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Abstract

The purpose of this study was to prospectively assess the effects of two adaptive postprocessing
techniques on the evaluation of myocardial function with displacement-encoded magnetic resonance
(MR) imaging, including sensitivity for abnormal wall motion, with two-dimensional
echocardiography as the reference standard. Sixteen patients (11 men, five women; age range, 26—
74 years) and 12 volunteers (six men, six women; age range, 29-53 years) underwent breath-hold
MR imaging. Institutional review board approval and informed consent were obtained. Adaptive
phase-unwrapping and spatial filtering techniques were compared with conventional phase-
unwrapping and spatial filtering techniques. Use of the adaptive techniques led to a reduced rate of
failure with the phase-unwrapping technique from 18.9% to 0.6% (P < .001), resulted in lower
variability of segmental strain measurements among healthy volunteers (P <.001 to P =.02), and
increased the sensitivity of quantitative detection of abnormal segments in patients from 82.5% to
87.7% (P = .034). The adaptive techniques improved the semiautomated postprocessing of
displacement-encoded cardiac images and increased the sensitivity of detection of abnormal wall
motion in patients.

Noninvasive imaging of myocardial function yields valuable information that can be used to
diagnose and manage many forms of heart disease (1-4). Among clinical imaging modalities,
magnetic resonance (MR) imaging is often considered the reference standard (5-10). There
are two well-developed MR techniques that are used to measure intramyocardial motion:
tagged imaging (11,12) and cine phase-contrast velocity imaging (13-15). Tagged imaging is
well suited for tissue tracking (16,17); however, its spatial resolution is somewhat limited, as
displacement vectors can only be measured for the tag lines. Cine phase-contrast imaging can
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be used to measure velocity at the spatial resolution of the anatomic images, but it lacks the
inherent tissue-tracking capability of tagged imaging (18).

The displacement encoding with stimulated-echo (DENSE) technique (19-22) was developed
in an attempt to combine the advantages of the previously mentioned methods. It directly
provides the three-dimensional displacement vector of each pixel, the use of which has been
validated against tagged imaging in phantom and clinical studies (23,24). The cine DENSE
pulse sequences enable multiphase data to be collected in one breath hold (24,25). This
increased imaging speed has yielded a corresponding increase in the volume of collected data
and necessitated the development of rapid postprocessing techniques.

Advances in Knowledge

m  With the adaptive phase-unwrapping technique, the rate of phase-unwrapping
errors is reduced from 18.9% to 0.60% (P < .001) compared with the error rate
for the conventional phase-unwrapping technique.

m  Adaptive spatial filtering reduced the noise of circumferential strain
measurements (P <.001) and the variability of segmental strain curves (P <.001)
in healthy volunteers.

] In reference to two-dimensional echocardiography, use of adaptive techniques
leads to increased sensitivity in the quantitative detection of abnormal segments
in patients from 82.5% to 87.7% (P = .034) and does not change the specificity
(P> .75).

Two key steps in the postprocessing of displacement-encoded images are phase unwrapping
and noise suppression. Quality map—guided phase-unwrapping techniques have been
developed for use with MR images (26—35). We found that a substantial number of failures
occur when these techniques are applied to displacement-encoded data; therefore, we
developed an adaptive phase-unwrapping (APU) technique to reduce the failure rate. The APU
technique differs from existing approaches because it incorporates the location of the
myocardial wall into the quality map. This is the same idea that underlies the implementation
of the adaptive spatial filter (ASF) technique, which is used to reduce the myocardial strain
noise that arises from noise on the displacement maps. Conventional fixed-kernel filters are
susceptible to partial volume effects at the borders of the myocardial wall and tend to smooth
variations that may exist across the wall. Use of an ASF technique that takes into account the
local orientation of the myocardial wall (36) can help to avoid these issues.

The purpose of our study was to prospectively assess the effects of two adaptive postprocessing
techniques on the evaluation of myocardial function with displacement-encoded MR imaging,
including sensitivity for abnormal wall motion, with two-dimensional echocardiography as the
reference standard.

Implication for Patient Care

m The adaptive techniques show promise for improving the quantitative assessment of
myocardial wall mation in patients.
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Materials and Methods

Imaging Protocol in Patients and Healthy Volunteers
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Our study included 16 patients (11 men, five women; age range, 26—74 years) and 12 healthy
volunteers (six men, six women; age range, 29-53 years). The volunteers were recruited as
part of a Health Insurance Portability and Accountability Act (HIPAA)—compliant institutional
review board-approved protocol for 1.5- and 3.0-T MR imaging, which included screening
with a medical history questionnaire, physical examination, and chest radiography or MR
imaging. Informed consent was obtained from all volunteers.

Between March 28 and October 30, 2006, 17 consecutive eligible patients who were already
participating in one of three other institutional review board—-approved HIPAA-compliant
protocols gave consent to participate in our study. The first study was the Genetic Analysis of
African American Hypertensives Protocol (n = 6). African American patients older than 21
years who were able to give informed consent and had a history of hypertension, a kinase allele
(homo-or heterozygous) that affected the phosphorylation of a myosin regulatory light chain
(37), and left ventricular ejection fraction less than 35% as determined with any quantitative
imaging technique were included. Exclusion criteria were history of myocardial infarction,
valve disease, rheumatic heart disease, or primary hypertrophic or infiltrative cardiomyopathy;
chronic atrial arrhythmia or definite myocardial infarction on an electrocardiogram; inability
to undergo metabolic stress testing or cardiac MR imaging; and poor echocardiographic
windows that precluded accurate analysis.

The second protocol was the MR Imaging Assessment in Endoscopic Robotic Coronary Artery
Bypass Graft Procedures Protocol (n = 9). Patients were included if they had documented one-
or two-vessel coronary artery disease (proved with coronary angiography) with an ejection
fraction of more than 50% and were referred for presurgical assessment. Patients were excluded
if they were unable to undergo cardiac MR imaging or poor echocardiographic windows
precluded accurate analysis.

The third protocol was the Early Functional Abnormalities in Type 2 Diabetic Patients Protocol
(n=2). Patients were included if they had type 2 diabetes mellitus without global left ventricular
function abnormalities or history of cardiac disease or events (excluded with standard
echocardiography). Exclusion criteria were the same as those in the second protocol.

One of the 17 eligible patients (a 54-year-old man) did not undergo MR imaging because the
electrocardiographic signal was insufficient to trigger the imager; thus, 16 patients remained
in the study. All MR examinations were performed with a commercial 1.5-T clinical imager
(Sonata or Avanto; Siemens, Erlangen, Germany) and the same protocol. Echocardiography
and MR imaging were performed on the same day, without any treatment administered between
examinations. Echocardiography revealed that seven patients had abnormal myocardial
function and four had mildly abnormal myocardial function; thus, 11 patients had abnormal
wall motion (Fig 1).

We used a two-dimensional cine DENSE pulse sequence with short-echo-train echo-planar
imaging readout (Fig 2) to measure three-dimensional displacement vectors by acquiring four
cine data sets in different encoding directions during a breath hold that spanned 18 heartbeats
(24,38). The imaging parameters included 128 (readout) x 48 (phase encode) matrix, 512 x
192-mm or 384 x 144-mm field of view (field of view size depended on heart size), 7.0-mm
section thickness, 1300 Hz/pixel receiver bandwidth, echo train length of six per
radiofrequency excitation, 7.7-msec radiofrequency repetition time, 0.97-msec interecho
spacing, displacement-encoding sensitivities of 0.63-0.84 radian per millimeter, and the
average of two acquisitions was used to suppress noise. In each cardiac phase, 24 k-space lines
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were acquired in four radiofrequency excitations that lasted 31 msec. Between 17 and 20
cardiac phases were imaged.

There were several differences between the pulse sequence used in this study and the one used
by Kim et al (24). We used a higher readout bandwidth to increase temporal resolution.
Selective field-of-view excitation in the phase-encode direction by one of the encoding
radiofrequency pulses reduced the number of k-space lines required (23). Four encoding
directions were needed instead of three for the three-dimensional displacement vectors. The
flip angle of the train of readout radiofrequency pulses in a heartbeat was increased to equalize
the signal amplitudes of the cine frames (39). In each participant, images were obtained in three
or four short-axis views, as well as in the horizontal (four-chamber) and vertical (two-chamber)
long-axis views.

Postprocessing Outline

Initial multichannel complex images were combined into three cine sets encoded in the three
Cartesian directions in a manner optimized for signal-to-noise ratio (Fig 3) (40). The operator
(K.S.K. or K.A.M., neither of whom had prior experience in cardiac MR imaging) then
manually defined the myocardial wall on the last cine frame by drawing the endo- and epicardial
borders of the left ventricle and the midline contour of the right ventricular wall (Fig 4). All
phase maps were unwrapped with the APU technique, converted to displacement vectors, and
spatially filtered. In the next step of tissue tracking, myocardial pixels were followed over time
with displacement vectors (41,42). Through this process, manual segmentation of the last cine
frame was extended to the other frames. Circumferential strain (Ecc) and radial strain (Err)
maps were calculated, and all further segmental analyses followed the American Heart
Association 17-segment model (43).

Because the right ventricular wall is frequently thinner than 2 pixels, only Ecc could be
calculated for the right ventricle. This value was derived from the lengthening of the right
ventricular contour.

Postprocessing was performed with a laptop computer and lasted 8 minutes for a complete data
set. The software was compatible with the Windows operating system and can be downloaded
at ftp://zeus.nhlbi.nih.gov.

Comparison of Adaptive and Conventional Phase-unwrapping Techniques

Description—The types of phase-unwrapping techniques suitable for MR imaging are
termed region-growing techniques (35). These techniques begin from a seed point and
surrounding initial region on the phase map. This region is incrementally expanded in space,
time, or both, while the presence of phase fringes at its border is checked. When a fringe is
encountered, the appropriate multiples of 2z are added to or subtracted from the border pixels
to remove the fringe.

Quality maps are used to prioritize border pixels to determine the order in which they will be
incorporated into the region. In the conventional phase-unwrapping technique, quality maps
are functions of the phase gradient, signal level, or both, and preferentially guide the region
growth along paths of smooth phase variation or high signal-to-noise ratio (26-28,32). The
phase gradient is the phase difference between neighboring pixels after the removal of multiples
of 2x. Frequently, the quality maps impose a threshold of maximum phase gradient.

In our proposed APU technique (Appendix E1,

http://radiology.rsnajnls.org/cgi/content/full/246/1/229/DC1), region growth is preferentially
guided along the myocardial wall. This is done by multiplying a conventional quality map by
aweight function. The weight function is biased toward the midline contours of the myocardial
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wall. The operator draws the contour positions of the last cine frame. The positions are updated
incrementally as each frame is unwrapped and its displacement vectors become available (Fig
4).

Statistical analysis—The failure rate of phase unwrapping in a participant's data for a
specific phase-unwrapping technique and the threshold of maximum phase gradient is defined
as the percentage of complete data sets that contain one or more incorrectly unwrapped cine
frames. Two authors (K.S.K. and K.A.M.) performed conventional phase-unwrapping and
APU techniques in the 16 patients and 12 volunteers for six threshold of maximum phase
gradient values (0.7-1.2 radians). Values of less than 0.7 radian caused a high rate of pixel loss
and were excluded. The same two authors then calculated failure rates for each participant, as
well as for the threshold of maximum phase gradient and the unwrapping method. This resulted
in 12 groups of rates (six threshold of maximum phase gradients times two techniques), each
of which contained 28 values. Means and 95% confidence intervals were calculated for each
group (44). Two-way analysis of variance was performed with statistical software (SPSS for
Windows, version 11.0.1; SPSS, Chicago, Ill) to detect any differences between the
conventional phase-unwrapping and APU techniques. (The threshold of maximum phase
gradient and the technique used served as the two factors.) The threshold of maximum phase
gradient value that yielded the lowest mean failure rate was identified for each technique, and
the lowest failure rates of the two techniques were compared by using a paired t test.

Comparison of Adaptive and Fixed Spatial Filters

Description—Noise suppression with spatial filtering can be viewed as smoothing in an area
around the pixel of interest. Conventional spatial filtering involves the use of fixed shapes for
the area, regardless of the location. Thus, conventional spatial filters have fixed kernels (Fig
5a).

The ASFs described in this article have kernels in the shape of thin arc sectors. The kernels
(Appendix E1, http://radiology.rsnajnls.org/cgi/content/full/246/1/229/DC1) are 1 pixel thick
and n pixels long (n is defined by the user) and are automatically aligned with the ventricular
contours for all pixels (Fig 5b). Thus, the smoothing effect occurs only in the circumferential
direction. In our study, both the adaptive and the fixed spatial filters were mean filters with
equal weights for all pixels in the kernel.

In addition to the regular breath-hold acquisitions, one author (H.W., 11 years of cardiac MR
imaging experience) acquired DENSE images with a high signal-to-noise ratio in four of the
12 volunteers. These images were used as the reference standard in assessing the noise and
bias associated with different filters. In these examinations, the number of signals acquired
was increased to 12, and respiratory gating was used instead of breath holding.

Noise levels and systematic errors associated with filters—Two authors (D.B.L.
and E.E.B., no prior experience and 6 years of experience with cardiac MR imaging,
respectively) working in consensus estimated the noise levels and systematic errors of the strain
maps against high signal-to-noise ratio standards in four volunteers after the filters were applied
to displacement data. Three filter lengths (3.0, 5.7, and 8.5 pixels) were tested. Comparisons
were made for each volunteer, strain type, and filter type and length, as well as on a pixel-by-
pixel basis, by using Bland-Altman plots (45). A total of 56 Bland-Altman plots were generated
with the following formula; (four volunteers times three filter lengths times two strain types
times two filter techniques) plus (four volunteers times one unfiltered datum times two strain
types). The unfiltered plots did not differentiate between the two filter techniques and were not
used in subsequent statistical analyses.

Radiology. Author manuscript; available in PMC 2010 June 7.
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In the Bland-Altman plot, the mean difference and standard deviation represent systematic bias
and noise level in the filtered strain map. These were grouped according to strain type and filter
type and length and resulted in 12 groups (two strain types times two filter techniques times
three filter lengths). Each group contained values from the four volunteers. Means and 95%
confidence intervals were calculated for each group (44). For each strain type, two-way analysis
of variance was performed to compare the two filter types. Filter size and type served as the
two factors. Optimal filter length was defined as the filter length with the fewest systematic
biases and lowest noise levels.

Variability of segmental strain among healthy volunteers—If the spatial filters were
able to lower noise levels in strain maps, we reasoned that they should bring about reduced
variability in segmental strain measurements in volunteers. To test this hypothesis, two authors
applied both types of filters (3-pixel length) to Ecc and Err strain maps of all volunteers (K.A.M.
and E.E.B. studied seven and five volunteers, respectively) and determined the standard
deviation of the group for each segment at three levels of short-axis views. A third author
(H.W.) then calculated the mean and 95% confidence interval of the standard deviation for all
segments. The same author compared the adaptive and fixed spatial filters with a paired t test.

Statistical analysis—All 95% confidence intervals were based on the t distribution of the
specific sample size. Comparisons between the two filters were performed by using paired t
tests, where results obtained with the two filters for the same segment were paired.

Effect of Adaptive Techniques on Quantitative Detection of Abnormal Wall Motion in Patients

Receiver operating characteristics relative to echocardiography—All patients
underwent two-dimensional echocardiography (reference standard), which was performed by
an author (J.F.P.) and a contributing physician. These physicians evaluated wall motion in the
17-segment model with trained visual inspection. Specifically, they classified each segment as
normal (negative echocardiographic findings), which meant it had normal contractility, or
abnormal (positive echocardiographic findings), which meant it was hypokinetic, dyskinetic,
or akinetic. Three authors (R.P.L., E.E.B., and H.W.) classified the same segments with MR
measurement of segmental Ecc. Specifically, two authors (R.P.L., who had no prior cardiac
MR imaging experience, and E.E.B. examined 11 and five patients, respectively) who were
blinded to echocardiographic results calculated the peak Ecc for 16 of the 17 segments
(excluding the apex) from DENSE data in three short-axis views. A total of 256 segmental Ecc
values were obtained. This was repeated in the following three postprocessing configurations:
with the conventional phase-unwrapping technique and a fixed spatial filter, with the APU
technique and a fixed spatial filter, and with both adaptive techniques. An author (H.W., no
experience with echocardiography) classified each segment as normal (MR findings were
negative for wall motion abnormality) if its Ecc was above a threshold and as abnormal (MR
findings were positive for wall motion abnormality) if its Ecc was below a threshold. A two-
by-two contingency table was used to compare MR imaging classification with the echo
classification described previously (46), and sensitivity (humber of segments with positive
echocardiographic and MR findings divided by number of segments with positive
echocardiographic findings) and specificity (number of segments with negative
echocardiographic and MR findings divided by number of segments with negative
echocardiographic findings) were calculated. This was repeated for 600 Ecc threshold values
between -0.3 and 0.0 in increments of 0.0005 to create a receiver operating characteristic
(ROC) curve. This process was repeated for the three postprocessing configurations described
previously.

Radiology. Author manuscript; available in PMC 2010 June 7.
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The Err had a higher noise level than did the Ecc. It is also a passive effect from the active
myocardial shortening in the circumferential and longitudinal directions. For these reasons,
Err was not used for MR imaging classification of segmental wall motion in our study.

Statistical analysis—Three ROC curves corresponding to postprocessing without the
adaptive techniques, with only APU, and with both APU and ASF were obtained. Optimal
sensitivity and optimal specificity were defined as the points of maximal product of sensitivity
and specificity, respectively, on the ROC curve, and 95% confidence intervals were calculated
(44). Comparisons among the three sets of values were performed by using paired t tests.
Additionally, areas under the ROC curves were calculated to indicate the accuracy of the MR
imaging tests relative to two-dimensional echocardiography, and statistical comparisons of the
areas were performed with the methods described by Hanley and McNeil (47) and Obuchowski
(48).

Comparison of Adaptive and Conventional Phase-unwrapping Techniques

The conventional technique failed to unwrap the anterior portion of the right ventricle, as shown
in Figure 6. This figure came from one of the 30 image sets that contained errors (out of a total
of 159 image sets for volunteers and patients). With the exception of one failed set, all sets
were corrected with APU. The APU technique had lower failure rates than did the conventional
phase-unwrapping technique for all threshold of maximum phase gradient values (P < .001)
(Fig 7). The optimal threshold of maximum phase gradient value for the adaptive technique
was 0.9, and the corresponding mean failure rate and 95% confidence interval was 0.60% =+
1.2. The optimal threshold of maximum phase gradient value for the conventional technique
was 0.8, and the corresponding mean failure rate was 18.9% + 5.3. APU reduced the failure
rate from 18.9% to 0.60% (P < .001).

Comparison of Adaptive and Fixed Spatial Filters

Noise levels and systematic errors associated with filters—For both Ecc and Err,
use of ASFs resulted in lower systematic biases (P < .001 for Ecc and P =.029 for Err) and
noise levels (P < .001 for both Ecc and Err) than did use of fixed filters (Fig 8). The optimal
length for ASFs was 3.0 pixels. On the Bland-Altman plot (Fig 9), a slight increase in the
systematic error can be seen toward the low-strain end (Ecc > —0.05). This is probably because
these data points came from the last few cine frames, in which the unencoded signal had more
time to recover from T1 relaxation and was more likely to mix into the displacement-encoded
signal and introduce systematic errors when its suppression was affected by patient motion or
heart rate variation during the examination (38).

Variability of segmental strain among volunteers—Use of the ASF resulted in lower
variability among volunteers for both Ecc (P <.001) and Err (P = .020) (Figs 10, 11).

Effect of Adaptive Techniques on Quantitative Detection of Abnormal Wall Motion in Patients

Echocardiography enabled us to classify 80 of the 256 segments as abnormal. The 95%
confidence intervals of the sensitivities for MR imaging classification without the adaptive
techniques, with APU only, and with both APU and ASF were 82.5% + 4.6, 82.7% + 4.6, and
87.7% * 4.0, respectively (Fig 12). The corresponding specificities were 87.1% + 4.1, 87.1%
+4.1,and 87.7% + 4.0, respectively. With use of the adaptive techniques, we found a significant
increase in sensitivity (P = .034) and no significant change in spec-ificity (P >.75). The Ecc
threshold corresponding to the optimal point on the ROC curve with the adaptive techniques
was —0.122, or 12.2% circumferential shortening. The mean areas under the ROC curves for
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the three postprocessing configurations were 0.918 * 0.022 (standard error), 0.914 + 0.022,
and 0.931 + 0.020 (Fig 13). The differences among the areas were not significant (P > .44).

Discussion

The spatial resolution of current breath-hold DENSE sequences is between 3 and 4 mm (24,
38), which is lower than that of breath-hold tagged imaging (2 mm) (49). However, the density
of displacement measurements obtained with this method is the same as the pixel size without
interpolation and is therefore higher than the 6-8-mm density that is attainable with tagged
imaging.

A number of quality map—guided phase-unwrapping techniques have been developed for MR
image processing (26—34,42); however, to our knowledge, there are few published reports on
the failure rates in human subjects, and not one of these reports describes adaptive techniques.
In our study, we found that the failure rate of conventional techniques was 18.9% with
displacement-encoded images and that use of an adaptive technique reduced the failure rate to
0.60%. Our findings show that conventional techniques can be further improved by adapting
the process to the anatomic areas of interest.

Errors caused by the conventional phase-unwrapping technique occurred mostly in the right
ventricle. This was probably the reason for the unchanged sensitivity and specificity with and
without APU in the ROC study of left ventricular segments in patients. The ASF is generally
applicable as a noise suppression tool when it is desirable to have nonisotropic filters that
conform to local image features.

ASFs have been used for noise suppression in the postprocessing of radiographic images and
have been shown to enhance image contrast and aid in the detection of disease (50,51). Our
study results showed that ASF yielded a greater decrease in noise levels in myocardial strain
measurements than did fixed filters. The radiographic implementations of ASF are fully
automatic and are based purely on image intensity gradients (50,51). The rationale for this
approach is that gradients are highest at the boundaries between different tissue regions and
therefore are indicative of the anatomic features. Similarly, on displacement-encoded cardiac
MR images, the contrast between the myocardial wall and the blood pool may lead to a high
gradient at the endocardial border. However, this becomes less reliable in the presence of
papillary muscles, trabeculae, and occasional signal loss in the wall. For this reason, the ASFs
in our study were based on semiautomated contour definition.

Our study had some limitations. First, echocardiographic findings were considered the true
diagnosis (reference standard) of segmental wall motion in patients. Echocardiographic
examinations have intrinsic uncertainties that arise from the variable image quality and the
reader's training. However, we chose it as the reference standard primarily because of its
complete independence from MR imaging. APU was not a fail-safe technique. All of the spatial
filters used in our study were mean filters with uniform weight distribution over the filter kernel,
and the options for other weight distributions were limited when the kernel length was only a
few pixels. We also found that Err maps in the left ventricle were noisier than Ecc maps, in
spite of the use of filters. This was probably due to phase oscillation in the radial direction
caused by ringing artifacts from the endo- and epicardial borders. Last, ASFs have the effect
of smoothing data in the circumferential direction. In patients in whom myocardial strain has
abrupt changes circumferentially (eg, between injured and normal myocardium), this filter may
artificially blur the transition zone.

In conclusion, use of the adaptive techniques applied in this study improves the quality of
semiautomated postprocessing of displacement-encoded cardiac images and increases the
sensitivity of detection of abnormal wall motion in patients.
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Appendix

Procedure of Adaptive Phase-Unwrapping

The existing quality map-guided phase unwrapping method consists of the following steps
(35): 1. Identify a seed point in the phase map; 2. Expand a region around the seed point by
including pixels bordering the region, while at the same time, searching for phase fringes; 3.
When a phase fringe is encountered, the appropriate multiples of 2z are added or subtracted to
the newly included pixels to remove the phase fringe. A quality map is employed to determine
the order in which the border pixels are added to the region. Quality maps are functions of the
signal intensity or phase gradient and preferentially guide the growth of the unwrapped region
along paths of high SNR and/or smooth phase variation.

Adaptive phase-unwrapping is a modification of the above method in which the quality map
takes into account the location of the myocardial wall. In APU, the quality map is defined as
the product of the conventional quality map and a weight function (see “The Adaptive Weight
Function for Phase-Unwrapping” section below). The weight function is biased towards the
contours of the myocardial wall. APU of displacement-encoded cardiac images consists of the
following steps:

1. The operator draws midline contours of the left and right ventricular walls in the last
cine frame. The quality map for this frame is then calculated and quality map-guided
2D phase-unwrapping is then performed.

2. The quality map of the previous frame in the cine sequence is calculated using the
contours of the current frame. Three-dimensional region growth then proceeds in a
volume that includes the two frames in a third (time) axis: the unwrapped phase map
of the current frame and the raw phase map of the previous frame. All unwrapped
pixels in the current frame are taken as seed points and region growth is guided by
the quality maps of both frames. A phase-gradient threshold is used to gate the region
growth.

3. The contours are updated for the previous frame (see “Updating Mid-line Ventricular
Contours During Adaptive Phase-Unwrapping” below) using the displacement
vectors calculated from the unwrapped phase maps in step 2.

The previous frame then becomes the current frame, and steps 2 and 3 are repeated until all
cine frames are unwrapped. Empirically we find that step 2 is more reliable when the phase-
gradient in the temporal dimension is defined as the apparent acceleration of phase(52).

Updating Mid-line Ventricular Contours During Adaptive Phase-Unwrapping

The displacement vectors obtained in DENSE imaging represent tissue displacement from the
time of position-encoding immediately after the R wave of the ECG, to the time of each cine
frame. The ventricular contours are defined manually for the last cine frame. The process to
update them for the other frames proceeds simultaneously with adaptive phase-unwrapping. It
consists of the following steps:
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1. The last cine frame (frame N) is unwrapped using the known contours. The
displacement vectors on the contours are fitted to parametric functions of the length
variable along the contour, I. These functions are denoted as Dy(l)

2. The contours of frame N are passed to frame N-1, which are used for the APU of
frame N-1. This step also uses the unwrapped phase maps of frame N as starting seeds.
The displacement vectors on the contours are again fitted to parametric functions as
in step 1. This yields Dy.1(I).

3. The new contour for frame N-1 is calculated as Cn_1(I)=Cn(1)*+Dn_1(I)-Dn(1), where
Cn(l) and Cy.1(1) are the contour positions of frames N and N-1, respectively.

These steps are repeated until all cine frames are unwrapped.

The Adaptive Weight Function for Phase-Unwrapping

In adaptive phase-unwrapping the quality map is defined as Q(x,y) = I(x, Y)W(X, y), where I(x,
y) is the image intensity masked by the phase gradient threshold, and the weight function W
(x, y) is biased towards the ventricular contours. It has the form of

2

1
W(x,y) = 95 it
{L;v N2+ x = xe D4y = ye O] }

where | is the length variable along the contours, x.(I) and y(I) are the coordinates of the
contours, and the constant A is set to one pixel width.

The T(PGmax) in the temporal direction is further refined to be the apparent acceleration of
phase(52) (¢ - ¢i-1) - (di-1 - #i-2), where ¢ is the phase of the current frame i, and ;.1 and
#;-o are the phases of the previous two frames.

Calculation of Adaptive-Filter Kernels

Since the kernels are aligned locally with the circumferential direction (CD), the first step is
to calculate the map of CD vectors. For pixels that fall on the contours, the CD is simply the
tangent direction of the contour. These tangent vectors are then expanded to the entire image
using a distance weighted formula, where the CD at a specific pixel is the sum of the tangents
all along the contours weighted inversely by the distance between the pixel and the contour
points.

The CD vectors are also used in the calculation of circumferential and radial strain values.

Abbreviations

APU adaptive phase unwrapping

ASF adaptive spatial filter

DENSE displacement encoding with stimulated echo
Ecc circumferential strain

Err radial strain

ROC receiver operating characteristic
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Figure 1.

Flow diagram shows patient inclusion and exclusion. Of the 17 consecutive eligible patients,
one patient was excluded because electrocardiographic (ECG) signal was insufficient to trigger
the imager. The remaining 16 patients underwent displacement-encoded cardiac MR imaging
and two-dimensional (2D) echocardiography. Two-dimensional echocardiography revealed
abnormal myocardial wall motion—including hypokinetic, dyskinetic, and akinetic segments
—in 11 patients.
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Figure 2.

The pulse sequence of displacement-encoded cardiac MR imaging was triggered by the R wave
of the electrocardiographic (ECG) signal. The position-encoding section included the first two
90° pulses and the encoding gradient pulses between them. Position-encoding and position-
decoding gradient pulses are shaded in this diagram. Readout portion is a two-dimensional cine
DENSE sequence with short-echo-train echo-planar imaging readout. It is used to measure
three-dimensional displacement vectors by acquiring four cine data sets in different encoding
directions. These are as follows: (a) Y, Z; (b) =Y, Z; (c) X, Z; and (d) X, -Z, where X, Y, and
Z are the readout, phase-encode, and section directions, respectively. Decoding gradient in the
phase-encode direction is merged with phase-encode gradient; this results in the three types of
phase-encode gradient pulses shown. The echo train length is six per radiofrequency (RF)
excitation (schematically shown as two), and in each cardiac phase, 24 k-space lines were
acquired in four radiofrequency excitations that lasted 31 msec. This was repeated (dotted lines)
for 17-20 cardiac phases, depending on the heart rate. The image matrix was 128 x 48, and
two signals were acquired. A total of 16 heartbeats were needed for the complete data set.
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Figure 3.
Outline of the postprocessing procedure. E. = circumferential strain, LV = left ventricle, RV

= right ventricle.
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Figure 4.

Three sets of left and right ventricular contours of the last (20th), 15th, and 13th cine frames
are shown on the last cine frame of the midleft ventricle short-axis view. The contours of the
intermediate frames have been omitted for clarity. The outermost contours are of the last frame
and have been drawn manually. These are automatically updated for the other cine frames on
the basis of the displacement vectors. Arrows indicate the sequence of contour generation.
They point from contour positions in a later cine frametothoseinanearlierframeinthe
reversetrackingprocess(Appendix
E1,http://radiology.rsnajnls.org/cgi/content/full/246/1/229/DC1).
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Figure 5.

(a) The kernel of a fixed filter is identical at all locations. This short-axis view shows identical
circular kernels at two locations in the left ventricle. (b) The kernel of an adaptive filter is
always aligned with the local circumferential direction. The same short-axis view shows the
arc-shaped kernels at two locations in the left ventricle.
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(a) Magnitude image and initial X, Y, and Z displacement-encoded phase maps. (b, ¢)
Illustrations of phase unwrapping of an end-systolic cine frame of a short-axis view obtained
in a volunteer. Spatial resolution is 3.0 mm. In-plane projections of three-dimensional
displacement vectors are shown. The X-, Y-, and Z-encoded phase maps are shown at the top
of each image. In b, the conventional phase-unwrapping technique leaves a phase fringe
(arrows) in the anterior right ventricle. In c, the APU technique removes errors and pushes
phase fringes beyond ventricular walls.
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Graph shows mean failure rates and 95% confidence intervals (error bars) of the conventional
phase-unwrapping (white bars) and APU (black bars) techniques for a range of threshold of
maximum phase gradient T(PGmax) values. Two-way analysis of variance was used to detect
differences between the two techniques. Threshold of maximum phase gradient and technique
served as the two factors. The APU technique had lower failure rates than did the conventional
phase-unwrapping technique (P < .001). We compared the lowest failure rates of the two
techniques and found that APU enabled reduction of the failure rate from 18.9% to 0.60% (P

<.001).
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Figure 8.

Graphs show the effect of filters on noise levels, and systematic biases of strain maps are shown
for three filter lengths. Mean and 95% confidence intervals (error bars) are shown for (a, b)
Ecc and (c, d) Err. Filter types were compared with two-way analysis of variance, with filter
length and type as the two factors. Adaptive filters (black bars) led to lower noise levels (a)
(P < .001) and biases (b)(P < .001) in Ecc than did fixed filters (white bars). Adaptive filters
also led to lower noise levels (c)(P < .001) and biases (d)(P = .029) in Err.
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Figure 9.

Bland-Altman plot shows pixel-wise differences between ASF and high SNR reference
standard maps of Ecc for a filter length of 3 pixels. Means and standard deviations (STD) of
the differences on such plots were used to indicate systematic biases and noise levels in filtered
data.
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Figure 10.

Average segmental Ecc curves of the left and right ventricles for all volunteers. Solid lines are
the mean, and dashed lines are 1 standard deviation. The abscissa is the time after the
electrocardiographic R wave (measured in milliseconds). Short-axis views at three levels are
included. Temporal resolution was 31 msec, and 20 cine frames were acquired.
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Figure 11.
Variability of segmental strain values among healthy volunteers was found to be lower with
an ASF than with a fixed filter. P values were less than .001 (*) and equal to .020 (**).
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Figure 12.

The effect of adaptive versus fixed filters on the Ecc distribution is shown in midlevel short-
axis views obtained in a patient with myocardial infarction. Baseline Ecc maps obtained (a)
without filters, (b) with a 3-pixel fixed filter, and (c) with a 3-pixel ASF. Different results from
adaptive and conventional spatial filters led to different sensitivities in the detection of
abnormal segments in patients compared with two-dimensional echocardiographic
examination results.
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Figure 13.

ROC curves of MR imaging classification of normal (MR negative) and abnormal (MR
positive) left ventriclular segments relative to echocardiographic normal (negative
echocardiographic findings) and abnormal (positive echocardiographic findings) classification
(reference standard) for three postprocessing configurations with conventional techniques,
with APU only, and with both APU and ASF. MR classification was based on comparison of
segmental Ecc with a threshold value. The range of Ecc thresholds that produced the ROC
curves was —0.3 to 0.0 in increments of 0.0005.
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