynomial basis func-
tions, weighted by an applicability function that determines 
the neighborhood’s importance, and using orientation ten-
sors to compute disparity between the image pair. The op-
tical flow algorithm has several advantages in that it is fast 
and accurate for both small and large motion. Additionally, 
since it follows the tissue boundaries (such as between 
CSF and brain parenchyma) temporally across the cardiac 
frames, optical flow is reliable in the presence of global 
signal intensity changes.

In addition, to show that 3D aMRI can be used with other 
contrast mechanisms, we also applied it to cine FLASH in 
vivo data. Finally, 4D animations of volumetric 3D aMRI 
were produced in order to visualize the whole brain tissue, 
and CSF motion using IMARIS 6.4.3.

3 |  RESULTS

Several important observations were made upon applying the 
3D and 2D aMRI algorithms to multi- slice and volumetric 
cine data. Improvements in the image quality came in the 
form of reduced motion artifacts. Here we define two types 
of motion artifacts:

• Category 1— Motion artifacts occurring due to partial vo-
luming arising from thick slices. These artifacts give rise 
to coherent (and unrealistic) brain motion in localized re-
gions, as well as an additional erroneous intensity variation 
across the entire brain.

• Category 2— Motion artifacts occurring due to the amplifi-
cation algorithm’s inability to capture out- of- plane motion. 
These artifacts are more incoherent, manifesting as imag-
ing blurring and ringing artifacts that obscure the anatomy.

As shown in Figures 2- 5 and Supporting Information 
Videos S1- S4, both the 3D aMRI algorithm and volumet-
ric cine data together contribute to the overall reduction in 
motion artifacts (in both categories), with the algorithm it-
self having the more significant effect on artifact reduction. 
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F I G U R E  2  Multi- slice 2D aMRI vs volumetric 2D aMRI. Anatomical reference (A), and maximum difference maps of the original 
(unamplified) 3D cine data (B), multi- slice 2D aMRI (C), and volumetric 2D aMRI (D). Multi- slice 2D aMRI contains more motion artifacts 
(red arrows) than volumetric 2D aMRI. Motion artifacts can still be seen in volumetric 2D aMRI (red arrow), because 2D aMRI does not amplify 
in-  and out- of- plane motion. Here, the heart rate temporal frequency (±0.1) motion was amplified with an amplification parameter of 25 and an 
amplitude- weighted Gaussian smoothing with � = 5, while attenuating the motion related to all other temporal frequencies

F I G U R E  3  Multi- slice 2D aMRI vs multi- slice 3D aMRI. Anatomical reference (A), and maximum difference maps calculated from the 
original (unamplified) multi- slice cine data (B), multi- slice 2D aMRI (C), and multi- slice 3D aMRI (D). Multi- slice 3D aMRI contains fewer 
motion artifacts than multi- slice 2D aMRI, especially around the cortex, corpus callosum, spinal cord, optic chiasm, and scalp (red arrows)

F I G U R E  4  Multi- slice 3D aMRI vs volumetric 3D aMRI. Maximum difference maps calculated from multi- slice 3D aMRI and volumetric 3D 
aMRI together with their corresponding anatomical images. The finer resolution of the volumetric cine data enables one to observe motion in the 
axial and coronal plane in greater detail, and with fewer artifacts
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3D aMRI reduces motion artifacts (category 2) by capturing 
and amplifying out- of- plane motion in addition to in- plane 
motion. Volumetric cine data decrease motion artifacts (cate-
gory 1) by reducing partial volume effects due to the thinner 
slices obtainable by the 3D acquisition. As such, the higher 
resolution in the axial and coronal planes dramatically im-
proves the performance of both 2D and 3D aMRI. It was also 
observed that 3D aMRI supports a larger amplification factor 
compared to 2D aMRI.

Figure 2 and Supporting Information Video S1 depict 
multi- slice 2D aMRI and volumetric 2D aMRI results. 
The expected characteristic brain motion amplification can 
be seen in both datasets, but fewer and less extensive mo-
tion artifacts (category 1) are seen in volumetric 2D aMRI, 

particularly in the cortex, spinal cord, and scalp. This is 
most evident in Figure 2B, where multi- slice 2D aMRI pro-
duced significant coherent- appearing scalp motion, induced 
by larger differences in geometry that exist between slices. 
However, artifacts (in category 2) remain in the volumetric 
2D aMRI dataset since 2D aMRI is unable to capture and 
amplify in-  and out- of- plane motion. These artifacts, which 
manifest as blurring accompanied by ringing features that 
move over time, are particularly prominent in the spinal cord 
region and around the optic chiasm.

Figure 3 and Supporting Information Video S2 de-
pict multi- slice 2D aMRI and multi- slice 3D aMRI results. 
Motion artifacts (category 2) due to in-  and out- of- plane mo-
tion are drastically reduced in multi- slice 3D aMRI compared 

F I G U R E  5  Volumetric 2D aMRI vs volumetric 3D aMRI. Anatomical reference (A), and maximum difference maps calculated from the 
original (unamplified) 3D cine data (B), volumetric 2D aMRI (C), and volumetric 3D aMRI (D). Volumetric 3D aMRI succeeded in capturing in-  
and out- of- plane motion, while significantly decreasing motion artifacts compared to volumetric 2D aMRI. This is well demonstrated in the region 
of the optic chiasm on the coronal image where brain motion is concentric as opposed to inferior/superior
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to multi- slice 2D aMRI. A significant reduction in motion ar-
tifacts was also observed compared to volumetric 2D aMRI, 
especially in the spinal cord region and around the optic chi-
asm. This suggests that a large portion of the motion artifacts 
are caused by the 2D aMRI algorithm— which ignores in-  
and out- of- plane motion.

Figure 4 and Supporting Information Video S3 depict 
multi- slice 3D aMRI and volumetric 3D aMRI results. Both 
outputs succeeded at capturing in-  and out- of- plane motion, 
but the thinner slices of the volumetric cine data enabled one 
to observe the motion in the axial and coronal plane in greater 
detail, and with fewer artifacts.

Figure 5 and Supporting Information Video S4 depict vol-
umetric 2D aMRI and volumetric 3D aMRI results. Here, it 
can be seen that compared with 2D aMRI, the 3D aMRI al-
gorithm supports a larger amplification factor, and captures 
motion in all three planes while also suppressing motion 
artifacts.

3.1 | Qualitative comparison of motion 
between 3D aMRI and PC- MRI

In both 3D volumetric aMRI and cine PC- MRI, the gen-
eral characteristic of brain motion was found to be similar 
(Figure  6, Supporting Information Video S5). In both se-
quences, the predominant tissue displacement was in the 
cranial- caudal direction in the sagittal and coronal planes, 
and expanding/contracting motion in the axial plane, with 
the largest brain tissue displacement occurring around the 
midbrain, cerebellar tonsils, brainstem, and hypothalamus. 

Minimal displacement occurred in the frontal lobe, parietal 
lobe, occipital lobe, temporal lobe, and posterior cerebellum. 
On 3D aMRI, this motion was clearly captured in the form of 
vectors by the optical flow map, which visually represented 
the velocity fields seen on PC- MR.

3.2 | 3D aMRI applied to in vivo 
cine FLASH

We applied our newly developed algorithm on a 2D cine 
FLASH in vivo data in order to demonstrate the robustness 
and ability of the new method in amplifying other types of 
MRI contrasts. In both volumetric 3D aMRI and multi- slice 
cine FLASH 3D aMRI, brain motion was found to be very 
similar, as can be observed in the maximum difference maps 
(Figure 7 and Supporting Information Video S6). Taking 
the maximum intensity projection (MIP) of the amplified 
FLASH dataset allows one to observe the pulsation of some 
of the major blood vessels of the brain.

3.3 | 4D animation

Optical flow maps calculated from volumetric 3D aMRI, 
shown in Figure 6 and Supporting Information Video S7, 
show the ability of our method to capture the brain tissue 
motion over time and display the physical change in shape 
of the ventricles by the relative movement of the surrounding 
tissues. In addition, a 4D animation of volumetric 3D aMRI, 
shown in Figure 8 and Supporting Information Videos S8- S9, 

F I G U R E  6  Comparison between PC- MRI (top) and optical flow maps calculated from volumetric 3D aMRI (bottom) for sagittal (left two 
panels), coronal (middle two panels), and axial (right two panels) planes. Here, we show the pair of 12th and 19th phases of a cardiac cycle (the 
same total number of 20 phases collected for each of the PC- MRI and volumetric 3D aMRI methods). The optical flow maps capture the relative 
brain tissue deformation over time and the physical change in shape of the ventricles by the relative movement of the surrounding tissues
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shows that the novel 3D algorithm can capture the complete 
brain tissue and CSF motion, helping to highlight the “piston- 
like” motion of the ventricles that is thought to drive the pas-
sage of CSF throughout the brain.

4 |  DISCUSSION

This work introduces a novel 3D aMRI post- processing ap-
proach that enables one to visualize the amplified cardiac-  and 

F I G U R E  8  4D animation of volumetric 3D aMRI (Supporting Information Videos S8- S9). The novel 3D algorithm exquisitely captures the 
brain tissue and CSF motion, helping to highlight the “piston- like” motion of the ventricles that is thought to drive the passage of CSF throughout 
the brain. The heart rate temporal frequency (±0.1) motion was amplified with an amplification parameter of 50 and amplitude- weighted Gaussian 
smoothing with � = 5, while attenuating the motion related to all other temporal frequencies

F I G U R E  7  3D aMRI applied to FLASH, demonstrating the applicability of the 3D aMRI algorithm to other MR contrasts. Maximum 
difference maps calculated from 3D aMRI are shown for volumetric (bSSFP) data (A) and 2D FLASH cine data (B). C, An MIP of the amplified 
FLASH data is shown together with its corresponding difference map, allowing one to visualize the pulsation of the major blood vessels
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CSF- induced sub- voxel brain motion in all three directions 
with striking detail. By extending the original 2D aMRI to 
3D aMRI, applying it to volumetric in vivo data, and using 
a combination of advanced image processing visualization 
tools, this method can exquisitely highlight the 3D piston- 
like motion of the brain and change in ventricular shape as 
the brain moves through the cardiac cycle.

This study shows the progressive benefit of moving from 
(the original) multi- slice 2D aMRI approach to a volumetric 3D 
aMRI approach. Multi- slice datasets limit the achievable out- 
of- plane resolution. Conversely, volumetric data yield higher 
resolution images that allow better delineation of the brain- CSF 
interface, and fewer contaminating partial volume effects that 
can give rise to motion artifacts. This effect was first high-
lighted by applying the 2D aMRI algorithm to multi- slice and 
volumetric data (Figure 2, Supporting Information Video S1). 
While the 2D aMRI algorithm considerably enhanced the visu-
alization of the pulsatile motion of the brain (as expected29,30), 
volumetric 2D aMRI notably reduced motion artifacts in the 
cortex, spinal cord, and scalp. However, artifacts remain in the 
volumetric 2D aMRI dataset since 2D aMRI is unable to cap-
ture and amplify in-  and out- of- plane motion. These artifacts, 
which manifest as blurring accompanied by ringing features 
that move over time, are particularly prominent in the spinal 
cord region and around the optic chiasm.

3D aMRI introduces two main advantages compared to 
2D aMRI. First, it can capture motion in all three directions, 
which results in fewer motion artifacts. Second, 3D aMRI can 
support larger amplification factor and as a result can reveal 
smaller brain motions compared to 2D aMRI. The ability of 
3D aMRI to support a larger amplification factor is achieved 
by the extension of the steerable pyramid from 2D to 3D. 
This is because the level of amplification is directly related to 
the spatial support of the 3D filters (Equation 5), which are 
smaller compared to 2D filters. The smaller the filters are in 
the frequency domain, the larger their support is in the spatial 
domain, thus the window by which the motion can be shifted 
is larger.31 Here, the ratio of the 3D filter size and the image 
(volume) dimensions in the frequency domain is smaller by a 
factor of c

z
 (which is less than 1) compared to the 2D filter, 

where c is a constant and z is the length (number of pixels) of 
the volume in the slice direction.

A direct comparison between 3D and 2D aMRI could be 
seen in multi- slice 2D aMRI and multi- slice 3D aMRI (Figure 
3, Supporting Information Video S2). Since 3D aMRI encap-
sulates motion in all three planes, the resulting images have 
considerably reduced artifacts compared to both multi- slice 
and volumetric 2D aMRI. This implies that a larger portion 
of motion artifacts originate from the inability of 2D aMRI to 
capture in-  and out- of- plane motion (rather than originating 
from partial volume effects). This finding is consistent with 
previous DENSE studies,3,5,26 whereby these regions have 

been shown to have higher amplitudes of motion. In addition, 
this suggests that even if the underlying raw data acquisition 
is multi- slice or non- isotropic, there is a clear benefit of using 
the 3D aMRI algorithm, and as such this algorithm should be 
the method of choice over the 2D aMRI algorithm.

Nevertheless, it was found that the most benefit to 
be gained is through volumetric 3D aMRI (Figures 4- 5, 
Supporting Information Videos S3 and S4), where both mo-
tion artifacts categories are reduced significantly. The ability 
of 3D aMRI to support larger amplification factor and to cap-
ture and amplify in-  and out- of- plane motion together with 
the thinner slices of the volumetric cine data enabled the ob-
servation of the piston- like motion of the ventricles in the 
axial and coronal plane in greater detail.

Previous studies have demonstrated the complex characteris-
tics of the brain’s biomechanics, with multiple factors in play.1,32,33 
However, the predominant tissue and fluid displacement can be 
seen in this work to be in the cranial- caudal direction in the sag-
ittal and coronal planes and with an expansion/contraction mo-
tion in the axial plane, with the largest brain tissue displacement 
occurring around the midbrain, brainstem, cerebellar tonsil, 
and hypothalamus regions. Minimal displacement occurs in the 
frontal lobe, parietal lobe, occipital lobe, temporal lobe, and pos-
terior cerebellum due to the decreased compliance of brain tis-
sue toward the cranium boundary. These findings can be seen in 
both cine PC- MRI and aMRI (Figure 6, Supporting Information  
Video S5) and are consistent with previous work on PC- MRI 
by Pelc et al.1

Furthermore our optical flow maps applied to 3D aMRI 
(Figure 6, Supporting Information Video S7) can assist with 
the visualization of the complex motion characteristics of the 
pulsating brain during the cardiac cycle. Since the optical 
flow algorithm follows the tissue boundaries (such as CSF 
and brain parenchyma) throughout the temporal frames, it 
is reliable in the presence of global signal intensity changes 
across the temporal frames. The underlying tissue contrast 
provided by the bSSFP sequence used by aMRI also provides 
the ability to visualize this motion with reference to the brain 
anatomy. Note that these data were acquired on a small num-
ber of participants, and that intracranial pulsatility may have 
variations due to the transfer of pulsation out of the cranium 
through either venous or CSF outflow pathways, which can 
be subject dependent.27,32

This work also demonstrates the versatility of 3D aMRI 
to other underlying MR contrast mechanisms (Figure 7, 
Supporting Information Video S6). The algorithm ampli-
fies temporal intensity changes at fixed positions (or voxels) 
under the main assumptions that the underlying motions 
are sub- voxel and that the data are relatively smooth. As a 
result, we postulate that it can be applied to different types 
of 3D bio- imaging modalities,40 such as CT, fluorescent 
microscopy, ultrasound, and OCT, although one should be 
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careful with the last two, due to high speckle noise that ex-
ists in coherence imaging techniques. Applying 3D aMRI 
to FLASH datasets revealed similar brain motion charac-
teristics to that observed with bSSFP, with the additional 
advantage of being able to amplify major blood vessel mo-
tion which was shown to have a potential application in the 
assessment of evolving intracranial aneurysms.34 It should 
be noted that the aMRI algorithm amplifies subtle intensity 
variations within each voxel regardless of the source that 
causes these changes. Some of these changes are induced 
by motion, and some of them can be due to noise and local 
B0 field gradients interacting with the motion. Compared 
to natural scene videos, which capture the intensity changes 
due to optical flow (which will be predominantly due to 
visual motion), MR signals contain more underlying in-
formation that rely on a range of different physiological 
processes in addition to motion. A future interesting ap-
proach could be to amplify the signal from the MR phase 
and amplitude data separately, to explore which of these 
most contributes to the apparent motion seen after ampli-
fication. This could perhaps reveal which signal is related 
specifically to apparent motion.

The intertwinement of blood vessel pulsation, brain tis-
sue, and CSF motion that form the biomechanical response 
of brain tissue seen with 3D aMRI, may provide us a lens 
to investigate the underlying conditions and characteris-
tics of the human brain. The optical flow maps applied to 
volumetric 3D aMRI show the method’s ability to capture 
the brain tissue motion over time. The direction of pulsa-
tile motion can be visualized and may assist radiologists 
with the interpretation of the complex brain motion and in 
particular help to highlight pathological brain movement. 
In addition, the great reduction in motion artifact together 
with high spatial resolution obtained with volumetric 3D 
aMRI may enable an accurate quantification of the 3D dis-
placement field by using custom registration algorithms, 
and with that the extraction of in vivo biomechanical prop-
erties of the brain (such as stiffness), as was demonstrated 
by Weaver et al.41- 43 In their work, the intrinsic motion of 
the brain captured by a standard cine phase- contrast MRI 
sequence was shown to be a viable alternative to traditional 
MR elastography (MRE) for measuring the biomechanical 
properties of brain tissue (obviating the need for special-
ized MRE hardware and software).

Finally, for the first time, 4D animations of volumetric 3D 
aMRI are shown to highlight the brain tissue and CSF mo-
tion, thus assisting in the observation of the physical change 
in shape of the ventricles by the relative movement of the sur-
rounding tissues, and in particular the region of the thalamus 
and basal ganglia. This movement may be instrumental in 
propelling CSF, which fulfills an important role in the drain-
age of cerebral waste,44- 46 from the lateral ventricles where it 
is formed, to the subarachnoid space. The motion within the 

tissue itself is seen to change direction during each cardiac 
cycle and may be instrumental in the process of driving ex-
tracellular fluid through the extracellular spaces.

5 |  CONCLUSIONS

Here, we introduce a novel 3D aMRI post processing and 
image visualization approach that enables one to visualize the 
amplified cardiac-  and CSF- induced brain motion in all three 
directions with striking detail. Compared with the traditional 
multi- slice 2D aMRI approach, 3D aMRI coupled with iso-
tropic volumetric data exquisitely captures 3D brain motion, 
with better image quality, fewer artifacts, and supports larger 
amplification factor. The motion seen on volumetric 3D aMRI 
within the brain tissue may be instrumental in the process of 
driving extracellular fluid through the extracellular spaces.

In an effort to assist radiologists’ interpretation of the 4D 
movies in the form of 2D maps, we employ an optical flow 
approach to highlight the brain’s piston- like motion. Used to-
gether with the 4D animation, our novel method may help 
understand the dynamics of what drives the passage of CSF 
through the ventricular system, and the extracellular fluid 
within the brain tissue, and open up exciting applications for 
a range of diseases and disorders that affect the biomechanics 
of the brain and brain fluids.
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the Supporting Information section.

FIGURE S1 Data acquisition and processing schematic and 
nomenclature
VIDEO S1 Multi- slice 2D aMRI contains more motion arti-
facts (red arrows) than volumetric 2D aMRI. Motion artifacts 
can still be seen in volumetric 2D aMRI (red arrow), because 
2D aMRI does not amplify in-  and out- of- plane motion
VIDEO S2 Multi- slice 3D aMRI contains fewer motion arti-
facts than multi- slice 2D aMRI, especially around the cortex, 
corpus callosum, spinal cord, optic chiasm, and scalp (red 
arrows)
VIDEO S3 The finer resolution of the volumetric cine data 
enables the observation of cardiac induce motions in the axial 
and coronal plane in greater detail, and with fewer artifacts 
compared to multi- slice 3D aMRI
VIDEO S4 Volumetric 3D aMRI succeeded in capturing 
in-  and out- of- plane motion, while significantly decreasing 

motion artifacts compared to volumetric 2D aMRI. This is 
well demonstrated in the region of the optic chiasm on the 
coronal image where brain motion is concentric as opposed 
to inferior/superior
VIDEO S5 Volumetric 3D aMRI compared with phase con-
trast. Motion seen in the amplified videos capture the relative 
brain tissue deformation over time and the physical change 
in shape of the ventricles by the relative movement of the 
surrounding tissues and show similar characteristic motion 
as seen in phase contrast
VIDEO S6 3D aMRI applied to FLASH demonstrating the 
applicability of the 3D aMRI algorithm to other MR con-
trasts. In both volumetric 3D aMRI and multi- slice cine 
FLASH 3D aMRI, brain motion was found to be very similar. 
Taking the maximum intensity projection (MIP) of the ampli-
fied FLASH dataset enables the observation of the pulsation 
of some of the major blood vessels of the brain
VIDEO S7 Optical flow maps calculated from volumetric 
3D aMRI. The optical flow maps capture the brain tissue mo-
tion over time and display the physical change in shape of 
the ventricles by the relative movement of the surrounding 
tissues
VIDEO S8 4D animation of volumetric 3D aMRI of CSF 
and brain tissue motion. The novel 3D algorithm exquisitely 
captures the brain tissue and CSF motion, helping to high-
light the “piston- like” motion of the ventricles that is thought 
to drive the passage of CSF throughout the brain
VIDEO S9 4D animation of volumetric 3D aMRI of CSF 
and brain tissue motion. The novel 3D algorithm exquisitely 
captures the brain tissue and CSF motion, helping to high-
light the “piston- like” motion of the ventricles that is thought 
to drive the passage of CSF throughout the brain
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