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Purpose: The goal of this study was to determine the accuracy of displacement-
encoding with stimulated echoes (DENSE) MRI in a tissue motion phantom with 
displacements representative of those observed in human brain tissue.
Methods: The phantom was comprised of a plastic shaft rotated at a constant speed. 
The rotational motion was converted to a vertical displacement through a camshaft. 
The phantom generated repeatable cyclical displacement waveforms with a peak dis-
placement ranging from 92 µm to 1.04 mm at 1-Hz frequency. The surface displace-
ment of the tissue was obtained using a laser Doppler vibrometer (LDV) before and 
after the DENSE MRI scans to check for repeatability. The accuracy of DENSE MRI 
displacement was assessed by comparing the laser Doppler vibrometer and DENSE 
MRI waveforms.
Results: Laser Doppler vibrometer measurements of the tissue motion demonstrated 
excellent cycle-to-cycle repeatability with a maximum root mean square error of 
9 µm between the ensemble-averaged displacement waveform and the individual 
waveforms over 180 cycles. The maximum difference between DENSE MRI and 
the laser Doppler vibrometer waveforms ranged from 15 to 50 µm. Additionally, the 
peak-to-peak difference between the 2 waveforms ranged from 1 to 18 µm.
Conclusion: Using a tissue phantom undergoing cyclical motion, we demonstrated 
the percent accuracy of DENSE MRI to measure displacement similar to that ob-
served for in vivo cardiac-induced brain tissue.
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1  |   INTRODUCTION

Displacement encoding with stimulated echoes (DENSE) is 
an MRI sequence where displacement is encoded into the 
phase of the MR signal.1,2 DENSE MRI was initially devel-
oped by Aletras et al to quantify cardiac tissue biomechan-
ics.1 The technique was extended to a cine sequence by Kim 
et al,3 and a spiral version of the technique was developed 
by Zhong et al.2,4 In multiple studies, myocardial and vas-
cular tissue biomechanics were examined using DENSE 
MRI.2-7 The DENSE sequence involves 2 modules: a dis-
placement-encoding module and an imaging module. The 
displacement-encoding module tips the longitudinal mag-
netization into the transverse plane, encodes the tissue mo-
tion into the phase of the magnetization, and then restores 
the magnetization back to the longitudinal axis. The imaging 
module consists of multiframe (cine) acquisition using a fast 
imaging sequence with a small flip angle (FA). The imaging 
module contains an unencoding gradient to rewind the phase, 
so that only displacement-related phase shifts are present in 
the phase of the data for each frame.

Cardiac and respiratory cycles induce pulsatile brain tis-
sue motion.8,9 Using phase-contrast imaging, Reese et al was 
the first to demonstrate that brain tissue strain can be quan-
tified noninvasively.10 In 2009, Soellinger et al and Zhong 
et al showed that the DENSE MRI technique can be used 
to quantify cardiac-induced brain tissue motion.4,11 In 2018, 
Pahlavian et al quantified regional brain tissue displacement 
and strain in healthy subjects using DENSE MRI.12 Adams 
et al determined cardiac-induced brain tissue expansion 
using DENSE MRI and demonstrated that tissue-specific 
volumetric strain quantification was possible with DENSE.13 
Also, Adams et al reported that cerebral pulsatility between 
intersubjects showed a consistent peak value and was also 
strongly correlated to cerebrospinal fluid flow volume 
changes in healthy subjects.14 Recently, in a study to deter-
mine cardiac- and respiratory-induced brain deformation 
using a novel high-field MRI, Sloots et al determined that the 
heartbeat-induced volumetric strain was 3 times larger than 
respiratory-induced volumetric strain, which was determined 
using an optimal tag spacing of 0.15 mm/pi.15 These studies 
have demonstrated the feasibility of DENSE MRI to quantify 
brain tissue displacement and strain. However, the accuracy 
of DENSE-measured brain tissue displacement has not been 
reported.

Previous phantom studies have validated displacement de-
rived from velocity-encoding techniques.16-18 Displacement 

derived from phase-contrast magnetic resonance imaging 
(PCMRI) has been used to quantify neural tissue displace-
ment.8,19-26 Several efforts have been made to validate the 
myocardium displacement measurement obtained from 
DENSE MRI.3,27-29 Spottiswoode et al compared myocar-
dial displacement measured by DENSE with known dis-
placements in a rigid rotating phantom and reported a 240 
± 150-µm displacement error in the accuracy of the track-
ing algorithm for displacement values typical of cardiac 
displacement.27 Although studies have sought to validate 
DENSE MRI measurements for the relatively large values 
of myocardial motion, DENSE MRI has not been validated 
for cardiac-induced brain tissue displacement, which is far 
lower in magnitude compared with myocardial motion. The 
maximum displacement reported in the myocardium is 6 to  
10 mm,30 whereas the maximum displacement reported in 
the brain by Pahlavian et al and Adams et al was 187-100 µm, 
respectively.12,13 The reported displacement in brain tissue is 
lower than the error reported in the accuracy study of DENSE 
MRI for myocardial motion by Spottiswoode et al.27 As such, 
a validation study is of paramount importance to determine if 
DENSE MRI is capable of accurately quantifying brain tissue 
motion below 200 µm.

The goal of this study was to determine the accuracy of 
cine spiral DENSE MRI for the measurement of displace-
ment in a tissue phantom with displacements representative 
of those observed in human brain tissue. An experimental cy-
clic displacement device was developed that generated tissue 
phantom motion representative of displacement observed in 
human brain tissue. The reference values for the phantom dis-
placement waveform were determined with a laser Doppler 
vibrometer (LDV) and were compared with the DENSE MRI 
displacement measurements. Additionally, the effect of voxel 
averaging on the accuracy of displacement measurements 
was examined.

2  |   METHODS

2.1  |  Cyclic displacement device

An in vitro cyclical displacement device was developed at 
The University of Akron to generate a repeatable displace-
ment waveform similar in magnitude and shape to that of in 
vivo cardiac-induced brain tissue motion (Figure 1A). A high-
torque rotary motor (respiration pump speed control, model 
number: H0156023; Harvard Apparatus, Holliston, MA) was 
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used to drive a camshaft at a constant rotational speed of 60 
cycles per minute. A 304-cm-long, clear polyethylene tereph-
thalate tube was used to connect the rotating motor to a roller 
chain sprocket that drives the camshaft. Two miniature roller 
chain sprockets were used to separate the connection between 
the driveshaft and the camshaft to minimize vibrations from 
the electric motor (Figure 1A). The camshaft was made from 
a plastic rod (polyether ether ketone) that was 1.9 cm in diam-
eter. The moving plate was 0.625-cm thick, 25-cm long, and 
10-cm wide, and was made from a clear cast acrylic sheet. A 
1.04-mm cyclic peak displacement was generated by a rotating 
an asymmetric camshaft at the end of the plate. The camshaft 
converted the rotational motion of the motor to an approxi-
mate up-and-down motion of the plate at one end, such that 
the plate motion was rotational about a hinge at the opposite 
end. The distance from the hinge center to the camshaft was  
24 cm. Thus, the moving plate only rotated through an angle  
of <1° for a 1.04-mm vertical displacement with zero dis-
placements at the hinge. All components for the moving plate 
were obtained from McMaster-Carr (Elmhurst, IL).

2.2  |  LDV set-up and external trigger 
development

A fiber-coupled LDV device (model OFV-534; Polytec 
Holding AG, Hörsching, Austria) that was capable of detect-
ing velocities as low as 1 µm/s was used to determine the 
tissue phantom displacement LDV reference waveform (see  
Figure 1B). The tissue phantom consisted of a block of pre-
cooked meat (bologna obtained from a local market; see 
Figure 1B) with a height of 83 mm and a width of 38 mm. 
Using a scalpel, a notch was created on the tissue phantom as 
a fiducial marker to identify the location of the LDV measure-
ment on the MRI scan (see Figure 1A for the location of the 

notch on the tissue phantom). For the LDV and MRI meas-
urements, an external trigger was used to determine the pre-
cise start and endpoint of each waveform. In human DENSE 
MRI measurements, the acquisition begins once changes in 
physiological events are detected (for example, an R-wave or 
a peak peripheral pulse measured at the index finger). In our 
cyclic displacement device, an external trigger was used in 
place of the R-wave to signal the start of the MRI data ac-
quisition process. A 5-V square wave with a pulse width of 
70 ms was sent to the MRI scanner through a Bayonet Neill–
Concelman cable. The external trigger was developed with an 
infrared obstacle avoidance device (DASAN Zhone Solutions 
[DZS], Plano, TX). The device consisted of a pair of infrared 
transmitting and receiving sensors. An Arduino Uno (Arduino 
LLC, Boston, MA) was used to control the voltage (5 V) sup-
plied to the device. A 0.625-cm-wide plastic obstacle was at-
tached to the rotating pipe and placed at a distance of 5 cm 
from the infrared sensor. In this set-up, the 5-V square-wave 
signal was generated at a given time point in each cycle when 
the plastic obstacle blocks the infrared beam received by 
the sensor; however, no voltage is generated if the infrared 
beam reaches the sensor. The trigger signal from the Arduino 
and the velocity signal from the LDV were acquired using a 
National Instruments data acquisition board (NI-USB-6259; 
National Instruments, Austin, TX). Postprocessing of the sig-
nals was performed using an in-house program developed in 
MATLAB 2018b (MathWorks, Natick, MA).

2.3  |  Experimental procedure

All measurements were performed at the Center for 
Systems Imaging, located at the Emory University School 
of Medicine (Figure 1C; Atlanta, GA). The LDV meas-
urements were obtained before and after MRI acquisition 

F I G U R E  1   A, Set-up for the moving 
plate showing the location of the notch on 
tissue phantom, B, laser Doppler vibrometer 
(LDV) measurement outside the scanner. 
C, Displacement-encoding with stimulated 
echoes magnetic resonance imaging 
(DENSE MRI) measurement. D, Sequential 
steps to acquire LDV measurements and 
DENSE scans
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outside the scanner room (Figure 1D). The LDV device was 
activated 20 minutes prior to the first experiment to allow 
time for the helium-neon laser head to reach thermal equi-
librium. Polytec A-RET-T010 retroreflective tape (Polytec, 
Inc, Dexter, MI) was attached to the tissue phantom at 4 
different distances from the hinge (11.8, 30.9, 45.0, and 
62.1 mm from the hinge). The LDV measurements were 
collected at 60 cycles per minute for 180 seconds with a 
sampling frequency of 40 kHz. LDV measurements were 
acquired before and after the DENSE MRI measurements 
to document the repeatability of the cyclic displacement 
device because the movement of the device into and out of 
the MR scanner required disconnection/reconnection of the 
long rotating shaft.

2.4  |  DENSE MRI acquisition protocol

Sagittal images of the tissue phantom were acquired on a 
3T MRI scanner (PrismaFit; Siemens Healthcare, Erlangen, 
Germany), using a 20-channel head coil. The magnitude and 
displacement-encoded phase images were acquired using the 
sequence outlined in previous studies.2,4,12 The DENSE se-
quence was modified by adjusting the encoding frequency (ke) 
to 0.6 cycles/mm to minimize phase wrap. A simple encoding 
scheme was used and through-plane dephasing at a frequency 
of 0.8 mm/cycle was used to suppress T1 relaxation echoes.31 
The DENSE MRI acquisition was initialized after the MRI de-
tected the external 5-V signal supplied from the trigger. Thirty 
frames were obtained during the simulated cardiac cycle (period 
of 1 second) with the temporal resolution of 34 ms. The time to  
encode the displacement (displacement-encoding module time)  
before the first cardiac phase was 4 ms. The slice thickness 
was 8 mm, the field of view was 250 × 250, and the matrix 
was 256 × 256, yielding a pixel size of 0.9 mm × 0.9 mm.  
The readout of the DENSE images was an interleaved spiral 
acquisition; the number of spiral interleaves was 26; and the 
duration of each spiral interleave was 16 ms. The echo time of 
the sequence was 2.2 ms; the FA was 15°; and a volume shim 
over the field of view was utilized. The total scan time was 
3 minutes. DENSE MR images were also acquired when the 
motor was turned off to assess the effect of noise and back-
ground phase on the displacement measurements.

2.5  |  Postprocessing of LDV signals

Postprocessing of the velocity signal from the LDV was per-
formed with an in-house program developed in MATLAB. 
Measurements of the plate velocity with the motor off (ie, 
plate not moving) were consistently 0.014 mm/s over the 
180-second period; this was designated as the velocity meas-
urement offset of the LDV system. Thus, LDV velocity 

measurements were corrected by subtracting this consistent 
offset measurement error from all LDV measurements to 
ensure the same start and end location of the displacement 
waveform. One cycle at the start and end of the measurement 
period was discarded to eliminate any start/stop effects. A 
threshold of 4.5 V was used to determine the rising edges 
of the trigger signal (the start of the velocity waveform) 
and to separate the velocity waveform into 180 individual 
waveforms (Figure 2A). The cumulative trapezoidal numeri-
cal integration method was used to integrate the individual 
velocity waveforms to obtain the individual displacement 
waveforms. An ensemble average displacement reference 
waveform was then computed from the individual displace-
ment waveforms. To quantify the cycle-to-cycle displace-
ment errors, the ensemble average displacement reference 
waveform was compared with the 180 individual displace-
ment waveforms (Figure 2B). The minimum, maximum 
cycle-to-cycle difference, and the root mean square error 
(RMSE) were determined between the ensemble average and 
the individual waveforms. To determine the disconnection/
reconnection repeatability, metrics from 2 ensemble average 
displacement reference waveforms (before and after DENSE 
MRI measurements) were compared, including peak-to-peak 
difference, range of difference (minimum and maximum dif-
ference), and the RMSE. To examine additional locations on 
the tissue phantom, we extrapolated the linear fit of the 4 
LDV measurements to obtain an estimated LDV (e-LDV) 
measurement across the tissue’s superior–inferior length.

2.6  |  Postprocessing of DENSE scans

A custom-made program developed in MATLAB was used to 
postprocess the DENSE image sets (Figure 3A-D). The steps 
used to obtain the DENSE MRI displacement were similar to 
those described by Pahlavian et al.12 The DENSE-measured 
displacements were calculated after phase-unwrapping (if  
necessary), noise-filtering, and selecting regions of inter-
est (Figure 3A-C).12 Noise-filtering was performed using the  
filter2 function in MATLAB 2018b. This function applied a 
finite impulse response filter to the displacement measurement. 
The values of the normalized cut-off frequency and filter order 
was 0.15 and 16, respectively, as recommended by Pahlavian 
et al.12 For each phase image, pixelwise 2-dimensional Eulerian 
displacement maps were created for the selected regions of 
interest (see Figure 3D). For each time point, 80 voxels with 
displacement values were averaged (from the anterior to the 
posterior section of the tissue phantom; from left to right in 
Figure 3B) to obtain the final MRI displacement waveform. 
We were able to perform such procedures as our experimental 
system was designed in such a way that in each one of these im-
ages, the displacement of all averaged voxels was theoretically 
the same (see Supporting Information Figure S1).
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The DENSE scans with no plate motion showed an aver-
age displacement of 3 ± 6 µm, suggesting that the background 
offset had a minimal impact on the overall MRI-measured 
displacement waveform. As such, no background offset cor-
rection was performed for DENSE measurements in the pres-
ent study.

The DENSE MRI displacement waveform and the LDV 
ensemble-averaged displacement reference waveforms 
were shifted in time such that the peak systole was at the 
beginning of the waveform. Also, the waveforms were ad-
justed to ensure that the 2 waveforms (LDV reference and 
DENSE MRI) started from the origin (0,0). This was done 
to make sure that the 2 waveforms have a similar starting 
point prior to comparison. The following parameters were 
computed between the 2 waveforms: peak-to-peak differ-
ence, range of difference (minimum and maximum differ-
ence), and RMSE. Additionally, we examined the effect of 

averaging on a collection of contiguous voxels on the accu-
racy of the displacement measurement for the peak-to-peak 
difference between DENSE MRI and LDV displacement 
waveforms. Voxel averaging was performed across the sag-
ittal plane in the anterior–posterior direction for 40, 20, 10, 
5, and 2 contiguous voxels (white line #1-4 in Figure 3B).  
Waveforms were computed using the average values for 
40, 20, 10, 5, and 2 contiguous voxels obtained along the 
line of 80 voxels at a given location. For example, to ob-
tain 40 waveforms based on the average of 40 contiguous 
voxels, we averaged voxels 1 through 40, 2 through 41, 3 
through 42, and so on, over the 80 voxels available that 
have the same theoretical displacement. The largest peak-
to-peak difference among the 40 DENSE MRI waveforms 
compared with LDV was then obtained. This method was 
repeated for 20, 10, 5, and 2 contiguous voxels to determine 
the impact of averaging on displacement accuracy.

F I G U R E  2   Steps used to validate the cycle-to-cycle consistency of the displacement cyclic device. A, Velocity and trigger waveforms (insert 
shows the start and stop locations of each velocity waveform). B, Mean and individual displacement waveforms obtained after integrating the 
velocity waveform. Note: All 180 displacement waveforms are superimposed upon one another. The blue and green lines represent the maximum 
positive and negative differences between the mean and all 180 individual waveforms, respectively—and obtained by subtracting the individual 
waveforms from the mean. These 2 waveforms were plotted on the right y-axis
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3  |   RESULTS

3.1  |  LDV consistency: Cycle-to-cycle and 
before/after MRI

To determine the cycle-to-cycle consistency of the LDV dis-
placement waveforms, the ensemble average displacement 
waveform was compared with the 180 individual displace-
ment waveforms (Figure 2B). At the location on the mov-
ing plate with the peak displacement of 1.04 mm (location 
1 on Figure 3B), the minimum and maximum cycle-to-cycle 
displacement difference recorded was −13 and +13 µm, re-
spectively, whereas the RMSE was 9 µm (see Table 1). The 
LDV cycle-to-cycle consistency was determined for 3 addi-
tional locations with a peak displacement of 0.76, 0.55, and  
0.22 mm (locations 2, 3, and 4 in Figure 3B, respectively).

To determine the disconnection/reconnection repeatability, 
2 ensemble average displacement reference waveforms (before 
and after DENSE MRI measurements) were compared for the 
4 locations on the moving tissue phantom. At the location with 
a peak displacement of 1.04 mm, the peak-to-peak difference, 
minimum difference, maximum difference, and RMSE be-
fore and after MRI measurement were 8, −9, 24, and 11 µm,  
respectively, as shown in Figure 4A (see Figure 4B-D and 
Table 1 for the repeatability results at the other 3 locations).

3.2  |  Comparison of DENSE MRI and LDV 
displacement waveforms

The displacement obtained with DENSE MRI was compared 
with the reference displacement obtained with the LDV at 4 
different locations (peak displacements of 1.04, 0.76, 0.55, 
and 0.22 mm). At a peak displacement of 1.04 mm, the peak-
to-peak difference, minimum difference, maximum differ-
ence, and RMSE between the DENSE MRI and LDV were 
18, −12, 50, and 19 µm, respectively, as shown in Figure 5A 
(see Figure 5B-D and Table 1 for the results of the 3 addi-
tional locations). Reducing the distance between the point of 
LDV measurement and the hinge (radius) results in a linear 
reduction in the peak displacements (Figure 6).

3.3  |  Effect of voxel-averaging on the 
DENSE MRI displacement waveform

The peak-to-peak difference between DENSE and LDV 
for the average of 80 voxels was 18 µm for 1.04-mm peak 
displacement. Averaging smaller collections of contiguous 
voxels gave larger peak-to-peak difference values. The maxi-
mum peak-to-peak difference for 40, 20, 10, 5, and 2 aver-
aged voxels were 24, 26, 31, 31, and 32 microns, respectively 

F I G U R E  3   Displacement-encoding with stimulated echoes (DENSE) MR images of a tissue phantom. A, Simulated tissue phantom showing 
MRI scan plane. B, Magnitude image. Numbers 1, 2, 3, and 4, represent the locations were the laser Doppler vibrometer measurements were 
performed, white lines show the row of averaged voxels, and red arrows show the direction of tissue phantom motion). C, Phase image at peak 
displacement (black box indicates the region of interest). D, Two-dimensional pixel-wise Eulerian displacement. (Note: In Figure 3B, the green dot 
represents the location of the hinge, and in Figure 3C, the brown arrow represents the motion-encoding direction)

T A B L E  1   Cycle-to-cycle, before/after MRI consistency, and comparison of DENSE and LDV displacement waveforms with different peak 
displacements

Peak (mm)

Cycle-to-cycle consistency Before/after MRI DENSE vs LDV

Range of 
diff (µm)

Max RMSE 
(µm)

Peak-to-peak 
diff (µm)

Range of 
diff (µm)

RMSE 
(µm)

Peak-to-peak 
diff (µm)

Range of 
diff (µm)

RMSE 
(µm)

1.04 −13 to 13 9 8 −9 to 24 11 18 −12 to 50 19

0.76 −8 to 10 5 5 −7 to 14 6 14 −10 to 41 10

0.55 −7 to 5 3 0 −15 to 7 5 1 −12 to 26 17

0.22 −3 to 4 2 5 −10 to 3 5 7 −14 to 15 9

Abbreviations: DENSE, displacement-encoding with stimulated echoes; LDV, laser Doppler vibrometer; RMSE, root mean square error.
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(see Table 2). Similar results were obtained at 3 different  
locations with a peak displacement of 0.76, 0.55, and 0.22 mm  
(see Table 2). For a displacement waveform with peak dis-
placement of 220 µm, averaging 80 voxels resulted in a 
peak-to-peak displacement error of 3%; this error was further 
improved as a percentage when the peak displacement in-
creased to 1.04 mm dropping to 1.7%. Although we found the 
average of 80 voxels to provide the most accurate measure-
ment of displacement between DENSE MRI compared with 
LDV, averaging smaller numbers of voxels also produced 
good results (for a waveform with a peak displacement of 
220 µm, the average of 40, 20, 10, 5, and 2 voxels resulted in 
a maximum peak-to-peak displacement error of 8.6%, 11.4%, 
12.7%, 14.1%, and 14.5%, respectively). For a 1.04-mm peak 
displacement, averaging smaller numbers of voxels also pro-
duced lower displacement errors (averaging 40, 20, 10, 5, and 
2 voxels resulted in a maximum peak-to-peak displacement 
error of 2.3%, 2.5%, 3.0%, 3.0%, and 3.1%, respectively).

4  |   DISCUSSION

The results of this study demonstrated high accuracy of 
DENSE MRI in measuring displacements representative of 

cardiac-induced brain tissue motion (peak-to-peak error of  
7 µm for a displacement waveform with a peak of 220 µm). 
Therefore, we conclude that DENSE MRI can be considered 
an accurate technique for characterizing human brain tissue 
motion.

Previous phantom studies with myocardial tagging have been 
used to track the motion of the heart.32,33 These studies reported 
tracking accuracies of up to 270 µm between the displacement 
measured with phantom designs compared with myocardial 
tagging. Using DENSE MRI, Spottiswoode et al compared a 
typical cardiac displacement to a displacement obtained with a 
rotating phantom. They reported a displacement error of 240 ± 
150 µm.27 This error represents between 2.4%-4% of the max-
imum cardiac displacement (cardiac displacement has been 
reported to be between 6-10 mm30). Although this displace-
ment error (240 µm) is acceptable for cardiac displacement, it 
is higher than the maximum average displacement reported for 
healthy brain tissue (100-187 µm).12,13 In this study, we com-
pared the displacement from DENSE to that of LDV in 4 lo-
cations on the moving plate with peak displacement ranging 
from 1.04 mm to 0.22 mm. Peak displacements of 1.04 mm and  
0.22 mm represent in vivo brain tissue displacement reported for 
pathological34 and healthy subjects12, respectively. The results 
we obtained were comparable to that of Spottiswoode et al on a 

F I G U R E  4   Comparison of laser Doppler vibrometer displacement reference waveform before and after displacement-encoding with 
stimulated echoes magnetic resonance imaging measurements at peak displacements of (A) 1.04, (B) 0.76, (C) 0.55, and (D) 0.22 mm. Although 
the ordinate is shown with the same scale in all subfigures, the scale for the abscissa is adjusted in each subfigure based on the above-mentioned 
peak displacement. Note: waveforms a, b, c, and d were measured at locations 1, 2, 3, and 4, respectively, shown in Figure 3B
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percentage basis, as we found a maximum displacement error of 
50 µm for a peak displacement of 1.04 mm (4.8% displacement 
error) using DENSE MRI. Peak-to-peak displacement showed 

a lower displacement error between DENSE MRI and LDV  
(18 µm or 1.7% displacement error for the waveform with a  
peak of 1.04 mm). Phantom studies have also been used to 
validate displacement derived from velocity-encoding tech-
niques.16-18 Zhu et al reported a displacement error of 0.92 mm 
(4.6%) for a maximum displacement of 19.8 mm using a com-
pensated Fourier integration technique. However, this group 
did not examine small displacements representative of those 
observed in the brain tissue.35

Both DENSE MRI and PCMRI have been used for char-
acterizing neural tissue motion. Several researchers have 
characterized neural tissue displacement from PCMRI by 
integrating the velocity of the tissue motion over the cardiac 
cycle.19-25 Because PCMRI measures velocity directly, it 
can only provide an indirect measurement of displacement, 
where the integration of velocity over the cardiac cycle 
could potentially accumulate errors in each cardiac phase. 
In contrast, DENSE MRI measures the displacement of 
each cardiac phase independently, and therefore result in no  
integration-induced accumulated errors. Compared with 
other motion measurement techniques such as tissue tagging 
or cine imaging, DENSE MRI has the advantage of encoding 
displacements at a much smaller magnitude than the pixel 
resolution of the image.1,4,11,12

F I G U R E  5   Comparison between displacement-encoding with stimulated echoes magnetic resonance imaging (DENSE MRI) and laser 
Doppler vibrometer (LDV) at peak displacement of (A) 1.04, (B) 0.76, (C) 0.55, and (D) 0.22 mm. Note: waveforms a, b, c, and d were derived 
from locations 1, 2, 3, and 4, respectively, shown in Figure 3B. Error bars show the SD across 80 rows of voxels with similar displacement values 
from the anterior to the posterior section of the tissue phantom shown in Figure 3B

F I G U R E  6   Change in displacement-encoding with stimulated 
echoes magnetic resonance imaging (DENSE MRI) displacement over 
tissue length. (Note: In this figure, A = major peak, B = minor peak. The 
estimated laser Doppler vibrometer (e-LDV) was derived by extrapolating 
the linear fit of the 4 LDV measurements performed at locations 1, 2, 3, 
and 4. The black lines with numbers 1, 2, 3, and 4 represent the location 
where the LDV measurement with peak displacement of 1.04, 0.76, 0.55, 
and 0.22 mm were performed, respectively)
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Brain tissue motion in pathological conditions such as 
Chiari malformation has been reported to be up to 1 mm.34 
The variation in displacement in the 80 voxels with the same 
displacement is given by the error bars in Figure 5. Selecting 
a single voxel to determine the displacement in areas of the 
brain with tissue displacement of 1 mm (as seen in subjects 
with Chiari malformation), may not result in large errors (see 
Figure 5A). However, in situations where the tissue displace-
ment is lower than 250 µm as reported for healthy individu-
als,12 relying on a single voxel may result in significant errors 
in the displacement measurement (see Figure 5D).

This study had limitations. The notch on the tissue phan-
tom was manually created and was used to determine the 
coincident location of the LDV and DENSE MRI measure-
ments. The reflective tape was manually placed coincident 
with the notch and the LDV laser beam was manually fo-
cused at the center of the reflective tape. Thus, the location 
of the LDV measurement could be erroneously offset by 
approximately 130 µm relative to the notch. Through trig-
onometry, the LDV peak displacement error caused by this 
offset is computed to be approximately 2 µm. Furthermore, 
the phantom was not made of living tissues, and thus, had 
different MRI properties (for example, T1/T2 relaxation 
times and diffusion properties) compared with that of the 
brain tissue of a living subject. We did not employ any FA 
sweep in the current study. The sequence, as implemented 
on our scanner, did not allow for the use of a ramped FA 
to reduce the T1 decay effect. Future studies will focus on 
investigating the effect of ramped FA on the DENSE scans. 
Additionally, the images of the phantom were acquired near 
the isocenter and the center of the head coil. The size of the 
phantom and location of measurements ensured that mea-
surements were made near the isocenter, resulting in the 
very small background offset in the no motion scan (3 µm)—
indicating that the Maxwell terms were small. However, 
for larger structures such as the brain, larger background 
offsets may be seen, and thus, may require correcting. The 
heart rate employed in this study was 60 beats per minute; 

therefore, error estimates may not be similar in subjects 
with a higher heart rate. The external trigger was created 
using an ultrasonic sensor, and the delay between cycles 
was demonstrated to be on the order of 1 ms. This delay 
is not expected to cause errors at the peaks in the displace-
ment curve (positions A and B, Figure 6). However, with  
maximum tissue velocity estimated to be approximately  
3 µm/ms (position A, Figure 6), a 1-ms delay could result in 
a displacement error of approximately 3 µm.

5  |   CONCLUSIONS

To conclude, this study demonstrated that DENSE MRI is 
capable of measuring brain tissue displacements accurately, 
for waveforms similar in magnitude and frequency to those 
observed in healthy brain tissue. The importance of brain tis-
sue motion has yet to be uncovered. However, it may be pos-
sible to differentiate healthy and pathological tissue for many 
brain disorders, such as Chiari malformation, hydrocephalus, 
dementia, cancerous tumors, and traumatic brain injury. The 
utility of DENSE MRI to accurately measure displacements 
on the scale of microns might be promising for potential 
brain tissue applications.
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Number of voxels 
averaged

Max peak-to-peak difference (µm) between DENSE MRI and 
LDV

Peak of 1.04 
mm

Peak of 0.76 
mm

Peak of 0.55 
mm

Peak of 
0.22 mm

80 18 14 1 7

40 24 25 9 19

20 26 26 16 25

10 31 32 20 28

5 31 33 23 31

2 32 33 26 32

Abbreviations: DENSE, displacement-encoding with stimulated echoes; LDV, laser Doppler vibrometer.

T A B L E  2   Effect of voxel averaging 
on the peak-to-peak difference between 
DENSE MRI and LDV waveforms
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SUPPORTING INFORMATION
Additional Supporting Information may be found online in 
the Supporting Information section.

FIGURE S1 Schematic of the tissue phantom on the moving 
bed. Voxel averaging was conducted along the vertical direction 

(eg, along the line AB). Theoretically, at each given time point 
t, when the hinge has the angle α(t) with the horizontal axis 
and the moving bed has the angular velocity of ω(t), the voxels 
along any vertical line should have the same velocity values
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