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ABSTRACT

DESIGN OF MAGNETIC RESONANCE PULSE SEQUENCES

USING NUMERICAL OPTIMIZATION TECHNICUES

Vernon Smith

The end objective was to measure the relative concentrations

of small metabolites in-vivo as a means of elucidating normal and

abnormal metabolism and physiology. Proton magnetic resonance

spectroscopy offers the potential to monitor these concentrations

but has not been fully exploited because of the severe experimental

problems associated with a signal from water protons which is at

least a factor of 10,000 greater than the signal of interest. Most

solvent suppression techniques used to date produce undesirable

side effects. The relative peak intensities are disturbed when the

solvent suppression technique produces a non-uniform excitation

spectrum, and accurate determinations are made more difficult by

the reduction in signal to noise ratio produced by many techniques.

Two different numerical optimization methods were used to design

Solvent suppression sequences which produce near zero excitation

for a small frequency region centered on the water resonance and

yet are able to excite uniformly a broad band of other frequencies.

These were optimal control theory using conjugate gradient search

techniques, and simulated annealing optimization. The effectiveness

of these sequences for proton spectroscopy was investigated using a

Solution of amino acids in water. Water suppression ratios and



vi

uniformity of excitation outside the region of suppression were

determined for each of the optimized sequences under a variety of

experimental conditions. Subsequent in-vivo testing using the rodent

kidney demonstrated that, even in these more demanding

circumstances, the pulses were easy to use, yielded a flat excitation

response over a wide range, and gave good water suppression when

used in spin-echo sequences with interpulse delays of about 68

milliseconds. Relative peak amplitudes were retained, the phase was

constant across the full spectrum, and only zero-order phasing was

necessary.

Two of the sequences developed, representing optimal control

and simulated annealing optimizations, are presented in the form of

sets of 256 coefficient pairs which should be of general application

to in vivo proton spectroscopy.
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CHAPTER ONE

INTRODUCTION

In-vivo magnetic resonance spectroscopy (MRS) can be used to

monitor the concentration of small metabolites in biological tissue

based on the phenomenon of chemical shift which results in

different nuclei having different resonant frequencies. Quantitative

determination of relative concentrations of metabolites requires

that the technique used to produce the NMR spectrum does not

disturb the relative peak intensities. Most in-vivo MRS has been

accomplished using phosphorus-31 spectroscopy, partly because of

its role in bio-energetics and partly because it provides moderate

sensitivity without severe experimental difficulty. On the other

hand proton MRS allows a wider range of metabolites to be studied

and yields a 15 times greater sensitivity, but has not been more

widely used because of severe problems due to the large water peak.

In tissue, since the water proton concentration (2 protons per water

molecule) is approximately 70M and metabolites are less than 5m.M,

the signal of interest is a factor of more than 10,000 smaller than

the water signal. This limits the gain which can be applied without

Saturating the preamplifier and analog-to-digital converter, and

results in the signal of interest being comparable to the noise level,

unless steps are taken to reduce the water signal. An additional

problem with in-vivo proton MRS is the presence of a broad lipid

peak which overlaps the spectral lines of many metabolites of

interest, although brain tissue offers less of a problem than most

other tissues. A further problem is that protons have a small



chemical shift which means that the spectral lines crowd a narrow

spectral range (0 to 10 ppm) which demands high field strengths to

minimize overlap. Lastly, J-splitting causes multiplicity of

overlapping lines.

A variety of techniques have been devised to avoid the dynamic

range problems associated with proton NMR using dilute aqueous

solutions with varying degrees of success. In-vitro techniques which

have been used include substitution of deuterium for hydrogen and

use of compounds such as NH4Cl to reduce the spin-spin relaxation

time (T2) (Rabenstein, Fan, and Nakashima 1985, Rabenstein,

Srivatsa, and Lee 1987), but these techniques are not practical in

vivo. Methods which are useful in-vivo can be divided into those

which arrange the experimental conditions so that there is virtually

no solvent magnetization at the time of observation, and those

which seek to avoid any excitation of the solvent protons. The first

category can be further split into those in which the water

molecules are selectively saturated, and those which take advantage

of the difference in spin-lattice (T1) or spin-spin (T2) relaxation

time between water and the molecules of interest.

In the first approach the water molecules are initially

Selectively saturated using a long low-power pulse (Campbell et al.

1974, Hoult 1976), or a train of equally spaced hard pulses with

small tip angle (Morris and Freeman 1978), which is followed with a

non-selective observation pulse. The saturation methods give very

high suppression of the water signal but cannot be used where there

is rapid exchange between the resonances of interest and that being



Saturated. This precludes, for example, their use for the observation

of peptide NH protons.

Typically biopolymers, being larger molecules, will have

shorter T1 relaxation times than water and this difference can be

exploited in an inversion recovery type sequence (Patt and Sykes

1972) by varying the delay time between the 180 degree and the 90

degree pulses until the water peak has minimum intensity. This

technique is not very useful for living tissues since molecules of

interest generally do not have T1 times which differ enough from

that for water. Further problems are the reduced sensitivity caused

by observation of a partially relaxed spectrum, and non-uniform

changes in relative peak intensities caused by differences in T1

times between different molecules of interest in the spectrum.

Small metabolites will have longer T2 relaxation times than

intracellular water or fat, and this difference can be exploited in a

spin echo type of sequence (Rabenstein and Isab 1979) by varying the

delay time between the 90 degree pulse and the 180 degree pulse

until the water peak has minimum intensity. This requires long delay

times which reduce sensitivity and in addition differences in T2

times among the nuclei of interest cause unwanted changes in

relative peak intensities.

The remaining methods seek to selectively excite a broad

region of the spectrum of interest while not exciting a small region

of the spectrum centered on the water resonance. In common with

other applications of selective excitation the design of pulse

sequences suitable for solvent suppression has been guided by linear

response theory. If quantum-mechanical effects, can be neglected



the change in the components of magnetization caused by a RF pulse

sequence can be described by the system of coupled differential

equations known as the Bloch equations (Bloch, Hansen, and Packard

1946). In general the variation of magnetization is not a linear

function of the RF field B1; however if the tip angle o is small such

that O. = sin o., then the response can be assumed to be linear and as

a consequence the excitation spectrum will be approximately

proportional to the Fourier transform (FT) of the pulse sequence. As

will become evident in the next chapter, the design of sequences has

proceeded by first specifying the shape of the frequency response

which is desired and then performing an inverse Fourier transform

to yield a profile in the time domain which serves as the basis of

the pulse sequence. This approach loses accuracy when the tip angle

becomes greater than about 30°, although it can still serve as an

approximation up to 90° for some purposes. As many authors have

shown (Hore 1983b, Joseph and Axel 1984, Locher 1980, Lurie 1985,

Nishimura 1985), it is seriously in error for 180° tip angles.

The next chapter describes the previous work which has been

done in designing pulse sequences for solvent suppression based on

selective excitation. The following two chapters describe work

performed by this author which employed two different numerical

optimization methods to design solvent suppression sequences.

These were optimal control theory using gradient search techniques,

and optimization using simulated annealing. The subsequent two

chapters describe how the effectiveness of these sequences for

proton spectroscopy has been demonstrated using both phantom and
in-vivo studies.



The optimization routines were run on a Digital Equipment

Corporation VAX-11/780 and a MicroVax-3200 and have been coded

in VAX Fortran using numerical algorithms from Press (Press et al.

1986) where appropriate. In addition some optimizations involving

simulated annealing were run on the CRAY X-MP/48 computer at the

San Diego Supercomputer Center.



CHAPTER TWO

PREVIOUS WORK IN SELECTIVE EXCITATION

FOR SOLVENT SUPPRESSION

2.1 DESIRABLE CHARACTERISTICS FOR SOLVENT SUPPRESSION

Before describing specific pulse sequences, an overview will

be given of the characteristics generally desirable for solvent

suppression sequences. The necessity for a deep null is of primary

importance. For many of the sequences to be described the

calculated value of the transverse magnetization at the null is

0.0001 or lower compared to a value of 1.0 for that produced by a

hard 90° pulse but imperfections in FT NMR spectrometers can

readily degrade the theoretical suppression ratio. It is desirable for

the transverse magnetization to remain at a low value for a range of

frequencies about the null to allow for spatial inhomogeneity of the

static field Bo due to instrumental factors or in-vivo line broadening

and to allow for error in setting the carrier frequency. To a certain

extent, the choice of width of null must be a compromise between

Coping with a broadened solvent peak and lack of excitation of

resonances which lie very close to the solvent. Outside the null

region, transverse magnetization should be uniformly excited over a

broad frequency band covering the resonances of interest on either

side of the null. Insensitivity to RF field (B1) inhomogeneity is

another desirable characteristic so that small changes in RF field

strength do not drastically reduce the suppression effect. This can

be an especially troublesome problem if finite rise and fall times

prevent the flip angle from being a linear function of pulse length

and amplitude. Many of the sequences derive their nulling effect



from the cancellation produced by having components which are

equal in amplitude but opposite in phase which means that

insensitivity to phase errors and to imbalance in amplitude between

receiver channels is also desirable. The overall length of the

sequence should not be so great that relaxation or transfer effects

become important and reduce the effectiveness of the suppression.

The length of the sequence is also important in terms of the

phase corrections which are required for most sequences. The

selectivity of a sequence is fundamentally related to its length. In

broad terms if one wishes to selectively excite a band of

frequencies covering a range F (in Hertz) then the required length T

of the pulse is given by T = 1/F seconds. Thus to achieve selectivity,

the sequence must have a finite length T, and in most cases can be

considered as producing its calculated effect on the magnetization

at its mid-point. Since acquisition cannot start until the end of the

sequence, there is a delay of T/2 before collecting signal. The effect

of this delay when the free-induction decay (FID) is Fourier

transformed is to introduce a phase variation into the spectrum

which varies according to the frequency offset from the carrier

frequency. The magnitude of this phase variation is approximately

(180*T) degrees per Hz for sequences of duration T which operate

close to the linear response regime. Correction of this phase

variation using a linear phase correction leads to problems when

there is still an appreciable solvent signal present (Plateau, Dumas,

and Gueron 1983). Before the correction is applied, the resonances of

interest will be sitting on the dispersive wings of the solvent peak

and will vary in phase according to their frequency offset from the



carrier. The application of a linear correction will bring all the

peaks into phase but will introduce artifacts such as lineshape

distortions, degradation of broad or overlapping signals, and an

objectionable rolling baseline which will require further correction

procedures. Phase distortions are especially problematical in 2D

NMR experiments especially in the vicinity of intense lines. Thus

sequences which do not suffer from significant phase variation are

desirable.

2.2 FOURIER TRANSFORM BASIS FOR DESIGN OF SOLVENT

SUPPRESSION SEQUENCES

As was mentioned in chapter 1, the design philosophy for many

solvent suppression sequences is based on a Fourier transform

approach using linear approximation theory. One of the first methods

(Alexander 1961) used a single long weak square pulse of length T

which has a Fourier transform which is proportional to

sin[t (f - fo)T] / It (f - fo) i.e. the sinc function. This function

has nulls spaced at frequencies 1/T away from the carrier frequency

fo, so that if the carrier frequency is chosen appropriately the null

can be made to fall at the solvent resonance. This basic approach

was modified by Redfield et al (Redfield, Kunz, and Ralph 1975) in

the 214 sequence which was based on the fact that two very narrow

pulses spaced T/2 apart will have a Fourier transform proportional

to cos(t(f-fo)T] with nulls again spaced 1/T away from the center

frequency fo. They reasoned that the combination of a long weak

pulse and two very narrow pulses of opposite phase would give a

broader null than could be obtained by just the long pulse. In practice



they approximated this using a long weak pulse in which the third

and seventh tenth of the pulse is shifted 180° in phase relative to

the rest of the pulse. This was called the 214 pulse after the lengths

of its first three intervals. Figure 2.1 shows the excitation

spectrum calculated for the Redfield 214 sequence with a total tip

angle of 90° and a pulse length of 2.0 milliseconds.

RESPONSE OF REDFIELD 214 PULSE SEQUENCE
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Figure 2.1 Transverse magnetization and phase produced by a
Redfield 214 pulse sequence with a total tip angle of 90° and a pulse

length of 2.0 msec.
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The null occurs at 0.5 kHz with respect to the carrier frequency and

there is an approximately linear phase variation with frequency.

Later this approach was modified to the so-called time-shared

Redfield sequence consisting of a series of hard pulses whose

intensities are in the ratios 2-1-4-1-2 (i.e. the lengths of the

intervals of the Redfield weak pulse) (Redfield and Kunz 1981,

Wright et al. 1981). The hard pulse sequences have the advantage

that they are easier to implement with conventional FT

spectrometer hardware and are less sensitive to long term drift in

pulse amplitude.

2.3 BINOMIAL SEQUENCES

Following on this work several authors (Clore, Kimber, and

Gronenborn 1983, Hore 1983a, Hore 1983b, Plateau, Dumas, and

Gueron 1983, Plateau and Gueron 1982, Sklenar and Starcuk 1982)

using different approaches developed sequences with the common

characteristic that they consist of a small number of short, strong

pulses whose intensities are scaled according to the binomial

coefficients ( e.g. 1-1, 1-2-1, 1-3-3-1, etc) interleaved with

equally-spaced relatively long delays. The pulses in a particular

sequence may all have the same phase or alternate pulses may have

180° phase shifts. Some authors (Clore, Kimber, and Gronenborn

1983, Plateau and Gueron 1982, Sklenar and Starcuk 1982) arrived

at their sequences based on consideration of the rotation and

evolution of the magnetization vector under the influence of the

sequence of pulses. For example considering the 1-1 binomial

sequence (Clore, Kimber, and Gronenborn 1983), the first pulse flips
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all the magnetization by 45°, then during the interval T the

magnetization at the carrier frequency remains stationary in the

rotating frame whereas that at 1/2T from the carrier frequency

precesses by 180° in phase. The second pulse of the sequence flips

the magnetization at the carrier frequency by another 45° which

brings it to the Y' axis and returns that at 1/2T from the carrier

frequency to the Z axis. Suppression of the solvent signal is obtained

by placing the solvent resonance at 1/2T from the carrier frequency.

This sequence should not be confused with the Jump and Return

sequence of Plateau (Plateau and Gueron 1982) which has two pulses

separated by T/2, each of which gives a 90° tip angle.

The analysis of Hore (Hore 1983b) is based on Fourier

transform arguments. Hore reasoned that an appropriate function to

choose in the frequency domain would be,

Sn(f) = sinn[t(f-fo)T] ,

where n is a positive integer, since the function and all its

derivatives up to order (n-1) with respect to f vanish at f = foand at

frequencies spaced at intervals 1/T from fo . The inverse Fourier

transform of Sn is
k=n nŽew |*.*.*

yk=0 k

which consists of (n+1) delta functions with alternating signs and

amplitudes given by the binomial coefficients, equally spaced at

intervals T. This expression leads to a family of pulse sequences
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1 - 1 , 1-2-1, 1-3-3-1, 1-4-6-4-1, . . . where the numerals

give the relative pulse intensities, the bars indicate a phase shift of

180°, and it is understood that there are equal delays of T between

pulses. The actual pulse intensities are found by adding all the

numerals for a particular pulse and then using this sum to divide the

intensity of the single pulse which would give the required tip angle.

For example to give a 90° total tip angle the first pulse of the
1-3 - 3 - 1 sequence would be chosen to give a tip angle of 11.25°. In

practice the pulses will have finite duration and will only

approximate the delta functions of the generating expression. It

should also be stressed that the actual excitation spectrum will

only match the Fourier transform for small tip angles. For example
Hore (Hore 1983b) has shown that for the 1-3-3-1. sequence when

the tip angle of the first pulse of the sequence is 1° the calculated

shape of the excitation spectrum closely approximates the

sin&■ t(f-fo)T] dependence predicted from FT theory, but when the tip

angle of the first pulse is 11.25° as required for a total tip angle of

90° the excitation response has a quite different shape with a cusp

although still showing very low transverse magnetization close to

the carrier frequency.

A second generating function in frequency space is given by the

corresponding cosine function,

Cn(f) = cosm[t(f-fo)T] ,

which leads to a family of sequences with hard pulses such as 1-1,

1-2-1, 1-3-3-1, . . . whose components all have the same phase. The

function Cn has nulls spaced at frequencies T/2, 3T/2, 5T/2 . . . .

away from the center frequency fo. In this respect these sequences
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are similar to the Redfield sequence which also does not have a null

at the carrier frequency. Sequences of this kind give inferior

performance compared to those which produce zero excitation at

zero offset, due to the imperfect refocusing from off-resonance

effects which results when the axis of rotation is tipped even

slightly out of the XY plane. This results in shift of the position of

the null and produces a null which is less flat than those obtained

with the S binomial sequences.

In comparing different members of the family of S binomial
sequences, the odd antisymmetric ones ,1-1, 1-3-3-1, . . . , have

the advantage that they are less susceptible to errors in selecting

the correct pulse intensities since each pulse is cancelled on

resonance by its equal and opposite component so that there should

still be a null on resonance in spite of errors in setting intensity. In

comparison the sequences with an odd number of members rely on

having dissimilar components cancel which is more difficult to

achieve in practice when the presence of non-negligible pulse rise

and fall times prevents the tip angles from being strictly

proportional to pulse lengths or amplitudes. The effect on the

Suppression ratio of lack of exact cancellation is severe in that even

if the on-resonance magnetization is tipped away from the Z axis by

as little as 0.5°, this will reduce the maximum possible suppression

ratio to only 115:1.

Both the Redfield sequence and most of the various binomial

Sequences suffer from delayed acquisition causing frequency

dependent phase shifts which, when compensated by a linear phase

correction, cause base-line distortions of the spectrum (Plateau,
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Dumas, and Gueron 1983). In addition since the excitation response

is sinusoidal, the relative peak intensities are distorted.

TRANSVERSE MAGNETIZATION AND PHASE OF A
+90 DEG / -90 DEG JUMP AND RETURN SEQUENCE
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Figure 2.2 Transverse magnetization and phase produced by a Jump
and Return 1-1 binomial pulse sequence with a tip angle of 90° for

each pulse and a delay of 0.5 msec between pulses.

Figures 2.2 and 2.3 show the excitation spectrum calculated for the

Jump and Return (JR) sequence (Plateau and Gueron 1982) and the 1
3 - 3 - 1 binomial sequence (Hore 1983a, Turner 1983). The JR

sequence is a 1-T sequence in which each component is a hard 90°,

unlike most of the other binomial sequences which have components

which sum to a 90° tip angle. Another difference is that the delay
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1331 BINOMIAL PULSE SEQUENCE
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Figure 2.3 Transverse magnetization and phase produced by a 1-3 -
3 - 1 pulse sequence with a total tip angle of 90° and a delay of 1.0

msec between pulses.

between the two components needs to be T/2 rather than T.

This pulse has the advantage that it does not result in phase

variations since there is no time delay before acquisition, but it

suffers from not having a flat null which reduces the suppression
ratios obtained. The 1-3 - 3 - 1 sequence in contrast has a
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reasonably broad flat null but gives a spectrum requiring phase

correction with concomitant baseline roll.

Many workers have sought to modify the basic binomial

sequences to produce either a more desirable excitation profile or a

smaller phase variation. In the sequel each of these quests will be
examined in more detail.

2.4 SECUENCES DESIGNED FOR FLAT EXCITATION

One method for producing a flatter excitation is to use a

broad-band 90° pulse centered on a selective 90° pulse of opposite

phase (Gutow et al. 1985). For their "narrow-reject" sequence,

Gutow et al used for each component what they called a Hermite

pulse which has a shape based on a Hermite polynomial multiplied by

a Gaussian. This sequence produces an almost ideal excitation

profile but is difficult to implement due to dynamic range

considerations. In addition, in common with the sequences

immediately following, it requires large frequency dependent phase

correction with the attendant problems which have been described

above. Morris et al (Morris, Smith, and Waterton 1986) modified the

basic binomial sequences by adding an antiphase component with a

90° tip angle in the center of the sequence. They named these

OBTUSE sequences; a typical member sequence 1-(T)-3-(0.5T)-8-
(0.5T)-3-(T)-1, where the parentheses indicate delay periods in

units of T, has an excitation and phase profile as shown in Figure

2.4. This exhibits an improved excitation response compared with

the basic binomial sequence from which it was derived but still has

a large phase dependence.
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"OBTUSE" PULSE SEQUENCE
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Figure 2.4 Transverse magnetization and phase produced by the
sequence 1-T-3-0.5T-8 -0.5T-3-T-1 with T set at 1.0 msec.

Wang et al (Wang and Pardi 1987) sought a better excitation

spectrum by moving all the antiphase components to the second half

of the sequence to produce sequences such as
1-3-3- 1 and 3-5-15-15 - 5 - 3 - Figure 2.5 shows the

performance of the 1-3-3-1. sequence. The excitation region has

been broadened but is not flat and the null region remains too

narrow. There is also a large phase dependence.
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Figure 2.5 Transverse magnetization and phase for a 1-3-3 - 1

pulse sequence with a 1.0 msec delay between pulses.

Two groups of authors (Hall and Hore 1986, Starcuk and

Sklenar 1986) designed sequences in which the intensities departed

from those given by the binomial coefficients, and the delays

between pulses were varied. These sequences can be represented by

indicating the tip angle of each pulse and the delays between pulses

(nT) as follows:
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9.4-2T - 49.7 - T-49.7-2T - 9.4

5.3-T-5.3-T-44.5 - T-44.5 - T - 5.3 - T - 5.3

7. 1-4T - 10.9 - T - 55.1 - T-55. 1.- T-10.9-4T - 7.1

6.8-T-4,5-T-7,4-T-53.3-T-53.3-T-7.4-T-4,5-T - 6.8

These sequences employ balanced pairs of components with opposing

phases but the phases do not necessarily simply alternate as with

the S series of binomial pulses. As an example of their performance

Figure 2.6 shows the response obtained with the last of these
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Figure 2.6 Transverse magnetization and phase produced by the
pulse 6.8-T-4.5-T-7.4 - T - 53.3 -T-53.3-T-7.4-T-4.5 - T - 6.8 .
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sequences, which exhibits a reasonably flat null region and

excitation region and considerable phase variation with a quasi

linear dependence.

2.5 SECUENCES DESIGNED TO MINIMIZE PHASE VARIATION

Levitt et al (Levitt 1988, Levitt and Roberts 1987, Levitt,

Sudmeier, and Bachovchin 1987) used a computer search guided by

coherent averaging theory (Haeberlein and Waugh 1968) to design

sequences designated NERO 1, 2 and 3 which employed arbitrary time

delays and amplitudes in an attempt to constrain phase variation as

well as excitation behavior. Some of these sequences are given

below where the time delays are given in units of T, where T = 1/F

and F corresponds to the frequency offset of the center of the

spectral region to be excited. Each pulse is specified in terms of the

tip angle.

NERO -1 120-0. 139T - 1 15 - 0.625T - 1 15 - 0.428 T-1 15-0.625T - 1 15

0.139T - 120 - 0.222T

NERO-2 1 1 0 - 0.319 T - 130 - 24 O - T - 240 - 130 - 0.319 T - 1 1 0 - 0.133T

NERO-3 45-0.278T-155-0.069T-200-0.583T-200-0.069T-155

0.278T-45-0.206T

These sequences were optimized for finite pulse durations which

requires that adjustment of pulse length as well as amplitude is

necessary for best performance. Figure 2.7 indicates the calculated

excitation response and phase variation for the NERO-2 sequence.
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"NERO-2" PULSE SEQUENCE
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Figure 2.7 Transverse magnetization and phase from the NERO-2

pulse sequence where the pulse and delay durations were chosen to

give an excitation band centered at 500 Hz as described by the

authors (Levitt 1988, Levitt and Roberts 1987, Levitt, Sudmeier, and

Bachovchin 1987) .

The authors report that difficulty was experienced using NERO-1 in

solutions of high water concentration in terms of poor solvent peak

suppression. They claim that NERO-2 and NERO-3 do not suffer from

this problem. Although these sequences have lower phase variation

than most of the earlier sequences, the phase gradient is not linear
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with frequency which makes phase correction more difficult in some

respects.

This is an appropriate place to examine some other sequences

which were designed primarily to avoid large frequency-dependent

phase variations. The JR sequence has already been described and

illustrates the fact that most pulses designed with this constraint

do not have a broad flat null or a flat extended excitation region. One

variant on the JR sequence is to substitute a selective pulse for the

first component followed by a hard 90° pulse with no delay between

the two (Sklenar, Tschudin, and Bax 1987). Sklenar et al discuss the

relative merits of using a rectangular or Gaussian shape for the

selective pulse, of sandwiching the hard pulse between two 45°

segments, and of placing a hard 180° pulse with a 90° phase offset

between the two 90° components. The conclusion is that the

Gaussian shape would produce fewer ripples in the excitation and

phase response, that sandwiching the hard pulse gives a large phase

varation, and that use of the 180° pulse makes the sequence

sensitive to RF field inhomogeneity and yields poor solvent

suppression unless phase cycling is used. In a second paper (Sklenar

and Bax 1987a), some of the same authors suggest using a sequence

consisting of a selective 90° Gaussian pulse about the -Y axis, then a

hard 90° pulse about an axis (), followed by a spin-lock pulse about

an axis y, with the last two pulses and the receiver phase cycled

according to the following scheme.

() X -X X -X

\■ Y Y - Y - Y

Receiver +
-

+
-
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Figure 2.8 shows the magnetization produced along the Y axis by a

pulse sequence similar to the one described above, except that a

Hermite pulse (Gutow et al. 1985) has been substituted for the

selective 90° pulse. The Hermite pulse, like the Gaussian pulse,

minimizes excitation outside the selected band but is more efficient

than the Gaussian pulse.
RESPONSE FROM -90DEG HERMITE,

+90DEG HARD, SPIN-LOCK, PULSE SEQUENCE
I __ I l I - I - I
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Figure 2.8 Magnetization along the Y axis after a sequence

consisting of a selective Hermite pulse of 12.5 milliseconds

duration and -90° tip angle, and a hard 90° pulse with a +90° tip

angle. Spin-locking is assumed to have randomized the out-of-phase

transverse magnetization.
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The actual performance of a sequence such as this one, which

depends on the spin-lock pulse to randomize transverse

magnetization not lying along the Y axis, is difficult to assess. The

action of the spin-lock pulse is necessary since the length of the

selective Hermite pulse (for figure 2.8 the duration was 12.5

milliseconds) results in large phase variation of the transverse

magnetization as a function of frequency offset at the end of the

selective pulse. The hard 90° pulse is thus not able to return all

transverse magnetization in the notch region to the Z axis. Much

greater fluctuations in the response than shown in figure 2.8 would

be evident if the spin-lock pulse is less than 100% effective at

removing unwanted components of transverse magnetization.

Several authors (Sklenar and Bax 1987b, von Kienlin et al.

1988) have suggested that the excitation response of the JR

sequence could be improved by turning it into a spin-echo sequence
of the form

(1-0.5T-1)-(1 -T-T) , where the first part acts as a 90° pulse and

the second part acts as a 180° pulse. This gives the response shown

in Figure 2.9, and it can be seen that the excitation response does

not appear to be significantly better than the original JR sequence.

A careful examination of this sequence reveals that this behavior is

to be expected, since if there is a negligible delay between the last

pulse of the 90° part and the first pulse of the 180° part then these

two pulses should cancel each other out and the net result is the

same as the basic JR sequence so long as the overall duration of the

sequence is the same. This is in contradiction to the claims (Sklenar
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and Bax 1987b, von Kienlin et al. 1988) that the addition of the spin

echo changes the response from a sin[t(f-fo)T] dependence to a

sin&[t(f-fo)T] dependence.

SPIN ECHO VERSION OF JUMP/RETURN SEQUENCE
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Figure 2.9 Transverse magnetization and phase produced by a spin

echo version of the Jump and Return sequence with each pulse of the

sequence chosen to produce a tip angle of 90°. The delays were

chosen to be 0.167msec between the first two components and 0.333

msec between the last two components.

The value of the sequence only becomes apparent if the refocusing

component in the second half of the sequence and the receiver are

phase-cycled according to the EXORCYCLE scheme (Bodenhausen,
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Freeman, and Turner 1977) which eliminates the distortions which

would otherwise result from imperfections in the 180° refocusing

Component. Without such phase cycling, the sequence suppresses the

water signal by only a factor of about 50; whereas with phase

cycling, the factor is in excess of 5000 (Sklenar and Bax 1987b). It

should be noted however that, in common with other sequences that

only achieve high suppression with phase-cycling, as far as dynamic

range is concerned the important quantity is the solvent amplitude

obtained after a single step of the sequence since this will

determine the maximum amplification of the signal which can be
used without overload.

2.6 COINCIDENTAL WORK ON LIMITING PHASE VARIATION

In dealing with the subject of pulse sequences designed to

avoid frequency-dependent phase variation it is instructive to

consider papers by two sets of authors which provide some insight

into this topic although they do not specifically deal with solvent

suppression sequences. In a short communication (Ngo and Morris

1986) Ngo and Morris describe a method for the optimization of

Selective pulse sequences based on the use of an appropriately

chosen rotating frame of reference. They used the technique to

derive what they describe as the first inherently phase-corrected

Selective 90° pulse using a truncated sinc pulse as a starting point.

The authors claimed that this pulse rotated magnetization from the

Z axis to the Y axis for all spins within the selected frequency band

without the need for either gradient reversal or a refocusing pulse.

In a later publication (Ngo and Morris 1987) the authors gave more
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details of the optimization technique and gave several examples of

sequences designed using this method including another 90° pulse

designed to be phase-corrected after a period of free-precession.

They considered this to be a more practical sequence than the

earlier one because of the difficulties associated with data

acquisition immediately following transmission of a pulse. The

starting point for optimization was to assemble a sequence

consisting of a 90° sinc pulse followed by a previously-optimized

refocusing pulse and then a period of free precession.

Another group (Freeman, Friedrich, and Wu 1988) also designed

a 90° pulse which would refocus at a delayed time after the end of

the pulse. Their technique uses a composite pulse with the first

component being a 360° pulse about the X axis and the second

component being a 90° pulse about the -X axis. This sequence

virtually eliminates frequency-dependent phase errors over

resonance offsets corresponding to field changes in the range from -

0.4 B1 to +0.4 B1. Some of these ideas for phase correction using self

refocusing will be explored later.

2.7 SEQUENCES DESIGNED FOR FLAT EXCITATION AND SMALL PHASE

VARIATION

Very few pulse sequences have been designed which have succeeded

in satisfying the twin aims of producing a desirable excitation

profile and almost no frequency-dependent phase variation over the

selected frequency band. However the following three techniques

have achieved some measure of success in this regard. The idea of

using a frequency selective 90° pulse followed by a hard 90° pulse
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with opposite phase has already been mentioned (Sklenar and Bax

1987a, Sklenar, Tschudin, and Bax 1987). The strategy of Starcuk et

al (Starcuk et al. 1988) was to start with a C type binomial

sequence having pulses of all one phase and then to follow this with

an antiphase pulse whose tip-angle is equal and opposite to the

cumulative tip-angle of the preceeding selective pulse train. An
example would be a sequence consisting of 1-3-3-1-8. This is

similar to the OBTUSE sequence except that the oppositely-phased

hard pulse has been moved from the middle to the end of the

sequence. This sequence and others of similar construction were

subsequently modified and shortened giving for example a sequence
consisting of 1-2-2-5 which provided the same response as the

longer starting sequence. from which it was derived. The problem

with this approach is that the long duration of a conventional

selective 90° pulse produces magnetization with a phase variation

so that each isochromat with a different phase will be rotated

differently by the hard 90° pulse which follows.The authors

circumvented this problem by following the sequence by a spin-lock

pulse about the Y axis. The effect of the spin-lock pulse is to force

the transverse magnetization lying in the Y direction to remain in

this direction and to randomize the transverse magnetization which

does not lie in the Y direction. Figure 2.10 shows the transverse
magnetization of the 1-2-2-5-SL sequence, assuming that only the

Y magnetization is observable and that all other transverse

magnetization has been randomized.
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1225 PULSE SEQUENCE
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Figure 2.10 Magnetization along the Y axis after application of
a 1-2-2- 5 -SL pulse sequence. Spin-locking is assumed to have

randomized the out-of-phase transverse magnetization.

The degree of solvent suppression produced by the 1-2-2-5-SL

sequence will depend on the effectiveness of the spin-lock pulse in

randomizing the out-of-phase transverse magnetization. Starcuk et

al say that, because of the relatively large inhomogeneity of the B1

field in their instrument, suppression by a factor of 100 was

achieved in a single scan using a 2.0 msec spin-locking pulse, and by

a factor of 700-1000 when a four-step phase cycle was used with

the spin-lock sequence. As mentioned earlier, the suppression
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obtained in one step of the cycle is most important in avoiding

dynamic range problems. They note that with a more homogeneous B1

field, the spin-lock pulse would be less effective at randomizing the

unwanted transverse magnetization and the solvent suppression

would not be as good.

The strategy of following a selective sequence with a hard 90°

pulse of opposite phase was carried one step further by McCoy et al

(McCoy et al. 1988). The authors avoided phase problems by using for

the selective pulse an amplitude- and phase-modulated 90° pulse

which was self-refocusing. At the end of the selective pulse, which

is applied at the solvent's nuclear resonance frequency, all the spins

within the selected excitation region will be in phase. The hard 90°

pulse will then return these on-resonance excited spins to

equilibrium and at the same time will excite the rest of the

spectrum. The published results for this sequence (McCoy et al.

1988) indicate that it gives flat excitation and little phase

variation for frequencies far from the suppression region but that

there are fairly broad transition regions on either side of the notch

where there are large phase fluctuations. It was not possible to

calculate the response of this sequence since precise details of the

amplitude and phase modulation have not been published.

Another group (Morris, Silveston, and Waterton 1989) have

attempted to solve this very difficult problem by using the spin

echo JR pulse sequence (Sklenar and Bax 1987b, von Kienlin et al.

1988) as a starting point. They replaced each of the two components

of the spin-echo JR sequence with sequences providing greater

bandwidth. The initial excitation component used a sequence of 8
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pulses and the second refocusing component used 12 pulses. Each

component was constrained to be antisymmetric in time which

confers useful properties for solvent suppression sequences (Levitt

1988). A least-squares computer program was used to optimize the

amplitudes and durations of the pulses in each component of the

sequence. The 12 pulse refocusing component of the sequence was

phase-cycled according to the EXORCYCLE procedure (Bodenhausen,

Freeman, and Turner 1977). Figure 2.11 shows the transverse

magnetization and phase response given by a single cycle of this

sequence, which is a fair simulation since the EXORCYCLE scheme is

designed to minimize the effects of imperfections in the 180°

refocusing component. Morris et al give the delays between pulses in
units of 1/AVgap where AV gap represents the frequency difference

between the center of the notch region and the frequency at which

the transverse magnetization has risen to 90% of its maximum

value. For the simulation of Figure 2.11, AVgap was chosen to be 200

Hz. The calculated frequency response does not match that shown in

the paper of Morris et al, especially with respect to the behavior

near the null. Instead of staying close to zero out to about 100 Hz,

the transverse magnetization rises steadily as the offset increases

from the center frequency, falls again before rising to the selected

frequency band, and then fluctuates beyond this region. The

excitation response is fairly flat and there is small phase variation

within the selected excitation region but it is to be expected that

the lack of a flat null region will limit the suppression ratio

obtained with this sequence.
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PULSE SEQUENCE OF MORRIS ET AL (1989)
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Figure 2.11 Transverse magnetization and phase produced by

the pulse sequence of Morris et al (Morris, Silveston, and Waterton

1989) with pulse delays chosen based on AVgap = 200 Hz.

2.8 TAILORED EXCITATION

The sequences discussed so far have been relatively simple

ones consisting of a small number of pulses. However some workers

have investigated the use of a pulse shaped to a specified profile

using either continuous modulation or a series of short pulses.

Tomlinson and Hill (Freeman, Hill, and Tomlinson 1974, Tomlinson

and Hill 1973) reasoned that they could produce any desired

frequency response by specifying this response in frequency space,
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calculating the discrete inverse Fourier transform of this frequency

specification, and then using the time domain profile obtained from

the inverse Fourier transform to modulate the amplitude, or width of

a sequence of equally spaced pulses. As an illustration of this

approach, Figure 2.12 shows a desirable frequency response for

solvent suppression which has zero intensity in the region of the

solvent line and uniform excitation for other lines in the spectrum.
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Figure 2.12 Frequency response specification which would be

ideal for solvent suppression.
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Inverse Fourier transformation of the frequency response

specification shown in Figure 2.12 yields the time domain profile

shown in Figure 2.13 .

INVERSE FOURIER TRANSFORM OF FREQUENCY SPECIFICATION

1.0 º

0.8 - º

:
0.2 - |-

Figure 2.13 Inverse Fourier transform of the specified

frequency response shown in Figure 2.11

If the RF pulse is shaped according to the profile shown in Figure

2.13 , the transverse magnetization and phase profiles which result

are shown in Figure 2.14a and 2.14b where the results were

calculated by integrating the Bloch equations (c.f. chapter 3 for

equations) as for the other pulses which have been investigated.



35

"TAILORED EXCITATION" PULSE SEQUENCE
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Figure 2.14a Transverse magnetization produced by the pulse

profiled in Figure 2.13 .
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PHASE RESPONSE FROM "TAILORED" PULSE
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Figure 2.14b Phase response produced by the pulse profiled in

Figure 2.13.

The calculated response is similar to the initial frequency response

specification shown in Figure 2.12, but deviations are seen because

the Fourier transform of the pulse modulation is only a good

approximation to the excitation spectrum for small tip angles of 30°

or less. The behavior on-resonance is close to the specification but

the deviations increase with resonance offset. The use of a pulse

shape such as is shown in Figure 2.13 poses practical problems since

most of the energy is concentrated in the narrow central lobe. This
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puts severe demands on the RF amplifier because peak amplitude is

so great compared with wider pulses, and the large dynamic range

makes it difficult to reproduce the profile accurately. The authors

(Tomlinson and Hill 1973) outlined a strategy to overcome this

problem. They advocated introducing random phasing of the points of

the frequency function before it undergoes inverse Fourier

transformation. This yields a time domain function which does not

have most of its energy in a single spike as in the previous version

and which they found to give better solvent suppression. Since they

used a time-shared excitation/detection method, they were able to

unscramble the random phasing on an individual basis for each of the

data points.

2.9 PHASE AND AMPLITUDEMODULATED SEQUENCES

A similar strategy for reducing dynamic range requirements was

used by Hsu et al (Hsu 1987, Hsu et al. 1987) but modified so that it

could be used with a more conventional excitation/detection scheme.

Starting with the frequency domain specification they introduced a

phase modulation which was a quadratic function of frequency (Chen

et al. 1987), performed the inverse Fourier transformation, and

apodized the profile before finally applying it as a pulse shape. This

procedure was tested using a frequency specification similar to

Figure 2.12, and the points were phased according to the following

scheme. The phase (); for point i was calculated from the quadratic
relationship, @i = (it / 2) - i = (1 - i■ N) , where N is the total

number of non-zero frequency points. The real and imaginary

frequency values were then calculated from cos(pi) and sin(º)
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respectively. Inverse Fourier transformation then gave the time

domain pulse shape. Figure 2.15 shows the magnitude profile of this

pulse shape. The effect of the quadratic phase encoding was to

reduce the peak amplitude necessary to produce a 90° tip angle by a

factor of three compared to that necessary when quadratic phase

encoding was not employed.
PULSE FROM QUADRATIC PHASE

FREQUENCY SPECIFICATION
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Figure 2.15 Magnitude profile of the pulse obtained by inverse

Fourier transformation of the quadratically phase encoded frequency

specification.

This pulse produced the response shown in Figure 2.16. It can be seen

that the amplitude of the transverse magnetization in the excitation
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band is close to ideal whereas the performance in the null region is

moderately good but shows some irregularity. The main drawback of

the pulse however is the phase response which shows large variation

with frequency and has the quadratic shape which might be expected

from the method of synthesis. This phase variation would be

difficult to correct using the spectrometer routines normally

employed and would require either the use of absolute magnitude

mode of display of the spectrum or some custom correction

procedure.

RESPONSE OF PULSE FROM QUADRATIC
PHASE FREQUENCY SPECIFICATION
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Figure 2.16 Transverse magnetization and phase response of

the pulse derived from inverse Fourier transformation of a

quadratically phase- encoded frequency specification.
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2.10 CONCLUSION

Some of the problems associated with "tailored excitation" using

frequency specification could be avoided if it was possible to

perform an inverse Bloch transform instead of an inverse Fourier

transform; however since the Bloch equations are non-linear for

time-varying pulse sequences, it has not proved possible in general

to invert them in order to design a pulse sequence which will

provide a desired magnetization distribution, except under certain

restrictive circumstances (Silver, Joseph, and Hoult 1984). More

recently Shinnar et al (Shinnar, Bolinger, and Leigh 1989, Shinnar et

al. 1989) have developed a promising scheme which is more general.

Using a different approach, selective inversion and time reversal

pulses have recently been designed using numerical optimization

techniques (O'Donnell 1985, Conolly 1986, Mao 1986, Murdoch 1987)

which produce magnetization distributions which more closely

approach the ideal than the earlier attempts at tailored excitation.

The next two chapters describe how solvent suppression sequences

can also be designed using numerical optimization procedures.
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CHAPTER THREE

DESIGN OF SOLVENT SUPPRESSION SEQUENCES

USING OPTIMAL CONTROL THEORY

3.1 INTRODUCTION

This chapter describes how optimal control theory can be

applied to the design of tailored notch excitation pulse sequences

which produce no excitation over a selected frequency region and

uniform excitation over the remainder of the frequency range of

interest. A pulse sequence which provides such an excitation profile

will reduce the strong water proton resonances from aqueous

solutions, including in-vivo samples, and will provide an undistorted

spectrum from the protons of other molecules. Non-optimized pulses

with this sort of excitation profile have not only been used for

water-suppressed proton spectroscopy (González-Méndez et al.

1988) but also for localized spectroscopy (Chew et al. 1987).

Selective inversion and time reversal pulses have recently

been designed using optimal control theory (Conolly, Nishimura, and

Macovski 1986, Mao 1987, Mao, Mareci, and Andrew 1988, Mao et al.

1986, Murdoch, Lent, and Kritzer 1987, O'Donnell and Adams 1985).

When used for pulse design, this optimization technique uses

gradient search algorithms to find the values of the coefficients of

the radiofrequency (RF) pulse sequence which minimize an objective

or cost function. The objective function is a measure of the fit

between the actual and the desired magnetization distribution. This

chapter describes how this methodology has been extended to cover

the design of notch-band solvent suppression RF sequences. The
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nature of the desired magnetization profile poses special problems

in comparison to the optimization of selective inversion and time

reversal pulses in that the object is to reduce the transverse

magnetization to essentially zero, rather than to maximize the

magnetization along a particular direction. To illustrate that this is

considerably more difficult, consider that if the longitudinal

component of the magnetization is 0.5% from maximum, the

transverse component will be 10% from minimum.

3.2 OPTIMAL CONTROL THEORY

In this work we assume that relaxation and diffusion

processes can be neglected, so that, in the frame rotating at the

transmitter frequency, the Bloch equations can be written as

Mx O n Ao —usin 6 ||M|x
d
dt My|=|-n Ao O —ucos 0 || My [3,1]

Mz | | usin Ó u cos ? O Mz

where n Aco represents the frequency deviation from the transmitter

frequency, n is an integer in the range 1 to N, Ado is the frequency

step size, and u = - Y B1(t) is the input RF pulse, applied with phase

angle () . This particular formulation was adopted to accommodate

both amplitude-modulated (AM) and phase-modulated (PM) pulses;

but mainly AM pulse sequences are considered here. We assume that

all spins are initially aligned with the fixed magnetic field, so that

the initial boundary condition is that, for all n ,

Mn(0) = [ 0, 0, 1] T [3.2]
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Note that here, and in the sequel, bold letters represent vector

quantities, and the superscript T represents the tranpose.

The optimization process seeks an optimal pulse u(t) which produces

a distribution of magnetization M(ti, n Aco, u) at time ti at the end of

the pulse sequence which closely approaches the desired

magnetization D(n Aco). In this work, D(n Ago) has been constructed by

specifying the values of the X, Y, and Z components of the

magnetization for each value of n to cover the frequency range of

interest. Several different distributions for D (n Ado) have been

investigated. A typical distribution has Dx = 0 for all n. In the notch

region, Dy = 0 and Dz = 1 whereas outside the notch region, Dy = 1
and Dz = 0 . In the transition region, there is a smooth variation

between these two conditions. Figure 3.1 illustrates a typical

specification for Dy.
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IDEAL FREQUENCY SPECIFICATION
FOR SOLVENT SUPPRESSION

1.2 |-

s

1.O -

> |-

9 0.8
H
< -

N
in 0.6 |-

>
O
<
-:

> 0.4 |-

0.2 -

0.0 F
O 32 64 96 128

FREQUENCY

Figure 3.1 loealized frequency response for solvent suppression.

Excitation is zero for solvent protons in the notch and uniformly

maximum outside the notch. Only the Y-component of the

magnetization is shown. The X-component is assumed to be zero, and

the Z-component complements the Y-component.

Optimization is accomplished by minimizing an objective

function J which measures how closely the achieved magnetization

M matches the desired magnetization D. Initially, following the

approach used by others (Conolly, Nishimura, and Macovski 1986, Mao

1987, Mao, Mareci, and Andrew 1988, Mao et al. 1986, Murdoch, Lent,

and Kritzer 1987, O'Donnell and Adams 1985), the square of the
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difference in magnetization was used to generate the following

objective function,

N

J-X. 0.5 WA (MA - Dn)? [3.3]
n=1

where Wn is a weighting factor. Equivalently, the product of the

desired and the actual magnetization, as suggested by Conolly

(Conolly, Nishimura, and Macovski 1986), can be used as follows,

N

J - X Wa (- Ma • Dn) [3.4]
n=1

This function was modified to permit rephasing of the

magnetization, after the pulse, by incorporating a refocusing
rotation matrix St :

N

J-X. W., (- Ma - St". D.) [3.5]
n=1

However, for optimizing notch band pulses, the absolute value of the

difference in magnetization proved to be of value in reducing

transverse magnetization in the frequency notch region, yielding the
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following objective function, which also includes a refocusing
matrix:

N

J - X W IMA - St-Dn [3.6]
n=1

The value of the weighting function Wn was specified to be

greater than 1.0 for points in the notch region and 1.0 for points

outside the notch, to emphasize reduction of the transverse

magnetization in the notch. The pulse shape which resulted from the

optimization procedure was found to be sensitive to the specific

values chosen for the coefficients of the objective function.

Considering the input RF pulse as a function of many variables,

namely the coefficients of the time varying pulse, the problem is to

search the space of these variables to find the particular "control"

or input function which minimizes the objective function J. Many

techniques for finding the minimum of a function of several

variables are described in the literature (Press et al. 1986). For

most of this work the Polak-Ribiere variant of the conjugate

gradient algorithm (Press et al. 1986) was used, which requires the

calculation of the gradient, G(t), of the objective function. The

Powell algorithm (Press et al. 1986) which does not require

calculation of the gradient was used for one comparison, yielding

very similar results. The function G(t) can be calculated from,

G(t) = fuT A■ t) [3.7]
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where f is the right hand side of equation [3.1], and the vector fu is

obtained by differentiating the right hand side of equation [3.1] with

respect to u. In this case, we have,

fuT = [-Mz sin (), -M, cos ?, Mx sin () + Mycos () ) [3.8]

The vector A(t) is an unspecified Lagrangian multiplier with which

we adjoin the differential equations (3.1] to one of the objective

function equations (3.3] through [3.6]. The adjoint system of

equations is,
WAx O n Aq) —usin () || “X

# Ay|=|-n Ao O —u cos 0 || Ay (3.9]

X, Lu sin u coso O Az

and,

W(t) = Wo J [3.10]

The end condition A(t), which is the value of A at time ti at the end

of the pulse, is determined by differentiating the objective function

with respect to Mx, My, and Mz, respectively. For example, if we take
equation [3.5] to be the objective function, then ,

A(t) -- St". D [3.11]

The vector A(t) has 3N components, since there are X, Y, and Z

components for each of the N frequency points.

Optimization using the conjugate gradient technique is an

iterative process which starts from an initial trial pulse sequence,

which can be taken to be the small-angle Fourier approximation. The

magnetization produced by this trial pulse is calculated, for each

frequency from n = 1 to N, by integrating the Bloch equations (3.1],
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from time t = 0 to t = ti. Integration of the system of differential

equations was performed using a fourth order Runge-Kutta method

which ensures that any errors are of fifth order. In addition,

adaptive step control (Press et al. 1986) was used, which

automatically adjusts the step size used in the integration to stay

within specified error bounds and thus minimize cumulative errors

which might otherwise result. The value of the objective function J

is calculated using the specified value of D and the value of M just

calculated. A new RF pulse is constructed by calculating a direction

to move in vector space which is based on the vector gradient at the

point corresponding to the last calculated pulse. Equation [3.9] is

integrated in a time-reversed direction, where the starting value of

X is given for example by equation (3.11], to yield a value of A at time

t = 0. This value of A is then substituted into equation (3.7] to give

the gradient, which in turn is used in the Polak-Ribiere algorithm to

move to a new set of coefficients for the pulse sequence which

reduce the objective function. Conjugate gradient techniques are so

named because each new direction which is calculated is conjugate

to the preceding directions, and thus does not undo the effects of the

previous minimizations. This provides a more efficient technique for

finding the minimum of a function than a steepest descent algorithm

such as was used by Conolly (Conolly, Nishimura, and Macovski

1986). This process is iterated until the objective function is as

small as desired or no further reduction is possible.
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3.3 FACTORS INVOLVED IN PULSE DESIGN

Gradient optimization techniques will in general go "downhill"

to find a local minimum but not necessarily a global minimum.

Techniques which are guaranteed to find a global minimum are

virtually non-existent, although techniques such as simulated

annealing (see chapter 4) offer the ability to escape from local

minima. Since the resulting optimized sequence will depend on

where the search process was started, the optimization process was

performed for different initial trial pulse sequences.

Input pulse sequences have been represented by m discrete

segments having fixed amplitude and phase within each segment.

This is not only appropriate as far as numerical integration of the

Bloch equations is concerned, but also fits the experimental

implementation generally available for shaping RF pulses, e.g. using

a microprogrammed state controller on our NMR instrument (Quest

4300 data and control system, Nalorac Cryogenics Corp.). In this

work, the pulse width has been normalized to a value of 1.0. Caprihan

(Caprihan 1983) indicates the change in variable required to

accomplish this normalization. As pointed out by Conolly et al

(Conolly, Nishimura, and Macovski 1986), the optimized pulses can

be scaled as appropriate to the experimental situation. For example,

a wider frequency band can be covered by reducing the excitation

time of the pulse and scaling up the amplitude proportionately.

The algorithms involved are computationally intensive and

efficiency is gained by selecting an initial trial sequence which

gives a magnetization profile which is close to the desired one.
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3.4 DESIGN BASED ON FREQUENCY SPECIFICATION

One strategy is to perform an inverse Fourier transform on the

desired profile, such as the one shown in Figure 3.1, which gives the

time domain function shown in Figure 3.2.

INVERSE FOURIER TRANSFORM OF FREQUENCY SPECIFICATION
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Figure 3.2 Inverse Fourier transform of the specified frequency

response shown in Figure 3.1.

This pulse produces the distribution of transverse magnetization as

a function of frequency shown in Figure 3.3 . The response deviates

from the ideal in the notch region and at high frequency offsets, as

described in chapter 2.
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RESPONSE FOR FREQUENCY SPECIFIED PULSE
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Figure 3.3 Transverse magnetization resulting from the pulse shape

shown in Figure 3.2. This profile can be thought of as the "Bloch

transform" of the non-optimized pulse of Figure 3.2.

Using the 128 point pulse shown in Figure 3.2 as a starting function,

the optimization process yielded the pulse shown in Figure 3.4.
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OPTIMIZED PULSE DERIVED
FROM FREQUENCY SPECIFICATION
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Figure 3.4 Optimized pulse derived from the frequency-specified

pulse shown in Figure 3.2.

Figure 3.5 depicts the transverse magnetization produced by the

optimized version of the pulse, and it can be seen that this produces

a very flat amplitude and phase profile in the excitation region. The

amplitude fall-off with resonance offset seen in Figure 3.3 has been

virtually eliminated.
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RESPONSE OF OPTIMIZED PULSE DERIVED
FROM FREQUENCY SPECIFIED PULSE

1.00

-E- TRANSVERSE MAGNETIZATION

—e— PHASE (DEGREES) H. 120
z 0.80 -
Q
Hº
< -

N -60 tºH.
LL.# 0.60- cº

O o
< Liu
-E O 9.

LL Lll

# 0.40- 2
III * *
à - -60 Cl.
>
<
■ º
Hº- 0.20 -

- -120

0.00 + D. T i T i T T -180
0.0 0.2 0.4 0.6 0.8 1.0

FREQUENCY KHz

Figure 3.5 Transverse magnetization and phase produced by the

optimized version of the frequency-specified pulse.

3.5 DESIGN BASED ON THE FOURIER CONVOLUTION THEOREM

An appropriate solvent-suppression trial function can also be

constructed from the product of a cosine and a sinc function

(González-Méndez et al. 1988, Loaiza, McCoy, and Levitt 1988). The

convolution theorem of Fourier theory states that the product of two

functions in the time domain transforms in the frequency domain to

the convolution of the Fourier transforms of the two functions. In

this case, the cosine function yields two delta functions equally

spaced about the origin and the sinc function yields a square
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function when Fourier transformed. The convolution then yields two

square functions equally spaced about the origin in frequency space

which is of the desired form for solvent suppression. This procedure

is basically equivalent to the use of the inverse Fourier transform of

a frequency specification such as the one shown in Figure 3.1,

although the cosine-sinc procedure is more conducive to parametric

manipulation. On the other hand, the frequency space specification

procedure is more general and can be adapted to other types of

specification. For example, it could be used to design a pulse

sequence capable of simultaneously suppressing two different

resonances such as water and fat.

Figure 3.6 shows a 128 point pulse sequence with 16-zero

crossings, constructed from the product of a cosine and a sinc

function. In this case, the starting pulse has low transverse

magnetization in the notch region due to the high degree of control

possible with the large number of zero-crossings.
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UNOPTIMIZED COSINE-SINC PULSE
WITH 16 ZERO CROSSINGS
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Figure 3.6 A 16-zero-crossing starting pulse with 128 data points

constructed from the product of a cosine function and a sinc

function.

Solving the Bloch equations for this input gives the magnetization

profile shown in Figure 3.7.
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RESPONSE FROM UNOPTIMIZED
16 ZERO COSINE-SINC PULSE
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Figure 3.7 Transverse magnetization and phase resulting from the

unoptimized 16-zero-crossing cosine-sinc function pulse.

Optimization transforms the pulse into the asymmetrical form

shown in Figure 3.8.
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OPTIMIZED 16 ZERO CROSSING
COSINE-SINC PULSE
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Figure 3.8 Optimized version of the 16-zero-crossing cosine-sinc

pulse.

Solving the Bloch equations for this optimized pulse gives the

profile shown in Figure 3.9. The optimized version does not exhibit

any improvement in the notch region compared with the starting

pulse, but outside the notch region the tranverse magnetization is

slightly more uniform and there is less phase variation.
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RESPONSE FROM OPTIMIZED
16 ZERO CROSSING PULSE
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Figure 3.9 Transverse magnetization and phase resulting from the

optimized 16-zero-crossing pulse.

Figure 3.10 shows a 256 point pulse sequence with 6 zero crossings

which was also constructed, from the product of a cosine and a sinc

function. The greater the number of points that are used to

characterize the pulse, the finer the degree of control possible over

the response achieved. However the computer time needed to run the

optimization routines scales approximately linearly with the number

of points. The same sort of trade-off between accuracy of

specification and computation time holds also for the number of

points in frequency space which are chosen. The choices of 128 or
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256 points for the pulse and 41 to 61 frequency points were

selected as being a reasonable compromise between conficting

requirements.
UNOPTIMIZED COSINE-SINC PULSE

WITH 6 ZERO CROSSINGS

1.0 1 I l I __ I _ l —a- l —i l l 1

O.5 -
-

LII
O
-)
H
—l
Cl.
-E
<

0.0 - º

*

-0.5 T i T i T i Tº i ■ n T I T T T

O 32 64 96 128 160 192 224 256

TIME

Figure 3.10 This non-optimized pulse was constructed from the

product of a cosine and a sinc function. The beginning and end of the

pulse have been apodized.

Solving the Bloch equations for this input gives the magnetization

profile shown in Figure 3.11.
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RESPONSE FROM UNOPTIMIZED
6 ZERO CROSSING COSINE-SINC PULSE
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Figure 3.11 Transverse magnetization and phase produced by

the unoptimized 6-zero-crossing cosine-sinc pulse.

This pulse does not have as broad a null or as flat a phase response

as the 16 zero crossing cosine-sinc pulse shown earlier; this is a

consequence of the greater degree of control possible with the

larger number of zero crossings. However, pulse shapes with a

narrow central peak such as those shown in Figures 3.2 and 3.6 are

not very practical, since most of the excitation occurs in such a

small time period compared with the total length of the pulse. In

practice this means that either very high amplifier power is

required or an impractically long pulse length has to be used. For
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example, the pulses shown in Figures 3.2 and 3.6 would require

approximately six times the peak amplitude or six times the pulse

duration compared with the more compact pulse shown in Figure

3.10, neither of which is very practical. Thus a pulse shape such as

shown in Figure 3.10 is more desirable in terms of avoiding dynamic

range problems. Optimization transforms the pulse of Figure 3.10

into the asymmetrical form shown in Figure 3.12.
OPTIMIZED COSINE-SINC PULSE
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Figure 3.12 Pulse produced using the optimization process

starting from the cosine-sinc pulse with 6-zero-crossings.

Solving the Bloch equations for this optimized pulse gives the
profile shown in Figure 3.13. The optimized pulse has produced a
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magnetization profile which has lower transverse magnetization in

the notch region than the non-optimized pulse. Outside the notch

region the transverse magnetization is relatively uniform and

almost completely in the Y' direction (i.e. little phase variation).
INITIAL OPTIMIZATION FROM 6 ZERO
CROSSING COSINE-SINC FUNCTION
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Figure 3.13 Transverse magnetization and phase produced by

the pulse resulting from the initial optimization of the 6-zero

crossing cosine-sinc pulse.

The main effect of the optimization has been to extend the width of

the notch as can be seen from inspection of the Y magnetization. At

0.1 kHz along the frequency axis, the Y magnetization for the initial
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pulse has risen to 0.27; whereas for the optimized pulse, it is still

close to zero.

DIFFERENT OPTIMIZATION FROM
6 ZERO CROSSING COSINE-SINC PULSE
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Figure 3.14 Pulse produced by the optimization process using a

different set of constraints for the objective function and

constrained to be symmetric.

3.6 FURTHER OPTIMIZATION

Figure 3.14 shows a differently optimized pulse, constrained

to be symmetric, which by choosing large weighting factors in the

notch region has emphasized reduction of transverse magnetization
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in this region at the expense of the constancy of phase outside the

notch region as can be seen from the profile shown in Figure 3.15.

This illustrates that through suitable choice of objective

function parameters, different results can be obtained depending on

the magnetization profile requirements. In comparison to the

asymmetrical pulse produced by the initial optimization this pulse

gives better performance in some respects.

RESPONSE OF DIFFERENTLY OPTIMIZED
6 ZERO CROSSING PULSE
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Figure 3.15 Transverse magnetization and phase produced by

the symmetric pulse derived from the optimization based on the 6

zero-crossing pulse as the initial model.
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The pulse of figure 3.14 was further optimized in an attempt

to improve the flatness of the phase in the excitation band, resulting

in the asymmetric pulse shown in figure 3.16. The pulse of figure

3.14 used as the initial model is also shown for comparison.
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Figure 3.16 Comparison of initial trial pulse (same as that of

figure 3.14) and asymmetric pulse produced by further optimization.

Figure 3.17 shows the transverse magnetization and phase response

produced by the pulse of figure 3.16 and indicates that further

optimization did in fact reduce the phase variation in the excitation

band, although the null is not as flat as with the initial trial pulse
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of figure 3.14. This is one illustration of the general principle of

optimization that improvement in one respect can usually only be

obtained at the expense of some other aspect of performance.
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Figure 3.17 Transverse magnetization and phase response of

the pulse of figure 3.16.
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3.7 ISSUES INVOLVED IN THE USE OF A REPHASING SCHEME

The response shown in Figure 3.17 and all other responses

shown in previous figures in this chapter were calculated with the

inclusion of a rotation matrix to rephase spins which had been

evolving as a function of resonance offset during the course of the

excitation. In a practical situation, such rephasing might be

accomplished through the use of a spin-echo refocusing pulse which

essentially reverses the time evolution back to the center of the

pulse. This produces the desired effect since most pulses behave as

though all isochromats were in phase at the center of the pulse.

However, the use of a 180° refocusing pulse may not be desirable for

a solvent suppression sequence since the solvent magnetization will

be left in an inverted state instead of in equilibrium at the end of

the sequence. In general it is best to return the solvent

magnetization to its equilibrium position to avoid effects due to

super-radiative emission of the inverted solvent peak through

"radiation damping" (Abragam 1961). An additional problem is that

imperfections in the refocusing pulse prevent the achievement of a

perfect 180° rotation for all isochromats and cause severe

amplitude and phase distortions which preclude good solvent

suppression performance. The refocusing pulse indeed cannot be

perfect as it is not infinitely short, so does not have infinite

bandwidth and therefore does not produce 180° rotation off

resonance. It is also especially a problem when the RF field is

inhomogeneous due to experimental considerations. For example, it

is very difficult to achieve good RF homogeneity with the use of a

surface coil. Thus, in many respects, it is preferable to avoid the use
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of a 180° refocusing pulse; but without this, there is a considerable

phase variation. As an example, Figure 3.18 shows the phase

variation with and without the use of a 180° refocusing pulse for the

optimized pulse of Figure 3.14.

PHASE VARIATION AS A FUNCTION OF FREQUENCY
WITH AND WITHOUT A REFOCUSING PULSE
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Figure 3.18 Effect on the variation of phase with frequency of

including or not including a refocusing rotation matrix in the

calculation.

3.8 DESIGN OF SELF-REFOCUSING PULSES

It has been previously noted in chapter 2 that attempts to

correct the phase variation using a correction which is linear with
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frequency results in defects such as base-line roll and peak

amplitude distortion especially when the suppression is less than

perfect and the resulting solvent peak is substantial. With the

motivation of avoiding a 180° refocusing pulse, an effort was

undertaken to use the optimization procedure to design self

refocusing solvent suppression sequences which would create little

phase variation yet would avoid the problems attendant to the use of

180° refocusing pulses. A starting pulse shape was based on the 90°

optimized pulse of Figure 3.14. A 270° pulse was created from this

by multiplying the amplitude by a factor of 3.0. Optimization of this

starting pulse was carried out without including a rephasing

rotation matrix in the calculation.
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270 DEGREE SELF REFOCUSING PULSE
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Figure 3.19 Self-refocusing 270° pulse which has been

optimized to rephase at time T/4 after the end of the pulse where T

is the pulse duration.

Initial optimizations generated pulses which brought

isochromats into phase at the end of the pulse, but this was

modified later to yield pulses which achieved rephasing at a time

after the end of the excitation pulse since in most practical

situations a delay is used between the end of the excitation pulse

and the time the receiver is gated on to prevent transmitter "bleed

through". Figure 3.19 shows a 270° pulse which was optimized to
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rephase at a time after the end of the pulse equal to 25% of the

pulse length. The response to this pulse is shown in Figure 3.20, and

it can be seen that there is very little phase and amplitude variation

over the excitation band. A flatter null would have been more

desirable and this could possibly have been achieved with different

constraints for the optimization. Another potential drawback with a

270° pulse is that such pulses are reported to be extremely

sensitive to RF inhomogeneity (Loaiza et al. 1988). This prompted

investigation of a 90° self-refocusing pulse instead of a 270° pulse.
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Figure 3.20 Transverse magnetization and phase response

produced by the self-refocusing 270° pulse.



72

The technique used to generate the 90° self-refocusing pulse

was the inverse of that used to produce the 270° self-refocusing

pulse. A starting pulse was generated using the pulse of Figure 3.19

as a basis by taking the amplitude of each point and then dividing by

a factor of 3.0. In this case, the pulse was designed to rephase at a

time after the end of the pulse equal to one eighth of the pulse

length. The result of the optimization process is the pulse shown in

Figure 3.21.
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Figure 3.21 Self-refocusing 90° pulse which has been

optimized to rephase at time T/8 after the end of the pulse where T

is the pulse duration.
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This optimized 90° self-refocusing pulse produces the response

shown in Figure 3.22. The shape of the null and the excitation

performance is similar to that given by the 270° self-refocusing

pulse, but the phase variation is not as good. Neither self-refocusing

pulse has the kind of wide flat null obtained with some of the other

optimized sequences.
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Figure 3.22 Transverse magnetization and phase response produced
by the optimized 90° self-refocusing pulse shown in Figure 3.21.
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CHAPTER FOUR

DESIGN OF SOLVENT SUPPRESSION SEQUENCES

USING SIMULATED ANNEALING OPTIMIZATION

4.1 INTRODUCTION

Gradient search optimization algorithms, such as the

conjugate gradient technique described in chapter 3, are efficient at

minimizing convex functions but if the function to be minimized has

several minima of different depths then the results obtained will

depend on the starting point. A stochastic technique such as

simulated annealing (Press et al. 1986) is capable of escaping from

local minima and is guaranteed to find the true global minimum

under the right circumstances (Geman and Geman 1984). This method

of optimization mimics the process of thermal annealing by which a

perfect crystal is grown by melting material and then slowly cooling

the melt. This allows the material to be in thermal equilibrium at

each temperature permitting defects to anneal out of the system and

thus to reach the state of lowest energy at the freezing

temperature. In comparison, if the material is cooled very quickly it

gets out of equilibrium and either a crystal will be formed with a

large number of defects or a glass may be formed which has no

crystalline structure and only metastable, locally optimal

StructureS.

A Monte Carlo algorithm which models the behavior of a

collection of atoms in equilibrium at a given temperature was

developed in the early days of computing to simulate processes in

statistical mechanics (Metropolis et al. 1953). In this algorithm, at
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each step, an atom is given a small random displacement and then

the energy of the system is calculated. If the rearrangement

decreases the energy, the change is always accepted and the new

arrangement forms the starting point for the next step. However if

the energy would increase, the decision to accept the change is

based on whether the calculated Boltzmann probability factor,

exp(-AE/kT), is less than or greater than a randomly chosen number

between 0 and 1. In this expression, AE is the energy change

associated with moving to the new configuration, T is the

temperature, and k is Boltzmann's constant linking energy and

temperature. Basing the decision to accept a new configuration on

this probability factor means that at high temperatures there is a

significant probability that configurations of higher energy will be

accepted but as the temperature is lowered the chance of this

happening lessens. It is this behavior which allows escape from

local energy minima.

4.2 SIMULATED ANNEALING OPTIMIZATION

Kirkpatrick and his coworkers (Kirkpatrick 1984, Kirkpatrick,

Gelatt, and Vecchi 1983, Vecchi and Kirkpatrick 1983) were the

first to develop optimization techniques based on a simulation of

the annealing process which incorporate the Metropolis algorithm.

They used simulated annealing to deal with a variety of optimization

problems in electronic circuit design such as the design of wiring

interconnections and the placement of chips on circuit boards. In

fact, the algorithm is generally useful for optimization problems of

very large scale. It is especially suitable for those optimization
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problems where the number of possible configurations is so large

that an exhaustive search over the complete configuration space

would be prohibitive. One such class of problems is the so-called NP

complete (non-deterministic polynomial time complete) category of

combinatorial optimization problems where, practically speaking,

the time taken to find the global minimum by examining all

possibilities scales exponentially with N the number of variables to

be optimized. The classic example of this is the travelling salesman

problem where the task is to design the minimum length tour which

visits all the cities on a given itinerary. Solving this problem by an

exhaustive search of all the possible configurations becomes

prohibitively long for itineraries of more than a few hundred cities.

Simulated annealing has been used successfully for travelling

salesman problems with as many as several thousand cities.

Simulated annealing has also been used to deal with a variety of

problems including astrophysical optimization (Jeffrey and Rosner

1986), image restoration (Geman and Geman 1984), reconstruction

tomography (Paxman et al. 1985, Smith, Paxman, and Barrett 1985),

optimization of radiotherapy dose distributions (Webb 1989),

deconvolution of NMR spectra (Hoffman and Levy 1989), and design

of two-dimensional spatially selective NMR pulses (Hardy et al.

1988).

In order to use the technique, one must provide a description of

the system to be optimized in terms of a configuration, a way of

generating random changes in the configuration, an analog of energy,

an analog of temperature T, a stochastic decision algorithm which is

based on the Metropolis method, and an annealing schedule which
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determines how T is to be lowered and adjusts the decision

algorithm probability as the solution proceeds. For the present

situation of optimizing pulse shapes, the coefficients of the RF

pulse are the configuration, and the objective function J, previously

discussed in chapter 3, is the analog of energy. Although simulated

annealing optimization is simple in principle, careful attention to

detail needs to be made on a problem-specific basis if the method is

to work well in practice.

The Metropolis decision algorithm accepts changes in the

existing solution (i.e. the coefficients of the RF pulse) which lead to

an increase in the objective function J with a probability which

depends on exp(-AJ/kT). The initial value of kT is chosen so that the

system will be "melted" to start with, which means that at the

starting temperature there must be significant acceptance of

changes associated with an increase of J to ensure that the system

is able to escape from local minima. This is usually accomplished by

making a choice of starting temperature, letting the algorithm run

for a small number of steps to determine the change in J associated

with this temperature, and then adjusting the temperature to fit.

Most workers have chosen to reduce the value of kT by a constant

factor of between 0.75 and 0.9 at each temperature iteration. Geman

and Geman have shown (Geman and Geman 1984) that an approach to

a global minimum can be guaranteed by reducing kT according to

1/log(n) where n is the iteration number. Szu (Szu and Hartley 1987)

has published results describing a fast simulated annealing schedule

which along with other required changes reduces kT at a faster rate
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according to 1/n. For this investigation, kT was reduced by a
constant factor of 0.9 at each iteration.

4.3 INITIAL SCHEMES FOR CHANGING THE COEFFICIENTS

The choice of a scheme for making random changes in the RF

coefficients is an important decision, and although there are a few

principles which can be used to guide the selection, much has to be

based on trial and error. Initially a scheme was adopted which is

loosely based on those developed for solving the travelling salesman

problem (Press et al. 1986). In this scheme, a section of the RF pulse

for modification was chosen by using a random number generator to

select the starting coefficient Ni and ending coefficient number N2

for the section. If the chosen section had less than three

coefficients, it was rejected and a new section was chosen. Each RF

amplitude coefficient within the chosen section was then multiplied

by a randomly chosen factor F1 given by,

F1 = 1.0 + 0.1*(0.5-RAN) [4.1]

where RAN is a random number which varies between 0 and 1.0,

which gives values of F1 ranging between 0.95 and 1.05 . However

this scheme produced changes which were too minor to be effective.

In order to guarantee that annealing proceeds correctly the system

must be in equilibrium at each temperature which implies that the

number of changes accepted which increase energy must be roughly

equal to the number which decrease energy at each temperature. In a

second scheme the same procedure as before was used to choose a

section of the pulse to modify and then a factor RAN2 varying

between -1 and +1 was generated randomly. The RF amplitude
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coefficients in the chosen section were then multiplied by a factor

F2 given by,

F2(j) = RAN2 - | ( | N1 + N2 - 2 |) + N1 - N2 | / (N2 - N1) [4.2]

where j corresponds to the coefficient number to be changed and

ranges between N1 and N2. The factor varies smoothly between 0%

effect for the end points to 100% for the mid point of the section.
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Figure 4.1 Comparison of the six-zero crossing trial pulse (same as

Figure 3.12) and the optimized version produced by simulated

annealing using the method of RF amplitude modification given by

equation [4.2].
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This method was used to generate the pulse shown in figure

4.1 where the initial trial pulse was the six-zero-crossing pulse

obtained using optimal control optimization and shown previously in

figure 3.12. Both the starting pulse and the simulated annealing

optimized pulse are shown for comparison. The response to the

initial trial pulse is shown in figure 4.2 and to the simulated

annealing pulse in figure 4.3.
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Figure 4.2 Transverse magnetization and phase resulting from the

initial trial pulse shown in Figure 4.1 , with the inclusion of a

rephasing matrix in the calculation.
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The simulated annealing pulse has a slightly less steep transition

region and a much flatter null region than the initial starting pulse.

It is remarkable that such good results were obtained essentially by

zeroing parts of the initial trial pulse which can be seen by

inspection of figure 4.1. This behaviour can be attributed to the

method of RF coefficient modification since, if the randomly chosen

value of RAN2 happens to be close to zero, then all the coefficients

within the chosen segment will be set close to zero.
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Figure 4.3 Transverse magnetization and phase resulting from the

simulated annealing optimized pulse shown in Figure 4.1 , with the

inclusion of a rephasing matrix in the calculation.

**

º º

}.



82

In an effort to avoid the tendency of equation [4.2] to zero

some coefficients, a third method of coefficient modification was

investigated. This method of modification was the same as the

previous one except that the coefficients were multiplied by a

factor F3 which was calculated from,

F3 = 1 + F2. [4.3]

This method was used to produce the simulated annealing pulse

shown in figure 4.4 where the same initial trial pulse was used and

is shown in figure 4.4 for comparison.

The response to this pulse was calculated using a refocusing

matrix and is shown in figure 4.5. The phase response is very flat

but the transverse magnetization response is less desirable with a

less than flat null and a broad transition region which reduces the

region of uniform excitation. In sum, this pulse has a less desirable

performance than the starting pulse obtained using conjugate

gradient optimization. This is probably due to a poor choice of

objective function which emphasized reduction of phase variation at

the expense of other characteristics.

; :
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COMPARISON OF ORIGINAL AND ANNEALED PULSE
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Figure 4.4 Comparison of the six-zero crossing trial pulse (same as

Figure 3.12) and the optimized version produced by simulated

annealing using the method of RF amplitude modification given by

equation [4.3].
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RESPONSE OF SIMULATED ANNEALING PULSE
BASED ON EOUATION [4.3]
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Figure 4.5 Transverse magnetization and phase resulting from the

simulated annealing optimized pulse shown in Figure 4.4, with the

inclusion of a rephasing matrix in the calculation.

4.4 METHODS FOR PRODUCING SMOOTH PULSE PROFILES

A serious objection to the previously mentioned schemes for

modifying the RF pulse coefficients is that they tend to produce

pulses with a high degree of "jaggedness". There are several

problems associated with pulse profiles which exhibit rapid changes

in amplitude. It is difficult for RF amplifiers to accurately follow

such rapid changes due to finite rise and fall times. Secondly it

follows from Fourier theory that rapid changes will tend to produce
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excitation effects far from resonance since a step discontinuity in

the time domain is associated with an infinite range of frequencies.

Pulses of this kind are also notoriously difficult to optimize in

practice in terms of spectrometer parameters. One way to deal with

"jaggedness" in pulse shape is to include a penalty function in the

objective function which penalizes rapid variation between adjacent

RF amplitude coefficients (Murdoch, Lent, and Kritzer 1987). Instead

of this approach, however, a third method of RF coefficient

modification was chosen based on a technique suggested by Hardy

(Hardy et al. 1988) which not only guarantees smoothly varying

amplitude profiles but also reduces the number of coefficients to be

optimized. Reducing the number of coefficients reduces the size of

the configuration space which has to be searched and is of

tremendous benefit. Even though simulated annealing searches only a

random selection of points in the configuration space, it is an

exceedingly computation intensive method of optimization. As a

basis of comparison, on a VAX-11/780 computer, a typical

optimization run might take 1 to 2 days of cpu time for conjugate

gradient optimization and on the order of 10 days for simulated

annealing optimization. Part of this work was also conducted on a

CRAY X-MP/48 computer at the San Diego Supercomputer Center

which because of its faster cpu and ability to perform parallel

processing was able to generate faster results. However simulated

annealing is so demanding that the time allocation on this computer

was quickly exhausted.
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The technique used for reducing processing time was described by

Hardy (Hardy et al. 1988) who used simulated annealing to design

inverting or refocusing pulses in which a single pulse produces two

dimensional localization for NMR imaging. This involved optimizing

not only the RF amplitude profile but also two gradient profiles,

each of which had 200 coefficients. Instead of optimizing the 600

coefficients directly he expanded them as Fourier sine and cosine

series which he limited to a total of 74 terms. This produced a

concise characterization of the waveforms as well as constraining

their frequency. This general approach was adopted with some

modification in this present work. The initial trial pulse was

processed to yield its sine Fourier transform and then the first

NCOEF even coefficients of the transform were used as the

coefficients to be optimized by the simulated annealing algorithm.

The sine Fourier transform was chosen rather than the cosine

tranform, since this guarantees that the starting and ending values

of the pulse are zero. The value for NCOEF was chosen between 8 and

24 with the value determining the kind of pulse produced. Low values

for NCOEF tended to produce pulses which had the same number of

lobes as the starting pulse, whereas large values of NCOEF produced

pulses with larger changes and a more sawtooth appearance. Several

different schemes for modifying the NCOEF sine Fourier coefficients

were tried. Initially each of the coefficients was selected in turn

for modification, and multiplied by a factor F4 given by,

F4 = 1.0 + (A * RANA) [4.4]

where A was chosen in the range 0.5 to 2.0 and RAN4 was a randomly

chosen number ranging from -1 to +1. After the coefficient had been
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modified as described, the inverse sine Fourier transform was

performed and the resultant pulse profile was used to calculate the

magnetization distribution by integrating the Bloch equations using

a fourth-order Runge-Kutta method as described in chapter 2. The

resulting distribution was then used to calculate the objective

function again as described in chapter 2. If the modified coefficient

resulted in a decrease in the objective function, this was accepted,

and if it resulted in an increase, the Metropolis algorithm was used

to decide whether it should be accepted. Figure 4.6 illustrates

optimization using this approach, comparing three pulses produced

in the early stages of optimization with the initial starting pulse

which is an unoptimized six-zero-crossing cosine-sinc pulse similar

to that shown in Figure 3.10.
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SIMULATED ANNEALING OPTIMIZATION
THREE EARLY PULSE ITERATIONS
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Figure 4.6 Six-zero-crossing cosine-sinc trial pulse and three

pulses produced in the early stages of optimization using the method

of RF pulse coefficient modification given by equation [4.4].

Figure 4.7 illustrates three more pulses produced in the later stages

of the optimization. The parameters chosen for this optimization

vvere, starting temperature T = 2.0, 2000 iterations at each

temperature step, A = 2.0 and NCOEF = 24.

}.
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SIMULATED ANNEALING OPTIMIZATION
THREE LATER PULSE ITERATIONS
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Figure 4.7 Three more pulses produced in the later stages of

optimization using equation [4.4] to modify the RF pulse

coefficients. These later pulses exhibit more extensive modification

than the earlier set shown in figure 4.6.

The transverse magnetization and phase variation produced by the

trial starting pulse are shown in Figure 4.8, and it can be seen that

this pulse produces good performance in the excitation region but

has too much transverse magnetization in the null region. In

comparison, pulse 6 from Figure 4.7 gives much better results in the

null region, as can be seen in Figure 4.9, although the transition from

null to excitation is not as steep as for the starting pulse.

).-
-
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RESPONSE FROM SIX ZERO CROSSING
COSINE-SINC TRIAL PULSE
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Figure 4.8 Transverse magnetization and phase response produced

by the six-zero-crossing cosine-sinc pulse used as an initial trial

pulse for the simulated annealing optimization.

The performance of this pulse can be compared with the performance

of the two pulses obtained using conjugate gradient optimization

shown in Figures 3.13 and 3.15. The two pulses from chapter three

also used a six-zero-crossing cosine-sinc pulse as the initial trial

pulse. However, the starting pulse used in the optimizations of

chapter three gave better performance before optimization than the

similar trial pulse used for the simulated annealing optimization,
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yet the end result is better than that shown in Figure 3.13 and

comparable to that shown in Figure 3.15.

RESPONSE FROM SIMULATED ANNEALING PULSE
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Figure 4.9 Transverse magnetization and phase produced from pulse

number 6 of figure 4.7 obtained by the simulated annealing

optimization process using the sine Fourier transform method of

changing RF amplitude coefficients given by equation [4.4].
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4.5 NON-UNIFORM PROBABILITY DISTRIBUTION FOR COEFFICIENT

MODIFICATION

The previous methods of changing the RF coefficients had all

been based on a uniform distribution, meaning that any change

within the selected range was equally probable. Szu discusses the

option of using other distributions (Szu and Hartley 1987) which are

biased toward small changes but also occasionally allow long jumps

which permit faster escape from local minima. With this in mind

another method of change was designed using essentially the same

technique as the last method except that the Fourier sine

coefficients were multiplied by a factor Fs given by,

Fs = 1 - A • SIGN LOGe(RANs) [4.5]

where A was chosen to be 2.0 for the results which follow, SIGN was

chosen randomly to be + or - with equal probability and RAN was a

randomly chosen value in the range between close to zero and 1.0.

This method of choosing the factor Fs generated both positive and

negative values which tended to be small but could be large with

less probability. The pulse shown in figure 4.10 was generated using

this technique with pulse 6 of figure 4.7 used as the initial trial

pulse. NCOEF was chosen to be 32 for this optimization.
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COMPARISON OF TRIAL PULSE AND ANNEALED PULSE
USING NON-UNIFORM CHANGE DISTRIBUTION
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Figure 4.10 Comparison of the initial trial pulse (same as pulse

6 of figure 4.7) and the simulated annealing pulse obtained using the

method of changing coefficients based on a non-uniform distribution.

Figure 4.11 shows the transverse magnetization and phase

response of the simulated annealing pulse of figure 4.10. Inspection

of figure 4.10 indicates that simulating annealing using the method

of changing RF coefficients based on a non-uniform distribution

yielded a pulse with a very different shape than the initial trial

pulse; yet the response of the two pulses is closely similar as can

be seen by comparing figures 4.9 and 4.11. The later pulse offers

perhaps marginal improvement compared with the initial trial pulse.
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RESPONSE FROM SIMULATED ANNEALING PULSE
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Figure 4.11 Transverse magnetization and phase response

produced by the simulated annealing process using the method of

changing RF coefficients based on a non-uniform distribution given

by equation [4.5].
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4.6 CONCLUSION

These results demonstrate that the simulated annealing

method is capable of satisfactory optimization if long computation

times are tolerable. There does not yet appear to be strong evidence

that simulated annealing can produce results superior to those

obtained by gradient descent methods when used for this type of

problem. Simulated annealing, however, is certainly capable of

producing pulses with shapes that would probably not be obtained

using gradient descent methods.



96

CHAPTER FIVE

EXPERIMENTS USING A PHANTOM

5.1 EXPERIMENTAL CONSIDERATIONS

The NMR machine used for these studies is based on a 4.7 Tesla

superconducting magnet system (Oxford Instruments) with a 30cm

bore suitable for small animal studies. The magnet is interfaced to a

Quest 4300 spectrometer data and control system (Nalorac

Cryogenics Corp.) which, using a real-time microprogrammed state

controller, offers flexible control of frequency, phase, duration, and

amplitude of pulse sequences. This capability is vital to the

implementation of the shaped pulse sequences produced by the

optimization algorithms and is a feature which is not available on

most NMR spectrometer systems. The spectrometer system is

controlled by a Digital Equipment Corporation VAX-730 computer

system using the multiuser, multitasking and virtual memory VMS

operating system. The combination of a computer word length of 32

bits, and a signal acquisition module containing a 16 bit analog-to

digital converter (ADC), together minimize the dynamic range

problems common to signal acquisition with older instrumentation.

The RF coil consisted of a single turn of copper wire with a

diameter of 2.0 cm. The coil was tuned with the balanced matching

circuit of Murphy-Boesch (Murphy-Boesch and Koretsky 1983) to the

operating frequency for protons of 200 MHz.

NMR systems employ protection circuitry, which during the

transmit phase, connects the transmitter and the probe, while

preventing the signal from saturating or damaging the receiver
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components. Similarly during the receive phase the receiver is

connected with the probe and isolated from transmitter noise. In the

Standard configuration on the instrument used for these studies,

this is accomplished using several pairs of crossed silicon diodes.

This arrangement works well for most NMR pulses but is not

suitable for the shaped pulses because of the relatively large

voltage drop across the silicon diodes which would distort the pulse

shape. This problem was overcome by building special protection

circuits using PIN diodes (Kisman and Armstrong 1974) which offer

a much lower impedance to the signal when they are conducting.

The phantom for the studies consisted of a 1.0 cm diameter

Spherical glass container. The sphere was filled with a solution of
three amino acids in distilled water. The solution contained 60mM

histidine, 150 mM threonine, and 120 mM methionine. The sphere was

placed in the equatorial plane of the probe coil.

5.2 RESULTS FROM CONJUGATE GRADIENT NON-REFOCUSING PULSES

Figure 5.1 shows a base-line spectrum obtained with a spin

echo sequence using a 4096 microsecond duration 5-zero-crossing

sinc pulse with 4.5% power as a 90° pulse, immediately followed by

a hard 180° pulse of 61 microseconds duration and 100% power,

followed by a delay of 2048 microseconds before data acquisition.

The number of data points was 256, and 64 acquisitions were

accumulated. The sequence was phase-cycled using the CYCLOPS

scheme (Hoult and Richards 1975) to reduce quadrature artifacts. No

processing of the FID was employed before Fourier transformation.
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Figure 5.1 200 MHz proton NMR spectrum using a spin-echo sequence

consisting of a 4096 pisec 5-zero-crossing sinc pulse with 4.5%

power, a hard 180° pulse of 61 microseconds duration and 100%

power, and a delay of 2048 microseconds before data acquisition.

The number of data points was 256, and 64 acquisitions were

accumulated. The sequence was phase-cycled using the CYCLOPS

scheme to reduce quadrature artifacts.
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Figure 5.2 Same spectrum as figure 5.1 with an expanded vertical

scale to show the amino acid peaks more clearly.

The sinc pulse does not offer solvent suppression when used on

resonance. The water peak is the main feature at 0 ppm with just a

hint of three of the amino acid peaks between -2.0 and -3.0 ppm.

These and some smaller amino acid peaks can be seen more clearly

in Figure 5.2 which shows the same spectrum on an expanded

vertical scale. All the other spectra shown in this chapter also have

the water peak at 0 ppm as a basis of reference. The signal-to-noise

ratio of the amino acid peaks is limited by the large unsuppressed

water peak and the need to avoid saturation of the analog to digital
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converter (ADC). The broad shoulders of the water peak tend to

obscure some of the amino acid peaks.

Figure 5.3 shows a spectrum from the same solution using the

pulse depicted in Figure 3.14 which was obtained using conjugate

gradient optimization from a six-zero-crossing cosine-sinc trial

pulse. This was applied as a 90° pulse of 4096 microsecond duration

and 4.5% power level, and was followed immediately by a hard 180°

pulse of 61 microsecond duration and 100% power to refocus the

spins. Data were acquired 2048 microseconds after the end of the

180° pulse. The number of data acquisition points used for this

spectrum and all subsequent spectra, unless otherwise stated, was

1024. The sequence was phase-cycled using the CYCLOPS scheme

(Hoult and Richards 1975) to reduce quadrature artifacts.

Acquisitions were accumulated for 64 cycles of the sequence. The

water peak has been suppressed by about a factor of 40, which is

enough to avoid problems with saturation of the ADC. Figure 5.4

shows the same spectrum using an increased vertical scale, and it

can be seen that the amino acid peaks are no longer riding on the

shoulders of the water peak. The spectrum is notable for the absence

of phase glitch and base-line roll which are usually a problem with

other water suppression techniques. Only zero-order phasing has

been applied to the spectrum.



101

i I

4. OO 2. OO O. OO –2. OO –4. OO
PP

Figure 5.3 Spectrum using the pulse of figure 3.14 as a 90° pulse of

4096 pisec duration and 4.5% power level, followed by a hard 180°

pulse of 61 microsecond duration and 100% power to refocus the

spins. Data were acquired 2048 microseconds after the end of the

180° pulse. Acquisitions were accumulated for 64 cycles of the

sequence. The sequence was phase-cycled using the CYCLOPS scheme

to reduce quadrature artifacts. The water peak has been suppressed

by about a factor of 40.
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Figure 5.4 Same spectrum as figure 5.3 using a greater vertical

scale. The amino acid peaks are no longer riding on the shoulders of

the water peak. The assignment of the amino acid peaks is as
follows. 1. histidine imidazole

histidine BCH2

methionine YCH2

methionine CH3 and BCH2

2

3

4.

5 threonine CH3
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Figure 5.5 shows a base-line spectrum obtained using a single

hard 90° pulse of 32 microseconds duration which was phase-cycled

using the CYCLOPS scheme (Hoult and Richards 1975) to reduce

quadrature artifacts. Acquisitions were accumulated for 8 cycles of

the sequence. The spectrum is similar to that of figure 5.2 except

that the relative heights of the amino acid peaks are different due to

the shorter duration of the sequence. Some of the amino acid peaks

show relaxation changes with the longer pulse sequence used for

figure 5.2.

º
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Figure 5.5 Base-line spectrum obtained using a single hard 90°

pulse of 32 pisec duration which was phase-cycled using the

CYCLOPS scheme to reduce quadrature artifacts. Acquisitions were

accumulated for 8 cycles of the sequence.
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Figure 5.6 shows a spectrum from the pulse of figure 3.16 obtained

using conjugate gradient optimization and used here as a 90° pulse

of 4096 microseconds duration and 4.0% power. After a delay of 128

milliseconds, the 90° pulse was followed by a 180° pulse of 61

microseconds duration and 100% power. Data acquisition was

started after a further delay of 1798 microseconds. These delays

were chosen to generate the spin-echo in the middle of the data

aquisition period. Phase cycling according to both the EXORCYCLE

(Bodenhausen, Freeman, and Turner 1977) and CYCLOPS (Hoult and

Richards 1975) schemes was employed in a 16 step sequence, and 8

cycles of acquisitions were accumulated (equivalent to 32 cycles of

a 4 step sequence). The EXORCYCLE scheme minimizes the effects of

errors in the 180° pulse and the CYCLOPS scheme reduces quadrature

artifacts. The use of this 16 step phase-cycling scheme is expected

to give better results than the simpler 4 step scheme used for

figures 5.4 and 5.5. The experimental arrangement with a surface

coil gives an inhomogeneous RF field resulting in parts of the sample

experiencing other than the nominal tip angle, which will in part be

compensated by the EXORCYCLE procedure. Trapezoidal apodization of

the FID was employed to eliminate residual traces of the transverse

magnetization created by the 180° pulse appearing at the beginning

of the acquisition period, and to improve the signal-to-noise ratio

by reducing the tail of the FID.
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Figure 5.6 (overleaf) Spectrum from pulse of figure 3.16 obtained

by conjugate gradient optimization and used here as a 90° pulse of

4096 pisec duration and 4.0% power. After a delay of 128

milliseconds, the 90° pulse was followed by a 180° pulse of 61

microseconds duration and 100% power. Data acquisition was

started after a further delay of 1798 microseconds. These delays

were chosen to generate the spin-echo in the middle of the data

aquisition period. EXORCYCLE and CYCLOPS phase cycling were

employed in a 16 step sequence, and 8 cycles of acquisitions were

accumulated. A suppression ratio of 400 was obtained in this

experiment.
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A suppression ratio of 400 was obtained with this pulse. In similar

experiments, using the same sequence with differently optimized

pulses, suppression ratios as high as 1300 were obtained. In part

these high suppression ratios are due to relaxation decay during the

long duration of the sequence. Separate experiments were performed

to determine the relaxation times associated with the water peak.

An inversion recovery experiment yielded a longitudinal relaxation

time T1 of 2.8 seconds, and a Carr-Purcell-Meiboom-Gill spin echo

experiment yielded a transverse relaxation time T2 of 30

milliseconds, for the water peak. In general, the amino acid peaks

had longer relaxation times.

5.3 RESULTS FROM SELF-REFOCUSING PULSES

Figure 5.7 shows a spectrum obtained using the 270° self-refocusing

pulse depicted in figure 3.19 which does not require a separate 180°

pulse to rephase the spins. This pulse forms an echo at a time after

the end of the pulse equal to one quarter of the pulse duration. The

pulse duration was 4096 microseconds, 7.8% power was used, and

data acquisition was started 1024 microseconds after the end of the

pulse. CYCLOPS phase cycling was employed. Difficulties were

experienced in phasing this spectrum which was unexpected given

the calculated response shown in figure 3.20, which predicts

excellent phase performance. This behavior may be a consequence of

the inhomogeneous RF field experienced by the sample placed in the

center of the surface coil. Other workers (Loaiza et al. 1988) have

noted that 270° self-refocusing pulses are extremely sensitive to RF

field inhomogeneity.
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Figure 5.7 Spectrum from the 270° self-refocusing pulse shown in

figure 3.19. The pulse duration was 4096 microseconds, 7.8% power

was used, and data acquisition was started 1024 microseconds after

the end of the pulse. The sequence was phase-cycled using the

CYCLOPS scheme to reduce quadrature artifacts.

Figure 5.8 shows a spectrum from the 90° self-refocusing pulse

depicted in figure 3.21, the design of which was motivated by the

perceived need to avoid the RF field inhomogeneity sensitivity of the

270° self-refocusing pulse.
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Figure 5.8 Spectrum obtained using the 90° self-refocusing pulse

depicted in figure 3.21 The pulse duration was 4096 microseconds,

the power level was 4.15%, and data acquisition was started 512

microseconds after the end of the pulse. CYCLOPS phase cycling was

employed and 8 cycles were acquired. A suppression ratio of 66 was

obtained with this pulse.

This pulse also does not require a separate 180° refocusing pulse

and forms a spin echo at a time after the end of the pulse equal to
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one eighth of the pulse duration. The pulse duration was 4096

microseconds, the power level was 4.15%, and data acquisition was

started 512 microseconds after the end of the pulse. CYCLOPS phase

cycling was employed and 8 cycles were acquired. A suppression

ratio of 66 was obtained with this pulse.

5.4 RESULTS FROM SIMULATED ANNEALING PULSES

Figure 5.9 shows a spectrum from the pulse depicted in Figure

4.10 which was obtained using simulated annealing optimization

from a six-zero-crossing cosine-sinc trial pulse. This was applied

as a 90° pulse of 4096 microsecond duration and 4.1% power level,

followed by delay of 126 milliseconds, which was then followed by a

hard 180° pulse of 60 microseconds duration and 100% power to

refocus the spins. Data were acquired 128 milliseconds after the

end of the 180° pulse. EXORCYCLE and CYCLOPS phase cycling were

employed in a 16 step sequence, and 8 cycles of acquisitions were

accumulated. The FID has been apodized using exponential

exponentiation with a line broadening of 2 Hz. The water peak has

been suppressed by about a factor of 1000, in part due to the

intrinsically good suppression of this pulse, and in part due to the

long interpulse delay producing greater relaxation decay of the

water peak compared to the amino-acid peaks. The long interpulse

delay has also created phase modulation of some peaks, due to

homonuclear spin-spin coupling. This is especially noticeable for the

peak located at -1.26 ppm with respect to the water peak.
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Figure 5.10 shows a spectrum obtained using the same pulse and the

same parameters as for figure 5.9, except that the delay between

the 90° pulse and the 180° pulse was 1 microsecond, and the delay

between the 180° pulse and acquisition was 2047 microseconds.

EXORCYCLE and CYCLOPS phase cycling were employed as before, and

10 cycles of acquisitions were accumulated. The only processing of

the FID was to zero fill before Fourier transformation. For this

spectrum, and similar ones on other occasions, the water peak was

suppressed by a factor ranging between 24 and 50. In contrast to the

spectrum shown in figure 5.9, all the peaks have the correct

proportions, and do not exhibit phase modulation, since the time to

echo was kept short.

Figure 5.10 (overleaf) Spectrum obtained using the same pulse and

the same parameters as for figure 5.9, except that the delay

between the 90° pulse and the 180° pulse was 1 microsecond, and

the delay between the 180° pulse and acquisition was 2047

microseconds. EXORCYCLE and CYCLOPS phase cycling were employed

as before, and 10 cycles of acquisitions were accumulated. The only

processing of the FID was to zero fill before Fourier transformation.

The water peak was suppressed by a factor of 24.
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5.5 DISCUSSION

The suppression ratios obtained were not as good as expected

for the experiments where the time to echo was kept short. This

results from the transverse magnetization created by the refocusing

pulse and is a consequence of the lack of RF homogeneity using the

experimental configuration with a surface coil. It has been shown by

Bendall and Gordon (Bendall and Gordon 1983) that EXORCYCLE phase

cycling (Bodenhausen, Freeman, and Turner 1977) of a spin-echo

sequence functions as a "depth-pulse" which reduces signals from

sample regions where there is a large deviation from the ideal 180°

pulse angle. However, even if the water magnetization is tipped from

the equilibrium position by only 1-2°, this will result in suppression

ratios of less than 100, and this is precisely the situation observed.

On the other hand, when the time to echo was chosen to be 128

milliseconds, suppression ratios of 400-1300 were obtained. This

improvement is due in part to differential reduction of the small

amount of water excitation created by the solvent-suppression 90°

pulse, resulting from relaxation decay caused by the short spin-echo

T2 of the tissue water (about 30 milliseconds). More importantly, it

is also due to reduction of the water excitation created by the 180°

refocusing pulse, resulting from relaxation decay caused by the even

shorter T2* of the tissue water (about 10 milliseconds). Some

changes in relative peak amplitudes of the amino acid peaks were

experienced with these longer delays due to the effects of

relaxation and homonuclear spin-spin coupling.
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CHAPTER SIX

IN VIVO EXPERIMENTS

6.1 INTRODUCTION

Although much valuable information can be gained from testing

Solvent suppression sequences using phantoms, it does not

necessarily follow that a sequence which performs satisfactorily

using a phantom will perform as well in the more demanding arena

of in vivo measurement for the following reasons. Usually a solution

containing only a small number of different compounds is used for

phantom work, whereas there are numerous different molecules

present in vivo which result in a large number of resonance lines in

a relatively small frequency range. The line widths of proton

resonances in vivo are typically 30 Hz or more, due principally to

inhomogeneous broadening caused by magnetic susceptibility

differences between different regions of tissues and cells. In

general the tissue water peak and, often, the lipid peak are

extremely broad and overlap lines of interest, which in themselves

are scarcely differentiated from each other. This situation requires

solvent suppression sequences with somewhat different

characteristics than suffice for the simpler situation in phantom.

For example Hore has pointed out (Hore 1983b) that, if the water
resonance is very broad, the 1-3-3-1|| sequence which he developed

is of limited value, since it exhibits a sharp null region. It was

therefore considered to be essential to evaluate the in vivo

performance of the sequences which had been developed, many of

which should exhibit superior characteristics for in vivo work.
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6.2 EXPERIMENTAL BACKGROUND

The testing of the sequences was accomplished as an adjunct

to an ongoing series of experiments investigating the ability of

maleic acid administration to induce in the rat a reversible complex

dysfunction of the proximal renal tubule which mimics type II renal

tubular acidosis and Fanconi's syndrome. Prior results using 31P NMR

Spectroscopy have supported the hypothesis that the metabolic

pathogenesis of the maleic acid induced syndrome is consistent with

a "feedback loop" in the cells of the proximal tubule (Kurhanewicz et

al. 1989). In this hypothesis the initial action of the maleic acid is

to impair renal cortical oxidative metabolism, which increases renal

glucose uptake. This in turn increases formation and cytoplasmic

accumulation of phosphorylated glycolytic intermediates and lactic

acid, which limits availability of cellular inorganic phosphate. This

completes the cycle by more severely impairing mitochondrial

metabolism. The extension of these studies to determine what may

be revealed of the metabolic processes by 1H NMR spectroscopy is

still at an early stage of development. Support for the hypothesis

outlined above can only be obtained indirectly by 31P NMR

spectroscopy, but "H NMR spectroscopy offers the potential for

direct validation. For example it should be possible to monitor

directly the lactate concentration under different conditions using

1H NMR spectroscopy. The 1H NMR spectroscopy experiments were

being conducted using presaturation for solvent suppression, and

this was continued with the optimized solvent suppression

sequences used in parallel to give a controlled comparison between

the two approaches.
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6.3 METHODS

The animal model used for in vivo testing of solvent

suppression was the intact kidney of Sprague-Dawley rats (250

300g body weight). The rats were initially anesthetized

intraperitoneally using a combination of ketamine and xylazine and

maintained with an infusion of the same mixture. They were

mechanically ventilated through an orotracheal tube using a

respirator. Blood pressure, blood gases, heart rate, and temperature

were monitored throughout the experiment. Body temperature of

39°C was maintained by placing the animal on a temperature

controlled cradle in the magnet. Inspired levels of oxygen, nitrogen,

carbon dioxide, and anesthetic were controlled using an anesthesia

machine. The exposed kidney was placed inside a solenoid coil

consisting of five turns of copper wire with a diameter of 1.5 cm.

The kidney and the coil were enveloped in a 2 mm thick patch of

Goretex material (Gore, Sunnyvale, CA) to act as a Faraday shield and

screen out interfering signals from the body of the rat. A double

tuned balanced-matching circuit (Chang et al. 1987a) was used to

interface the probe to enable both 31P and 1H NMR spectroscopy to be

performed.

The NMR instrument used for these experiments was the same

as that used for the experiments with a phantom and described in

chapter 5. Except for the probe design, the instrumental system

remained the same as for the previous experiments including the use

of PIN diode protection circuitry to minimize distortion of pulse

shaping. The RF amplifier was rated at a nominal 100 watts.
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6.4 SEQUENCE PARAMETERS

The sequence which had been used previously for solvent

suppression consisted of an initial saturation pulse of 100

milliseconds duration and 1-5% power followed by a spin-echo

component consisting of a hard 90° pulse of 40-70 microseconds

duration and 100% power, and a hard 180° pulse of 80-140

microseconds duration and 100% power. The delay between the

presaturation pulse and the 90° pulse was 2.0 milliseconds, and the

delay between the 90° pulse and the 180° pulse was 68 milliseconds

which yielded an echo 68 milliseconds after the 180° pulse. An

interpulse delay time of 60-68 milliseconds is a common choice in

in vivo proton spectroscopy (Campbell et al. 1975, Chang et al.

1987b, Richards et al. 1987, Terrier et al. 1989, Williams, Gadian,

and Proctor 1986 , Williams et al. 1988) since it has been shown

that this suppresses both the water and the lipid resonances because

of their short T2 values (approximately 30 milliseconds for tissue

water) while still allowing resonances with longer values of T2 to

be observed (e.g. lactate with a T2 of approximately 200

milliseconds). For a total delay time to echo of 136 milliseconds and

the values given above for T2, the water to lactate signal should be

reduced by a factor of 47, assuming simple exponential decay by a

factor of exp(-t/T2) and negligible diffusion. A consequence of using

this delay time is that the lactate methyl doublet and other doublets

having similar values of the spin-spin coupling constant J appear

inverted. Homonuclear spin-spin coupling in the molecule causes

modulation of the peak, where the modulation term F(J) is given by
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F(J) = cos (2it.JT), so that when the delay time T = 1/(2J), F(J) = -1.

A delay time of 68 milliseconds will therefore invert doublets

having J values close to 7 Hz. Since inhomogeneous broadening

causes line widths to be of the order of 30 Hz the peaks of a doublet

separated by 7 Hz cannot be differentiated in an in vivo experiment.

Two different optimized 90° pulses were employed and the

parameters for the optimized sequence were chosen to be the same

as those in the presaturation sequence as far as possible to allow a

fair comparison. One of the optimized pulses was obtained by the

conjugate gradient technique and had the shape shown in figure 3.16.

The other optimized pulse was obtained by simulated annealing

optimization and had the shape shown in figure 4.10. A spin echo

sequence was used with the same delay times as for the

presaturation sequence. The 90° pulses were of 4096 microseconds

duration and 5-8% power was used. Based on the calculated

responses as shown in figures 3.17 and 4.11, this pulse duration

should produce reasonably uniform excitation over a frequency range

extending from 1.3 to 5.0 ppm from the water peak for the conjugate

gradient pulse and 1.5 to 5.0 ppm for the simulated annealing pulse.

After a delay of 68 milliseconds, a 180° pulse of 140 microseconds

duration and 100% power was given, and then acquisition was

started after another 68 milliseconds delay.

For both the presaturation and optimized sequences, CYCLOPS

phase-cycling was employed to reduce quadrature artifacts, 1024

data points were acquired for each of 104 acquisitions accumulated.

The sweep width was 2 kHz, and the cut-off filter was set at 4 kHz.

The FID's were processed either by exponential filtering with a line
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broadening of 2-10 Hz, or by apodizing with a double filter

consisting of an exponential filter of -20 Hz and a Gaussian filter of

+20 Hz. The latter apodization changes the line shape from

Lorentzian to Gaussian and causes no net line broadening. The

apodization was followed by zero-filling, and Fourier

transformation. The spectra are presented with the water peak

referenced to a value of 4.77 ppm.

6.5 EFFECTS OF PRESATURATION

The calculated responses to several selective-excitation

solvent suppression sequences were presented in chapter 2. The

response from a presaturation sequence was not included in that

presentation since it functions not by avoiding excitation of the

water resonance, as was the case for the sequences of chapter 2, but

by selectively saturating the water resonance and so making it

unobservable. Presaturation is prefered, by some workers, to

selective excitation using a binomial sequence for example because

of the phasing and other difficulties associated with these

sequences, especially for in vivo studies. However, although the

presaturation sequence does not suffer from base-line roll and other

problems associated with an approximately linear variation of phase

with frequency, it does have different problems.

Figure 6.1 shows a calculated response which approximately

models the response to be expected from a spin-echo presaturation

sequence using the parameters given in section 6.4.
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RESPONSE FROM A 100 MSEC PRESATURATION PULSE
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Figure 6.1 Y magnetization resulting from a sequence consisting of

a presaturation pulse of 100 millisecond duration and tip angle of

1620°, followed by a hard 90° pulse, and a hard 180° pulse.

This simulation only models the excitation response in the absence

of saturation. In practice the oscillations in the response will be

reduced by the effects of saturation, but the calculation is useful

qualitatively for illustrating that this sequence can not be expected

to produce uniform excitation close to the water resonance. The

presaturation portion of the sequence creates sinc-like

perturbations of the magnetization along the Y axis which extend out

to 1.0 ppm (200 Hz) from the center frequency. The initial
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oscillations are severe enough to create negative spikes. The full

width at half-maximum (FWHM) of the central lobe is 29 Hz. This is

considerably greater than the value of 3.2 Hz which might be

expected from the rule-of-thumb of 1/m T. This approximation only

holds for pulses of approximately 90° tip angle, which is certainly

not the case in this situation. The conclusion is that the

presaturation sequence can be expected to produce severe

oscillations close to the center frequency and less severe

oscillations up to 1.0 ppm away from the water frequency under the

experimental conditions being used. These predictions were borne

out in practice, as will be shown in the subsequent sections.

6.6 FIRST EXPERIMENT

In the initial experiment, the rat expired shortly after

initiating the measurements so that the first set of spectra which

are shown correspond to resonances from a post-mortem rat. Figure

6.2 shows a spectrum obtained using the conventional presaturation

spin-echo sequence. The water peak has had the central portion

inverted as predicted, and is of reduced magnitude but the broad

shoulders of the water peak are still evident and preclude

observation of resonances in the region between 3.8 and 5.8 ppm. In

addition the resonances in the region below 3.8 ppm are not well

resolved. For example there is a hint of an inverted peak at 1.18 ppm

but the resolution does not allow this to be asserted with certainty.

Figure 6.3 was obtained under the same conditions using the

optimized conjugate gradient sequence shown in figure 3.16. In

comparison to the presaturation sequence, the optimized sequence
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has a water peak which is smaller and more sharply defined, giving a

baseline which remains small up to 4.5 ppm. The set of resonances in

the region between -0.5 and +4.0 ppm are better resolved with the

optimized sequence.

Figure 6.2 (overleaf) Postmortem spectrum using a sequence

consisting of a presaturation pulse followed by spin-echo pulses.

The spectrum is shown at 3 different scales of magnification to

enable detail to be observed. The middle scan has a magnification of

8, and the top scan has a magnification of 16, with respect to the
bottom scan.
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Figure 6.3 (overleaf) Postmortem spectrum using an optimized

spin-echo sequence. The optimized 90° pulse was obtained by the

conjugate gradient technique and had the shape shown in figure 3.16.

The pulse was of 4096 microseconds duration and 8% power was

used. After a delay of 68 milliseconds, a 180° pulse of 140

microseconds duration and 100% power was given, and then

acquisition was started after another 68 milliseconds delay. The

spectrum is presented at two scales of magnification. The top scan

has a magnification of 2 with respect to the bottom scan.
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6.7 SECOND EXPERIMENT

A second experiment was conducted with a live rat; figure 6.4

shows the spectrum from this rat obtained with a conventional Hahn

spin-echo sequence where the only water suppression was provided

by the 68 millisecond delays between the 90° and 180° pulses, and

between the 180° pulse and acquisition. Although the water peak is

Smaller than it would have been without the relaxation decay caused

by these 68 millisecond delays, it is still appreciable, and in

addition the peaks of interest are sitting on a broad hump ranging

from 3.0 to 5.0 ppm.

Figure 6.5 presents a spectrum from the same rat using a

presaturation spin-echo sequence with similar parameters as for

the previous experiment (figure 6.2) except that 5.0% power was

used for the saturation pulse. The presaturation sequence again

reduced the amplitude of the water peak but produced oscillations

close to the water peak in agreement with the predicted response

shown in figure 6.1. The spectrum shows some similarities but many

differences compared to that from the post-mortem rat (figure 6.2)

as might be expected. Again there is an indication of an inverted

peak at 1.14 ppm (arrowed). This frequency is somewhat different

than the value of 1.32 ppm usually reported for the methyl resonance

of lactate (Terrier et al. 1989, Williams et al. 1988), although at

least one group has reported a value close to 1.1 ppm (Endre and

Kuchel 1985). It should also be noted that the concentration of

lactate in the normally functioning kidney is expected to be small,

so this may be another resonance.
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Figure 6.4 Spectrum from a live rat using a Hahn spin-echo

sequence with 68 millisecond interpulse delays. The top scan has a

magnification of 2 compared to the bottom scan. The delay was

chosen to minimize the water signal, but there is still a

considerable water peak evident and the peaks are sitting on a broad

hump ranging from 3.0 to 5.0 ppm.
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Figure 6.5 Spectrum from a live rat using a presaturation spin-echo

sequence with 5% power for the saturation pulse and 68 millisecond

interpulse delays. The inverted peak is arrowed.
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Figure 6.6 shows a spectrum from the live rat obtained with

the same conjugate gradient optimized sequence and the same

parameters as used for figure 6.3. Again the water peak has been

suppressed without any of the oscillations evident with the

presaturation sequence. In addition many resonances can be resolved

more clearly in the region from 0 to 4.5 ppm. The peaks have been

assigned based on published data for rat kidney (Bagnasco et al.

1986, Endre and Kuchel 1985) and are listed below.

1.

.
H20

Inositol

Glycerolphosphorylcholine (GPC)

Phosphoethanolamine (PEt)

Betaine -CH2-H

Unknown

Betaine N-CH3

PEt -CH2

Choline N-CH2

Carnitine N-CH2

Creatinine

Citrate

Lactate CH3 2(normally 1.32)

Free fatty acids CH3 and (CH2)n

4.77 ppm

4.47

4.35

4.02

3.86

3.53

3.22

3.22

3.02

3.02

2.55

2.55

1. 1410.

11. 0.6-0.8
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Figure 6.6 Spectrum from a live rat obtained with the same

Conjugate gradient optimized sequence and parameters used for

figure 6.3. The water peak has been suppressed in a clean manner.
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6.8 THIRD EXPERIMENT **.

A third experiment with a live rat enabled the effects of using

different optimized sequences and of changing the duration of the

interpulse delays to be investigated. Figure 6.7 shows a spectrum

obtained using a simple Hahn spin-echo sequence with the same

parameters as used previously. With the gain chosen to avoid ~

saturating the electronics with the large water signal, the peaks of

interest are buried in the noise. No measurements were obtained

using a presaturation sequence in this experiment since previous

experiments had shown that the optimized sequences were easier to

use and gave better results. Figure 6.8 shows the spectrum obtained

with the conjugate gradient optimized sequence of figure 3.16 using

an interpulse delay of 68 milliseconds and the same parameters as

for figure 6.3. The water peak is much reduced allowing the peaks of

interest to be observed above the noise. The inverted peak at 1.34

ppm (arrowed) is at the usually quoted frequency for lactate.

Figure 6.7 (overleaf) Spectrum from a live rat using a Hahn spin

echo sequence with the same parameters as for figure 6.4.
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Figure 6.8 (overleaf) Spectrum obtained using the conjugate

gradient optimized sequence of figure 3.16 and the same parameters

as for figure 6.3. The peak at 1.34 ppm (arrowed) is thought to be

from the methyl group of lactate since it is close to the frequency

quoted by other workers (Terrier et al. 1989, Williams et al. 1988)

and appears inverted as would be expected from the interpulse delay
of 68 milliseconds which was used.
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Figure 6.8
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Figure 6.9 shows a spectrum obtained with the same optimized

sequence and with all the parameters the same as for figure 6.8

except that the interpulse delay was changed to 34 milliseconds.

This time the peak thought to be lactate at 1.34 ppm (arrowed) has

not been inverted. Such a large invertible peak at this frequency had

not been observed in the previous experiments with live rats.

However at the end of this experiment, when the rat was removed

from the magnet, it was discovered that the kidney had been bruised

in the preparation phase. This finding is consistent with the

observation of a large lactate peak.

Figure 6.9 (overleaf) Spectrum obtained with the same conjugate

gradient sequence and parameters as for figure 6.8 except that the

interpulse delay was changed to 34 milliseconds. The peak at 1.34

ppm (arrowed), thought to be lactate, is no longer inverted compared

with the other peaks of the spectrum indicating that it exhibits the

phase modulation associated with homonuclear spin-spin coupling.
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Figure 6.10 shows a spectrum obtained using the same rat and

experimental parameters as for figure 6.8 except that the sequence

used was obtained by simulated annealing optimization and has the

shape shown in figure 4.10. The spectrum is similar to that obained

with the conjugate gradient sequence except that the water peak has

been further reduced by a factor of about 6. The peaks of interest

next to the water peak have also been reduced which is a

consequence of the broader null and enhanced suppression provided

with this sequence. This illustrates once again that choice of a

solvent suppression sequence involves inevitable compromises

between more efficient suppression and ability to study peaks close

to the water resonance frequency.

Figure 6.10 (overleaf) Spectrum obtained with the pulse designed

using simulated annealing optimization and shown in figure 4.10. The

experimental parameters were the same as for figure 6.3. The water

peak has been more completely suppressed than was the case using

the conjugate gradient pulse (figure 6.8), but so have the peaks close

to the water resonance. The peak at 1.34 ppm (arrowed) is inverted

as expected from the interpulse delay of 68 milliseconds.
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6.9 CONCLUSION

Based on reports in the literature, it would appear that most in

vivo 1H NMR spectroscopy is performed using either a presaturation

spin-echo sequence, or using a binomial selective-excitation spin

echo sequence where only the 90° pulse, or both the 90° pulse and

the 180° pulse, are selective. Both of these conventional approaches

are problematical. Presaturation produces oscillations close to the

water peak and perturbs the excitation response at greater

frequency offsets as has been shown earlier in this chapter. In

addition, presaturation is difficult to control and tends to give

unpredictable results from one experiment to the next. The selective

excitation sequences which are commonly used are the Jump and
Return (90°-90°), or the 1-3 - 3 - 1 sequence. The Jump and Return

sequence has been shown in chapter 2 to yield a sinusoidal rather

than a flat excitation response and, since the null is narrow, it does

not provide a high suppression ratio for in vivo sytems. The main

advantage of the sequence is that it gives a flat phase response,

although there is a 180° phase shift from one side of the null to the
other. The 1-3-3-1. Sequence usually gives a better suppression of

the water signal, but has a very narrow excitation region and gives a

large frequency-dependent phase shift when used alone. However,

both of these selective excitation pulses are usually used in a spin

echo sequence with 68 millisecond interpulse delays to reduce

water and fat signals. This approach has the advantage that most of
the phase variation will be eliminated for the 1-3 - 3 - 1 sequence.

However if a hard 180° pulse is used, then this creates additional

transverse magnetization from the water resonance, since there
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will be regions experiencing other than a 180° tip angle due to the

RF inhomogeneity usually experienced with in vivo probes. Many

workers use the same selective sequence for both the 90° pulse and

the 180° pulse to avoid this problem and thus obtain a high

suppression ratio. Unfortunately the undesirable excitation profile,

which results when either of these selective sequences is used only

for the 90° pulse, is made worse when the same sequence is also

used for 180° pulse.

In contrast the pulses which have been designed using

conjugate gradient and simulated annealing optimization are

remarkably easy to use, give good water suppression when used in

spin-echo sequences with interpulse delays of the order of 68

milliseconds, and yield a flat excitation response over a wide range.

The water peak is reduced without introducing disturbances into the

spectrum, the phase is constant across the full spectrum, the

spectrum can be presented in absorption mode, and only zero-order

phasing is necessary.

º

2. s
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CHAPTER SEVEN

CONCLUSIONS

Both conjugate gradient and simulated annealing optimization

methods have been shown to be capable of producing selective

excitation solvent-suppression pulse sequences with calculated

performance characteristics which closely match the initial

specifications. The main limitation in using these optimization

techniques relates to the difficulties in knowing how to specify the

constraints in such a way as to produce a desired result. On occasion

this knowledge had to be obtained by a combination of inspired

guesswork and trial and error.

The experimental evaluation of the optimized sequences using

a combination of phantom work and in vivo testing confirmed the

calculated performance characteristics. The sequences proved to be

straightforward to apply and to yield good results with few of the

drawbacks of the sequences more commonly used for in vivo 1H NMR

Spectroscopy.

The experience of using these sequences in animal experiments

has suggested some avenues for future research. The sequences

described in chapters 3 and 4 were designed based on one particular

form of frequency specification chosen from an infinite number of

possibilities. For example, it should be possible to design sequences

which have a null response for the fat as well as the water

resonance. Similarly it should be possible to design a matched pair

of solvent suppression sequences, one of which also has a null at the

frequency of a line which experiences homonuclear spin-spin
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coupling with a line of interest, and one which does not have this

extra null. When such a pair of sequences are used in succession and

the interpulse delay is chosen to invert the line of interest, then the

line will only be inverted for the sequence which does not null the

coupled line. Subtracting the spectra resulting from the two

sequences should null all lines except the line of interest. These are

but two examples of the many different types of frequency

specification which are possible using these optimization

techniques.
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APPENDIX 1

COMPUTER PROGRAMS

1. INTRODUCTION

The computer programs which follow in the next two sections

were written to make extensive use of several of the numerical

routines given by Press et al (Press et al. 1986). The routines from

Press are listed with a description of their function below. The

Code for these routines is in this reference, and is also available on

disk.

FRPRMN

LINMIN

MNBRAK

F1DIM

DF1 DIM

ODEINT

RKCC

Fletcher-Reeves-Polak-Ribiere conjugate gradient
minimization routine. The Polak-Ribiere variant was the

one actually used.

One-dimensional line minimization routine.

Routine for initially bracketing a minimum.

Routine for constructing a one-dimensional version of a

function.

Routine for constructing a one-dimensional version of

the derivative of a function.

Routine for integrating a set of ordinary differential

equations using a fourth-order Runge-Kutta method with

adaptive step control.

Routine for taking a fifth-order Runge-Kutta step with

monitoring of local truncation error to ensure accuracy

and adjust step size.
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RK4 Uses the fourth-order Runge-Kutta method to advance the

solution over an interval.

METROP Metropolis decision algorithm for accepting a

reconfiguration change in simulated annealing.

SINFT Calculates the sine Fourier transform of a set of real

valued data points.

REALFT Calculates the Fourier transform of a set of real-valued

data points. Called by SINFT.

FOUR1 Replaces a set of data by its Fourier transform. Called by
REALFT.

The main modification made to these routines was to change them to

double precision so that they would be compatible with the

following optimal control and simulated annealing programs.

All of the following routines were coded in VAX/VMS FORTRAN77,

which is a superset of the ANSI standard. Except for use of the

IMPLICIT NONE statement, and the file input/output syntax, these

routines should run in any standard FORTRAN environment. Extensive

modifications were made to the routines for use on the SDSC CRAY

X-MP/48 supercomputer to take advantage of the vectorization and

other efficiencies on this computer. The routines for the CRAY have

not been listed since they are now obsolete due to the shift over to

the UNICOS operating system on the SDSC CRAY.

2.
s
*
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2. OPTIMAL CONTROL OPTIMIZATION ROUTINES

++ºr**ºrºr+ºrºrºrºr*ºr*ºrºrºr*r
ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

OPTIM
* * * * * * * * * * * * * * * * * * * * * *

FUNCTION: OPTIMIZE RFPULSE SEQUENCE

AUTHOR: VERNON SMITH
DATE: 12-JAN-1988

FILENAME: OPTIM.FOR

REVISIONS: REV. # DATE REVISOR REVISIONS MADE

1
2

4/14/89
4/14/89

PROGRAM OPTIM

|MPLICIT NONE

CHARACTER TFLAG
INTEGER I,J,NDIM,ITER,N2FREQ
REAL*8 PI,PI2

INCLUDE'OPTCOM.INC'
INCLUDE'FRPRO.INC

PI
P|2

3.141593
0.5*PI

VS INCLUDE EVOLVE
VS SEPARATE AMP AND PHASE

º,2-



162

20

40

45

50

60

80
100

1

1

OPEN(UNIT=12,FILE=BLOCPARDAT, FORM-FORMATTED,
STATUS=OLD)

OPEN(UNIT-13,FILE=MXYZ.DAT,FORM="FORMATTED',
STATUS=OLD)

READ(13,20)SEQFILE
FORMAT(A40)
READ(12,40)NFREQ
READ(13.40)N2FREQ
FORMAT(18)
IF(N2FREQ.NE(NFREQ+1))THEN

WRITE(*,45)
FORMAT( INPUT FILES DO NOT MATCH')
STOP

ENDIF
READ(12,100)OFFTOT
READ(12,100)(MINIT(I), I=1,3)
READ(12,40)NPOINTS
READ(12,40)NTOTAL
READ(12,50)REPHASE, EVOLVE, NEVOLVE
FORMAT(L1,X,L1,X,18)
IF (OFFTOT.EQ.0.0) THEN

OFFINC = 0.0
ELSE

OFFINC = OFFTOT / NFREQ
ENDIF
DO 60 l = 1,NPOINTS

READ(12,100)P(I),PHASE(I)
IF(ABS(PHASE(I)).GT.PI2.AND.
ABS(PHASE(I)).LE.(PI+PI2))THEN

P(I) = - P(I)
PHASE(I) = PHASE(I) - Pl
IF(PHASE(I).L.T.0.0)PHASE(I)=2.0"Pl: PHASE(I)

ENDIF
CONTINUE
DO 80 l = 1,(NFREQ+1)

READ(13,100)D(3*I-2),D(3*I-1), D(3*I)
CONTINUE
FORMAT(3(G14.7,X))
CLOSE(12)
CLOSE(13)
WRITE(LOUT,105)

105 FORMAT( NUMBER OF POINTS FOR INCREASED WEIGHTING = )
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1 10

116

120

130

140

READ(LIN,40)STEP
DO 116 l = 1,0\|FREQ+1)

IF(LLESTEP) THEN
WRITE(LOUT,110)]
FORMAT( WEIGHT FOR POINT (,14,') = )
READ(LIN,140)WEIGHT(I)

ELSE
WEIGHT(1) = 1.0

ENDIF
CONTINUE
WRITE(LOUT,120)
FORMAT( FUNCTION TOLERANCE = )
READ(LIN,140)FTOL
WRITE(LOUT,130)
FORMAT( NUMBER OF ITERATIONS = )
READ(LIN,40)|TER
FORMAT(F14.0)

CALL FRPRMN(P,NPOINTS,FTOLITER,FRET)

END

-
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ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

OPTCOM
ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

FUNCTION: INCLUDE FILE OF COMMON VARIABLES FOR OPTIM AND
ASSOCIATED SUBROUTINES

AUTHOR: VERNON SMITH
DATE: 17-SEP-1987

FILENAME: OPTCOM.INC

ºrºrºrºrºr+*ºrºrºrºrºrºr
* DESCRIPTION FOR USERS: COMMON FOR OPTIM.FOR AND
* ASSOCIATED SUBROUTINES

ºr

*

LOGICAL REPHASE, EVOLVE
INTEGER NSEQLIMIT,FREQLIMIT.NEVOLVE
PARAMETER (NSEQLIMIT = 400)
PARAMETER (FREQLIMIT = 61)

CHARACTER*40 SEQFILE,OUTFILE

INTEGER NPOINTS,NFREQ,FREQCOUNTNTOTALSTEP

REAL*8 M1(3),M2(3),M3(3),M4(3),MAG(FREQLIMIT,NSEQLIMIT,3)
REAL*8 MINIT(3),MFIN(FREQLIMIT,3),D(3*FREQLIMIT)
REAL”8 TIPANGLE,OFFTOTOFFSETOFFINC,OPTFREQ
REAL*8 BIGMAT(3,3)
REAL'8 RFAMP.OFFRES,CPHASE,SPHASE,PHASE(NSEQLIMIT)
REAL”8 TINY,MAXSTEP,WEIGHT(FREQLIMIT)

COMMON/C1/SEQFILE,OUTFILE
COMMON/C2/NPOINTS,NFREQ,FREQCOUNT,NTOTALNEVOLVE
COMMON/C3/ MINIT,MFIN,D,MAG
COMMON/C4/TIPANGLE,OFFTOTOFFSETOFFINC,OPTFREQ
COMMON/C6/ M1, M2, M3,M4
COMMON/C7/ BIGMAT
COMMON/C8/STEP,WEIGHT.REPHASE, EVOLVE
COMMON/C9/ RFAMP,OFFRES,CPHASE,SPHASE,PHASE
COMMON/C10/TINY,MAXSTEP

º

*

§
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ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

FRPRO.INC
* * * * * * * * * * * * * *.

INTEGER NVEC,LIN,LOUT
PARAMETER (LIN=5,LOUT=6)
REAL”8 P(NSEQLIMIT),XI(NSEQLIMIT),FRET,EPS,FTOL
PARAMETER (EPS=1.0E-10)

* * * * * * * * * * * * * * * * * * * * * *

FUNC
ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

FUNCTION: CALCULATES MAGNETIZATION VECTORS USING A
SPECIFIED PULSE SEQUENCE

AUTHOR: VERNON SMITH
DATE: 8-JAN-1988

FILENAME: FUNC.FOR

DESCRIPTION FOR USERS:
version using product of ideal and actual magnetization

COMMENT FOR PROGRAMMERS: CALLED BY FRPRMN.FOR
USES PARAMETERS STORED IN OPTCOM.FOR

REVISIONS: REV. # DATE REVISOR REVISIONS MADE

1 4 / 14/89 VS INCLUDE EVOLVE

*ºr*ºr*ºrºrºrºrºrºr*ºrºr**r+ºrºrºrºrºrºrºrºr
FUNCTION FUNC(P)

IMPLICIT NONE

º

t y
t*
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INTEGER |
REAL*8 FUNC

REAL”8 DIRN *

REAL*8 W º

INCLUDE'OPTCOM.INC' º

INCLUDE'FRPRO.INC sº

FUNC = 0.0

* SOLVE FOR ALL FREQUENCIES

OFFSET = 0
DO 1000 FREQCOUNT = 1,NFREQ+1

C LOAD INITIAL MAGNETIZATION VECTOR

DO 100 l = 1,3 -
M1(1) = MINIT(I)

100 CONTINUE

CSET WEIGHTING FACTOR

W = WEIGHT(FREQCOUNT) J

PERFORM INTEGRATION OF BLOCHECUATIONS OVER ALL POINTS
OF RF SEQUENCE USING MODIFIED 4TH ORDER RUNGE-KUTTA

CALL RKBLOC(P) t

REPHASE OR EVOLVE ASSELECTED

*

IF(REPHASE)THEN )
DIRN = -1.0D0

ELSEIF(EVOLVE)THEN 2
DIRN = +1.0D0

-

ENDIF * .
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CALL RPHASE(DIRN) ~
C * *

C STORE FINAL MAGNETIZATION VECTOR FOR EACH FREQUENCY .*-*

C POINT
C s

C º
FUNC = FUNC + W.
DO 200 l = 1,3 J

MFIN(FREQCOUNT,I) = M1() s
FUNC = FUNC - W*M1(1)*D(3*FREQCOUNT-3+I) º

C
CALTERNATIVELY THE FOLLOWING DEFINITION CAN BE USED FOR THE
C OBJECTIVE FUNCTION
C FUNC = FUNC + W*ABS(M1(I)-D(3°FREQCOUNT-3+I))
C
200 CONTINUE

OFFSET = OFFSET + OFFINC
1000 CONTINUE

RETURN
END
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ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr + ºr ºr ºr ºr

DFUNC
ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

FUNCTION: CALCULATES GRADIENT OF OBJECTIVE FUNCTION

AUTHOR: VERNON SMITH
DATE: 10-JAN-1988

FILENAME: DFUNC.FOR

COMMENT FOR PROGRAMMERS: CALLED BY FRPRMN.FOR
USES PARAMETERS STORED IN OPTCOM.INC AND FRPRO.INC

REVISIONS: REV. # DATE REVISOR REVISIONS MADE

1 4/14/89 VS INCLUDE EVOLVE

PROGRAM, SUBROUTINE, OR FUNCTION STATEMENT:

ºrºrºr+ºrºrºrºrºrºrºrºrºrºrºrºrºrºrºr***ºrºr
SUBROUTINE DFUNC(P,DF)

IMPLICIT NONE

INTEGER |

INCLUDE'OPTCOM.INC'
INCLUDE'FRPRO.INC
REAL”8 DF(NSEQLIMIT)
REAL*8 DIRN,DIFF,CNE

ONE = 1.0

DO 40 l = 1,NPOINTS
DF(I) = 0.0

<!
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4.0 CONTINUE

C
C NOW SOLVE FOR ALL FREQUENCIES
C

OFFSET = 0
DO 1000 FREQCOUNT = 1,NFREQ+1

C LOAD M(1) WITH DESIRED MAGNETIZATION VECTOR
C DIFF = MFIN(FREQCOUNT,I)-D(3°FREQCOUNT-3+I)

DO 100 l = 1,3
M1(I) = D(3*FREQCOUNT-3+I)

C M1(1) = DSIGN(ONE,DIFF)
100 CONTINUE

C
C REPHASE IN A TIME REVERSED DIRECTION
C OR EVOLVE IN A FORWARD TIME DIRECTIONASSELECTED
C

IF(REPHASE)THEN
DIRN = +1.0D0

ELSE IF(EVOLVE)THEN
DIRN = -1.0D0

ENDIF
CALL RPHASE(DIRN)

C
C PERFORM INTEGRATION
C

CALL RKAJNT(P,DF)
C
C

OFFSET = OFFSET + OFFINC

1000 CONTINUE

RETURN
END

º
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ºrºrºrºr*+*ºrºr
ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

DERIVS
ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

FUNCTION: CALCULATES GRADIENT OF MAGNETIZATION FROM BLOCH
EQUATIONS

SUBROUTINE DERIVS(T.M.DMDT)
implicit none
REAL*8 DMDT(3)
REAL*8 M(3),T

INCLUDE'OPTCOM.INC'

DMDT(1) = M(2)*OFFRES + M(3)*RFAMP*SPHASE

DMDT(2) = M(3)*RFAMP*CPHASE - M(1)*OFFRES

DMDT(3) = -M(1)*RFAMP*SPHASE - M(2)*RFAMP*CPHASE
RETURN
END
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ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr -

RKBLOC
* * * * * * * * * * * * * * * * * * * * * *

FUNCTION: SOLVE BLOCH ECUATIONS USING RUNGE-KUTTA º
TECHNICUE ITERATES FOR EACH PULSE OF SEQUENCE AND WITHIN

*

EACH PULSE FOR A TOTAL OF NTOTAL STEPS j

AUTHOR: VERNON SMITH º
DATE: 8-JAN-1988 i

FILENAME: RKBLOC.FOR

COMMENT FOR PROGRAMMERS: CALLED BY FUNC.FOR
ARGUMENTS FROM OPTCOM.INC

PROGRAM, SUBROUTINE, OR FUNCTION STATEMENT:

ºrºrºrºrºr**ºrºrºr*ºr*ºrºrºrºr*ºr*rºrºr
SUBROUTINE RKBLOC(P)

IMPLICIT NONE *

INTEGER I,J,K,NINC
INTEGER NOK,NBAD,KMAX,KOUNT º

REAL*8 DXSAV,X(200),Y(10,200) 5.
REAL*8 MTUDE
REAL*8 T1, T2,DEV,H1, HMIN

INCLUDE'OPTCOM.INC' º
INCLUDE'FRPRO.INC

*

COMMON/PATH/KMAX,KOUNT,DXSAV,X,Y

EXTERNAL RKOC,DERIVS º
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KMAX = 0
DXSAV = T2 - T1

C
C CALCULATE STARTING PARAMETERS
C

OFFRES = OFFSET / NPOINTS

DO 1000 l = 1,NPOINTS

C CALCULATE SINES AND COSINES OF ANGLES

SPHASE = DSIN(PHASE(I))
CPHASE = DCOS(PHASE(I))

RFAMP = P(I)

CALL ODEINT(M1,3,T1, T2,DEV,H1,HMIN, º
1 NOK,NBAD,DERIVS,RKQC)

w

MTUDE = SQRT(M1(1)*2+M1(2)**2+M1(3)**2) v’

DO 600 K = 1,3 sº
M1(K) = M1(K) / MTUDE >

600 CONTINUE
DO 800 J = 1,3

MAG(FREQCOUNT,I,J) = M1(J) -

800 CONTINUE L.

1000 CONTINUE º
RETURN ~y

END y
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*ºr*ºrºrºrºrºrºrºrºrºrºrºrºrºrºrºrºrºrºr
ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

RKAJNT
# * * * * * * * * * * * * * * * * * * * * *

FUNCTION: SOLVE ADJOINT ECUATIONS USING RUNGE-KUTTA
TECHNIOUE

ITERATES FOR EACH PULSE OF SEQUENCE AND WITHIN
EACH PULSE FOR A TOTAL OF NTOTAL STEPS

AUTHOR: VERNON SMITH
DATE: 8-JAN-1988

FILENAME: RKAJNT.FOR

COMMENT FOR PROGRAMMERS: CALLED BY DFUNC.FOR
ARGUMENTS FROM OPTCOM.INC

SUBROUTINE RKAJNT(P,DF)

IMPLICIT NONE

INTEGER I,J,K,NINC
INTEGER KMAX,KOUNT.NOK,NBAD
REAL”8 DXSAV,X(200),Y(10,200)
REAL”8 DMXDT,DMYDT,DMZDT
REAL*8 MTUDEW
REAL*8 T1, T2,DEV,H1,HMIN

INCLUDE'OPTCOM.INC'
INCLUDE'FRPRO.INC

COMMON/PATH/KMAX,KOUNT,DXSAV,XY

.
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REAL*8 DF(NSEQLIMIT)

EXTERNAL DERIVS,RKOC

T1 = 1.0
T2 = 0.0
DEV = 1.E-02
H1 = 0.1
HMIN = 1.E-04
KMAX = 0
DXSAV = T2 - T1

C CALCULATE STARTING PARAMETERS

OFFRES = OFFSET / NPOINTS

CSET WEIGHTING FACTOR

W = WEIGHT(FREQCOUNT)

C INTEGRATE BACKWARDS FOR ALL POINTS OF RF SEQUENCE

DO 1000 l = NPOINTS,1,–1

C CALCULATE SINES AND COSINES OF ANGLES

SPHASE = DSIN(PHASE(I))
CPHASE = DCOS(PHASE(I))

RFAMP = P(I)

DF(I)=DF(I)-W*(MAG(FREQCOUNT,I,3)*
1 SPHASE"M1(1)+MAG(FREQCOUNT,I,3)*CPHASE"M1(2)-M1(3)"
2 (MAG(FREQCOUNT,I,1)*SPHASE+MAG(FREQCOUNT,I,2)*CPHASE))

CALL ODEINT(M1,3,T1, T2,DEV,H1,HMIN,
1 NOK,NBAD,DERIVS,RKQC)
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Figure 5.9 (overleaf) Spectrum obtained from the pulse obtained *
using simulated annealing optimization depicted in Figure 4.10. This

º

was applied as a 90° pulse of 4096 microsecond duration and 4.1%

power level, followed by delay of 126 milliseconds, and then a hard 5.

180° pulse of 60 microseconds duration and 100% power to refocus

the spins. Data were acquired 128 milliseconds after the end of the - * *

180° pulse. EXORCYCLE and CYCLOPS phase cycling were employed in

a 16 step sequence, and 8 cycles of acquisitions were accumulated.

The water peak has been suppressed by about a factor of 1000. )

‘. 2.
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MTUDE = SQRT(M1(1)*2+M1(2)**2+M1(3)**2)
DO 800 K = 1,3

M1(K) = M1(K) / MTUDE
800 CONTINUE
1000 CONTINUE

RETURN
END

ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

RPHASE
ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

FUNCTION: REPHASES AFTER APPLICATION OF PULSE SEQUENCE

AUTHOR: VERNON SMITH
DATE: 16-NOV-1987

FILENAME: RPHASE.FOR

COMMENT FOR PROGRAMMERS: CALLED BY FUNC.FOR AND DFUNC.FOR
ARGUMENTS FROM OPTCOM.FOR

REVISIONS: REV. # DATE REVISOR REVISIONS MADE

1 4/14/89 VS INCLUDE EVOLVE

*ºrºrºr*ºr+ºrºrºrºrºrºr**r*ºrºrºrºrºrºrºrºr
SUBROUTINE RPHASE(DIRN)

IMPLICIT NONE
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CHARACTER YORN
INTEGER I,J,K,ININC,BIG
REAL*8 DMXDT,DMYDT,DMZDT
REAL”8 SOFF,COFF
REAL*8 DIRN,ANGLE

INCLUDE'OPTCOM.INC'

IF(REPHASE)ANGLE=0.5°OFFSET
IF(EVOLVE)ANGLE=OFFSET*NEVOLVE■ NPOINTS

C CALCULATE SINES AND COSINES OF ANGLES

SOFF = DSIN(-DIRN*ANGLE)
COFF = DCOS(-DIRN“ANGLE)

C FORM MATRIX FOR ROTATION ABOUT ZAXIS TO REPHASE -

BIGMAT(1,1) = COFF . .
BIGMAT(1,2) = -SOFF
BIGMAT(1,3) = 0.0
BIGMAT(2,1) = SOFF º
BIGMAT(2,2) = COFF &

BIGMAT(2,3) = 0.0 * ,

BIGMAT(3,1) = 0.0
BIGMAT(3,2) = 0.0 º
BIGMAT(3,3) = 1.0 S.

{

C PERFORM ROTATION ABOUT ZAXIS TO REPHASE º
CALL MATROT i.

RETURN º
END y
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ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

MATROT
ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

FUNCTION: ROTATE MAGNETIZATION VECTOR BY MATRIX
MULTIPLICATION

AUTHOR: VERNON SMITH
DATE: 17-SEP-1987

FILENAME: MATROT.FOR

ºr*ºr*ºr*ºrºrºrºrºrºr
SUBROUTINE MATROT

IMPLICIT NONE

INTEGER I,J º

REAL”8 MAGPOST(3) º

INCLUDE'OPTCOM.INC' . . .

C PERFORM MATRIX MULTIPLICATION OF PREVECTOR TO YIELD POST
C VECTOR

DO 100 l = 1,3 º
MAGPOST(I) = M1(1) * BIGMAT(1,1) + >

1 M1(2) * BIGMAT(1,2) +
2 M1(3) * BIGMAT(1,3) º

100 CONTINUE -

C RELOAD PREVECTOR º,

DO 200 l = 1,3 º
M1(1) = MAGPOST(I) y

200 CONTINUE

RETURN - **

END gº
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3. ROUTINES FOR SIMULATED ANNEALING OPTIMIZATION

In addition to the routines listed below, some of the routines

given in the section above are needed. These are, FUNC, RKBLOC,

RPHASE, DERIVS, MATROT, ODEINT, RKOC, and RK4.

ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

OPTANSIN
+ ºr ºr ºr ºr ºr ºr + ºr ºr ºr ºr ºr ºr ºr + ºr ºr ºr ºr ºr ºr

FUNCTION: OPTIMIZE RFPULSE SEQUENCE
VERSION USING SINE FOURIER TRANSFORM COEFFICIENTS

AUTHOR: VERNON SMITH
DATE: 25-MAR-1989

FILENAME: OPTANSIN.FOR

REVISIONS: REV. # DATE REVISOR REVISIONS MADE

1 4/1 1/89 VS INCLUDE EVOLVE
2 4/17/89 VS PHASE ANGLE MOD

*rºrºrºrºrºrºrºrºr*ºr*rºrºrºr**rºr
PROGRAM OPTANSIN

IMPLICIT NONE

CHARACTER TFLAG
INTEGER I,J,NDIM,ITER,N2FREQ
REAL*8 PI,PI2

INCLUDE'ANNOOM.INC'
INCLUDE'ANNSIN.INC'
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P| = 3.141593
P|2 = 0.5*PI

OPEN(UNIT=12,FILE=BLOCPAR.DAT,FORM="FORMATTED',
1 STATUS=OLD)

OPEN(UNIT=13,FILE=MXYZ.DAT,FORM="FORMATTED',
1 STATUS=OLD')

READ(13,20)SEQFILE
20 FORMAT(A40)

READ(12,40)NFREQ
READ(13.40)N2FREQ

40 FORMAT(18)
READ(12,100)OFFTOT
READ(12,100)(MINIT(I), I=1,3)
READ(12,40)NPOINTS
READ(12,40)NTOTAL
READ(12,44)REPHASE, EVOLVE, NEVOLVE

44 FORMAT(L1,X,L1,X,18)
IF (OFFTOT.EQ.0.0) THEN

OFFINC = 0.0
ELSE

OFFINC = OFFTOT / NFREQ
ENDIF
DO 60 l = 1,NPOINTS

READ(12,100)P(I),PHASE(I)
IF(ABS(PHASE(I)).GT.PI2.AND.

1 ABS(PHASE(I)).LE.(PHPI2))THEN
P(I) = - P(I)
PHASE(I) = PHASE(I) - PI
IF(PHASE(I).LT.0.0)PHASE(I)=PHPI-PHASE(I)

ENDIF
60 CONTINUE

DO 80 l = 1,0\|FREQ+1)
READ(13,100)D(3*I-2),D(3*I-1), D(3*I)

80 CONTINUE
100 FORMAT(3(G14.7,X))

WRITE(LOUT,120)
120 FORMAT(TEMPERATURE = )

READ(LIN,140)FTOL
WRITE(LOUT,130)

130 FORMAT( NUMBER OF ITERATIONS = )
READ(LIN,40)|TER

g

*
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140 FORMAT(F14.0)
WRITE(LOUT,150)

150 FORMAT( NUMBER OFSTEPS FOR INCREASED WEIGHTING = )
READ(LIN,160)STEP

160 FORMAT(18)
DO 170 l = 1,(NFREQ+1) º

IF(I.LESTEP) THEN
-

WRITE(LOUT,166) O

166 FORMAT('WEIGHT FOR POINT(,14,') = )
READ(LIN,140)WEIGHT(I) º

ELSE
WEIGHT(1) = 1.0

ENDIF
170 CONTINUE

CLOSE(12)
CLOSE(13)
CALL ANNSIN(P,NPOINTS,FTOLITER,FRET)
OPEN(UNIT-14,FILE='NEWPAR.DAT,FORM="FORMATTED',

1 STATUS='NEW’,CARRIAGECONTROL="LIST)
OPEN(UNIT=15,FILE='NEWXYZ.DAT,FORM="FORMATTED', º

1 STATUS='NEW’,CARRIAGECONTROL="LIST) >

OPEN(UNIT-16,FILE=PARDEG.DAT,FORM="FORMATTED', *

1 STATUS-NEW’,CARRIAGECONTROL="LIST) º
WRITE(15,20)SEQFILE
WRITE(14,40)NFREQ
WRITE(1540)N2FREQ *
WRITE(14,100)OFFTOT
WRITE(14,100)(MINIT(I), I-1,3)

- -

WRITE(14,40)NPOINTS wº

WRITE(14,40)NTOTAL
WRITE(14,44)REPHASE, EVOLVE, NEVOLVE >
DO 180 l = 1,NPOINTS

WRITE(14,200)P(I),PHASE(I) º
PHASE(I) = PHASE(I)*180.0DO/PI -
WRITE(16,100)P(I),P(I) i.

180 CONTINUE º
DO 190 l = 1,(NFREQ+1) **

WRITE(15,200)MFIN(I,1),MFIN(I,2),MFIN(I,3) º
190 CONTINUE y
200 FORMAT(3(F14.7))

-

WRITE(15,'(/1X,A,13)) 'ITERATIONS:',ITER sº
WRITE(15,'(1X,A,E14.6))'FUNC VALUE AT SOLUTION',FRET
CLOSE(14)
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CLOSE(15)
WRITE(LOUT,"(/1X,A,13)) 'ITERATIONS:',ITER
WRITE(LOUT,'(1X,A, E14.6))'FUNC VALUE AT SOLUTION',FRET
STOP
END

ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

ENTRY NAME: ANNSIN
ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

KEY WORDS:

FUNCTION: SIMULATED ANNEALING MINIMIZATION
USING SINE FOURIER COEFFS

AUTHOR: V. SMITH
DATE: 25-MAR-1989

FILENAME: ANNSIN.FOR

ºrºrºrºrºrºr*rºr*ºrºr*ºrºr*
* DESCRIPTION FOR USERS: PERFORMS MINIMIZATION OF FUNC
* USING SIMULATED ANNEALING

ºr

* COMMENT FOR PROGRAMMERS: IS CALLED BY OPTANSIN,
* CALLS METROP, AND
* CHANGEP

ºr

* REVISIONS: REV. # DATE REVISOR REVISIONS MADE

1 4 / 1 1/89 VS INCLUDE EVOLVE
2 6/27/89 VS REDUCE NUMBER OF WRITES,

PASS NOVERºr***ºr*
SUBROUTINE ANNSIN(PBEST.NVEC,FTOLITER,FBEST,NOVER)

IMPLICIT NONE
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|NCLUDE'ANNOOM.INC
INCLUDE'ANNSIN.INC.

LOGICAL ANS
INTEGER I,J,K,ILM,ITER,ITMAX,IDUM,COUNT,NCOEFF
INTEGER N(2),NOVER,NLIMIT.NSUCC,NN,NTEMP,NMINUS,NPLUS
REAL*8 SFACTR, TFACTR,T,DETOT,DEAVE
REAL*8 FP,DE,PNEW(NSEQLIMIT),FNEW,FBEST,PBEST(NSEQLIMIT)
REAL*8 PSINFT(NSEQLIMIT),DELTA
REAL*8 FUNC

NCOEFF = 16
DELTA = 0.5
NLIMIT = 10*NCOEFF
TFACTR = 0.9
SFACTR = 2.0DO/NPOINTS
T = FTOL

CALL GETSEED(IDUM)
WRITE(6,10)|DUM
FORMAT(18)
CALL CHANGEP(P.PBEST)
FP = FUNC(P)
FBEST = FP
DO 1600 |=1,ITER
NSUCC=0

NMINUS = 0
NPLUS = 0
COUNT = 0
DETOT = 0.0
DO 1400 J = 1,NOVER

DO 1200 K = 2,2°NCOEFF,2
CALL CHANGEP(PSINFT,P)
CALL SINFT8(PSINFT,NPOINTS)

PSINFT(K)=PSINFT(K)*(1.0+DELTA*(1.0-2.0°RAN(IDUM)))
CALL SINFT8(PSINFT,NPOINTS)
DO 100 M = 1,NPOINTS

--

~"* .
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PNEW(M) = SFACTR“PSINFT(M)
100 CONTINUE

FNEW = FUNC(PNEW)
DE = FNEW - FP
DETOT = DETOT + DE
COUNT = COUNT + 1
IF(FNEW.LT.FBEST)THEN
FBEST = FNEW
CALL CHANGEP(PBEST.PNEW)

CALLTYPOUT(I,J.K.PBEST,FBEST.T,COUNT,DETOT,NSUCC,
1 NMINUS,NPLUS)

WRITE(*,'(1X, A,F10.6)') 'FUNC =',FBEST
WRITE(*,'(1X, A,F10.6)') 'T =',T
WRITE(*,'(1X,A,16,A,16)') 'K = ',K,'NSUCC = ',NSUCC
WRITE(*,'(1X,A,I6,A,I6)') 'NMINUS = ',NMINUS,

1 'NPLUS = ',NPLUS
ENDIF

CALL METROP(DE,T,ANS,DUM)
IF (ANS) THEN
NSUCC=NSUCC+1

CALL CHANGEP(P.PNEW)
FP = FNEW
IF(DE.L.T.O.)THEN

NMINUS = NMINUS + 1
ELSE

NPLUS = NPLUS + 1
ENDIF

ENDIF
1200 CONTINUE

WRITE(*,”)
WRITE(*,'(1X,A,F10.6,A,F10.6,A,F10.6).) T =',T,

+ ' FUNC =',FP,
ºr FBEST=',FBEST

WRITE(*,'(1X,A,16)') 'Successful Moves: ',NSUCC
WRITE(*,'(1X,A,16,A,16).) 'NMINUS = ',NMINUS,

1 'NPLUS = ',NPLUS
IF (NSUCC.GE.NLIMIT) GOTO 1500

1 400 CONTINUE
1500 T-T"TFACTR

DEAVE = DETOT / COUNT
WRITE(*,'(1X,A,14,A,F10.6)') AT ITERATION ',I,

1 'AVERAGE CHANGE = ',DEAVE
IF (NSUCC.EQ.0) RETURN
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1600 CONTINUE

RETURN
END

1

1000
1

1

1
1020
1040
1050
1 100

1160

1170

SUBROUTINE TYPOUT(IVAL,JVAL,KVAL,
PBEST.FBESTT,COUNT,DETOTNSUCC,NMINUS,NPLUS)

IMPLICIT NONE

INTEGER I,J,IVAL,JVAL,KVAL,COUNT,NSUCC,NMINUS,NPLUS

|NCLUDE'ANNOOM.INC'
INCLUDE'ANNSIN.INC'
REAL*8 PDONSEQLIMIT),PBEST(NSEQLIMIT)
REAL*8 T,DETOT,DEAVE,FBEST

OPEN(UNIT=14,FILE='NEWPAR.DAT,FORM="FORMATTED',
STATUS=NEW’,CARRIAGECONTROL="LIST)

OPEN(UNIT=15,FILE='NEWXYZ.DAT,FORM="FORMATTED',
STATUS-NEW’,CARRIAGECONTROL-LIST)

OPEN(UNIT=16,FILE=PARDEG.DAT,FORM="FORMATTED',
STATUS=NEW’,CARRIAGECONTROL="LIST)
FORMAT(A40)
FORMAT(18)
FORMAT(L1,X,L1,X,18)
FORMAT(3(G14.7,X))

WRITE(15,1020)SEQFILE
WRITE(14,1040)NFREQ
WRITE(15,1040)(NFREQ+1)
WRITE(14,1100)OFFTOT
WRITE(14,1100)(MINIT(I),I-1,3)
WRITE(14,1040)NPOINTS
WRITE(14,1040)NTOTAL
WRITE(14,1050)REPHASE,EVOLVE, NEVOLVE
DO 1160 l = 1,NPOINTS

WRITE(14,1100)PBEST(),PHASE(I)
CONTINUE

DO 1170 l = 1,NPOINTS
PD(I) = PHASE(I)*180.0/3.141593
WRITE(16,1100)PBEST(I),PD(I)

CONTINUE
DO 1180 l = 1,0\|FREQ+1)
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1 180

ºr*ºrºrºr

WRITE(15,1100)(MFIN(I,J),J-1,3)
CONTINUE

WRITE(15,1100)OFFTOT
WRITE(15,'(/1X,A,14,2X,14,2X,14)') 'ITERATIONS(I,J,K):',

IVAL, JVAL, KVAL
WRITE(15,'(1X,A,F14.2)) 'FUNC VALUE',FBEST
WRITE(15,'(1X,A,F14.4).) TEMPERATURE 'T
DEAVE = DETOT / COUNT
WRITE(15,'(1X,A,F14.4)') 'AVE CHANGE IN FUNCTION',DEAVE
WRITE(15,'(1X,A,14))'NUMBER OF SUCCESSES',NSUCC
WRITE(15,'(1X,A,16,8,16)') 'NMINUS = ',NMINUS,

'NPLUS = ',NPLUS
CLOSE(14)
CLOSE(15)
CLOSE(16)

f

WRITE(LOUT,"(/1X,A,14,2X,14,2X,14)') 'ITERATIONS(I,J,K):',
IVAL, JVAL, KVAL

WRITE(LOUT,'(1X,A,F14.2))'FUNC VALUE',FBEST
WRITE(LOUT,'(1X,A,F14.4).) TEMPERATURE",T
WRITE(LOUT,'(1X,A,F14.4))'AVE CHANGE IN FUNCTION',DEAVE
WRITE(LOUT,'(1X,A,14))'NUMBER OF SUCCESSES',NSUCC
WRITE(LOUT,'(1X,A,I6,A,16).) 'NMINUS = ',NMINUS,

'NPLUS = ',NPLUS
RETURN
END

* * * * * * * * * * * * * ºr ºr ºr ºr ºr ºr ºr ºr ºr

ANNSIN.INC
* * * * * * * * * * * * ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

INTEGER NVEC,LIN,LOUT
PARAMETER (LIN=5,LOUT=6)
REAL”8 P(NSEQLIMIT),FRET,EPS,FTOL
PARAMETER (EPS=1.0E-10)
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* * * * * * * * * * * * * * * * * * * * * *

CHANGEP
* * * * * * * * * * * * * * * * * * * * * *

FUNCTION: CHANGEVALUES OF P TO THOSE FROM PNEW
VERSION FOR SINE FOURIER COEFFS

AUTHOR: VERNON SMITH
DATE: 25-MAR-1989

FILENAME: CHANGEP.FOR

ºr*ºrºrrºrºrºrºr*rºrºrºr
* DESCRIPTION FOR USERS: COMMON FOR ANNSI.N.FOR
* AND ASSOCIATED SUBROUTINES

ºr

* COMMENT FOR PROGRAMMERS: CALLED BY ANNSIN

ºr

*r

SUBROUTINE CHANGEP(POUT.PIN) º

IMPLICIT NONE

|NCLUDE'ANNOOM.INC'

INCLUDE'ANNSIN.INC' º
INTEGER | sº

REAL’8 PIN(NSEQLIMIT),POUT(NSEQLIMIT) º

DO 200 l = 1,NPOINTS L

POUT(I) = PIN(I) º,
200 CONTINUE *

O
RETURN y

*END º
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ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr ºr

GETSEED
* * * * * * * * * * * * * * * * * * * * * *

FUNCTION: GENERATE SEED NUMBERS FOR RANDOM NUMBER º
GENERATOR º

AUTHOR: VERNON SMITH
DATE: 5/13/88

*ºrºrºrºr*r*ºrºrºr*ºr
SUBROUTINEGETSEED(SEED)

IMPLICIT NONE

CHARACTER TIMBF"8 … "
INTEGER*4 SEED º'

INTEGER*4 HH,MM,SS

CALL TIME(TIMBF) 2. º.
READ(TIMBF,1100)HH,MM,SS

1 100 FORMAT(I2,X,12,3,12)
SEED = (HH+10)*(MM+10)*(SS+10) IMAKE SURE SEED IS LARGE ^:
IF(JMOD(SEED,2).EQ.0) SEED = SEED + 1 IMAKE SEEDODD

RETURN º

END º

ySº
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APPENDIX 2

REPRESENTATIVE PULSE SEQUENCES

1. INTRODUCTION

Two of the pulse sequences which were developed are listed

here to assist other workers who may find them useful for their own

studies of in vivo proton magnetic resonance spectroscopy. The

width of the null and excitation regions will scale with the pulse

length which is selected. Each pulse is presented as a sequence of

256 pairs of values of amplitude and phase. The first pulse sequence

was obtained by conjugate gradient optimal control theory and has

the shape shown in figure 3.16. The second pulse sequence was

obtained by simulated annealing optimization and has the pulse

shape shown in figure 4.10.

2. OPTIMAL CONTROL PULSE SEQUENCE

AMPLITUDE PHASE

0.3665727E-01 180.0000

0.1045085 180.0000

0.10935.94 180.0000

0.1081380 180.0000

0.1017266 180.0000

0.9102651 E-01 180.0000

0.7693849E-01 180.0000

0.6034572E-01 180.0000

0.4209606E-01 180.0000

0.2298867E-01 180.0000
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0.3761308E-02

0.1492000E-01

0.3246799E-01

0.4838011 E-01

0.6224149E-01

0.7372513E-01

0.8259172E-01

0.8868549E-01

0.9193042E-01

0.9232332E-01

0.899272OE-01

0.8486249E-01

0.7729924E-01

0.6744720E-01

0.5554744E-01

0.4186324E-01

0.2667158E-01

0.1025556E-01

0.7102649E-02

0.2512775E-01

0.43556.41 E-01

0.6214128E-01

0.8065373E-01

0.9738059E-01

0.1127887

0.1266269

0.1386927

180.0000

0.0000000E--00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E--00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E-100

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000
180.0000
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0.1488334

0.1569.457

0.1629750

0.16691.26

0.1687921

0.1686853

0.1666979

0.1629639

0.1576397

0.1508990

0.1429260

0.1339.125

0.1240504

0.1135287

0.1025298

0.9122644E-01

0.7977947E-01

0.6833572E-01

0.5702862E-01

0.459.7744E-01

0.35288.1 OE-01

0.2505418E-01

0.1535897E-01

0.6277027E-02

0.2123737E-02

0.9779665E-02

0.1662941 E-01

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00
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0.2261172E-01

0.2766404E-01

0.3172132E-01

0.3471462E-01

0.36571.33E-01

0.3721505E-01

0.3656659E-01

0.3454569E-01

0.3107243E-01

0.26O7036E-01

0.1946968E-01

0.112102OE-01

O.124574OE-02

0.1045221E-01

0.2389045E-01

0.390.4955E-01

0.558807OE-01

0.7430244E-01

0.9419673E-01

0.1154078

0.1377396

0.1609564

0.1847807

0.2088969

0.2329512

0.2565551

0.2792908

0.0000000E--00

0.0000000E4-00

0.0000000E--00

0.0000000E-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000 C.
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0.30071.46

0.3203638

0.3377649

0.3524389

0.36391.25

0.3717259

0.3746608

0.3690209

0.3582162

0.3420025

0.3202049

0.2927268

0.2595530

0.22O7572

0.1765019

0.1270419

:

0.7272054E-01

0.1397036E-01

0.4869323E-01

0.1146773

0.1833189

0.2538930

0.3256254

0.3976993

0.4692717

0.539.4834

0.6074721

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E-00

0.0000000E--00

0.0000000E4-00

0.0000000E--00

0.0000000E4.00

0.0000000E--00

Q.
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0.6723884

0.7334048

0.7897341

0.8406364

0.885.4370

0.9235352

0.9544135

0.9776.478

0.9929.146

1.000000

0.9987964

0.989.3128

0.97.16674

0.9460904

0.9129.192

0.8725916

0.8256352

0.7726634

0.7143605

0.6514709

0.5847871

0.5151342

0.4433572

0.3703080

0.2968301

0.22374.72

0.1518483

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E--00

0.0000000E--00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E+00

0.0000000E4-00

0.0000000E--00

0.0000000E4-00

0.0000000E4.00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4.00

0.0000000E4-00

:
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0.8187934E-01 0.0000000E4-00 º
0.14530.16E-01 0.0000000E4-00

0.4957342E-01 180.0000

0.1098778 180.0000

0.1659072 180.0000 (J

0.2172696 180.0000 ... -

0.2636580 180.0000 º

0.3048522 180.0000

0.3407190 180.0000

0.3712093 180.0000

0.3963544 180.0000
º

0.4162606 180.0000 s

0.431 1036 180.0000 >

0.441 1205 180.0000 J. J.

0.4466019 180.0000

0.4478820 180.0000 º
0.445331 1 180.0000

-

0.4393451 180.0000 º

0.4303368 180.0000 sº
0.4187275 180.0000 --

0.4049377 180.0000 :
0.389.3812 180.0000 º
0.3724560 180.0000 * *

0.35454.04 180.0000 y
0.3359874 180.0000 w

0.3171204 180.0000 º
0.2982296 180.0000 0.

Cº.
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0.2795723

0.2613686

0.2438042

0.2270292

0.2111607

0.1962843

0.1824573

0.1697124

0.1580598

0.1474925

0.1379897

0.1295204

0.1220469

0.1155284

0.1099232

0.1051918

0.101.2976

0.982O887E-01

0.9589862E-01

0.9434462E-01

0.9352890E-01

0.9343606E-01

0.94051.71 E-01

0.9536051E-01

0.9734372E-01

0.9997673E-01

0.1032265

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000
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0.1070489

0.1.113869

0.1161684

0.1213048

0.1266901

0.1322012

0.1376973

0.1430223

0.1480063

0.1524690

0.1562231

0.1590780

0.1608465

0.1613484

0.1604174

0.1579055

0.1536907

0.1476813

0.1398211

0.1300.937

0.1185266

0.1051933

0.9021576E-01

0.7376388E-01

0.5605486E-01

0.3658746E-01

0.170397OE-01

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

*-

K).
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0.2395546E-02

0.2150677E-01

0.4006654E-01

0.5783522E-01

0.7456559E-01

0.9000883E-01

0.1039209

0.116O705

0.1262466

0.1342681

0.13999.13

0.1433200

0.144.2129

0.1426925

0.1388512

0.1328579

0.1249622

0.1154976

0.1048821

0.9361745E-01

0.8228604E-01

0.7154486E-01

0.621 1828E-01

0.5478736E-01

0.5037764E-01

0.4974451 E-01

0.5375684E-01

0.0000000E4-00

0.0000000E--00

0.0000000E4-00

0.0000000E-HOO

0.0000000E4-00

0.0000000E-100

0.0000000E4-00

0.0000000E--00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E+00

0.0000000E4-00

0.0000000E--00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E-100

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E--00
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0.6327928E-01

0.7915449E-01

3. SIMULATED ANNEALING PULSE SEQUENCE

0.0000000E4-00

0.1860552

0.3138551

0.3461752

0.2791702

0.1419413

0.1577174E-01

0.1419781

0.1994O79

0.1753432

0.824257OE-01

0.47736O2E-01

0.1745150

0.2585270

0.2705239

0.1984260

0.5191120E-01

0.1369988

0.3194250

0.4420297

0.4641086

0.3737020

0.1954927

0.0000000E--00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

180.0000

180.0000

180.0000

180.0000

180.0000

0.0000000E-100

0.0000000E4-00

0.0000000E4-00

0.0000000E+00

0.0000000E4-00

0.0000000E+00

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000
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0.1474841 E-01

0.1890.137

0.2726052

0.2456.336

0.1305339

0.1841920E-01

0.139.1880

0.1885532

0.1587710

0.7680945E-01

0.1327662E-01

0.7218257E-01

0.84.75388E-01

0.6309099E-01

0.3493546E-01

0.2464694E-01

0.3818873E-01

0.60691 42E-01

0.6745O18E-01

0.41 15155E-01

0.1554509E-01

0.8005325E-01

0.1227.391

0.12481.70

0.900.5803E-01

0.4258493E-01

0.11 49576E-01

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

180.0000

180.0000

180.0000

180.0000

180.0000

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000
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0.1152709E-01

0.3216846E-01

0.4325285E-01

0.1521.543E-01

0.574.2129E-01

0.1442786

0.1886524

0.1361032

0.3200559E-01

0.2790054

0.52O7877

0.6604540

0.6341773

0.4449925

0.1657030

0.9285647E-01

0.2338696

0.2210879

0.9577176E-01

0.4551553E-01

0.1016411

0.2037612E-01

0.1731.286

0.3879812

0.5136244

0.4766375

0.2788508

180.0000

180.0000

180.0000

180.0000

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E-100

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

180.0000

180.0000

180.0000

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00



0.28949195-02

0.2549.431

0.3828.305

0.3560215

0.2187755

0.6283578E-01

0.2225406E-01

0.5762356E-02

O.1247543

0.2664641

0.3580999

0.3631.007

0.2985.443

0.22O7277

0.1887577

0.2281592

0.3157802

0.39.43463

0.4075039

0.3342640

0.2022784

0.71996.95E-01

0.1069398E-02

0.1021942E-01

0.71 19792E-01

0.1244919

0.1166805

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

0.0000000E+00

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

201

~,
*
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0.3512627E-01

0.8151891 E-01

0.1647476

0.1582839

0.562997OE-01

0.8605362E-01

0.1786570

0.1466330

0.2295819E-01

0.2658630

0.4687276

0.5283781

0.41 12752

0.1795201

0.34O7237E-01

0.9231044E-01

0.7166434E-01

0.41 12213

0.7801.267

1.000000

0.94924.94

0.6284979

0.1677334

0.2308.309

0.3874709

0.2308.309

0.1677334

180.0000

0.0000000E--00

0.0000000E--00

0.0000000E4-00

0.0000000E-00

180.0000

180.0000

180.0000

0.0000000E4-00

0.0000000E4-00

0.0000000E--00

0.0000000E-00

0.0000000E4-00

0.0000000E4-00

180.0000

180.0000

0.0000000E4-00

0.0000000E-100

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

180.0000

180.0000

180.0000

0.0000000E+00



0.6284979

0.94924.94

1.000000

0.7801.267

0.41 12213

0.7166434E-01

0.9231044E-01

0.3407237E-01

0.17952O1

0.41 12752

0.5283781

0.4687276

0.2658630

0.2295819E-01

0.1466330

0.1786570

0.8605362E-01

0.562997OE-01

0.1582839

0.1647476

0.8151891 E-01

0.3512627E-01

0.1166805

0.1244919

0.71 19792E-01

0.1021942E-01

0.1069398E-02

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E+00

180.0000

180.0000

0.0000000E4-00

0.0000000E+00

0.0000000E4-00

0.0000000E+00

0.0000000E4-00

0.0000000E4-00

180.0000

180.0000

180.0000

0.0000000E4-00

0.0000000E4-00

0.0000000E-100

0.0000000E4-00

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000
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0.71996.95E-01

0.2022784

0.3342640

0.4075039

0.39.43463

0.3157802

0.2281592

0.1887577

0.2207277

0.2985.443

0.363.1007

0.3580999

0.2664641

O.1247543

0.5762356E-02

0.2225.406E-01

0.6283578E-01

0.2187755

0.3560215

0.3828.305

0.2549431

0.2894919B-02

0.2788508

0.4766375

0.5136244

0.3879812

0.1731286

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

0.0000000E4-00

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

0.0000000E4-00

0.0000000E--00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00
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0.2037612E-01

0.1016411

0.4551553E-01

0.9577176E-01

0.2210879

0.2338696

0.9285647E-01

0.1657030

0.4449925

0.6341773

0.6604540

0.5207877

0.2790054

0.3200559E-01

0.1361032

0.1886524

0.1442786

0.574.2129E-01

0.1521.543E-01

0.4325285E-01

0.3216846E-01

0.1152709E-01

0.1149.576E-01

0.4258493E-01

0.900.5803E-01

0.12481.70

0.1227.391

180.0000

180.0000

180.0000

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

0.0000000E4-00

0.0000000E--00

0.0000000E--00

0.0000000E+00

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000

180.0000
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0.8005325E-01

0.1554509E-01

0.41 15155E-01

0.6745018E-01

0.6069142E-01

0.3818873E-01

0.2464694E-01

0.3493546E-01

0.6309099E-01

0.84.75388E-01

0.7218257E-01

0.1327662E-01

0.7680945E-01

0.1587710

0.1885532

0.139.1880

0.1841920E-01

0.1305339

0.2456336

0.2726052

0.1890.137

0.1474841E-01

0.1954927

0.3737020

0.4641086

0.4420297

0.3194250

180.0000

180.0000

0.0000000E4-00

0.0000000E-100

0.0000000E-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E-00

0.0000000E4-00

0.0000000E4-00

180.0000

180.0000

180.0000

180.0000

180.0000

0.0000000E4-00

0.0000000E4-00

0.0000000E4-00

0.0000000E+00

0.0000000E+00

180.0000

180.0000

180.0000

180.0000

180.0000
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0.1369988

0.5191 12OE-01

0.1984260

0.2705239

0.2585270

0.1745150

0.47736O2E-01

0.824257OE-01

0.1753432
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