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Minimizing Dead-Periods in Flow-Encoded
or -Compensated Pulse Sequences While Imaging
in Oblique Planes

Bradley D. Bolster, Jr., MSE1 and Ergin Atalar, PhD2*

A technique is developed to minimize magnetic resonance
pulse sequence dead-periods, with first and higher moment
requirements, while imaging in oblique planes. Dead-
period requirements of starting amplitude, ending ampli-
tudes, area, and other moment requirements are trans-
formed from the image coordinate system to the physical
gradient coordinate system, where the waveforms are then
designed. With this technique, the full capabilities of the
gradient hardware are utilized. An online algorithm is
presented to perform dead-period minimization and gradi-
ent waveform design when the first moment and area of the
dead-period are specified. The algorithm is then used to
implement three-axis flow-compensation in a fast spoiled
gradient-echo sequence. This results in a minimal increase
in TE and TR over an equivalent non-flow-compensated
sequence, and little variation in the minimum TR over the
entire range of oblique slice orientations. Applications of
this algorithm extend to the optimization of any pulse
sequence in which the first moment is important and
oblique imaging is required. J. Magn. Reson. Imaging
1999;10:183–192. r 1999 Wiley-Liss, Inc.

Index terms: pulse sequences; gradient waveforms; oblique
MRI; velocity encoding; rapid imaging

DEAD-PERIODS are those portions of a MR pulse
sequence during which no radiofrequency (RF) excita-
tion occurs and no signal is acquired. The purpose of
the gradient waveforms during these periods is to make
a transition from one gradient amplitude to another and
achieve a particular k-space trajectory by having the
correct moment properties. Therefore, the only require-
ments for these waveforms are that they have specific
starting and ending amplitudes and that they have
temporal moments equal to some desired target values.

The target moments can be the area, and when motion
is a consideration, the first and higher temporal mo-
ments of the waveform. Taking into account factors
such as the gradient hardware performance, the scan
plane orientation, and the design of the waveform, in
many pulse sequences the potential for reducing the
duration of these dead-periods exists.

The reduction of pulse sequence dead-periods can
have many benefits depending on the application in
question. As dynamic applications such as cardiovascu-
lar MRI increase in usage, much effort has been directed
toward faster imaging techniques with higher frame
rates. The signal-to-noise ratio (SNR), however, is at a
premium, so targeting the dead-periods as a method of
reducing TR as opposed to increasing imaging band-
width is prudent. Since this reduces the sequence
duration without reducing the time spent sampling the
data, it increases the efficiency of the pulse sequence (1)
and thus has no ill effects on the SNR (2). The time
savings can be applied in many ways, such as addi-
tional temporal resolution, increased spatial resolution,
or averaging. TE is also directly related to dead-periods
in most imaging sequences. Reducing TE reduces sus-
ceptibility to motion as well as reducing T*2 and off-
resonance effects on the images.

The reduction of dead-periods and faster imaging
sequences are usually equated with stronger and faster
gradient hardware. Not only does this add expense to
the imaging system, but under some imaging condi-
tions, and with present Food and Drug Administration
slew rate limitations, the maximum gradient strength of
some systems is already beyond optimum values (2). To
improve sequence speed and efficiency, an effective
alternative is to design dead-period gradient waveforms
that make better use of the existing gradient hardware.
This is very straightforward when imaging in non-
oblique planes, since the limitations of the gradient
hardware are known, and the gradient coordinate sys-
tem is the same as that of the scan plane. The scan
plane axes, also known as the logical axes, are com-
monly the slice-selection, phase-encoding, and readout
axes. When the scan plane is non-oblique, the shortest
dead-periods will occur when these logical waveforms
are designed using ramps at the gradient amplifier’s
maximum possible slew rate and plateaus at an ampli-
tude corresponding to the amplifier’s maximum output
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current. When imaging in oblique planes, the logical
axes are no longer coincident with the gradient axes.
Since a transformation from the logical to the gradient
coordinate system must occur, the potential exists for
the slew rate and current limitations of the gradient
subsystem to be violated. In these situations, the scan-
ner’s gradient subsystem cannot faithfully reproduce
the desired waveforms. This causes distortions and
artifacts in the resulting image and potentially expen-
sive hardware damage.

This problem is often dealt with by employing conser-
vative methods, such as applying only one gradient
waveform at a time (3), or by reducing the maximum
allowable slew rates and amplitudes of the logical wave-
forms by a factor of Î3, thereby ensuring that the
scanner will never command a gradient waveform that
is not realizable by the hardware. Because these wave-
form design techniques are independent of the scan
plane orientation, they are computationally straightfor-
ward and can be rapidly implemented. They do, how-
ever, underutilize the hardware capabilities available
and as a result produce longer dead-periods, and subse-
quently a longer TE and TR.

If, on the other hand, the orientation of the slice and
the number of active gradients are taken into account
during the waveform design, dead-periods can be short-
ened significantly. In one realization, new values for the
slew rate and amplitude limits along the scan plane
axes are calculated based on the scan plane orientation
and the number of logical waveforms playing simulta-
neously (4). However, because the transformed hard-
ware limitations apply to entire segments of the gradient
waveform, there are still intervals within the dead-
period in which the gradient hardware is underutilized.

The minimum possible duration for the dead-period
can be achieved, however, if the opposite approach is
taken (5). Instead of transforming hardware limitations
into the logical frame, waveform design requirements
are transformed to the physical frame. Thus, required
beginning and ending amplitudes and target moments
are transformed into the same coordinate system as the
gradients. The actual waveforms are then designed in
that frame. By designing individual waveforms specifi-
cally for the physical gradient amplifiers, along the
same axes, the hardware limitations can be used di-
rectly, and the minimum dead-periods can be achieved.
This occurs even in circumstances in which the gradi-
ent set is anisotropic because a different set of hardware
limitations can be applied along each gradient axis,
making maximum use of the individual amplifier capa-
bilities. This method was proposed and applied to the
design of dead-periods with area as the target moment
(5,6). The resulting dead-period waveforms on each
were trapezoidal in shape and were thus dubbed ‘‘hard-
ware optimized trapezoids,’’ or HOT pulses. Using only
maximum slew rate ramps, and plateaus at the gradient
current limits, the minimum duration trapezoidal wave-
form can be described with one free parameter, the
triangle amplitude if the waveform is triangular, or the
plateau duration if it is trapezoidal. This leads to a
simple set of design equations.

When the dead-period must achieve flow compensa-
tion or velocity encoding simultaneously with an area

requirement, the dead-period waveform must be at
least bipolar in shape (7). Similarly, if acceleration
encoding or compensation is added, a triple-segment
waveform is necessary. Minimizing the period of these
waveforms is not trivial, particularly when imaging in
oblique planes. Several techniques have been proposed
to solve this problem when designing gradient wave-
forms in the logical coordinate system (8–10). Alterna-
tively, the extension of the HOT pulse technique to
flow-compensated pulse sequences has been proposed
(11). In this paper, the problem of first and higher
moments is addressed for the oblique imaging, and an
algorithm is presented that achieves the design of
hardware-optimized dead-period gradient waveforms
with area and first moment requirements. This online
algorithm minimizes the dead-period for the prescribed
scan plane orientation and produces waveforms realiz-
able by the scanner hardware. To demonstrate the
technique, we implemented three-axis flow compensa-
tion in a gated, partial k-space spoiled gradient-echo
imaging sequence, and compared its performance with
current non-flow-compensated techniques.

ALGORITHM

For each dead-period in the TR, the dead-period design
requirements are first transformed from the logical to
the physical frame. The algorithm then finds the mini-
mum dead-period pulse width that can achieve the
entire range of waveform requirements, on all physical
axes, produced by the various slice orientations and
phase-encoding steps that are a part of the scan. To
maintain sequence timing, the duration of the dead-
period and must be constant for all repetitions in the
scan. Therefore, using the minimum pulse width result
and the waveform requirements, the actual dead-period
waveforms are then designed for each repetition in the
scan prescription.

In our waveform design, the dead-period waveform,
along each logical gradient axis (slice, phase, and read-
out), has four design requirements: 1) starting ampli-
tude; 2) ending amplitude; 3) area; and 4) first moment.
These requirements are a function of the gradient
waveforms before and after the dead-period, and the
moment characteristics over the interval in which the
dead-period lies. For example, there is a dead-period
between slice selection and readout in a gradient-echo
pulse sequence. The moment requirements, however,
are defined over TE. In the slice direction, gradient
amplitude must transition from the slice selection gradi-
ent amplitude to zero, and the area of the dead-period
must refocus the magnetization that was made incoher-
ent during excitation. This is a zero area requirement at
TE. In the phase-encoding direction the starting and
ending amplitudes are zero, and the area requirement is
the phase-encoding area. Finally, in the readout direc-
tion, the gradient amplitude must transition from zero
to the amplitude of the readout gradient, and its area
must pre-phase the magnetization for proper position-
ing of the echo in the readout window. Again, this is a
zero area requirement at TE. If, in addition, three-axis
flow compensation is desired, the requirement that the
first moment be zero at TE along each logical axis is
added.
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A generic interval over which moment requirements
could be defined is shown in Fig. 1. This interval is
divided into a pre-dead-period waveform of duration tl,
the bipolar dead-period waveform with duration td, and
the post-dead-period waveform with duration tr. The
pre- and post-waveform sections are the portions of the
waveforms before and after the dead-period that contrib-
ute to the moment properties of the interval. For the
sample flow-compensated gradient-echo sequence, tl is
the duration of the last half of the RF pulse, while tr is
the duration of the first half of the echo. The area under
each of the three waveform segments is given by Al, Ã,
and Ar, respectively. The total area, A, in the interval is
the sum of these quantities. As the beginning of each
waveform section is shifted away from t 5 0, its first
moment obeys a translational property in which the
first moment of the unshifted waveform section is
augmented by the product of the area of the section and
its time shift (12). The unshifted first moments of the
three waveform segments are denoted by Ml, M̃, and Mr,
respectively. M is the total first moment requirement on
the interval. The first moment contributions of these
waveform sections as drawn in Fig. 1 are therefore given
by:

This results in expressions for Ã and M̃, the moment
requirements for the dead-period waveform.

Ã 5 A 2 Al 2 Ar (2)

M̃(td) 5 M 2 Ml 2 Mr 2 (A 2 Al )tl 2 Artd (3)

Prior to minimization of the dead-period, all the quanti-
ties on the right-hand side of these equations are
known, with the exception of td, the dead-period dura-
tion. Therefore, the moment requirements for the dead-
period are the area, Ã, and the first moment M̃(td), which

is a linear function of td. For the actual waveform design,
the dead-period duration is known, so the first moment
requirement M̃(td) becomes a constant.

When prescribing oblique scan planes using conven-
tional pulse sequence design techniques, the transfor-
mation of designed logical waveforms into the physical
coordinate system can be written using a simple rota-
tion tensor, R:

3
gx(t)

gy(t)

gz(t)
4 5 R 3

gf(t)

gp(t)

gs(t)
4 (4)

where gf(t), gp(t), and gs(t) represent the logical gradient
waveforms in the frequency-encoding, phase-encoding,
and slice-selection directions, respectively, and gx(t),
gy(t), and gz(t) are the gradient waveforms along the
three physical axes. It is these waveforms that are
directed to the x, y, and z gradient amplifiers.

In our technique, the same rotation tensor is used to
move the dead-period requirements of starting ampli-
tude a, ending amplitude b, area Ã, and first moment
M̃(td), into the physical coordinate system where the
waveforms are then designed. Note that gradient mo-
ments transform as gradient waveforms do, ie, Mxyz 5

e G
xyz

(t)t dt 5 e RG fps(t)t dt 5 RMfps. The transformation
takes the form:

3
ax bx Ãx M̃x(td)

ay by Ãy M̃y(td)

az bz Ãz M̃z(td)
4 5 R 3

af bf Ãf M̃f (td)

ap bp Ãp M̃p(td)

as bs Ãs M̃s(td)
4 (5)

where the subscripts f, p, and s denote the values of the
dead-period requirements in the logical coordinate sys-
tem along frequency-encoding, phase-encoding, and
slice-selection axes, and the subscripts x, y, and z
denote their values in the physical coordinate system,
along the three gradient axes. Intrinsic to this transfor-
mation is the number of axes active during the dead-
period, given that the requirements for each physical
axis are a weighted sum of the logical axis requirements.

Finding the Minimum Dead-Period

A bipolar dead-period gradient waveform representative
of any one of the physical axes is shown in Fig. 1, where
the amplitudes of the waveform lobes are a1 and a2, and
the plateau durations are Dt1 and Dt2. To be of minimum
pulse width, the ramps used in this waveform are
required to have the maximum possible slew rate s for
that axis, and the waveform plateaus are allowed to
have non-zero duration only when the waveform is at
the hardware amplitude limit. With these restrictions
on each lobe of the waveform, the plateau has either a
zero pulse width and a variable amplitude forming a
triangular shape, or an amplitude at the hardware limit
and variable duration forming a trapezoidal shape.
Therefore, given the starting and ending amplitudes,
the bipolar waveform can be completely described by

Figure 1. A generic bipolar dead-period waveform in a time
interval with area and first moment requirements. Pertinent
pulse widths and amplitudes are labeled. The slope of the
ramps is at the maximum amplifier slew rate, s. The pre- and
post-dead-period waveforms here are arbitrary, being depen-
dent on the specific application.

M 5 Ml 1 M̃ 1 Ãtl
1 Mr 1 Ar (tl 1 td)

left dead-period right
(1)E E E
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two design parameters and can take on one of four basic
shapes: triangle-triangle, triangle-trapezoid, trapezoid-
triangle, or trapezoid-trapezoid. Each of the shapes can
have positive or negative polarity, resulting in a total of
eight unique sets of design equations. These design
equations are generated by writing expressions for the
waveform areas and moments, given the waveform
shape, and solving for the corresponding design param-
eters of that wave shape. Potentially each of these
design cases can be tried in sequence, but since ulti-
mately only one of these sets needs to be solved to
determine the minimum dead-period pulse width, com-
putational efficiency is improved if a rapid method can
be found to determine which set to use.

To solve this problem, a ‘‘waveform building’’ algo-
rithm was applied as shown graphically in Fig. 2. For
each gradient axis, starting with the beginning and
ending amplitude requirements, design progresses by
applying the target moments in succession. The initial
waveform is a maximum slew rate ramp between the
starting and ending amplitudes, the area of which is
compared with the target area. A maximum slew rate
ramp is added to create a triangular or trapezoidal
shape, and area is added to (or subtracted from) this
waveform to achieve the desired zero moment. Finally,
the first moment of this waveform is compared with the
desired first moment, and another maximum slew rate
ramp is added to complete the bipolar waveform. First
moment is then added to (or subtracted from) the
waveform, while maintaining the same area, until the
desired first moment is reached. As demonstrated in the
first moment case of Fig. 2, the additional maximum
slew rate ramp is added either before or after the
existing waveform, depending on the waveform polarity
that is desired. For example, if more area is desired, a
positive going triangular waveform is created; similarly,
if more first moment is required, a bipolar waveform is
generated, which ends in a positive lobe.

As shown in Fig. 3, as moment is added to these
waveforms, the shape of the waveform lobes make a
transition from triangular to trapezoidal as the plateau
duration becomes non-zero. The transitions occur when
the amplitude of a triangular-shaped lobe is at the
gradient hardware limit. Here, the second and third
waveforms represent transition points between three
possible waveform shapes. Depending on the end-
points, additional intermediate transition points may
also exist. If the ending gradient amplitude in the
second waveform of Fig. 3 is below zero, for example, it
is possible that more than one positive triangular lobe
amplitude may yield the same total waveform area.
Each of these transition points must be considered in
succession, and therefore become branch points on a
decision tree. By comparing the first moment at each
branch point with the target moments, path decisions
are made. The end of a branch designates the design
equations to be solved. An example of one decision tree
branch and the calculations necessary to traverse it are
detailed in Appendix A.

Since the number of transition points is small and the
design equations necessary to solve for the transition
point waveforms are either linear or quadratic, traversal
of the decision tree is rapid. Once the shape of the
minimum pulse width waveform is known, based on
the waveform requirements, it is possible to solve for
the minimum dead time pulse width directly. Using the
transformed waveform requirements, equations express-
ing the moments of each waveform shape were solved
for the dead-period duration using a symbolic math
software package (Mathmatica, Wolfram Research,
Champaign, IL). The trapezoid-trapezoid cases (both
polarities) resulted in quadratic equations in td whereas
the other six cases, two each of trapezoid-triangle,
triangle-trapezoid, and triangle-triangle, yielded quartic
equations in td. We used use a direct solution for the
quadratic cases and an iterative method of bisections
(13) technique to handle solution of the quartic equa-
tions.

Although the process of finding the minimum dead-
period involves designing waveforms for all three physi-
cal axes, these waveforms are not necessarily the wave-
forms used in the final pulse sequence. Since the
longest of these waveforms, over all the conditions in the
scan prescription, stipulates the lower pulse width limit
for the dead-period, the actual dead-period waveforms
are designed using this minimum realizable pulse width.

Figure 2. Increase in complexity of the waveform template as
moment constraints are added. The polarity difference in the
bipolar waveform is shown between the addition and subtrac-
tion of first moment.

Figure 3. Transitions in waveform shape with increasing first
moment while area is unchanged.
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Waveform Design

The criteria for the waveform design are slightly differ-
ent than those of the dead-period minimization algo-
rithm. While maximum slew rate is still assumed, the
total pulse width is fixed. To achieve the desired mo-
ments, the amplitude, as well as the duration of the
waveform plateaus are allowed to vary. Considering the
generic waveform in Fig. 1 for a fixed pulse width, the
number of free parameters increases to three, two
plateau amplitudes (a1 and a2), and one plateau dura-
tion (Dt1 or Dt2). The second plateau duration is a
function of the dead-period pulse width. Because the
pulse width is known and the ramps are of maximum
slew rate, this leads to 23 or eight possible design cases
that differ only by the sign of the slope of the three
ramps that compose the waveform. These cases are
illustrated in Fig. 4.

The design equations for each case are generated by
first expressing the area and first moment of the dead-
period waveform in terms of the free parameters. This
yielded two equations. Since the fixed pulse width
waveform has three free parameters, this system is
underdetermined, and an additional constraint must be
added. We chose to require that each plateau duration
increases by the same amount over the minimum pulse
design, or:

Dt1des 5 Dt1mpw 1 d

Dt2des 5 Dt2mpw 1 d (6)

where the subscripts des and mpw denote the designed
waveform and the minimum pulse width waveform,
respectively, and d is the time added to each plateau.

This is an energy-reducing constraint because when
using maximum slew rate ramps, an increase in plateau
duration time results in smaller maximum waveform
amplitudes, and reduces the gradient duty cycle. The
implementation of this constraint requires that the
plateau durations of the minimum pulse width design
be saved and brought forward to the final design stage,
but does not require any additional computation time.

Solving these equations for each possible ramp slope
combination yields eight separate sets of design equa-
tions. An example of one of these equation sets is shown
in Appendix B. As in the minimization of pulse width, we
must choose which set to apply. The resulting equa-
tions, in all cases, are second-order polynomials in a2.
The other free parameters follow directly from that
value. Because these solutions are not computationally
intensive, it is reasonable to test all the cases serially
until a realizable waveform solution is found. Perfor-
mance, however, is improved by testing the cases in the
order of highest probability, given the moment require-
ments for the dead-period. By running the minimization
and design algorithms over a broad range of area and
first moment combinations, the design cases that oc-
curred most often were determined to be most probable.
The case numbers, corresponding to those shown in
Fig. 4, in order of highest probability were 2, 5, 6, 1, 3, 4,
0, and then 7. The bipolar cases 2 and 5, due to their
strong effect on first moment, occur most often. The
orderings could be optimized further if they were chosen
to be a function of the waveform requirements, but
performance using the above ordering was adequate.

The above solution method results in a designed
waveform that meets the moment criteria as well as the
hardware constraints of maximum slew rate and maxi-
mum current output, exactly. However, the amplitude
and duration of the designed dead-period waveform
component are not always realizable due to quantiza-
tion limits in the pulse sequence generation hardware.
Quantization in the gradient subsystem occurs in both
time and amplitude. In our implementation, the tempo-
ral quantization was more coarse than the amplitude
quantization. Because our design is limited to maxi-
mum slew rate ramps, coarse temporal quantization
results in large amplitude quantization of the beginning
and ending points on the ramps. Direct application of
the designed waveforms leads to image distortion and
incorrect phase trajectories for flowing spins. To com-
pensate for this, the duration and amplitude of the
ramps in the designed waveform are fixed at their
quantized values. This also fixes the duration of the
waveform plateaus. The amplitude of these plateaus are
then adjusted to yield the correct moment properties for
the dead-period. Using this technique, the amplitudes
of ghosting artifacts due to quantization error are re-
duced below the image noise level.

Higher Order Moments

If design requirements with higher moments are de-
sired, the number of design equations increases. For
example, if the minimum pulse width waveform that
satisfies all moments up to the k-th moment is to be

Figure 4. The eight possible shapes for the first moment
dead-period waveform design on each gradient axis. The shapes
differ in the slope of the three maximum slew rate ramps that
compose them.

Minimizing Dead-Periods in Pulse Sequences 187



found, then k 1 1 equations must be solved simulta-
neously, one each for i 5 0, . . . , k.

M(i ) 5 e
0

tl
g(t)ti dt1 e

tl

tl 1 td
gk(t; pk

=)ti dt

1 e
tl1td

tl1td1tr
g(t)ti dt (7)

where gk is the dead-period portion of the gradient
waveform g, with k 1 1 lobes and k 1 1 free parameters
composing the vector pk

=. As in the first moment case,
the task is to solve for these free parameters. It is also
possible to skip moments in the design. For example,
one could have requirements on the area and the
second moment with no restrictions on the first mo-
ment. Such a design requires two design equations at
i 5 0 and i 5 2, and a waveform with two lobes.

Again, the moments of the waveform segment follow-
ing the dead-period are dependent on the dead-period
pulse width. This yields moment requirements for the
dead-period that are i-th order polynomials in td, the
dead-period duration. From the gradient function g(t) in
Eq. [7], let gr(t) 5 g(t 1 tl 1 td), the portion that follows
the dead-period. Assume it contributes to the moment
requirement over the time interval [0, tr], and its contri-
bution to the i-th moment is:

Mr
(i ) 5 e

tl1td

tl1td1tr
gr(t 2 tl 2 td)ti dt (8)

5 e
tl

tl 1tr
gr(t 2 tl)(t 1 td)i dt (9)

5 o
j50

i

td
j 3 i !

(i 2 j)!j! etl

tl 1 tr
gr(t 2 tl)ti2j dt4 (10)

where tl and tr are the durations of the waveform
segments shown in Fig. 1. In the first moment case, this
reduces to the translation property previously de-
scribed.

These design equations can be solved by a variety of
methods, many of which may be computationally inten-
sive. While we offer a general framework for the higher
order problem, a specific algorithm for its solution is
beyond the scope of this paper.

IMPLEMENTATION

To test this algorithm, flow compensation was imple-
mented in a gated, partial k-space, fast spoiled gradient-
echo pulse sequence (FSPGR) (14), running on a 1.5 T
Signa Version 5.6 Echospeed scanner (GE Medical Sys-
tems, Milwaukee, WI), with gradients capable of achiev-
ing 22 mT/m on each axis and a maximum slew rate of
120 T/m/sec. The gradient-echo pulse sequence has
two dead-periods. The first occurs between the slice-
selection gradient and the read gradient. The second
occurs after readout and prior to the next excitation.
The first moment algorithm was used to design the first
dead-period for flow compensation. Since control over
the first moment was not important during the second

dead-period, the previously described HOT (5) tech-
nique was used to design that portion of the TR.

The requirements for the first dead-period were zero
first moment at TE in the slice, phase-encoding, and
readout directions. Our partial k-space FSPGR pulse
sequence uses an asymmetric RF pulse and a partial
echo to achieve short TE values. These properties of the
sequence were maintained, while the dead-period area
requirements in the slice and readout directions were
chosen to refocus and pre-phase the signal properly. In
the phase-encoding direction, the target area for the
dead-period was the phase-encoding area.

The entire sequence was optimized by finding the RF
pulse width at which TR was minimized. At a given slice
thickness, the RF pulse width defines the slice-selection
gradient amplitude, an input to the design of both
dead-periods. Because the amplitude and pulse width
of the slice-selection gradient affects both the starting
amplitude and moment requirements for the first dead-
period, and because of the non-linearity in the relation-
ship between these requirements and the minimum
pulse width of the dead-period, the minimum RF pulse
width may not yield the minimum TR. Therefore, a
Golden section search (13) was performed over the
range of realizable RF pulse widths, calculating the
resulting minimum dead-periods, to find the minimum
possible TR for the prescription.

The minimization of TR and the dead-periods was
executed online as part of the prescription process
when necessary imaging parameters such as the slice
thickness, image bandwidth, and scan plane prescrip-
tion became available. Within each RF pulse width
iteration, the minimum pulse width for the flow compen-
sated first dead-period was found, followed by the
minimum pulse width for the second dead-period. The
output of this algorithm was the RF pulse width and the
duration of the two dead-periods. This information was
passed to pulse generation hardware and was used to
design the physical gradient waveforms. For the first
dead-period, this consisted of a serial search through
the eight sets of second-order, fixed pulse width, design
equations. For the second dead-period, a previously
described algorithm (5) was used for the design. Neces-
sary gradient amplitudes and plateau durations passed
from these routines and from the prescription process
were then used to generate the sequencer instructions
for the pulse sequence.

RESULTS

To demonstrate the effectiveness of the algorithm, using
the flow-compensated, partial k-space, FSPGR se-
quence, an oblique slice with 28 cm field of view (FOV), 5
mm slice thickness, and 62.5 kHz bandwidth was
prescribed. This slice was rotated serially, starting in an
axial orientation, 30° about the x gradient axis, 30°
about the y gradient axis, and 45° about the z gradient
axis. Flow compensation was enabled on all three image
axes. Optimizing for minimum TR, with a fractional
echo and an asymmetric RF pulse, this prescription
yielded a TE of 1.99 msec and a TR of 3.87 msec. A plot
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of that pulse sequence as played on the three physical
gradient axes is shown in the upper half of Fig. 5.

In the lower half of this figure, the same gradient
waveforms are shown transformed back into the logical
coordinate system. Portions of these waveforms that
exceed either the maximum gradient strength or the
maximum slew rate are shown with thick lines. If one
designs these waveforms using algorithms that apply
amplitude and slew rate limitations in the logical frame,
these waveforms would have been designed with lower
amplitudes and slew rates, exactly the opposite of their
optimal values. This shows the benefits of optimizing
the waveforms in the gradient coordinate system.

With three-axis flow compensation employed, the
pulse sequence produced very little variation in mini-
mum TR over the entire range of oblique slice orienta-
tions. With the above pulse sequence parameters, the
mean TR was 3.64 msec with a standard deviation of 70
µsec. In addition, the increase in TR over a non-flow-
compensated hardware-optimized fast spoiled gradient
sequence was approximately 700 µsec, a 25% increase.

The first moment, minimum pulse-width, dead-
period design algorithm was implemented effectively to
provide flow-compensation for an oblique optimized
partial k-space FSPGR pulse sequence. Execution of the
algorithm added a slight (,3 seconds) delay to the
download of the scan prescription. Figure 6 shows a
short-axis image of the heart of a normal volunteer
acquired with this sequence. The prescribed scan plane
was double oblique and had image parameters typical of

those used in cardiac imaging studies. With maximum
gradient slew rates of 120 T/m/sec, the TR for this
acquisition was 3.8 msec and TE was 1.9 msec. The
segmented k-space acquisition used 5 views per phase,
which translates into a 19.5 msec sampling period. This
image was acquired in one 22 second breath-hold.

DISCUSSION

All imaging pulse sequences have dead-periods of some
form. In many cases they represent a substantial por-
tion of the sequence. Because this is a dead-period
optimization technique, it has potential applications in
many rapid imaging sequences such as fast-spin echo
(FSE), steady-state free precession (SSFP), and echopla-
nar imaging (EPI). In FSE and EPI, the presence of long
echo trains makes them particularly sensitive to motion-
induced phase artifacts. Hinks et al discussed the
negative effect of the combination of flow and stimulated
echoes in FSE and gradient moment nulling techniques
that compensate for these effects (15). The effects are
similar in rapid short TR sequences such as SSFP
where, without flow compensation, motion disrupts the
steady-state signal being acquired (16). The moment
requirements for such techniques are demanding, and
an algorithm such as the one presented here could
accurately achieve the necessary moments while mini-
mizing adverse effects on echo spacing, even when
oblique scan planes are prescribed.

The difficulties in controlling flow artifacts in three-
dimensional acquisitions have also been discussed
(8,12). Using our design approach, area and first mo-
ment are simultaneously controlled, regardless of the
gradient waveforms before and after the dead-period. If
phase encoding is to occur in the slice direction, area

Figure 5. The hardware-optimized flow-compensated pulse
sequence. The actual waveforms designed for physical gradient
axes are shown in the upper half of the figure. The lower half of
the figure shows the gradient waveforms that would result if
the above physical waveforms were transformed back into the
logical coordinated system. The thickened regions designate
logical waveform segments that exceed gradient amplifier slew
rate and maximum current limitations while physical gradient
limitations are not violated.

Figure 6. A short-axis image of the left ventricle using flow-
compensation on all three logical axes. This image was ac-
quired in a 22 second breath-hold with TE of 1.9 msec and TR
of 3.8 msec. Image parameters were as follows: 7 mm slice; 64
kHz BW; 32 cm FOV; 256 3 160 matrix; partial echo; with an
asymmetric excitation.
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requirements are simply added to that axis. Upon
oblique rotation the desired moments along the scan
plane axes are achieved, and in the minimum amount of
time.

In addition to flow compensation, the technique could
also be used to generate rapid flow-encoded pulse
sequences since very accurate control of dead-period

first moment is possible. Phase contrast velocity tech-
niques have been applied to the measurement of blood
flow (17), as well as the motion of tissues such as the
myocardium (18). Respiratory motion adversely affects
quantitative capabilities and spatial resolution in these
acquisitions (19). For dynamic studies, reduction of TR
with an algorithm such as ours would allow improved
temporal resolution and single breath-hold acquisi-
tions, even while imaging in oblique planes, as is com-
mon in cardiovascular studies. In general, applications
extend to use in any pulse sequence in which the first
moment is important and oblique imaging is required.

While the waveforms generated by this technique use
the maximum available gradient slew rate, the patient
nerve stimulation threshold is not considered in the
optimization. If the gradient amplifiers are capable of
violating this threshold, then this must be dealt with by
reducing gradient slew rates along the appropriate axes
(20).

The goal of most cardiovascular MR imaging is to
measure flow and motion. Unfortunately, the very quan-
tities we are trying to measure often cause artifacts and
corrupt the resulting data. The ability to acquire data
rapidly and simultaneously either measure that motion
or compensate for its negative effects may provide a
useful tool in dynamic cardiovascular studies.

Figure 7. One branch of a decision tree
yielding the proper shapes for mini-
mum pulse width, first moment, dead-
period waveforms. To get to this branch,
a positive-going trapezoidal waveform
achieves the target area and has a first
moment greater than the desired first
moment. Waveforms that touch the up-
per and/or lower boundaries of the box
are assumed to be at the gradient hard-
ware limits. The amplitude of the trian-
gular lobe at intermediate transitions is
denoted by at, and the ending ampli-
tude of the waveform by b. At the M1?
boxes the first moment of the transition
waveform is tested against the target
value. If less first moment is needed, the
left-hand path is taken; otherwise the
right hand path is taken. The bottom
row is composed of three different pos-
sible minimum pulse width waveform
shapes for this branch. The iteration
range used to calculate the (1Trap-
ezoid, 2Triangle) waveforms are de-
noted in the bottom of those boxes.

Figure 8. The intermediate transition waveforms. These wave-
forms occur when the same area can be achieved by more than
one waveform.
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CONCLUSIONS

We have presented a technique to minimize dead peri-
ods in flow-compensated or velocity-encoded pulse se-
quences while imaging in oblique scan planes. Dead-
periods in these sequences have specific area and first
moment characteristics. Reducing the duration of these
dead-periods makes the sequence more efficient, since
a larger fraction of the sequence is spent actually
acquiring data. This can reduce the total imaging time.
The time saved, however, can also be used to increase
temporal or spatial resolution, or to increase SNR
through averaging or decreased image bandwidth.

This algorithm for dead-period minimization trans-
forms the amplitude and moment constraints from the
logical or image coordinate system into this physical
coordinate system. The gradient waveforms are then
designed specifically for each gradient amplifier, allow-
ing the design of optimal gradient waveforms for imag-
ing in oblique scan plane orientations, even when the
gradient set is non-isotropic. Dead-periods can be re-
duced by using faster, more expensive hardware. This
algorithm, on the other hand, increases imaging speeds
by making the best possible use of the gradient hard-
ware that is available. This, in many circumstances, is a
more cost-effective solution.
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APPENDIX A: THE MINIMIZATION ALGORITHM IN
DETAIL

As previously described, each dead-period in a pulse
sequence has specific starting and ending amplitudes
and moment requirements. Based on the oblique scan
plane prescription, these requirements can be trans-
formed into the same coordinate system as the physical
gradients using Eq. [5]. The minimum duration for the
dead-period must then be calculated for each physical
gradient axis. Assuming the requirements have been
transformed, we will explain this calculation for one
dead-period on any one of the three gradient axes. The
target area and first moment applied in the following
explanation are assumed to be in the physical gradient
coordinate system.

Progression down the decision tree requires a se-
quence of simple calculations. To elucidate some of the
finer points of the algorithm, the decisions necessary to
traverse one branch of the tree will be explained in
detail. This branch represents one-eighth of the entire
tree, but the calculations for the other seven parallel
branches are similar, with the basic difference being the
polarity of the resulting waveform lobes. The chosen
branch of the decision tree is shown in Fig. 7. In order to
reach this branch, the target area for the given gradient
axis is satisfied by a positive-going trapezoid and the
first moment of that trapezoid is greater than the target
first moment for that axis and dead-period.

In addition to decisions based strictly on first mo-
ment, some amplitude tests have been added to avoid
testing transition points that are not feasible given the
waveform requirements. Upon entering this branch, it
is assumed that the final waveform will be bipolar and
will end with a negative lobe. Even though the area was
achieved with a positive trapezoid, it is possible that
once bipolar, the same area could be achieved with two
triangular lobes, specifically in the case in which the
ending amplitude is positive. The resulting waveform
shape in this case is shown in Fig. 8.

Note that the first lobe, a positive triangle, has an
amplitude at the maximum gradient strength. The sec-
ond, negative-going lobe can assume one of two ampli-
tudes, 6at, and still have the same area. This occurs
because the area of the waveform between 6at is zero.
These two possible waveforms, however, have very differ-
ent first moments. Therefore, if they exist, these wave-
forms represent two additional transition waveforms
that must be considered by the algorithm.

To determine whether these intermediate transitions
exist, the area of the second triangular lobe, At is
calculated by

At 5 Ã 2 A01 (11)

where A01 is the area under the segment a = Gmax in Fig.
8, and Ã is the target area for the dead-period. The
transition amplitudes for the triangle are then:

at 5 6 Îgmax
2 1 b2 2 2Ats (12)

where s is the slew rate, gmax is the maximum gradient
amplitude, and b is the gradient ending amplitude. If
the quantity under the square root is negative, the
intermediate transitions do not exist and that portion of
the tree is bypassed. Otherwise, the amplitudes, 6at are
calculated and compared with the ending amplitude b.
Since the second waveform lobe must be negative in
polarity, values of 6at that are greater than b are not
valid, and the corresponding transition waveforms can
be bypassed.

Beyond these tests, all decisions are made based on
the relationship between first moment of the transition
waveform and the target first moment. Each transition
waveform is constructed and its first moment calcu-
lated. The target first moment is then calculated using
the pulse width of the transition waveform as the value
of td in Eq. [3]. The two first moments are then compared
at each 9 M1? : decision point, and the calculation
progresses left if the target value is less than that of the
transition waveform and right if it is more. As seen in
Fig. 7, in the worst case three such transition wave-
forms are evaluated. The case when no intermediate
transitions exist, however, is by far the most common,
and this path requires the evaluation of only one transi-
tion waveform. When the final row of this tree is reached,
the shape of the minimum pulse width waveform has
been determined as designated by the wave diagrams in
the boxes, and the minimum dead-period pulse width
can then be evaluated.
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APPENDIX B: AN EXAMPLE OF THE DESIGN
EQUATIONS

Once the minimum pulse width for a dead-period is
found, for each gradient axis and each TR in the
sequence, the dead-period waveforms must be de-
signed. Each of the eight sets of design equations is a
function of the transformed waveform requirements. As
an example, we include the design equations for one of
the most probable wave designs, Case 5 in Fig. 4. Given
the dead-period duration, td, and transformed design
requirements, starting and ending amplitudes, a and b,
area, Ã, and unshifted first moment, M̃, a quadratic
equation in a2, the amplitude of the second plateau,
results:

c2a2
2 1 c1a2 1 c0 5 0 (13)

Using the variables in Fig. 1, the coefficients for this
polynomial are:

c0 5 a4 1 7b4 2 2a3(td 1 d12)s

2 12a(2M̃ 1 Ã(td 1 d12))s2

22b3(5a 1 5tds 2 d12s) 1 3a2s(2Ã 1 (td 1 d12)2s)

1 6s2(4Ã2 2 4M̃(td 1 d12)s 1 Ã(td 1 d12)2s)

1 3b2s(26Ã 1 2a(3td 1 d12)

1 (3td
2 1 2tdd12 2 d12

2 )s)

1 2b(a3 1 6aÃs 2 3a2(td 1 d12)s

2 6(22M̃ 1 Ã(td 1 d12))s2)

c1 5 26(a 2 b 1 (td 1 d12)s)(a2 2 3b2 1 b(2td 2 d12)s

1 s(4Ã 2 td
2s 1 tdd12s) 1 a(2b 1 (22td 1 d12)s))

c2 5 12(a 2 b 1 tds)(a 2 b 1 s(td 2 d12))

where d12 5 Dt1o 2 Dt2o, the difference between the
plateau durations that were calculated in the minimum
pulse width algorithms. As stated in the text, these are
saved during the minimum pulse width calculation to
be used in the waveform design.

Once solutions for a2 are found, the remaining free
parameters for the waveform are calculated via the
following relationships:

a1 5
b2 2 a2 2 2Ãs 1 a2(2b 1 a 1 s(td 2 d12))

b 2 a 2 s(td 1 d12)

Dt2 5 2
2a1 2 2a2 1 b 2 a 2 tds 2 sd12

(2s)

From these calculated values, using maximum slew
rate requirements and the known duration of the dead-

period, the entire dead-period waveform can be easily
constructed. If the calculated duration of any waveform
segment is negative, or if the calculated ramp polarities
do not match the wave shape being designed, the design
is determined a failure and the next design case is
tested. With accurate calculation of the minimum dead-
period duration, at least one design case will be success-
ful.
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