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Abstract. FastHARP is a magnetic resonance pulse sequence that can acquire
tagged cardiac images at 40 ms per frame. Data from just two heartbeats can be
used to compute in-plane quantities using the harmonic phase (HARP) method
for describing myocardial deformation, such as circumferential and radial
strain. Although HARP computations have previously been coded to keep pace
with the FastHARP pulse sequence, further computational speed improvements
are necessary in order to achieve either smoother strain images using view-
sharing concepts or more tracked points for more detailed strain analysis. In
this work, we present faster processing routines that allow improved temporal
resolution and more detailed real-time tracking and analysis. With this code,
HARP strain computations can now be computed and displayed in real-time af-
ter a one heartbeat delay with a temporal interval of 20 ms.

1 Introduction

Left ventricular function, especially when evaluated during exercise or dobutamine-
induced stress can reveal valuable information about myocardial health. The ability to
rapidly detect the onset of an ischemic event is crucial to patient safety during a car-
diac stress exam. Detecting ischemia is particularly problematic in magnetic reso-
nance (MR) imaging, where the EKG is less reliable, and real-time imaging has here-
tofore been limited to anatomical imaging. Real-time visualization of regional car-
diac function using MR tagging [1] has only recently become possible using a fast
harmonic phase (FastHARP) pulse sequence [7]. FastHARP is an MR imaging pulse
sequence that allows real-time acquisition of tagged cardiac images, typically short-
axis slices of the left ventricle. FastHARP enables the acquisition of 7-20 HARP
images in a single heartbeat for a given tag orientation. In the next heartbeat, an
analogous sequence is acquired with tags oriented in the orthogonal direction. Data
from two heartbeats is therefore sufficient to compute in-plane quantities describing
myocardial deformation, such as circumferential and radial strain.

Previously, to compute radial or circumferential strain, HARP software required
about one second per frame, which is not adequate for real-time visualization [2].
Recently, we developed a system for real-time cardiac strain visualization using the
FastHARP imaging sequence. The system integrates FastHARP acquisition in parallel
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with a rapid strain computation and visualization tool [9,10]. In this system, HARP
strain computations are carried out in real-time after a one heartbeat delay. In addition
to the computation and display of strain maps, it is also possible to track the time
profile of strain of one or more points in the myocardium.

In this paper, we present two real-time algorithms which further reduce image re-
construction time and, thus, the overall strain computation time. This reduction, when
combined with view-sharing, doubles the temporal resolution, allows phase correction
routines to be incorporated, and permits more comprehensive strain analyses to be
performed in real-time.

2 Background

2.1 FastHARP

Acquisition. HARP provides automatic post-processing methods for cardiac strain
analysis [2,4,5]. FastHARP [7] is an MR imaging pulse sequence designed for real-
time tagged cardiac imaging. It acquires only that portion of k-space that is critical to
HARP processing, as illustrated in Fig. 1.. FastHARP uses 1-1 SPAMM tags at end-
diastole, and acquires only 32x32 points over a square region centered at a selected
harmonic peak in k-space. These k-space points are acquired using a multi-shot, echo-
planar pulse sequence comprising 8 shots with 4 echoes each (see Fig. 1c.). This can
be accomplished in only about 45 ms allowing the acquisition of 7-20 HARP images
in a single heartbeat for a given tag orientation. In the next heartbeat, a sequence of
HARP images is acquired in the same way, but with the tags oriented in the orthogo-
nal direction. The phase of the image created from the off-origin spectral peak is di-
rectly related to the tissue motion, which is the principle of HARP automatic process-
ing of tagged MR images (see Fig. 1f.). Spatial derivatives of harmonic phase are
computed at each pixel to obtain strain measures.

Synthetic Tagging. Harmonic magnitude images are devoid of tags, and therefore
contain little useful motion information. Harmonic phase images contain most of the
motion information, but the phase wrapping artifacts and lack of magnitude informa-
tion makes them difficult to visualize. Synthetic tagging is a fast technique for pro-
viding balanced visualization of both anatomical and tagging [6]. Synthetic tagged
images can be generated from harmonic images by periodically replicating in Fourier
space the single imaged spectral peak. A fast, convenient, and mathematically rigor-
ous way to do this spectral replication is to use the following Fourier series expansion

Ly = €D (P, 1) + ¢,D (p,1)sin (¢ (p,)) + ¢, D (p.1)cos(2(p, 1)) + ¢;D (p,H)sin(3¢ (p,1) - (1)

Here, ¢, ¢, ¢,, and c, are a set of coefficients that determine the sharpness of the tags.
The vector p(x,y) is the spatial position of a pixel in the image plane and ¢ is the time
that has elapsed after tag application. The magnitude image D(p,?) is as in Fig. le and
the phase image ¢ (p.?) is as in fig. 1f. The resulting image comprises the magnitude

image superposed with crisp tag lines that appear like conventional higher-order
SPAMM tags and move like them as well (see Fig. 1g.).
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2.2 HARP Strain Analysis

From two harmonic phase images a, and a, with mutually perpendicular tag directions
with tag frequencies ®, and ®, respectively, the Eulerian strain (difference in dis-
placement between adjacent parts of the myocardium) is computed as follows

|(V'a@.0r'Wn| 2)
In]] ’

a1(p,t) 0] r
ap.n=|"""" | w= ,
az2(p.t) )
n is the direction along which the Eulerian strain is computed and the superscript 7
stands for the transpose of the vector or matrix (see Fig. 1h.).

Ea(p,t;n) =

where

Fig. 1. (a) Tagged MRI. (b) k-space image. (c) Acquiring the first harmonic peak of tagged
image using fastHARP, S [k k] using 8 shots with 4 echoes each. (d) Zero padding. (¢) Magni-
tude image D(Pp,?) showing a typical region of interest. (f) Phase image ¢ (p,?). (g) ROI with

synthetic tagging superimposed. (h) Eulerian strain map

3 Methods

In Fig. 1d., zero-padding in the Fourier domain was used in order to obtain a spatial
image with a reasonable pixel resolution Fig. 1(e and f). The resulting image is also
cropped to retain a (typically) much smaller region of interest (ROI), as shown in
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Fig 1(e and f). This overall process, however, requires more than 30 ms of computa-
tion time, which is a large fraction of the 45 ms data acquisition cycle in FastHARP.

In this work, we investigated two algorithms to reconstruct an ROI from the raw
k-space data S[k .k ] as shown in Fig. 1c: 1) the chirp Fourier transform (CFT) and 2)
B-spline interpolation (BSI). CFT and BSI share the advantage that most of the com-
putations can be made offline, saving time in comparison to the present IFT approach.
Also, both algorithms are separable, so that 2D signals can be processed successively
in the rows and then the columns. Therefore, in the following analysis, we present the
1D case, which is trivially extended to handle our actual 2D problem.

3.1 Chirp Fourier Transform (CFT)

Given a K-point sequence S[k], 0 < k < K as input, the conventional inverse Fourier
Transform (FT) provides a spatial pixel resolution proportional to 1/K. If this resolu-
tion is not sufficient in a given application, zero padding the input sequence is used to
get better resolution. This is an expensive operation if the required resolution is much
higher than the original one. Moreover, in our case we are interested in only a small
ROI, so computing the whole FOV is wasteful. The chirp Fourier Transform (CFT)
accomplishes this task with much lower cost [12].
Theory of CFT. Given the 1D sequence S[k] sampled in the frequency domain, rep-
resenting a row or a column of the acquired k-space data S[k_k ], we wish to compute
the signal s(x) in the spatial domain '

K-1 . k

s =3 Slkle! @R 3)
k=0

where Ax is the desired spatial resolution, and

x(n)=xo+nAx, ne Z,0<n<N. 4)
ik
Define W = eJ(MK )Ax . (3) can be rewritten as
K-1 ook
s(x(m)= Y S[k]ej(MK)XOW"k . (3)
k=0
Equivalently,
K-1 .
s(em) =W 'S S[k]e/@”%)xowo.sﬁw—0.5(n—k)2 . ©)
k=0

Upon defining the following sequences
HI=W-05E | Flig= o Crbolyosy_yose® (7)
then (6) takes the form
Glk]=S[k]x F[k]. (8)
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s(x(m))=1[n]x{G * H}[n] 9)
The convolution is done using fast inverse Fourier transform (IFFT) as
s(x(n)) = I[n]x FFT{IFFT{G}x IFFT{H }}{n]. (10)

We refer the reader to [12] for detailed implementation.
Application. Because of the separability property of the Fourier transform, we can
apply (8) followed by (10) on the rows and then the columns of the raw acquired data
Slk .k ]. Moreover, H[k], F[k], IFFT{H[k]}, and [[n] can all be computed offline,
which significantly reduces the online processing time.

3.2 B-Spline Interpolation (BSI)

The second approach to rapidly obtain the spatial ROI to first transform the acquired
32x32 raw k-space data points S[k,k ] into the spatial domain as an image s[n,m],
0<n, m < 32. Then, after representing the spatial data as a continuous function s(x,y),
the discrete ROI image is simply sampled from s(x,y). Here, we use B-spline func-
tions [11] as the basis for fitting the continuous function.

Theory of BSI. Like CFT, BSI is also a separable algorithm [11]. Given 1D input
signal values s[n] , 0 < n < N, which is found in our case by inverse transforming the
raw Fourier data, the parameterized continuous signal model s(x) can be approxi-
mated as a spline, which is a piecewise polynomial with pieces that are smoothly
connected together. The joining points of the polynomial are called knots. For a spline
of degree k, each segment is itself a polynomial of degree k. With the requirement that
the spline and its derivates up to order (k-1) are continuous, there is only one degree
of freedom per segment. Therefore, this spline is uniquely characterized in terms of a
B-spline expansion

N-1 X
s(x)= Y c[nlf*(x—n), (11

n=0

which involves the integer shifts of the central B-spline of degree k denoted by B"(x).
The parameters of the model are the B-spline coefficients c[n].

When k = 3, The B-splines are called cubic splines. In this case, the basis function
takes the form

2 .2 kP <
? | X | +T, 0<x<l1
(21’

ﬂ3(x)= 6 1<x<2

0, 2<x,
(12)

The only work is to determine the B-spline coefficients c[#] such that the function
s(x) goes through the data points exactly.
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Algorithm. A recursive causal and anti-causal filtering scheme is employed to obtain

the coefficients c[n] [11]. With Zl=—2+\/§ and ¢ [n] = c[n] / 6, the following algo-
rithm is used

)= s[n]+ zctn—1], (n=1,..,N—1) (13)
c_[n]=21(c_[n+l]—c+[n]), (n=N-=-2,...,0) (14)

with the following initial conditions

1 2N-3 "
cﬂO]zw > slnlz”.
1-17 n=0
c_[N—1]=Z—12(c+[N—1]+zlc+[N—2]) .
(I=z1")

Application. With 2D image point values s[n,m], 0 < n <N ,0 < m <M the algo-
rithm above can be applied successively along the rows and columns of the image.
The spline model for a particular location (x,y) in the image is given by

M-1IN-1
s(uy)= 3 Y cnmlB(x—n)p(y—m). (15)

m=0n=0
By this scheme, a higher resolution image of ROI is obtained by sampling the con-
tinuous image function in (15). The algorithm has two parts; the first part is the off-
line procedure in which the function ,B ’ (x-k) ﬂ ’ (y-1) centered at (k,/) 0 < k,1<32
is evaluated at all the points (x,y) in the ROI. The online part consists of the inverse

FT of the off-origin harmonic peak S[kx,ky] shown in Fig. 1c, the evaluation of the
spline coefficients from (13) and (14), and finally evaluating s(x,y) from (15).
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Fig. 2. FastHARP with view sharing. (a) Conventional acquisition, an image is constructed
every 40 ms. (b) Acquisition with view sharing, an image is constructed after each two echoes
at a rate of 20 ms per image




522 K.Z. Abd-Elmoniem and J. Prince

% i
: {
X 1 H 7
i \ 7 i
%3 o
o SR
oz 4 B B M0 12 LI I A
d ! TR i =
I e e 7 : : -
g - g L)
1 [ %1 i
T M T
¢ z 4 B B 0 1 0 4 3 3 MW 12
i 3
P N 2 e o
e E N
L
e —r T
L i 1 u woo u p’ 4 1 wo
i A
\ /.-v ] T o
e Ee
xS L
—

T r T
L S A (N UoE 4§ 0 owo

Fig. 3. A typical real-time strain analysis experiment. Right: Magnitude image of ROI is dis-
played with synthetic tagging and Eulerian strain superimposed. Left: The time profiles of the
strain of eight material points. Horizontal axes correspond to the frame index and vertical axes
correspond to strain amount

3.3 Acquisition with Viwe Sharing

The idea of view sharing is summarized in Fig. 2. Conventional FastHARP needs four
echoes to construct an image frame as shown in Fig. 1c. A new image is created from
another four echoes (see Fig. 2a.). Fig. 2b shows one possible view sharing scheme
which we use in this work. S[k_k ] is updated every two echoes instead of four by
sharing two echoes between every two consecutive images. This has the effect of
improving the apparent temporal resolution.

4 Results and Discussion

Fig. 3. shows an example of a real-time strain analysis experiment. In this experiment,
data points S[k k| are acquired by FastHARP pulse sequence, ROI image s(n,m) is
computed. Synthetic tagging and Eulerian strain colored map are calculated using (1)
and (2), respectively and are superimposed on the magnitude image shown in Fig. 3.
(right). Note the bending of the synthetic tags and the dark blue coloration in the
strain maps.

Table 1. Computation time associated with each task and the total load from the three methods

Task . Computation time”*
zero-padding IFFT CFT BSI
Harmonic image 30 ms (avg.) 3.5 ms (avg.) 1.8 ms (avg)
Synthetic tagging 2.2 ms (avg.)
Eulerian strain 8.5 ms (avg.)
Total 40.7 ms | 14.2 ms | 12.5 ms
Point tracking (8 Points) 24 ms (avg.)

* Calculations done under Windows XP, DELL Inspiron 1.9 GHz laptop, program compiled by
INTEL C++ compiler.
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It is also possible to track and plot the time profile of strain of one or more points in
the myocardium in real-time. In this experiment, eight material points are selected and
their strain profiles are plotted to the left. The computation times associated with each
process is shown in Table 1.. Since the software runs on a multitasking operating
system, specific computation times may vary; therefore, times in Table 1. should be
interpreted as estimated or representative times.

With conventional FT reconstruction, this experiment would have taken around 65
ms, which is too long for the FastHARP pulse sequence. Both CFT and BSI, however,
allow this experiment to be carried out in real-time. In the future, comparison of the
relative accuracies of CFT versus BSI should be carried out and attention should also
be given to reduction in computation times for the point tracking and Eulerian strain
computations.
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