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Introduction: Displacement encoding with stimulated echoes (DENSE) is a phase contrast
technique that encodes tissue displacement into phase images, which are typically processed into
measures of cardiac function such as strains. For improved signal to noise ratio and spatiotemporal
resolution, DENSE is often acquired with a spiral readout using an 11.1 ms readout duration.
However, long spiral readout durations are prone to blurring due to common phenomena such as
off-resonance and T2* decay, which may alter the resulting quantifications of strain. We
hypothesized that longer readout durations would reduce image quality and underestimate cardiac
strains at both 3.0 T and 1.5 T and that using short readout durations could overcome these
limitations.

Material and Methods: Computational simulations were performed to investigate the
relationship between off-resonance and T2* decay, the spiral cine DENSE readout duration, and
measured radial and circumferential strain. Five healthy participants subsequently underwent 2D
spiral cine DENSE at both 3.0 T and 1.5 T with several different readout durations 11.1 ms and
shorter. Pearson correlations were used to assess the relationship between cardiac strains and the
spiral readout duration.

Results: Simulations demonstrated that long readout durations combined with off-resonance and
T2* decay yield blurred images and underestimate strains. With the typical 11.1 ms DENSE
readout, blurring was present in the anterior and lateral left ventricular segments of participants
and was markedly improved with shorter readout durations. Radial and circumferential strains
from those segments were significantly correlated with the readout duration. Compared to the 1.9
ms readout, the 11.1 ms readout underestimated radial and circumferential strains in those
segments at both field strengths by up to 19.6% and 1.5% (absolute), or 42% and 7% (relative),
respectively.

Conclusions: Blurring is present in spiral cine DENSE images acquired at both 3.0 Tand 1.5 T
using the typical 11.1 ms readout duration, which yielded substantially reduced radial strains and
mildly reduced circumferential strains. Clinical studies using spiral cine DENSE should consider
these limitations, while future technical advances may need to leverage accelerated techniques to
improve the robustness and accuracy of the DENSE acquisition rather than focusing solely on
reduced acquisition time.

Keywords

DENSE; Spiral; Off-resonance; T2*; Blurring; Strain

Introduction

Phase contrast (PC) techniques encode useful information into the phase of the magnetic
resonance (MR) signal. The most widely-known such technique is velocity-encoded PCMR
[1]. Another useful PC method is Displacement Encoding with Stimulated Echoes (DENSE)
[2, 3]. DENSE encodes tissue displacement into the phase of the MR signal, and when
applied in the heart, cardiac strain measurements, which are valuable indicators of cardiac
function, may be obtained from spatial derivatives of phase images [4, 5]. For improved
signal to noise ratio (SNR) and better temporal and spatial resolution, cine DENSE is often
acquired with a spiral readout [6-8]. Despite those benefits, spiral readouts are well-known
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to be prone to blurring and distortions from sources such as off-resonance and T2* decay [9,
10]. Measured cardiac strains could be particularly affected as blurring would be expected to
dampen gradients in the phase images.

The readout duration affects the amount of blurring that is present in spiral imaging. Longer
readout durations allow more time for off-resonant spins to accumulate phase and for more
T2* decay to occur. Both phenomena result in blurring in spiral imaging [10]. Spiral PCMR
techniques have used readout durations between 11.75 and 14 milliseconds [1, 11, 12].
Similarly, two-dimensional (2D) spiral cine DENSE is typically acquired with 6 spiral
interleaves [6-8, 13-17] and a readout duration of 11.1 milliseconds. Field strengths of 3.0 T
and 1.5 T are both common [7, 8].

While the effects of inhomogeneity and T2* decay are well-characterized for magnitude-
reconstructed spiral images, to our knowledge, no systematic evaluation of strain estimates
derived from spiral phase images has been performed. Based on the theoretical relationship
between blurring and measured strain from DENSE images (Figure 1, details in
Supplemental Material), we hypothesized that shorter readout durations would yield
improvements in image quality and differences in measured cardiac strains at both 3.0 T and
1.5 T. Furthermore, and also based on the theory developed in Supplemental Material, radial
strain was expected to be more dependent on the readout duration than circumferential
strain.

2. Materials and Methods

2.1 Computational Simulations

To expand on the illustration of theoretical blurring above, computational simulations of
blurring due to off-resonance and T2* decay were performed for different spiral readout
durations using MATLAB (The Mathworks Inc, Natick, MA). Specifically, a ring of tissue
with un-deformed endocardial and epicardial radii of 24 and 33 mm, respectively, was
deformed based on a linear radial displacement gradient such that the endocardial and
epicardial borders underwent 7.5 and 3.0 mm of inward radial displacement, respectively,
which yielded a 50% fractional thickening that is typical in humans [18]. DENSE images
were simulated with the prescribed displacement encoded perfectly into the phase images
using the common encoding frequency of 0.10 cycles/mm [16]. The DENSE images had a
2.8 x 2.8 mm pixel spacing, which is typical for human DENSE imaging. Pixels within the
ring of tissue were given a magnitude of unity, while pixels outside the ring had a magnitude
of zero.

The k-space of the simulated images was then sampled along uniform density spiral
trajectories. To assess different readout durations, the number of spiral interleaves was
varied between 6 and 36, which corresponded to readout durations between 11.1 and 1.9 ms
(Table 1). For all simulations, the time between readout samples along the spiral interleaves
was 4 ps, and the number of samples was adjusted to maintain the same spatial resolution for
all acquisitions. The 6-interleaves acquisition required 2784 samples along each interleaf
and had the longest readout duration (11.1 ms). The 36-interleaves acquisition required 480
samples per interleaf and had the shortest readout duration (1.9 ms). Congruent with human
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spiral DENSE implementations [7], the spiral interleaves sampled a circular region of k-
space within a matrix of 102x102, which was then zero-padded to 128x128 before
reconstruction. During the simulations, global off-resonance frequencies of 0, 30, and 60 Hz
as well as global T2* constants of infinity, 25, and 5 ms were applied as the spiral
interleaves were sampled. The applied values span the range of off-resonance and T2* found
in healthy participants at 1.5 T [19]. The application of off-resonance (f) and T2* decay
(T2*) resulted in a phase offset and signal decay as a function of time (t) based on

*
)

s(t) = / m(r)e” 12O 127 ] [e_t/ dr

o))

where m(r) is the spatially-distributed signal and k(2 is the k-space trajectory. There exist
many available techniques for off-resonance correction in spiral imaging, but the simple
linear correction remains the most widely-used. Because it uses a linear fit to an acquired
field map to estimate off-resonance, the actual off-resonance present locally within an image
may be significant. In order to get an insight into the resulting strain measurements in areas
of high off-resonance, image reconstruction was performed using gridding and without
corrections for the applied signal perturbations.

Due to both the inability of spiral interleaves to sample the corners of k-space and the
reduced resolution of the spiral sampling (102 vs 128), even perfect sampling along the
interleaves followed by perfect gridding would be unable to exactly reconstruct the initial
simulated DENSE images. Thus, to obtain an appropriate reference, the Cartesian k-space of
the initial simulated images was replaced with zeros for all frequency points that were
beyond the circular region sampled by the spiral interleaves. Reference images were then
reconstructed via inverse Fourier transform to obtain the best possible images that could
result from spiral k-space sampling.

2.2 Participant DENSE Imaging

This protocol was approved by the local Institutional Review Board and five healthy male
subjects (age 26 + 2 years) without history of cardiovascular disease gave informed consent.
For each subject, acquisitions took place at both 1.5 T and 3.0 T on an Aera and Trio,
respectively (Siemens Healthineers, Erlangen, Germany). The time between acquisitions on
the respective Aera versus Trio was 2 days or less for all subjects. A 6-element chest and 24-
element spine coil were used at 3.0 T, while 18-element chest and 12-element spine coils
were used at 1.5 T. At 3.0 T and before DENSE acquisitions, a cardiac-gated field map was
acquired during a breath-hold and used for 2" order shimming.

Standard localizers were used to plan a four-chamber balanced steady state free precession
cine image. A single mid-ventricular short-axis slice was then planned perpendicular to the
four-chamber image at end-systole. This short-axis slice was planned parallel to the mitral
valve plane and located 50% of the distance between the endocardial LV apex and the mitral
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valve plane. With a previously described spiral sequence [7, 8, 20], short-axis 2D cine
DENSE images were acquired with the following parameters: 2 spiral interleaves acquired
per temporal frame, 360x360 mm? field of view, 128x128 image matrix, 8 mm slice
thickness, 1.08 ms echo time, 17 ms repetition time, 20° constant flip angle. Simple
encoding [20] with an encoding frequency of 0.10 cycles/mm [16] was used to measure in-
plane displacements while through-plane dephasing of 0.08 cycles/mm [21] and CSPAMM
[2] were used for echo suppression.

To assess different readout durations in the same manner as the simulations, the short-axis
slice was acquired multiple times with readout durations between 1.9 and 11.1 ms. The
properties of the spiral interleaves were the same between the human acquisitions and the
simulations (Table 1). The order of the DENSE acquisitions was randomized for each
subject. During each repetition time, a DENSE encoding gradient, a spiral readout, and
spoiling gradients were played out. While acquisitions with shorter spiral readout durations
could allow for shorter repetition times and, thus, either better temporal resolution or the
acquisition of more than 2 interleaves per heartbeat, there are significant SNR penalties
associated with sampling the longitudinal magnetization more frequently. In order to control
the temporal resolution and SNR, the repetition time was the same for all acquisitions.

All DENSE acquisitions were performed with fat suppression and a respiratory navigator
(acceptance window = + 3 mm) prescribed at the dome of the liver. Image reconstruction
was performed online with gridding and typical linear corrections to partially compensate
for off-resonance [8, 22]. The field maps for the linear corrections were acquired during 2
heartbeats within each DENSE acquisition. The structural similarity index (SSIM) was used
to quantify image quality of images with different numbers of interleaves [23]. For SSIM
calculation, all images from a given subject/field strength session were referenced to the 1.9
ms acquisition for that session after rigid-body registration, as that is the image with the
least corruption due to off-resonance or T2* decay.

2.3 DENSE Strain Analysis

Cardiac strains were derived from both the simulated and participant DENSE images using
DENSEanalysis, an open source software written in MATLAB that is available at https://
github.com/denseanalysis [24, 25]. The post-processing steps for each cine DENSE slice
included manual segmentation of the left ventricular myocardium and semi-automated phase
unwrapping to obtain the 2D displacements within each cardiac frame [24]. Following the
unwrapping, typical spatial smoothing and temporal fitting of displacements (101" order
polynomial) were performed as previously described to obtain smooth trajectories for all
tissue points beginning at end-diastole and continuing beyond end-systole [24]. Radial strain
and circumferential strain were quantified from the resulting displacement fields for each
cardiac frame with the 2D Lagrangian Green finite strain tensor in six circumferential
segments throughout the cardiac cycle. Radial strain was defined as positive for thickening
while circumferential strain was negative for shortening. To report peak global strains, the
curves from the six segments were averaged into a single global curve from which the peak
was selected. For circumferential strain both globally and segmentally, the strains were
reported at different transmural regions (subendocardial, midwall, and subepicardial).
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2.4 Statistics

For each SSIM or peak strain, a Pearson correlation was performed with the mean of the five
subjects against the readout duration to determine if the measured value was significantly
dependent on the readout duration. An ordinary linear regression between the mean strain
and the readout duration was performed to assess the change in measured strain per
millisecond of readout duration.

3. Results

3.1 Computational Simulations

As expected, simulations with longer readout durations were more susceptible to blurring
from off-resonance and T2* decay (Figure 2A). With an 11.1 ms readout, both off-resonance
and T2* decay resulted in visibly-blurred magnitude images. In contrast, the images from a
1.9 ms readout were largely unaffected even in the worst simulated case (60 Hz of off-
resonance and a T2* of 5 ms). It is notable that, while the blurring is readily apparent on
magnitude images, it is much subtler in phase images.

Consistent with theory (Supplemental Material), the measured radial strain in the presence
of off-resonance and T2* decay was dependent on the readout duration such that longer
readouts underestimated radial strain (Figure 2B). In the worst simulated case, the measured
radial strain was underestimated by 21% (absolute) compared to the reference. Measured
circumferential strain in the presence of off-resonance and T2* decay was dependent on
both the readout duration and the location of the measurement (Figure 2C). Longer readouts
underestimated the magnitude of circumferential strain at the subendocardium while
overestimating at the subepicardium. The magnitude of error was lower than that for radial
strain; the largest error was 1.8% (absolute) in subendocardial circumferential strain during
the worst simulated case. Both the direction of the errors in circumferential strain and their
relative magnitude compared to errors in radial strain were consistent with theory. Similar
simulated strain results were observed when the T2* and off-resonance were limited to a
region of the myocardium and strain was measured from that region (Supplemental Material,
Figure 1).

3.2 Participant DENSE Imaging

Compared to 1.9 ms readouts, magnitude images from 11.1 ms readouts showed blurring in
the anterior and lateral segments of the left ventricle (Figure 3) atboth 3.0 Tand 1.5 T.
Consistent with simulations, however, artifacts were not visually obvious in phase images
(Figure 4). The phase images were only subtly different between acquisitions with 11.1 and
1.9 ms readouts. The degree of blurring in the magnitude images was diminished as the
readout duration decreased (Figure 5). Global image quality was reduced as the readout
duration increased (Figure 6).

3.3 Participant Radial Strain

At 3.0 T, global radial strain and several segmental radial strains were significantly
correlated with the readout duration (Figure 7A). Among the anterior and lateral segments of
the left ventricle, measured radial strain decreased between 0.90 and 2.12% for every
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millisecond of readout duration. With a difference of 9.2 ms between the 11.1 and 1.9 ms
readouts, those rates correspond to differences in measured radial strain of 8.3 and 19.5%
(absolute), or 17 and 42% (relative to the strain from 1.9 ms readouts). There was no
correlation in the inferior and inferoseptal segments. Summary strain results from the 1.9
and 11.1 ms readouts are reported in Table 2.

Similar results for radial strain were present at 1.5 T (Figure 7B). The measured radial
strains in the anterior segments were significantly and negatively correlated with the readout
duration while the inferior and inferoseptal segments were not correlated. In contrast to
results at 3.0T, there was no significant correlation in the inferolateral segment or globally.
Among the anterior segments, measured radial strain decreased between 1.03 and 2.13% per
ms, which corresponds to differences of 9.5 and 19.6% (absolute), or 17 and 39% (relative),
between the 11.1 and 1.9 ms readouts.

3.4 Participant Circumferential Strain

At 3.0 T, significant correlations between the readout duration and circumferential strain
were found globally and in the anterior segments (Figure 8A). For the subendocardial layer
of affected segments, the magnitude of the circumferential strain decreased by between
0.147 and 0.159% per millisecond, which correspond to differences of 1.4 and 1.5%
(absolute), or 7% (relative) for both, between the 11.1 and 1.9 ms readouts. In the inferior
segments, there were no significant correlations between circumferential strain and readout
duration. At 1.5 T, there were few significant correlations between circumferential strain and
the readout duration (Figure 8B). The sole significance was observed in the anterolateral
segment. As with all reported strains in this study, no significant correlations were seen in
the inferior or inferoseptal segments.

4. Discussion

Spiral cine DENSE is typically acquired with 6 interleaves and an 11.1 ms readout duration
[6-8, 13—17]. The current study investigated the degree to which blurring affects measured
cardiac strains at both 3.0 T and 1.5 T. Our primary findings included: 1) Computational
simulations demonstrated that longer spiral readout durations in the presence of off-
resonance and T2* decay yield blurred images, substantial reductions in measured radial
strain, and mild errors in measured circumferential strain; 2) In participants, substantial
blurring was apparent with 11.1 ms readouts compared to 1.9 ms readouts at both 3.0 T and
1.5 T; 3) the blurring was predominantly in the anterior and lateral segments of the left
ventricle; 4) similar to the simulations, radial strain was underestimated by the 11.1 ms
readouts, compared to the 1.9 ms readouts, at both field strengths and in the same segments
where blurring was present; and 5) circumferential strain was less dependent on the readout
duration, but was mildly underestimated by the 11.1 ms readout in the subendocardial layer
at3.0T.

Spiral acquisitions are prone to blurring with longer readout durations due to phenomena
such as off-resonance and T2* decay. Because blurring affects the entire complex signal, and
not just the magnitude, measurements from quantitative phase contrast techniques like
DENSE may depend on the amount of blurring. The theoretical relationship between
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blurring and strain suggested that measured radial strain would be substantially reduced in
the presence of blurring while the effect on circumferential strain would be lower in
magnitude. Computational simulations of off-resonance and T2* decay resulted in blurred
images and alterations in the measured strains that were consistent with this theory.

In participants, blurring was present with longer readout durations and had similar
appearance between 3.0 T and 1.5 T. The anterior and lateral segments of the left ventricle
were predominantly affected. This is consistent with the presence of the lung-heart interface
as well as the presence of epicardial veins carrying deoxygenated blood [19]. Tissue-air
interfaces and tissues with susceptibility differences are prone to generating off-resonance
and T2* decay artifacts [19]. Global image quality declined as the readout duration was
increased, consistent with the behavior of spirals in the presence of system non-idealities.
The regional analysis of image quality was limited by the resolution of the images and the
subsequent low number of pixels available within each cardiac segment. However, the
general trend of declining image quality with increasing readout duration was observed in all
segments at both field strengths. In addition, image quality in the inferior-septal segment
was relatively preserved as the readout duration increased compared to the more rapid
decline in image quality with increasing readout duration that was seen in other segments
(Supplemental Material, Figure 2).

Radial strain was substantially underestimated — by up to 19.6 % (absolute) — with 11.1 ms
readouts in the anterior and lateral segments at 3.0 T and in the anterior segmentsat 1.5 T
compared to the 1.9 ms readouts. Notably, blurring was typically observed in these segments
within the magnitude images. Subendocardial circumferential strain was also generally
underestimated by the 11.1 ms readout, but to a lesser extent — up to 1.5 % (absolute),
consistent with theory. Small differences were seen globally and in some anterior segments
at 3.0 T. No differences in either radial or circumferential strain were seen in the inferior and
inferoseptal segments, which was consistent with the lack of visual blurring artifacts in those
regions.

To put the strain differences in context of the reproducibility of spiral cine DENSE, a
previous study reported inter-test Bland-Altman limits of 13% and 2% for global radial and
global circumferential strains, respectively [16]. The differences in strain between shortest
and longest readout durations in the current study were on the order of the reported Bland-
Altman limits. However, inter-test variability would not explain the consistent directionality,
which was in the theorized direction (e.g. radial strain was consistently underestimated when
using longer readout durations). Our results also suggest that phenomena such as off-
resonance and T2* may contribute to inter-test variability due to their effects on measured
strains and their possible variability between imaging sessions.

The strain values reported in this study (Table 2) are similar to those from previous studies.
For the current study at 3.0 T and with 11.1 ms readouts, the global radial and midwall
circumferential strains were 36 £ 3% and —16 + 2%, respectively. At 1.5 T and with 11.1 ms
readouts, the global radial and midwall circumferential strains were 42 + 9% and —16 + 1%,
respectively. One study with 6 interleaves (11.1 ms readout) conducted at both 3.0 T and 1.5
T reported global strain results that are within the above limits of agreement compared to the
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current study [7]. At 3.0 T, they reported 28 + 7% and —18 + 2% for radial and
circumferential strain, respectively; at 1.5 T, they reported 42 + 10% and —18 + 1% for radial
and circumferential strain, respectively [7]. The strains from 11.1 ms readouts in the current
study also compare well with results from another study with 6 interleaves at 1.5 T [13]. No
previous studies of readout durations down to 1.9 ms exist for comparison.

Validation of the spiral cine DENSE sequence with 6 interleaves and 11.1 ms readout
duration has previously been performed in several ways: radial and shear strain comparisons
in a non-physiologic deforming phantom at 1.5 T [13], radial and circumferential strain
comparisons to results from tagged MRI at 1.5 T [13], and a comparison of displacement
error at 3.0 T versus 1.5 T [7]. While these techniques were appropriate, they did have
limitations that restricted their abilities to detect the effects that were evaluated in the current
study. The phantom study likely did not reproduce field inhomogeneities that are present due
to human anatomy and it assessed non-physiologic motion [13]. The comparisons with strain
results from tagged MRI were subject to any errors or variability associated with tagged
images and their image processing [13]. The comparison of DENSE displacement error
between 3.0 T and 1.5 T utilized the acquisitions at 1.5 T as a reference and found no
differences between displacement errors at 3.0 T compared to 1.5 T [7]. This suggested that
spiral cine DENSE at 3.0 T was not demonstrably worse than spiral cine DENSE at 1.5 T,
but it could not detect any errors associated with DENSE at 1.5 T. Hence, the present
findings do not invalidate these previous comparisons, but do identify important sensitivities
in the spiral DENSE acquisition that were not previously appreciated.

4.1 Implications

Although the blurring effect of long spiral readouts in the presence of system non-idealities
is well understood, the implications of this blurring on phase-based measurements has not
been systematically investigated. The results of the current study make it clear that applying
a single set of acquisition parameters across studies with different aims is inappropriate.
Users of spiral cine DENSE should therefore carefully tune the balance between scan time
and the measurement requirements of a particular study.

For instance, the typical 6-interleaves, 11.1 ms acquisition is likely sufficient for attempting
to identify myocardial dysfunction based on reduced circumferential strain since the
dependence of circumferential strain on readout duration was small. This is largely due to
the relative insensitivity of circumferential strain to small differences in measured
displacement as theorized. While this insensitivity is beneficial when displacement
differences are due to small errors from blurring, it may hinder the detection of small
differences that arise from actual subclinical disease.

However, for radial strain, the dependence on readout duration was much stronger,
particularly in the anterior and lateral segments, which is consistent with the theory that
radial strain is very sensitive to small differences in measured displacement. For studies with
a specific interest in segmental radial strains, care should be taken when choosing protocol
parameters, as the relationship between scan duration and measured strain varies across
segments. Similarly, for studies on the detailed structure, deformation, and tissue properties
of the left ventricle, 11.1 ms readouts are not recommended as the blurring in the magnitude
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images compromises the extracted geometry of the ventricle while the phase images yield
dampened strains.

Future technical developments of spiral cine DENSE may allow for the realization of the
quality of the 1.9 ms readouts without requiring many heartbeats of acquisition time. It may
be possible to replace the linear corrections for field inhomogeneities with more advanced
algorithms [26-29]. Recent advancements have also included zonal excitation around the
heart ([30]), which allows for a reduced field of view, and both parallel imaging and
compressed sensing ([31]), which allow for undersampling of k-space data. The combination
of these advancements is a promising future direction for accelerating the spiral cine
DENSE acquisition [32], but it may be that the gains achieved by new techniques must be
traded for improved quality and repeatability rather than simply accelerating the DENSE
acquisition. The results of the current study motivate continued development in this area.

While the current study utilized spiral cine DENSE, other spiral phase contrast techniques
exist to measure blood and tissue velocities [1, 11, 12]. Readout durations between 11.75
and 14 ms have been reported [1, 11, 12]. Based on the results of this study, those readout
durations may yield velocity-encoded phase images that are compromised by their readout
duration. In particular, identical problems would arise if spatial derivatives of the velocity-
encoded images were used to calculate shear or strain rates. For other applications, including
first pass perfusion and balanced steady state free precession imaging of the heart, shorter
spiral readout durations between 1.5 and 7.1 ms have been used [33-35].

4.2 Limitations

No additional imaging technique was acquired as an objective reference (such as myocardial
tagging). However, the theoretical relationship between blurring and cardiac strains was
considered first in detail. Then, computational simulations demonstrated the potential for
both blurring and underestimation of strain with a spiral cine DENSE sequence in the
presence of common phenomena such as off-resonance and T2* decay. Lastly, the acquired
imaging data was then sufficient to corroborate the simulations and fulfill the purpose of the
study, which was to evaluate the dependence of both blurring artifacts and measured strains
on the spiral cine DENSE readout duration.

Acquisitions with more interleaves were necessarily longer (/.e. required more heart beats),
which allowed more time for physiologic changes that could have their own effect on image
quality and measured strains. However, the artifacts found in this study were present in
acquisitions with fewer heart beats (long readout durations). It would have been possible to
assess a limited number of different readout durations without large changes in acquisition
time, however differences in spatial resolution, temporal resolution, and SNR would have
been required, which would have their own independent effects on measured peak strains.
The chosen study design allowed for the same spatial and temporal resolutions, as well as
the same SNR, between the different acquisitions.

With the small sample size used in this study, subtle differences in cardiac strains may have
been missed in the myocardial segments that were least affected by the readout duration.
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However, the current sample size was sufficiently powered for demonstrating the
dependence of several measurements of cardiac strains on the spiral readout duration.

4.3 Conclusion

Blurring due to a long readout duration is present in spiral cine DENSE images acquired at
both 3.0 T and 1.5 T using the typical 6-interleaves acquisition with an 11.1 ms readout
duration. These artifacts yield substantially reduced radial strains and mildly reduced
circumferential strains in short-axis views of the left ventricle. Reducing the readout
duration diminishes the presence of these artifacts. Clinical studies using spiral cine DENSE
should consider these limitations, while future technical advances may need to leverage
accelerated techniques to improve the robustness and accuracy of the DENSE acquisition
rather than focusing solely on reduced acquisition time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. lllustration of blurring that causes a reduction in the observed radial displacement
gradient.

(A) In the short-axis view, the left ventricle can be approximated as a ring of tissue. The top
row contains the magnitude and phase components from a simulated, complex DENSE
image. Displacement in the x-direction has been encoded into the phase. The bottom row
contains the results of blurring the complex image with a Gaussian filter. The magnitude
image is clearly blurred while the differences in the phase image are visually subtle. (B) The
prescribed gradient in displacement across the left ventricular wall is shown as the blue line
and was taken from the top phase image. The dashed red line is the displacement gradient
across the wall in the blurred phase image. There is a clear reduction in the measured
displacement gradient (strain) across the wall in the presence of blurring. Endo: endocardial
boundary; Epi: epicardial boundary.
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Figure 2. Simulations of longer readout durations in the presence of off-resonance and T2* decay
yield blurred images and erroneous strain measurements.

A) Simulations with longer readout durations were more susceptible to blurring from off-
resonance and T2* decay. B) Radial strain was underestimated as the readout duration
increased in the presence of off-resonance and T2* decay. The dashed line represents the
measured strain from the reference simulation. C) Measured circumferential strain was also
altered with longer readout durations in the presence of off-resonance and T2* decay,
however the magnitude was less than that of radial strain and the direction was dependent on
the location of the measurement (Epi: epicardium; Mid: midwall; Endo: endocardium).
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Figure 3. Acquisitions with 11.1 ms readouts demonstrated blurring in all subjects compared to
1.9 ms readouts.

The artifacts in the anterior and lateral walls of the left ventricle were variable between the
subjects. However, within each subject, the artifacts were similar in location and appearance
at3.0Tand 1.5T.
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Figure 4. Phase images with displacement encoded in the x-direction were visually similar
between acquisitions with 11.1 and 1.9 ms readouts.

Blurring artifacts were not visually obvious in the phase images from 11.1 ms readouts.
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Figure 5. Blurring was diminished with decreasing readout duration.
The white text indicates the readout duration. In this representative subject at 3.0 T, blurring

was present in the anterior and lateral segments of the left ventricle with 11.1 ms readouts.
The artifacts become less severe as the readout duration is shortened.
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Figure 6. Image quality was diminished with increasing readout duration.
The mean of the subjects is represented either by closed, black circles (1.5 T) or by open,

gray circles (3.0 T). The solid lines are the linear fits to the corresponding means. At both
field strengths, global image quality was significantly correlated with the readout duration.
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Figure 7. Radial strain was significantly correlated with the readout duration at both 3.0 and 1.5

T

In each plot, the mean of the subjects is represented by the black points. The gray line is the
linear fit to the mean of the subjects. Red text denotes statistical significance. Slope is
reported in units of %/ms. A) At 3.0 T, anterior and lateral radial strains, as well as global
radial strain, were significantly correlated with the number of interleaves. B) At 1.5 T,
anterior radial strains were significantly correlated with the readout duration. However,
unlike the results at 3.0 T, inferolateral and global radial strains were not significantly

correlated.

Magn Reson Imaging. Author manuscript; available in PMC 2019 December 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wehner et al.

A.3.0T
Global
..Il... " = []
< -14  hm
S )
= (Epi)
©
= -16 ° °
[ J ®
Z %® °** 5iope = 0.086)
© °
2 _ P=0.003
S -18} (Mid)
&8
E o _g—
- o
£ 72 0% 05° Siope =0.120
o P2 0.002
2 (Endo)
1) 5 10
Readout Duration (ms)
B.1.5T
Global
-12 -
= -.l*.-. - [
=
e (=)
£ 0y
9 _16 ~~ Q.. ° v ®
i
| = :
o _ Mid
3 1g} (Mid) o .
€ o
8 ool %% Si?
©  |Endo)
225 5 10

Readout Duration (ms)

Page 21
Anteroseptal Anterior Anterolateral
]
-12 .‘..-I p— {12 -.-l - ., L] I.:-..
_14 - -16f P=0.001 % & ®
-14 e o N L} Slope = -0.142
L]
0 Syt ~16[—o%® o . 18 i
-16 o Slope = 0.095 ° o0 o °
P =0.027 -18 " ° . .
-20
-18 o -20 %00 %0
0°9% o °e 22 e Slop°e=0159 ° o
(] - = " o
-20 o® © Slope =0.147 P=0015 2l &% o o
P=0.023 -24 o
=% 5 10 0 5 10 0 5 10
Inferoseptal Inferior Inferolateral
a¥ w
—2f WA gy e, ) e W L )
- a
14 -; i 0 .
- ® ° Li-16 o ® °
...:..o ° 0’ "o -20 oo ..‘0 ° .
- [ ]
16 _18 . . ’ (3
o 00 "~ o
-18 o ° ° - %, o ° °°o°° ° e o
Po 005 o ° ° ) -24 °e
=20 o° ° 9 oy o
-22 °°o o
22 5 10 0 5 10 26 5 10
Readout Duration (ms) Readout Duration (ms) Readout Duration (ms)
Anteroseptal A6 Anterior Anterolateral
-12 r] L. - . .
'-.ll- u ﬁ.‘..lln n ~16 -y . a2 ]
..14 [ |
@ ®t-15 . »
-16 a0, ° .:‘ 800 ° -18 % °...
° o o P=0.018 ° e
P . o o . -20 00 Slope = -0.148
-20 > —¢ 5
P’ o o %0 0o o, ~©
4 oo ° ° o
-20 Y o ? 22p - 0.020°° 0 O 2
’ Slope = -0.174
2% 5 70 2% 5 10 0 5 70
Inferoseptal Inferior Inferolateral
L] w
'..' Sna_a s |14 n g - -16 -y .
-12 » . - .
e ng ns =
o [ ] .. a . . s [ ] -18 a
—14 ° = N 16 o o0
° %es® . . :' =
-16 18} o ..° . - ]
© © s (- ° o
o (-] o - o
-18 o°°° o o .50 o R ° 22 90000 °
o o _ o0
-20 24
-22
225 10 0 10 26

5
Readout Duration (ms)

5
Readout Duration (ms)

5 10
Readout Duration (ms)

Figure 8. Circumferential strains were significantly correlated with the readout duration at 3.0 T.
In each plot, the mean of the subjects is represented by the points. The gray line is the linear

fit to the mean of the subjects. Red text denotes statistical significance. Circumferential
strain was reported for the subepicardium (Epi — closed squares), midwall (Mid — closed
circles), and subendocardium (Endo — open circles). Slope is reported in units of %/ms. A)
At 3.0 T, global and anterior circumferential strains were significantly correlated with
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readout duration B) At 1.5 T, only the circumferential strains in the anterolateral segment
correlated with the readout duration.
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Spiral DENSE readout parameters

Table 1.

Number of Interleaves Readout Samples

Readout Duration (ms)

Number of Heart Beats

6
8
10
12
14
16
18
20
22
24
30
36

2784
2112
1696
1408
1216
1056
928
864
768
704
576
480

111
8.4
6.8
5.6
4.9
4.2
3.7
3.5
3.1
2.8
2.3
1.9

20
26
32
38
44
50
56
62
68
74
92
110
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Mean (+ standard deviation) strains from the 11.1 and 1.9 ms readout durations

Table 2.

Radial Strain (%)

Circumferential Strain (%)

Subendocardial Midwall Subepicardial
Readout Duration(ms): 111 19 111 19 111 1.9 111 1.9
3.0T
Global 36+3 45+ 4 -19+1 -20+x1 -16%x2 -17+2 -13+2 -13%2
Anterior 25+9 37+6 -19+1 -21+1 -15%1 -17+2 -12x1 -13%2
Anteroseptal 38+13 b51+9 -18+4 -19+3 -15+4 -15+2 -12+2 -11+3
Inferoseptal 42+10 43+9 -18+4 -19+x4 -14+4 -15+x3 -12+4 -12+4
Inferior 367 44+16 -21+x3 -21+3 -18+4 -18%x2 -15x4 -15%3
Inferolateral 57+26 65+12 -23+4 -22+1 -21+3 -20+x2 -18+3 -18%1
Anterolateral 327 44+10 -22+3 -23+x2 -18+3 -18+3 -16%*3 -15%3
1.5T
Global 42+9 47+12 -19+x2 -20+x3 -16+x1 -16+2 -13+x2 -13%2
Anterior 287 51+12 -20+x2 -21+x1 -17+2 -17+2 -14%+3 -13%2
Anteroseptal 45+3 56 7 -18+2 -19+4 -14%x1 -16%3 -12+x1 -13%2
Inferoseptal 46+10 45+9 -17+2 -18+4 -13+1 -14+3 -11+2 -11+2
Inferior 43+23 4217 -19x2 -21+x4 -17+x2 -18+x4 -15%+2 -15%4
Inferolateral 66+27 69+31 -23+2 -24%x2 -20x2 -21+x1 -18x1 -17%1
Anterolateral 32+10 5822 -22+2 -21+4 -19+3 -18+4 -16+3 -16%*3
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