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Technical Note

Respiratory Ordered Phase Encoding (ROPE): A Method
for Reducing Respiratory Motion Artefacts in MR Imaging

D. R. Bailes, D. J. Gilderdale, G. M. Bydder, A. G. Collins, and D. N. Firmin

Abstract: A method of reducing respiratory artefact when using the spin warp
technique of magnetic resonance imaging is described. A respiratory signal is
used to determine the order in which the rows of the data matrix are measured.
The aim is to make the respiratory signal at the time of each phase encoding
gradient a slowly varying function of the time integral of the gradient and hence
of the row number. Data are collected during each cycle of the imaging se-
quence; thus the scanning time is not increased. Index Terms: Artifacts—
Nuclear magnetic resonance, physics—Nuclear magnetic resonance, tech-
niques— Nuclear magnetic resonance.

The artefacts due to respiratory motion when
using the spin warp method of magnetic resonance
(MR) imaging aire well known (1,2). The artefacts
often take the form of one or more ghost images of
the moving structures of the patient. These ghost
images are displaced by various amounts along the
phase encoding direction with respect to the real
image. The problem with the artefacts is that they
degrade the parts of the image depicting structures
that are not moving. It would be preferable if this
could be avoided and only the sections of the image
displaying the moving structures were degraded.

One method of reducing the artefacts is to collect
the data only during the end expiratory phase of the
respiratory cycle. This has been shown to work
well, but it can lead to long scan times (1-3). An-
other method, which is described in this paper, is
to use the respiratory signal to determine the order
in which the data are collected.

THEORY

The data set collected using the spin warp method
is the two-dimensional spatial frequency spectrum
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of the image (4—6) and hence the image is obtained
by taking the two-dimensional Fourier transform.

Let the coordinates of the image matrix be x and
y, those of the data matrix k, and k,, and the size
of both matrices N, by N,. The integers x, y, k,,
and k, are all dimensionless with the ranges x =
~NJ2. . . (NJ2—-1),y=—=NJ2...(NJ2-1),
k= —-NJ/2...(NJ/2-1),and k, = —=N,/2 ...
(Ny/2 — 1). Let a row of the data matrix be the
points with constant k, and varying k.. To measure
a given row, an x gradient is applied during the data
collection that is the same for all rows; this gradient
is called the frequency encoding gradient. In addi-
tion, a y gradient with a time integral proportional
to k, is applied before the data collection; this gra-
dient is referred to as the phase encoding gradient.
The time between measuring rows is the repetition
time of the sequence, but each row is measured in
a time that is short compared with the respiratory
cycle. Thus there is appreciable respiratory motion
in the y direction between the rows of the data ma-
trix, but relatively little in the x direction between
columns of the matrix. Hence the motion artefact
is much greater in the phase encoding direction than
it is in the frequency encoding direction.

Consider a point in the body with a y coordinate
y(z) that varies in time due to respiration. Let y at
the time when the phase encoding gradient is ap-
plied to measure row k, of the spectrum be denoted
by y(k,). If the rows on the spectrum are measured
in numerical order, y(k,) is a periodic function. This
periodicity tends to produce ghosts of the moving
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structures of the body in the image. Alternatively,
if the rows are measured in a random order, y(k,)
is random, and this smears out the moving struc-
tures of the body in the y direction. Our goal is to
confine the effect of the motion to the sections of
the image depicting moving parts. To achieve this,
it seems reasonable that we should aim to make
y(k,) a slowly varying function—for example, mono-
tonic. In practice we cannot measure y(¢) for all
moving points in the body. However, if we measure
some quantity r(¢) that is a single valued function
of all y(#), then if r(k,) is monotonic, all y(k,) will
be monotonic. Because of the complex movements
associated with respiration, it is probably impos-
sible to find a quantity that is a single valued func-
tion of all y(r). However, even if the strict single
valued relatlonshlp does not hold, all y(k)) are still
slowly varying functions. A method for makmg rky)
as near to monotonic as possible is described below,
but, because of the variations in the respiratory
cycle, r(k,) probably will not be exactly monotonic.
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During the scan, and just before each phase en-
coding, r is measured. Since r is recorded digitally,
it is considered a discrete variable. On the basis of
this measurement the most appropriate row of the
spectrum to be measured is selected, and the cor-
responding phase encoding gradient is used. To
make this choice, some information about the re-
spiratory signal is needed. In this work the proba-
bility distribution p(r) of the signal is used, and this
is measured before the scan. The spatial frequency
spectrum has to be measured over a range of k,.
Let each value of r be “‘responsible”’ for a range of
k,. Since we want r(k,) to be monotonic, the ith
value of r, r;, should be responsible for the ith range
of k dk,; (see Fig. 1). Since we want to measure
all the rows of the spectrum during the scan, the
probability of each value of k, being chosen should
be the same and therefore equal to 1/N,. That is
p(r; )/8k = l/N or dk,; = p(r)N,. If r is measured
to be r;, the first choice of k, is the nearest integer
to the centre of 3k,. For every value of r, we have
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FIG. 1. Schematic derivation of the first choices of k,. N, is 8, and there are four possible values of r. a: The probability

distribution of the respiratory signal. b: Derivation of the flrst choices of k. 3k, = p(r)N,

ofk are —4, -2, 1, and 3.
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. It can be seen that the first choices
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FIG. 2. Normal volunteer imaged with a spin echo (SE: 544-44) sequence. In (a) the rows of the spatial frequency spectrum
are measured in numerical order. In (b) the respiratory ordered phase encoding technique is used. There is considerable

reduction in the respiratory artefacts in (b).

a first choice of k,. If this row has already been
measured, the nearest row that has not been pre-
viously measured is taken. If the spatial frequency
spectrum is measured a number of times, the spec-
trum is measured at all values of k, before pro-
ceeding to the next measurement of the spectrum.

The above description has only considered the
spin warp method. However, the technique could
be applied to other two-dimensional data collection
schemes, for example the ‘‘reconstruction from
projections’’ method.

IMPLEMENTATION

The quantity r(z) is obtained as follows. A light
vertical rod is placed on the patient’s anterior tho-
racic or abdominal wall near the slice being mea-
sured. The rod is connected to a transducer that is
supplied with a constant intensity light source via
a fibre-optic cable. The intensity of the light source
is modulated by the y coordinate of the rod to pro-
duce a light intensity that varies monotonically with
the y coordinate of the rod. Since this transducer
contains no metal, it can be placed in the MR
scanner without any adverse effects on the image.
The output light intensity is fed via a fibre-optic
cable to another transducer that produces a voltage
that is a monotonic function of the light intensity.
This voltage is used as the quantity r(f) and it is
digitised using an 8 bit analogue to digital converter.
The probability distribution p(r) of the respiratory
signal is determined by measuring the respiratory
signal at 10 ms intervals for 40 s, and calculating
p(r) by equating each p(r;) to the number of times r

was measured to be r; divided by the total number
of measurements.

An example of the efficacy of the technique is
shown in Fig. 2. Both spin echo images (SE: 544—
44) are of a normal volunteer. For Fig. 2a the rows
of the spatial frequency spectrum were measured
in numerical order; for Fig. 2b the above technique
of respiratory ordered phase encoding (ROPE) was
used. There is considerable reduction in the respi-
ratory artefact in Fig. 2b.

DISCUSSION

The advantage of the ROPE technique over
methods of respiratory gating is that the actual scan
time is not increased. A problem with the present
implementation of the technique is that the proba-
bility distribution p(r) of the respiratory signal, and
hence the first choices of k,, are determined only
before the scan. However, p(r) may well change
during the scan, and this will degrade the efficacy
of the technique. Therefore, it would be better to
continue making frequent measurements of r during
the scan and modifying the first choices of k, if nec-
essary.
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