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Abstract
R

' "Withln ﬁvé ‘years of the first expen‘me'ntal demonstration of NMR, an
effect of flurd row on the NMR srgnal had bebn observed Flow: ’
‘ measurement work usmg NMR has: ctmtmued from that time through to the '
) present Over the past fow years many mvestlgators in the field of medical
NMR |mag|ng have pursued the' measurement of blood flow b

| The work in thls thesis describes an approach to in wvo blood flow

measurement usmg NMR rmagrng The technique developed relues on the

: rdlfference m the pllase of the NMR srgnal from movmg and non- movmg

' magnetlzatlon The change in the phase lS llnear with motton velocuty It can
be unlquely specufled by keepmg the effectlve areas of the magnetlc fleld T
gradient pulses the same on elther srde ofa 180 degree RF pulse in a sprn

: ‘echo two drmensmnal Fourier transform lmaglng sequence\ Constant N 3

‘ 'velocnty flow normal to the. rmaoed slice was considered. All flow ‘ " | '

) measurement expenments utthed gravrty pressure dnven tap water flowmg -/ ’,

through asimple phantom " " SR LT kL R

leflcu_tles wrth the lmplementatron of a pulse sequence that could

‘ measure hlgh Now rates (between 100’ and 150 cm s“ ) led to the | | _
tnvestlgatfon of th 'effect of motlon on an lmage Mathematrcal models are &
presented descnbrng the effect of constant and vanable Velocrty flow on’ the

'ttwo dlmensronal complex data set from whence images are derwed Some

aspects of these models were vergfled by a computer srmulatron based on the .

Bloch equatron From these mvestlgatrons and lmagmg expenmen.t"'

'li

lt was .'
¥ '-found that the factor llmmng the flow measurelnent range was the slrce
s electron gradlent pulse sequence. 7 Flow normal to the slrce produces large

X ‘shlfts in phase when strong sﬁce selectron gradrents are used Based on the L
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mathematicat descnption mentloned above and the wor)r of van Duk ' -
( 1984) and O Donnell ( 1985) a gradlent pulse scheme to compensate

~ for this effect was developed Rt
The resultlng flow measurement. |mag|ng method is, in pnncrple
: P capable ot measuring tlow rates well beyond those tound phystologtcally.
although only tlow rates up to 15 cm s -1 were actually measured

_ expenmentally Expenments have ventred the hneanty of the relatronshtp
: between lmage phase and tlow velocrty, and the short: te@ accuracy“ot the
'measurement techmque However tluctuatrons over Ionger penods ot trme - | v
'Lrn the measured phase tor a glven ﬂow rate. have restncted the

|mplementat|on ot thrs techmque Recent work has mdrcated that changes mv o

the etfectrve gradlent strength (i.e., how the splns react toa glven gradrent |

puls\} over trme produce these variations, but this work is, as of yet,

‘ rnconcluswe. B A C \
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. 1. Introduction o

‘ The dlscovery of Nuclear Magnetlc Resonance ( NMR ) in 1946 by
| Bloch et al ( 19463, 1946b 19460 ) and Purcell etal. ( 1946 ) was soon
‘ 'followed by the observatlon of the- effect of fluid flow on the NMR signal.
Suryan ( 1951 ) reported that the amplltude of the signal from flmd.:aflowmg
: in a tube through the ‘RF conl first mcreased and lrater decreased with
'|ncreaslng flow veloc:ty The rmtlal mcrease wasjdue to the replacement of
partially saturated spins by splns strongly magnetlzed upstream of the corl
giving a stronger sugnal As the velocny mcreased the upstream splns spent
: less tlme m the magnet and were, as a result not as strongly magnetlzed
therefore’ glvung a weaker signal. - | |
| Hahn ( 1950 ) observed that motlon in a liquid resulted in a decreased :
; Spln echo sngnal amplltude ThIS was further elucndated by Carr and Purcell |
( 1954) |n thelr study of the dependence of spln echo amplltude and phase
- on motlon along a magnetlc fleld gradlent They showed that the phase of
" successrve echoes generated by a multl echo pulse sequence was shlfted
| by an amount proportlonal to the magnetrc fleld strength and the echo - ‘
o number These shlfts cancelled on the even :numbered echoes The result
was a lower detected echo amplrtude for odd numbered echoes - ';
These early lnvestrgatlons showed i?at the observed effect of flow on ;,
- the NMFt sngnal depended on the partlcular experlment performed The N "" S
‘..' sequence of radlolrequency ( RF ) and gradlent magnetrc fleld pulses
applled to the sample unlquely determmes the nature of the srgnal from both

. -;',the statlc and flowmgunatenal lnvestrgators have used thls to advantage by

f ‘:‘,_f'f.desugmng pulse sequ,ences that dlfferentlate the srgnal components of the j _' o




From thrs work came three non |magmg flow measurement | ’
techntques Srnger m 1959 presented work on blood flow in mouse talls
The measurements were based on. changes in the NMR srgnal amplrtude
- and in the Iongrtudmal magnetrzatron relaxation rate due to tlowmg bIood ‘At
this time Srnger also gave the theory for " time- of-fltght measurements A
- bolus of spms is |rrad|ated by an upstream coil. At aknown dlstance
‘ downstream the bolus rs detected by a second corl and from a measure of

- the tlme elapsed between the mrtial rrradratton and the detectron the '
"average velocity may be determmed Hahn ( 1960 ). proposed usrng pulsed

‘magnetrc field gradients to produce phase shifts |n Spln echoes proportronal

to the velocrty of motron- along the gradrent drrectlon Later workers applred

. - these techmques and combinattons thereof to observe and measure the

effects of motton in blologrcal and non- blologlcal systems (Stejskal 1965
- Arnold and Burkhart 1965; Packer 1969; Grover and Srnger 1971
Hayward et al., 1972 Garroway, 1974 . I ;

) The development of medlcal NMR rmagmg |n the early 19705
| .";-(Lauterbur 1973; Mansfreld and erannen 1973) added the ablltty to
| encode spatlal mformatgon to the f eld of in vnvo biologlcal NMR research in

) ‘addrtron to the abrllty to drsplay anatomlcal mformatron, NMR rmagtng lso

: j{ provrdes knowledge of the NMFt vnsrble spm denslty and the relaxatr n trmes
.-T1andT2 [ L S ‘ ‘

The observatron of blood flow effects |n |mages by Hrnshaw tak

4

o ( 1977) followed closely the mceptron of the |mag|ng technique 4 ‘rnce that

i ‘tlme researchers have sought to correlate the eftects of blood ,o‘"r on lmages f e
. Qo

- vwrth blood flow volumes velocmes andbleed flow patterns lt was agam

‘f-"_."i;}:found as noted earller that the effect of flow on the NMFt signal depends on :1,’ G

7“'_f"?‘fthe tmagmg pulse sequence used (Axel 1984) For example Srnger and




.Crooks ( 1983 ). used a selectlve saturatlon pulse followed by a vanable S | -
delay and a conventlonal rmagmg sequence to correlate the Ioss in srgnal |
| . due to blood flow rate Others (v@n Dijk, 1984 Bryant et aI 1984 ‘
lO Donnell 1985 ) have used methods based on acqufred phase shlfts due :
| to flow in spm echoes The phase of the srgnal in the reglon of blood flow is
»compared to the phase of the srgnal from the surrounding statlonary tlssue |
- and the dlfference in phase is correlated wrth flow velocnty Bradley ef al.
( 1984) have suggested an lmplementatlon of the tlme of—flrght method B
- —usrng multrple sllces to trace the course and velocrty of flowrng blood A |
snmrlar approach used by Delmllng et al (1986) uses a refocussung pulse‘ .
“ ‘.that is spatlally rndependent of the sllce selectlon pulse in a-spln echo
i sequence to measure the dlstance blood has flowed smce the lnltlal "‘ ,

) ‘excrtatlon Another technlque ( MUeller et al 1986 ) quantlfresflow |n multi-
echo |mages by analyzing the effects of flow on measured T, values In each
case, a measure of vessel area allows the calculatlon of flow volume
From work based on the effect of blood flow-on ‘spin echo phase
Wedeen (1985) developed a subtractlon method to provrde pro;ectrve
E images of blood vessels or NMR anglography Two phase sensitive |mages
. dre made, each at dlfferent tnmes dunng the cardrac cycle 'l'he effect of |
| ‘ blood flow is drfferent rn each and when one is: subtracted from the other an X
‘:lmage showlng the reglon of blood flow results R e o
| To dafe, interest in the study of the effects of moflon on medlcal NMR
| _Limages has conCentrated on the study of the hemodynamlcs of the human ‘- -'
s "'}-‘v'cardlovascular syste’m If NMR flow |mag|ng can measure velocrty, volume Shcuran
;and patterns of blood flow it could be used to assess tlssue and organ j” ‘

o :perfusron patency of vascular grafts, and for detectron of lntraartenal plaque

| ( Felnberg et al.. 1985 ) NMR flow me’asurement technlques offer many




VA

advantages over exrstmg methods Images, and hence flow measurernents E . |
‘can be made non mvasnvely through any section of the body There isno .
. need to sub]ect patlents to procedures such as cathetenzatlon or radlo f |
| opaque dye mjectton or to |onlzmg radlatron The risks mvolved wrth

procedures such as coronary and cerebral anglography are not present m o

%NMRtechnlque “ R .' , o o = ‘ _

r
- The pro;ect set forth for thts thesrs was the |mplementat|on of.a NMR '

| flow rmagmg techmque on the. medlum bore anlmg I unit of the Untversnty of
"Albena In- VIVO NMR Facrllty Technlques current in the' ltterature were
:revtewed and it was thought that methods based on the generatlon of phase
‘dlfferences by flowmg llqmd held the most promlse Dependence of the .
sngnal from flowmg matenal ona smgle NMR srgnal parameter and the ablllty
" 1o measure flow rates over a large range ina smgle |rnag|ng expenment
were two key factors in the favour of the phase technlque. In partrcular the ' "
~ work of van Duk ( 1984 ) Bryant et al (1984) and O'Donnell (1985) o
o was assessed Thelr techniques rely on the mfluence of flow on the phase of

" modifie thout affectmg the phase of the Slgna' ffom non- movmg tissue.

) / ..spln ec;og The phase of the srgnal from the flowmg blood is unlquely
| lnttlal attempts to |mplement flow |mag|ng were hampered by physucal
| llmltatlons of the spectrometer and mteractlons of the magnetlc system durlng

‘ R the rmagmgl expenfnent The manner rn whlch the magnétlzatlon rn the sllce

3/: interacts wrth the pulSe sequence and wrth the envrronment presented by the '

| . W‘;spectrometer is. complex For example the dependence of the phase of the )
0 ,, statrc-trssue srgnal on the slrce deflnmg and readout gradlents for a partlcular '
“ pulse sequence must be consrdered when the: sequence |s desngned and - | f

RN cahbrated Magnetlc frelds caused by eddy current' generated m the

= ““'.7‘5:-;“_:,',cryostat tubrng by the swstchmg of these gradren'" lses‘can also affect the ‘ f{"i';
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pha'se of the signal.  These may be minimized but not removed. Since the i

9

R dlrectton of tlow was taken to be orthogonal to the imaging plane the sllce

s

defmlng and rephasmg gradr@nt pulses affect the phase of the signal f

,

T

o the llowtng Irqurd ' The degree to which the phase is altered depends upon

:‘SJ‘

F;! the amplrtudes durations and temporal Iocations of these gradient puises.
On the medrumvbore unit it was found that a slice defining gradient pulse
followed rmmedlately by a gradrent pulse in the opposite direction (to
rephase the sprns) caused artifacts in the rmages generated by a spin echo

| expertment Placing the rephasing gradient pulse after the first 180 degree

L radrofrequency magnetrc fiedd pulse corrected this problem. However, this
placement of the. rephasmg gradrent pulse produced Iarge phase shifts for:
" even slow moving spms | ‘ |

o u To aid in the tnvestlgatlon of theseﬂroblems and some of the

B correctwe procedures a computer srmulatron program based on the Bloch
equatrons was developed The results of srmulatrons and phantom .
expenments using the spectrometer helped to establish a RF and gradre% |
fylse sequence that is capable of measunng physrt;og;c;lly significant flow
rates tor tlow normal to the rmagrng slice. - ‘ﬁ '

Durlng these investigations, phantoms to srmulate blood flow were
constructed. These conStsted of flexible and glass tubes through which tap
water flowed. Due to theuéw vrscosrty of wafer with respect to blood, flow
rates lower than. the peak flow rates found physiologically had to be used in

| 'order to mal’ntaln laminar flow. As flow rates. approach ranges that |
correspond to hrghly turbulent flow patterns, many velocity components are
present at any given locatlon across the flow profile ( Bradley et al, 1984 ).‘
Slnce the phase is proportlonal to the velocrty. the phase‘at any given ‘

lopatlon in a region of llow in an image becomes lll-defrned with turbulent
< I
5? o ).‘ P .

§\\{' N . " . : . . o
R e * . .
. . . .



flow. Accurate.flow measurements were possible only when laminar flow
waé maintained. | |

The final stage of the project involved thé gvaluatioh of the current
Imblémentation-of a flow iméging sequence in terhs of accuracy, precision,

range, and ease of operation.

.



2. Simple Nuclear Magnetic Resonance Theory and Two Dimensional

. Fourier Transform Imaging : 'Y

2.1 Simple Nuclear Magnetic Resonance Theory,

———

»

, With any treatment of a complex -experiment such as Nuclear
—H‘Magnetrc Resonance ( NMR ) flow imagmg, it is necessary to provide some
background matenal A complete treatment of the NMR phenomenon and
NMR imaglng is quite beyond the scope of this thesis. Other sources can
pror/ide much greater'detail (Abragam, 1961; Slichter, 1963; Mansfieid and
Morris, 1A982; Harris, 1983 ). However, {a. relatively simple overview of the |
NMR phenomenon will allow an understanding of the later work involving
imaging. | ‘ o | | |
Nuclei whioh possess angular mo,r‘nen.ta and ‘m‘ag.net'ic mom'ent§ will,
when placed in a magnetic tield,” distribute,themeelves amongst discrete

——

energy levels. Traneitions of the nuclei between one level and the next can '

be induced by the application of electromagnetié radiation and, give rise to B
the Nuclear Magnetic Resonance phenomenon. A proper deecription of this
phenomenon requires quantum mechanics However since the claSsica‘I
equatlon descnbrng the motion ola magnetic moment in a magnetic field is -
of the same form as the quantum mechanical equatlon descnbrng the '

. expectation value of a magnetic moment—m—a magnetic field, many -
propertles of NMR may be explained classrcaily ( Slichter, 1963) Thus

this introduction to NMR phenomena will begm with a srmple quantum
‘mechamcal,oescnptron of the energy levels in a nuclear spin. system, and

. PR . ‘ R ¢
then proceed with a classical treatment of magnstization. .
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‘ A nucleus with unpaired nucleons possesses a net angular

momentum |h/(2r) and, as a result, has a ‘netr’nagnetic moment, 4, »
. collinear WIth it. 1 is the angular momentum operator and' | the spin quantum
number or spln of the nulceus ! may be an lnteger or a half-integer. -
Planck's constant is h. The spin angular momenta and the orbital angular
momenta of the individual nucleons combine vectorially to give the observed
resultant angular momentum for the nuclear species The contrlbutlon of the "
orbital angular momenta is determmed by th,e distribution of the nucleons in
thenr orbltal energy Ievels In the nuclé‘ér ground state, the mlmg of these
levels oepends on the number of nucleons present in the nucleus, or, in

oth‘er\\.wOrds, ‘the particular nuclear species. The total angular momentum of

any isolated paprtlcle can not have any arbitrary magnitude.' It can assume

. _only discrete values and is therefore said to be quantlzed. The magnitude of

the spin angular momentum is given by

¢

AY 2-1),,'

The measureable components of 1h/2r) in a direction defined by an
interacting' magnetic field, say along z, are given by the magnetic qUantum

. number, m, in the equation

/ | '?z:'z{m |
L 22,
) |
~¢
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Quantum mechanics shows that the allowed valttes ofm .‘are
= 11,022, -, -
In a similar fashion, the observed magnetic moment u is dependent
on the partrcular nuclear specues This is because the relationship between
the magnettc moment vectors and the angular ‘momentum vectors is not the
same for the two cases of sptn and orbit. Thus, two nuclear specres with the
'same [h/(2r) will not have the same magnettc moment. The measureable
component of a _magnettc moment is defined to be that component parallel to‘ . '
a measureable component of the angular momentum vector. Thus, the |

observable nuclear magnetic moment, M, is given by

t

_hl
=Y

- 2.3)
where yis the gyromagnetic ratio ( radians seconds-! Tesla'1 ) and
followmg the argument gtven in the prevtous paragraphs yiuntque for each
nuclear specnes Such nucleu in a static magnet” c freld Bo. are allowed

energies correspondmg to . , 4 ,

;E=°T2__1?B°m 3 m‘=|, I.-1.‘_...,-I o
o - .24)
Foraspin l= 1/2 there are two dlscrete energy states Therefore the

energy dtfference between these two states lS

BB = v By 12 - (15-By12) = v5-By - |




| A simple model suggests that transitions of the spins between these
“states can be brought about through the appllcatton of electromagnettc
radlatton of angular frequency Wy that satlsfles the Bohrfrequency condition

of

\ AE = E(Do »
26)
From equations 2.5) and 2.6) itis seen that :
. ‘ |
w=18 . o 27)

Equatton 2. 7) is a statement of the resonance condmon wo, the

resonance frequency, is called the Larmor frequency Electromagnetrc

energy applled at this frequency wrll cause>a transrtlon ot splns between the

(=2

“lower and upper energy states. Forthe rest of this thesus only nucler with "

sprnl =1/2 will be considered In addmon foIIowrng conventlon the lower

‘ 'energy state is defmed as o and the upper energy state as B.

10

In a statlc magnettc fleld'the relative spin. populatrons rn these two | o

states are govemed by the amount of thermal energy avarlable in the

external envrronment Smce energy exchange between the nuclear spm

o }‘system and the extemal envnronmggt isa thermally balanced process the . -

‘spln populatlons follow a Boltzmann dlstnbutton Lettmg n,Jl be the

: populatton of nucletjn the lower energy state and “B the populatlon m the ‘, RN

e upper state the ratlo of the fmal equulrbnum populatuons ts glven by” : o

Y



o 28)

—

where K is Boltzmann's' constant and Tis the absolute temperature ‘At.room ‘

temperatures this ratro |s very nearly one. For example, consrdenng - ; |

.hydrogen nucler whrch have a spin | = 1/2 and a gyromagnetlc ratio of
‘y 21t 100: 10612 35 ( radrans seconds1 Tesla‘1 ), in a,magnetlc freld of
" Bo=2. 35 Tesla and at a temperature of T= 300K equatron 2 8) yrelds |
K na/np =1 000016 If there were 2 000 000 nucléi in the upper energy level o
.' B, then there would be 2 000 032 nucler in'the lower energy Ievel o Thrs R
"drfterence yrelds a very small but detectable net magnetrzatron parallel to ‘ |
“Bo- | | o , ,
| Whrle a srmple model for spm transrtrons between energy levels has
| ' "been useful in mtroducrng srmple resonance, it rs not a complete descnptron |
- .of the NMR phenomenon The behavrour of the nuclear magnetrzatron at
frequencres other than the Larmor frequency mdrcates that dlscrete S
, ;-transrtrons between statronary energy states is not an appropnate model for
| | 'NMR lt is stlll necessary that the applled electromagnetic radratron meet the
} resonance condrtron e)(actly for a complete rnversron of the nuclear sprn - f" =
"f, populatrons However at frequencres other than the Larmor frequency the
’. probabllrty of flndrng a sprn rn a state drfferent from that m whrch rt started lS
: ﬁ";“ . always less than one, but not always zero The probabtlrty of frndrng a sprn

.‘in the hlgher energy state, B |s a smoothly varyrng srn2 function of the trme lt.i-" “

o f‘ls rrradrated and also dependent on a shape functron relatmg the frequency :

]

‘w oL )




‘of the applled electromagnetlc radlatlon with the Larmor frequency

o (Abragam 1961 ).

- The energy Ievel treatment of the NMR phenomenon ylelds
| ..lnformatlon only about components of win the direction of ﬁo The tact that

there are ﬂnlte expectatlon values for components of M orthogonal to Bo

: (Sltchter 1963 ) suggests that a better model would consuder the NMR

. system in terms of the magnetlzatron Therefore trom this pomt on, the

classical form of the equatlons of motion of a magnetlc moment will be |

' ,utlllzed As stated before this. approach is adequate in the context of this "

thesns A reconcnllatlon of the classncal and quantum mechanlcal forms of the )

| equatlons of motron may be found in Sllchter ( 1963) S N
Classncally, the motlon of a magnetrc moment u is glven by the N

equatlon for the torque exerted on the moment by a magnetlc field By. The

" torque exerted on the moment is equated wnth the rate of change of angular

r" . "
momentum glvmg Vo

digz1)/dt = uxB, =quQS|n9
" Since W=y hi(2n) ] ( -e_qUation 2.3 ),:

du/dt ux(yﬂo) T 29) -
‘.‘~'The changes in. u |n tlme are deflned by the cross product ot i} and the .
- magnetrc treld Bo and are therefore perpendlcular to both u. and ﬂo ThIS
: results ina precessrbn of i about Bo in a cone ot half angle 9 Thns is the lf ,

o ”‘angle between the moment and Bo (Flgure 2 1 )
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m=1/2(«state) = o
; m=-1/2( B state)
Figure 2.1 ~The precession of the magnetic moment about B,
R according to equatio,n 2.9).- |
The dlrectlon ot precessron IS anti- clockwuse when vnewed along and is
taken to be. posmve for a posmve gyromagnetrc ratto (y) " o ‘o.

N At this time it is useful to change from consudenng the changes in tlme
for one spm to the changes |n tlme for an ensemble of spms The vector
quantnty Mis referred to as the net magnetlzatton and i is glverrby s
. whlch |s the vector sum of a large number of: rdentlcal nuclear magnetic -
moments over a unut volume ln thermal equrllbnum there is.an excess of
nuclet ln the lower energy state or o state Srnce nuclear magnetlc moments
Tn\h‘s state are onented parallel to Bo- the net magnetlzatlon M, at thermal

equnllbnum wrll be parallel to Bo lf the mteractlons among the sprns of thrs
ensemble can be neglecte& equatron 2 9) can be wnttenp S

& -

I - b vﬂol S Ll




This magnetlzatlon vector wull undergo changes in onentatron and .

- magnltude due to vanous magnetic fleld perturbatlons The torque exerted

on the magnetlzatlon causes it to preoess ata rate

@y =78y S 232
WhICh is- the same frequency as that needed to tnduce a change in the sptn
“ populatlons between the two energy states The direction of this precessmn

is the same as that for the individual spins that compose M.
2.2' The Rotating Frame of Reference

At this pount |t is usetul to change frames of reference from the ftxed or

laboratory frame in whlch the magnetrzatlon precesses about Eo ata rate
mo, to a frame rotatmg in the same dlrectlon as the magnetlzatlon and near |
o or at wo. This sumplmes the analysns of the motlon of the magnetlzatlon in the ¢
| presence of magnetrc flelds addltronal to Eo Smce thls frame rotates about
the drrectlon of ﬁo the stattc freld vector stlll appears constant in tlme |
However if the frame rotates at exactly o, then the magnetlzatlon “ |

components orthogonal to Eo also appear to. bé flxed wuth respect to the
. S L e \

’rotatlng axes

The mathematlcal argument proceeds as follows ( Farrar and Becker

,29”«

'-1971 ) Cons:der the magnetizatton as a vector functron of tlme M(t)
P separated mto components along a set of nght-handed cartesran

e .

}”coordmates That s, -

Mm N R T TR




.
: .wherel 1and 15 are orthogonal unlt vectors Wthh can at most rotate wrth an
o lnstantaneous angular velocrty of @. Thrs rotatlon is wntten | |

N

ai/at mxt,auat mx1als/at mxls . 2.14)

The time derivative ‘bf Mit)'is then

-

aM/ ot = 1aMx/at + Mx /ot + aMy/a: + My 81/8t

+ kMot + Mz dlat . |
= (Mt & | Mot + K Myt L e
+mx(1Mx+jMy+hM7_) ‘ |
= aM/at +ggxM ' S 2.15) -
The termiaM/at:repr_esents the time rate of change of M with respect to the |

L coordinatevsy:stem‘i“,j,andl‘sl."Combining-equations 2.11) and 2.15) yields Yy

3M/3l+m><M MX(YBo) r
aM/at Mxy(50+m/y) o o ‘/'z..ic):f
| The term Bo + m/y can be thought of as the effectrve magnetlc freld
’ .?;__'.'Beﬁ Equatlon 2. 16) states that lnthe rotatrng frame of reference erll
e ;precess about Be" at a rate given by ’YBeff Thls lS analogous tothe

o precesslon of M about Bo m the laboratory frame of reference m can be

o ."’deflned so that the reference frame rotates near or at the Larmor frequency

’x'lf thls new frame of reference is: to rotate rn the same sense and at’the same
o _"rate coo, as the precessron of the magnetlzatron -m |s set to -fy Bo 5 Thls

",,‘ [ e "




: -giye's B;" =0 and aM/Ett = 0 n other words M remalns flxed wuth respect to )

1, ! and k- and these axes rotate at m Y Bo K with respect to the laboratory

L

frame of reference

2.3 Effect of Alternating Magneétic Fields -

Upto thls pomt onlya. stattc magnetlc fleld has been consndered As
mentloned before the appltcatton of electromagnetlc radlatton at' or near the
| : 'Larmor frequency will cause a change in the spm energy Ievel populat'}bns

‘ The component of this radiation that mduces such a change is the time
f‘varymg magnetic fleld ThlS fleld glven by. ﬁ(t) = 1281(t)cosmt may be

consndered to compnse two rotatlng components each of amplltude 81, one

.

rotatmg clockwlse the other anti-clockwise. Thati is,.

E(t) 12B,(t)cosmt = BR + BL o

-

. Bas= B1 (tcosmt+1smmt) S @2’%)
o TQL"= B1 (tcoswt 1smmt) B 218)
i . : %

| One component wnll rotate inthe same sense as the precessron of the

'magnetnzatlon and the other |n the opposute sense Near resonance the
- counter-rotatmg component can be |gnored Furthermore smce BR can be

L obtatned by changmg the directlon of rotatton of B,_ from o)to -m there'i is. no

| floss in generahty |f only BR is consndered thh this m rmnd the rotatmg

| Jmagnetlc fleld can be wntten as

51 (t) B1 ( i cosa)t + s smmt ) | RS- A [ T S
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| Now, 'ih'cluding both B(t) and By = Bgk , equation 211 ) becomes
s dMidt = M x A Bo -+‘;“g1(t)] T 2.20) .

‘ 'whrch IS the equatron of motion of magnetlzatlon in the Iaboratory frame of

. reference Transformmg to the rotatnng frame of reference, and arbltranly
: takmg the x axis of thrs frame to be along B1, ,equation 2. 20) becomes

-

oMt = Mx[k(w@+1Bo) +1981]
=Mx1Bs . - 221) |
" where

AR

- Ban=k(Bo+ w/y) +iB 22
From equatlon 2. 21) it is seen that i the rotatrng frame the

i magnetrzatlon expenences an effectrve magnetrc field, Beﬁ The

' \'*magnetrzatlon wrll precess in a cone of half angle 0 about the dlrectron of.
~ "Baﬂ at an angular frequency yBeﬂ ( Figure 2 2) where 6 |s glven by the

'\olowmg equatron ,'-_

‘ °=3"'[31/(Bo "“"/'Y)] e - - 223)

1:‘,
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Figure:2.2 ' T e effective magnetlc fleld and the precessron of the

agnetization about it in the- rotatlng frame. " The
subscnpt p refers to the rotatlng frame of’ reference

Note that there is no net absorption of energy from 51,. but rather an
.alternate recelvmg and rggtwnmg of energy as the magnetlzatlon t|lts away |
: from and then back to Eo lf the. resonance condltlon i met exactly ( ie., the
R frequency of the electromagnetlc radratlon |s wo Y8, ), then .Betf 181 - ,

Magnetlzatlon that is |n|ttally parallel to Eo wnll then precess in the y_Lplane

S of the rotatlng frame That fs the torque exerted on the magﬁetlzatlon by B1

o along the X axls will cause lt to precess m a plane perpendrcular to the

. .

o ‘dlrectlon of B_, The angleAhrough whrch the magnetlzatlon wrll precess m

_— ythe y-Z plane |s governed by the duratlon of the B, ﬁeld Deslgnatmg th'S

' “:.'.Itlme as' tw, the magnetlzatuon is: seen to rotate through an angle of e y B t:

.- "A pulse of duratlon t,,, such that e - would srmply mvert theemagnetlzatlon > "1 . o

§ '..._"".'.“ThIS is- known asa n or 180 degree pulse leewnse apulse of
o "."?';»duratlcnt such thate 1:/2 IS known asa 1:/2 or 90 degree pulse

RPN PR
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The radio frequency eiectromagnefic radiation is kno;fvn as " RF ". So,
_following a 90 degree RF pulse applied along the positi\)e X gxis ( i.e.,'ﬂ'1 is
along the x'axi; of the rotating frame ), the magnetization, M would remain -
‘along tﬁe:y'aﬁisﬁf the rotating frame. Hence, it would precess in the

laboratory frame, ‘normal to the static field By, ( Figure 2.3).

(W
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Figure 2.3

-

a) An on-resonance ( w = wg ) 90° pulse along the x axis
in the rotating frame and its effect on the magnetization.
b) Precession of the magnetization in the laboratory
frame with only the static field, By, present. In a frame

rotating at wg, M appears static.

{
’
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2.4 Detection.of the NMR'SIgnaI

‘Faraday's law. of induction states that the induced electromotive force,
- EMF, in a circuit is preportional to the rate at which the magnetic flux through

the circuit is changing. As mentioned earlier, any net component of the

megnetization ina plahe orthogonal to B, will precess in the laboratery frame
of reference ‘about the direction of Bo. It a coil of conducting wire-is placed so
that ats axis lies in this plane there will be a change of the flux through this

¢oil wnth time as the magnetnzatlon precesses (Flgure 2.4'). Hence an EMF '
“wsll be induced m the conl It the coil is a clpsed circuit, a measureable -

current will flow. Thns is the origin of the measured NMR sngnal.

PEE

A .

- Figure 2.4 ¥ The changing magnetnc flux through a coll due tothe .
L precessnon of the magnetnzation :

.,“ el
Smce the changing magnef‘ ic ﬂux is due to a preéessmg

magnetlzanon the induced EMF, and hence the NMR S|gnal willbe

snnusondal in nature it the spms compnsmg the magnatuzatlon dld not '

N 4
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interact with anything.and were in a perfectly homogeneous static magne}ic

~field, the NMR signal would Iast'indefinitely. in reality, however. ,the'

interactions of the spins with themselves and with their environment causes a\A
decay of the signal. Inhomogeneities in the magnetic field cause differing
local T:gnetlc fields at the sites of the elemental maghetizatlons Hence,

there can be dlffer\e%t precessional rates for these magnetlzatlons and, as a

.result, snnusoldal srgnals of ditferent frequencies detected The observed
\

decayln}g\\slnusmds are termed a free induction decay ", or FID. The
acquired time domain signal is usually analyzed in the frequency dormain. A
Fourier tra sformation of the Flb yields the frequency domain spectrum of the
signal.. o\

For example if the smusondal signal of frequency f trom a smgle

\ magnetlzatlon ina homogeneous magnetic field did not decay. the Fourier

transform of it would yield a delta function at +f and -f. The multiplication of

~this smusoudal snlgnal wuth a decay envelope, say adecaymg exponentlal

yields, after the Founer transformatlon a delta function at +fand-f

- \ »

convolved with the 'Fourler transform of a decaymg exponential, which isa -
Lorentzuan envelope The width of the Lorentzran envelope depends on the

rate of the exponentlal;decay Since the convolutlon of a delta function with

“any other waveform yiglds only the waveform, it is seen that the Founer

- ftransform ofa snngle fre uency, exponentlally decaymg FID is a pair of

‘Lorentzlamenvelopes at +f and:- f

Normally, the NMR signal is detected in quadralure That is the-

_components of the magnetv ation which’ are in- phase and out-of—phase with

the Teference electromagnet c radratlorl are both srmultaneously recorded
The components of the signal at frequencres above and below O are spread- -

in a finite band about mo in the frequency domam Normally this band is
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shlfted to be centred about 20)0 and 0 radians per second by multrplyrng the |
signal from the detectlon coil by a reference frequency at wy. - This signal is
then low pass filtered to retain only the components about 0 radians per .
second. This scheme results isa complex data point for each sample and,
after a complex Fourler transformatron real and. rmagmary components ina
frequency spectrum about w = 0. This frequency spectrum can be
considered in terms of a real and an imaginary spectrum orin terms of a
magnitude ([ real? + imaginary? ]”2) spectrum and a phase |
(6 = arctan| rmaglnary/real]) spectrum This technlque is known as

‘ Quadrature Phase Sensitive Detection ( QPSEH').

2.5 Relaxation Processes: T,and T, -~ . .

-2.6.1 Longitudinal,Relaxation

hy

The re-establishment of the. Boltzmann'population distribution
' amongst the statlonary spin &nergy States ln a statrc magnetlc field,

Bo= Bols tollowmg a dlsruptlon of this populatron is known as longltudlnal

o relaxatron lt is called longrtudrnal relaxatron because the recovery of the -
magnetlzatlon is parallel toB. For example a change m the thermal

|

| 'equrllbnum spm energy state populatrons wrll result when electromagnetrc i
’“’r‘a"dlafmon at the Larmor frequency is applred There wrll be a net absorptlon
| “of energy as nucler change from the Iower energy state to the upper state
Once the electromagnetrc radratron is removed ‘the re-esfabhshment of |
thermal equllrbnum requires a net number of transmons of nucler from the

upper to the lower energy state These nuclel give up energy m thrs process."- o

-
A

Hence. there must be some other system to which the nucler are coupled
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Wthh will accept this energy ThIS system is. the thermal environment of the

ﬂUClGI and is referred to as the " latttce (regardless of. whether nt is in a .

i SOlld llqurd or gaseous state ). The exchange ot energy between the

lattice and the spin system has led to the term " spln Iattlce relaxation ".
‘ The change in trme ol a spm energy state populatron ( n(,l or np) can

“be wntten as a first order rate equatlon that lncludes terms’ giving the
, probablllty of a spln transmon from one .energy state to another It can be -

'shown (Shchter 1963) that this equatton Ieads to the drtferentlal equatlon ’

dM,(t)/dt = K[ Mo-M,()] R 2.24)\}.

~which describes the re-establishment of themagnetiza_tion parallel to ﬁo.‘ |

~ The solution of equation.2.24) is

_»,'v‘_can only be lnduced by trme varying magnet %lelds All mechamsms for o

:."fwould be

Myt) = Mg+Aek . 2.25)

4 .

Awhere A lS a constant of mtegratron l’he term k is conventlonally deflned |n

terms of a charactenstlc relaxatlon time T1 (i.e., T, = 1/k) For example |f an:

mrtually unmagnetlzed sample is placed ina magnetlc field, the -

magnetlzatton process IS descnbed by an exponentual rlse to the thermal

.‘equrllbnum magnetrzatron along z, Mp. In this case the above equatlon -

A .

M)« 1 em’ 22

As stated earller transrtlons of the splns between spm energy levels B,



‘longltudrnal relaxatlon lnvolve the modulatlon in tlme of the Iocal magnetrc o
fleld ata. nuclear site. For example this modulation can be due to the . .
: thermal motlon of other nuclei As wrth the applrcatron ‘of radro frequency
' electromagnetrc radlatlon the frequency at whrch these transmons occuris.
the Larmor frequency, - ' | |
~The rate at which the local magnetrc fields are modulated IS related_to " -
"the spectral densrty functron J(m) of the thermally generated motion of the

nuclei. For a statronary random process J(w) can be expressed as a Debye

) spectral densrty,

T

J(w) 2
1+0 (N

S 2.27)

. where 'tc is known as the correlatlon tlme ‘tc can be thought of as the:

average tlme between changes in the dlrectlon of monon for a molecule S -“ “
‘\T he rate of change in molecular motron depends on the value of T; rf 'tc s o

.'; short the change in motlon |s rapld it itis long, the change |s slow A

| ' nucleus possessmg a magnetlc moment‘ m a movrng molecule will act to -
. modulate the local magnetuc freld in tlme Hence ‘tc |s related to the

;frequency of the local magnetlc tleld modulatron lt can be shown i '

"A:(Abragam 1961 ) that |ong|tud|nal relaxatlon |s most effrcrent when the
o product (Do‘tc |s approxrmately equal to 0 62 Thrs statement rmplles that the o

. relaxatlon becomes more effrcuent as the frequency of motron tunes rn wrth | . -

;f}the resonant frequency f""f-; S .‘:;j-‘ i




2.5.2 Transverse Relaxation R

The process WhICh descnbes the tnme vanatnon of the components ot
the magnettzatton ina plane normal to the dtrectlon of ﬂo the so called '
transverse plane is referred to as transverse relaxatton Some authors refer | 5 .
to thls as" sptn spm relaxatlon . | o |

If the field B, were perfectly static and homogeneous and the spms
wnthm the sample did not mteract then all the components of the o |
: magnetuzatlon would experlence only 50 The transverse components ot the I
| magnettzatron wouId precess at the Larmor frequency. mo = 1By, mdefmrtely |

(Flgure 2. 5) ThIS would mean that the magmtude of Mxy, the transverse e

‘.magnetlzatlon would stay constant in tlme and hence so would the S«gnal

‘mduced un the detectton corl o e S g o .

. _Figufr’e,f2_.5f’.-' .?.’_.‘The Iaboratory frame precessnon of the transverse planef Pl
. 7h o0+ component of the magnetization for the case where the
~ . .spinsinthe magnettzatlon all expenence the same e
e magnetic field: In the rotatmg trame (subscnpt p )the R
R ,=‘A"magnettzatton appears stattc & \ , '




| ‘ ThlS is however not the cass. Each nucleus in the sample‘ | |
T 1 experlences the main fleld By plus a Iocal magnetlc fleld contnbutlon due to |
‘other nuclear magnetlc moments in the lmmedlate vrcrnlty and to electronlc
hyperfme lnteractrons These local tlelds desrgnated here by a small b vary
| wrth the Iocal structural envrronment the temperature and the rate of motaon ‘
) | of the nelghbounng splns As a result the precessron frequencues of the

” ‘splns compnsmg the magnetlzatlon wrll be

o = @t Ybjea S 22y
where i } refers to the lth spm m the magnetlzatlon vector A dlstnbutlon of

local magnetlc flelds wnthm the magnetlzatlon volume wnll Iead to a -

o dlstnbutlon of precesslonal trequencnes That is, some splns wrll precess at

e ‘coo, some wrll precess at frequencres less than o)o, and some wrll precess at |
' "Vfrequenmes hlgher than coo When vnewed ll'l aframe rotatmg at mo, the .
| vcomponents of the magnetuzatlon wnll be seen to fan out” or dephase wuth =
rltlme ln thls trame components rn afi f eld less than Bo wrll precess negatlvely
| whlle those in-a fleld greater than Bo wrll precess in a posrtlve drrectlon ln"'_
- . .tlme the magnetlzatlon wrll completely dephase | e there wrll be no net
magnetlzatlon vector |n the transverse plane Thrs process dlffers from
‘ B longltudlnal relaxatlon m that there |s no energy exchange between nucleu - t
. j'ﬁ'and the |att|cer |n Ilqwd systems transverse relaxatlon can be modelled ’wrth

| "j the first onder rate equatron SRR _: N e
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The solutton of thrs equatron glves an exponenttal decay term e k‘ Agaln k

|s taken to be related toa charactenstrc trme T2 (T2 = 1/k ) ThIS decay .

) process modulates the smusordal NMR sngnal to grve the charactenstlc

' decay as seen in the free induction decay

((f

.,‘/\ ZPT. . CET
\ w(li((&)o-

. ( slow spins ) |
Sl e

.‘”=.v“’0‘\' ' L
L ‘/99.“,[‘/‘-

¥ (fest spins)

7'My ‘components.

i ‘Frgure 2. 6 5" ' a) Components of the magnetrzatron in the transverse_}."_:' '

- plane beginning to. dephase in the rotating frame: -

@ > wg o RN

o

b Eventually( after= 4 T2 ) the magnetrzatron s St

completely dephased
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‘ ln ngld envnronments ( e.g. crystals ) the local magnetlc flelds ‘

, produced by the mteractlon of the sptns are very large (= 104 Tesla) and

oo hence transverse relaxatlon is. very rapld (T2 is. short on the order of tens

_ | .of mlcroseconds) In blologlcal samples the splns are much more moblle

B and the local ﬂelds tlme average to smaller values ( 1D -7 Tesla or less)
,"ThIS glves a much longer transverse relaxatlon time (on the order of tens ot

| "‘mtlllseconds) As wuth longltudlnal relaxatl%p the eftncnency of the . |

relaxatlon is related to the rate of motlon “.z’f’

-2 5 3 The Two Slte Rapld,Exchange Model of Relaxatlon m Blologlcal

, .o -
Systqms.)’k . v \ R A
oom S ' e

| The'tw% magnetlzatuon relaxatlon processes descnbed modlfy the
; NMR sngnal and are therefore tmportant parameters gtvmg mformatlon
about the sample (Manstleld and Morns 1982 ). ‘ | |
B An |mportant model that descrlbes the effect of relaxatlon for protons

j(spln I = 1/2) in water molecules in tlssue IS the two-srte-rapld-exchange

‘ ‘vlvmodel (Zlmmerman and Bnttln 1957) lt lS based on the assumptton that

'c,)l,|-

S i
) water tn ttssue exnsts ln two envnronments or phasest Water may be freej

o (unassocrated wrth other molecules) ln Wthh case |t has the NMR

R _'-propertles ( namely T1 and T2 ). slmtlar to a water solutlon of cellular salts or

e .glt may be bound to or assocrated wrth a. macromolecule (tor

‘"";-"-5":.‘-__-mstance throu§h hydrogen bonds)

) tlelds leadrng to |on_ :
o ,J_;}molecular motlon

As mentloned before the interactlon of the soms wrth Iocal magnetlc

ir al and transverse relaxatton depends upon
d)o Free protons move very

""_" | armqr frequency.

S ,'f"{l:;raptdly and have a small motlenal COmpornent at wo Hence thetr relaxatlon ";T"?..,'-' L




| processes are meffrcrent The macromolecules move much more slowly and o
' “have a Iarger motlonal component at coo The relaxatlon of protons
‘lassocrated with these molecules is therefore more effncrent The other factor
| taffectlng the observed relaxatron rate is the exchange of water molecules
‘ between the two phases The water molecules exchange rapldly between |
the unassociated or free state and the assocnated or macromolecule bound ;"
| state. The observed relaxatlon rate is a welghted average of the relaxatron

3 rates for both states and can be modelled by

o ‘1“/Tobs" = Pree'1/Threo '+ Poound'1/Toound - . '2"30‘)'
. ' P o e )

- where T refers to the tlme constant of the partucular relaxatlon process

o (longltudlnal or transverse ). Pres. and P}mnd refer to that proportlon of
‘j\rwater in the free and bound states repectlvely S R
26 Bloch Equations o

| To thrs pomt the élassmal equatrons have been developed to. mclude
l the motlon of the magg.etrzatuon |n a statlc magnetlc fleld the effect of

. alternatmg magnetlc flelds and the relaxatlon processes charactenzed by the

o .“‘ - tlme constants T, and T2 ln 1946 Fellx Bloch ( 1946c ) proposed a set of

e srmple equatlons based on phenomenologrcal arg‘uments that have for the

most part in the case of hqurd samples correctly descnbed the propertles of

L "the magnettzaflon in magnetlc frelds The equatlons were justlfled i

L ‘vheunstrcally as follows

Flrst. |t has been shown that the equatlon of mofron of magnetuzatron

. ;: rn a statlc homogeneous magnettc t”eld lS glven by equatlon 2 11)




o Second the recovery of the ma'gnetrzatlon to |ts thermal equllrbnum |
value M M“T?Ta srar% magnetrc freld Bo can often be descnbed wrth

s good accuracy by the equatron " S

aMydt = (MpzM)m, = 231

: ~ where T1 is referred to as the lon&\dmal relaxatlon trme
Thrrd the decay of the signa {\nduced by transverse components of B

‘ "the magnetrzatron ( components normal to the st\atrc field, By ) can often be

j ‘expressed by the equatrons e \
. ’ . . . . -f‘\ -\\l . _\ ‘ ‘ "\" T
dMydt = -Mi/Tz, - dM/dt = -MJT, 0 2.32)
| Note that thus is just a decomposmon of equatron 2&%}) ‘ - |
. Bloch assumed that ln the presence of an ap ied n\agnetlc freld (the s
sum of the statlc and tlme varynng f elds ) the motlon due to relaxatlon could ,' o g
" be superposed on the motlon of the free spms This ledt the eqt{atlon _ R

| fvl-“dM/qt_ =Mxyﬁ (Mx1+ /M,; )rr2 i (Mo M )lsrr1 R

P .
RN T .~
) . Y S .
. ' “ ¢ T o . g . s
- . . o oo . .“' ' - ;. R S R
. Ce o] e c T e . e e
L P . Pt c R fat y o
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o fknown as the Bloch Equatron wherer 1and]s are the unlt vectors of the

“:;'-.».laboratory frame of relerence ThlS equatlon decomposes lnto a set of three e




o equatrons for each. of the x y and z components of the magnetrzatlon M e
lelted to the work descnbed in thls thesrs (as only liquid systems are R ot

E -consrdered) these equatlons accurately descnbe the rnteractlon ot the
a macroscoplc magnetrzatron with statrc and tlme varymg magnetrc flelds

N o . “

2.7 Spin Echoes o

| BN ln sectlon 2 5, modulatron ouhe—leeal magnetrc fleld experrenced by a . .;.‘:
| ' nucleus was said to be due to e thermally generated motron of other | ,‘ : '
B nuclear magnetlc moments ThIS modulatlon of local magnetrc trelds causes B “
dephasrng of the transverse magnetrzatlon components or; transverse S ;
\ ;relaxatlon Srnce thermally generated motlon is a random process the - |
ﬂd%ﬁ?atrons of the local magnetlc trelds in tlme are also random A random
) process cannot be reversed hence transverse relaxatlon is an”rrreversrble "
‘process R o |

Howeve{ dephasrng can also occur because ot other freld

: mhomogeneltles \One such cause of freld rnhomogeneity is the appllcatlon -

| | ot magnetlc freld gradlents These gradlents vary the strength ot ﬂo in Space

i

by supplylng an addrtronal magnetrc fi eld component (Frgure 2. 7) As a

"result of thrs generated mhomogenelty, the precessron frequency vanes in -

R ‘. _the drrectron ot the gradlent lnhomogenertles can also be caused by

i f imperfect magnet and co;l constructlon eddy currents generated ln the

: cryostat by pulsed magnetic tlelds, étc These rnhomogenemes add to the

......

2 local magnetlc frelds expenenced by the sprns Thrs mcreases the rate of L

:‘dephasrng of the transverse magnetrzatron and hence the observed rate of

o f:the transverse relaxatron Thls tncreased rate of decay rs charactenzed by a

L e T
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| axls followed by a gecond delay of T, and then the spm echo ( Fugure 2. 8)

time constant T,", which includes contributions frorn.the true transverse

»

relaxation process and from magnetic field inhomogeneity. Thus,

' AB .

BRI i) L
T;;‘T2 2 2 .

2.34)

a
»

where ABO is the magnetlc field lnhomogenelty ~(Note that T2 =5T2)

Unless Tois much less than 41t/(yABo) the deCay time T2 cannot be used .

.asa measure of transverse relaxation. o B -

= > -

Figure 2.7 | - " The purposeful reductlon of B, by a linear magnetlc fleld

O gradient. b is the additional magnetuc field component at
‘some locatlon along a drrectuon given by .

Hahn ( 1950) propose@ a method, whlch he called the spln echo

methbd that overcomes thls mhomogenelty problem One vanatlon ot this
method (Merboom and Gill, 1958 ) can be written as 90°+x-‘t-180°+y-1:-

echo Wthh reads as a 90 degree RF pulse along the Xp axis (p stands for <

”rotatmg frame ) followed by a delay T then a 180 degree pulse along the yp

e

P
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I;figure 2.8 " Aspin echo pulse sequence and the detected signal.

e

During the first t delay the spins dephase as |Ilustrated in Figure 2. Ga)

The apr\..catuon of~a 180 degree pulse along the y, axis rotates the spins 180
degrees about Yp ( anure 2. 9a) the spins continue to precess in the same

dlregt_l_on and wnll, after another t seconds, refocus along the Yo axis

(Figdres 2.9b and 2.9c). The rotation of these alternately dephasing and

_rephasing transverse magnetization components in ‘th.e laboratory frame

“fesults in an induced EMF. This signal will decay for © seconds after the

- initiél 90 gegree‘pulse and then regrow to a maximum, or $pin echo, t

" seconds after the 180 degree pulse. Further spin echoes ogn be generated -

' by applying additional :1,, 80 degree pulses, each separated by 2 1. A limit to

o the'ﬁibrriber-of_spin echoes that can be induced in this mannexis imposed by -

.. the irreversible, or true T, decay process. The amplitudes of successive
echoes will decrease according to true transverse relaxation. Thus, T, can.
" be determined from a plot of echo amplit’ude as a function of 1.

: ¢ ?
[ I
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. Figure 2.9

refocussed

abed

a) The rotation of the componehts‘ of My, about the yp'

axis by the 180°,y pulse. b) Tha rephasing of the
components during the second delay 1. ¢) The

~completely rephased transverse magnetization.

spins .. k o o
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This measurernent is accurate as long as the sample is of homogeneous
composition- and there is no molecular oiftUSion." A heterogeneous sample |
will give a T, value that sa weighted sum of the Ty values of the indivi’dual "
molecular species Molecular diffusioh causes nuclei COmprising the'

| transverse magnetization to move from one part of the inhomogeneous

' magnetuc fleld to another, and hence causes additional dephasmg As
dlffusaon is a random process, the dephasmg due to thls process cannot be
reversed. Thus the amplitudes of the echoes wnII be reduae_d.

W
2.8 Two Dimenslonal Fourier Transform Imaging-

»
——

The objectives in any NMR i tmagmg technnque are to measure NMR
' parameters such as the NMR visible spin density and T,.or Tz. asa functton
.of theur spatual coordinates. In a heterogeneous sample these parameters
f | vary within the sample volume Since the only sugnal avatlable |s that ansmg
from the precessnon of the. magnetlzatuon in the sample the way to measure
the NMR parameters at different spatial locatrons is to uniquely specnfy the
Hrate of magnetization precession tor a given locatlon This is done by o | -
supenmposing a static linear gradlent onto the statrc magnetic freld so that
- the magnettzatlon at different parts of the sample precesses at dttferentJ
frequencues Through this, the spatral drsplacements in the sample are

”related to frequency displacements. The Ilnear gradtents modrfy the strength
| ol the static magnetlc fi eld jo along a glven dlrectlon The t” eld

expenenced by the magnettzatron in tsochromatlc planes normal to the

- gradient dnrectlon is glven by

‘e- ='ef°f.+ (G oL e

e



The magnetic field gra_di'ent. G;. has the components &

G, =‘aez‘/e.x,‘ G, = 3B,/y, G’, ;—vae:zxa'z f " ; 2.:55) .
Thus,‘ o
G =‘(éxi+Gyi+Gz!$). - o | : ‘~ h 2;37)
. ,The po'sition‘vector r has its oriQ_in at the centre or.zero ooint of the‘gradient

~ (where only Byis preSent ). The dot product in equation 2.35) gives, for a

specific value the contnbutnon to Boin a plane normal to L(i. e., aplane -

' where Q, [ equals a constant) In this plane magnetrzatron components |

“normal to Eo,wull precess at

o0 = v(Bo+Gr) . . 288

For example lf after a 90 degree pulse has been applred to the -

whole sample a llnear gradlent is estabhshed in the drrectnon of the

|aboratory frame X axts then the FID acqurred wnll be oompnsed of smusords

at each of the resonant frequenoles defmed by the gradlent wrthrn the

rsample If the acqunred signal is Founer transformed a pro;echon ‘of the

NMR vrsnble spm densrty for-each of the |soohromatrc planes normal to the

-gradlent direction onto that dnrectron resutts (Frgure 2 10) R
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- -~ Figure 2.10. The pro;ectlon of two arbltrary spln drstnbutlons ina
R ~ sample in'a magnetrc field gradrent Q, onto a: frequency

axis. parallel to Q,. ,

| Vanous rmagrng techmques such as Image Reconstructlon by |
Prolectton (IRP) and Echo- planar |magmg. are based on thrs projectron "
a scheme. As mdrcated by the title of thrs sectlon thrs thesrs lS concerned wrth
" Two Dlmensmnal Fourter Transform ( 2DFT ) |mage reconstructron as B
| t proposed by Kumar Weltr and Ernst ( 1975) ,
.. | ‘Sinte the |mages that are generated are two dtmensronal
" representatlons of frmte sectlons or slrces through the sample the loglcal
: fv'.'startrrp pornt rn an rmagrng drscussron would be: wrth an explanatlon of shce
‘selectron However for the tlme berng, assume that a slice bas already
been defrned m whrch the magnetlzatlon lles ln the transverse plane ( normal
to Bs). It will be easrer to backtrack later and explam the slrce delrmtlon
| :'process A consequence of a frnrte slrce thrckness lS that although rmages

'are shown as two drmensronal arrays ol prxels, each plxel actually
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‘ repreSents a volume element or voxel The voxel volume is given oy the

. areaof the pixel in the |mage multrplled by the slrce thlckness

For the followrng dlscusswn the rotatlng frame of reference wrll be
| us’ed unless otherwise noted Axes refernng to the rotatlng frame will have "
' the subscript p. | B RO ‘
‘ | ) After the sllce defmrng sequence the magnetrzatron in the slice wrll
K be parallel to the yp axls Dunng the resultant FlD ( detected in the laboratory
frame of reference ) two orthogonal Imear magnetrc freld gradlents |
(hencetorth known as gradrents ) are applred sequentrally as |Ilustrated in

Flgure 2 11,

‘Selection |\ /\/\ i \

l _Sequence .

Encodtng
Gradtents T

Sampled ; g o _ R
Slgnal o . - o
Acqulsttlon L .

S
e

—

l-—
l--

s

. —
=l

—

>

L Flgur9211 i A posslble sequence of gradrent pulses used in- 2DFT

i encodes the orthogonal cartesran

_ coordlnate - y": mto the NMR srgnal by govemlng the phase of the slgnal at




| Inthe'rotating frame,

Y
the start of the next gradlent pulse G To nllustrate th|s encodmg(and “

following arguments ). consnder two elemental magnetlzations each ot

n 'magnltude mo, placed in the Iaboratory frame of reference X- y plane as seen o
-in Figure 2.12. } -
. ’ . “I\
s > 2
_1 stice| | “Je

~ thickness |-

" Figure212 Two elemental magnetizations. . . . :
o . Under the mfluence of G the precessnonal frequencnes for the elemental : B

N magnetlzatlons in the Iaboratory frame are glven by

-
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The angle between the magnenzatlon‘ﬁand the yp axrs at the end of the G

A

encoding penod would be

o= 1GHy - T

g = 'YnyBt B T 277 L
. The components of the ‘ma‘gn'etiz'atiogs in the rotating frame after the time't, -
mya = mocoseA - c ”‘.'2‘.4‘5)”. -
Mea = mos'neA o v 246)
’,--‘_,;m;a‘: mocosly . o - e R 247)
. mep = mosin(-)B'-"" B I , . 52':28‘)‘

e
T

Thts is referred to as the phase encodlng step m the sequence B
o Aftert seconds the phase encodlng gradlent Gy, |s swntched oft and L Gk

| : replaced by the Gx gradlent The purpose of G IS to encode the X spatlal

j’cartesuan coordlnate mto the NMR srgnal lt governs the elemental

B ‘magnetizatton rotatron frequencres and hence the frequencres of the ‘ Q7

e .-v-}srnusords of the detected sngnal ThIS sugnal acqunred usmg dlscrete

'_ " samples dunng the tlme tx, ts Founertranstormed and as mentloned before b
f: the resultrng frequency components can be related tol the dlstnbutron of spms "
-'4,7':’7-3l'i:: un |sochromat|c planes normal to,’ ln thus case, the x drrectlon ' “ i
= Fteturmng to the elemental magnetizatlons ( Flgure 2 12 ) lt can be

i lseen that underthe mtluence :’of /Gx,’ the rotatmg frame components of the

4
magnetrzattons become
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Cmya = mocosl eA vG,xA(t ty)t 249
TMxa = mqsm[OA -nyxA(tjty)] A :‘ too2s0)
B Myp = MoCoS] 05 + 1G,xglt-1,)] R '2‘-5‘1“)- e
. Myg = Mesin[ O + 1Gglt-t)] ~ . = 252)

Quadrature Phase Sensmve Detectlon ytelds both components of.the S|gnal
- ,from each elemental magnetrzatton Smce the recorded sugnal |s shifted to i ,
o be centred about w=0, |t is thought of as a sngnal detected in the rotatlng

frame of reference That is,

r pr,oomponent. = Mya+Mpg = Fg

-"'Yp. component = Mya+my B.= Ft

" rwhere FR is deflned as the real part of the NMR sngnal and F, as the

e |magmary part The total srgnal is’ glven by F FR + rF, The complex Founer

transform of thls srgnal ynelds after some algebralc mampulatlons terms '

I such as

m0§0089§5(wi'¥GxX§) | 253)
lmogsmego(minxxE’) PR |




e

| ".”lmaginary part of the spectrum are’ governed by the suneé term in equatlon .

) ,’7»254) S
 wessgn o occoss,
t Yo wGXa o iy B T
‘F_igure,2.13‘ | The real part of the frequency spectrum from one phase co

encoded scan. The component amplitudes .are .
g proportlonal to the cos6 term.in equatlon 2 53)

| ThIS is a pro;ectlon of complex values for the spln densmes of each
- relemental magnetlzatlon as governed by the phase enoodung gradlent
‘ ‘onto the trequency encodmg dlrectlon axis, |n thlS case the x axis. l>n order to B

: "complete the two dlmenSlonaI NMR data set a sequence of FIDs must be

v j acqu:red whuc’h wnll specufy the~ posmon of the magnetlzatlon |n the phase

' encodmg or y dlrectron Thls IS accompllshed by varymg elther the tlme 1,
or the gradnent strength Gy. for each FlD generated Thns wnll glve drfterent
; phase angles as deﬂned |n equatlons 2 43) and 2 44) for each FlD The :
i i' result after each FlD has been Founer transformed wull be a complex data ;

matnx. the real part of whlch lS shown |n thure 2 14

: s v
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. fFlgure 2 14 KAn array of the real part of the frequency domam data
e e S followung the first Fourier transformation of the' acqunred
7 ‘time domain data. The rows: are.indexed: by the value of
oy the phase encodlng gradlent Gy(l) where
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. Figure2.15. - ,‘The real part ot the two dnmensronal complex Founer
.= .- ' .transformof the onglnal time domain data set.
o ~Converting the. signal amplitudes into pixel'intensities. . - "
. -givesan. rmage of the two elemental ‘magnetizations.-In. -

S _j__:"g‘thrs fgure ¢stands forthe phase encodlng drrectroq
R SR ;;and vfcr the frequency encodrng dlrectlon RSP

.,‘_. ¢ .". : ~v o ’;“ _")‘;1_ ‘ '_,"‘:-

The frequency of the smusordal change m the amphtudes of the frnrte"‘." -

.‘ifcomponents at each x coordmate is dependent on the strength of the phase, ":;-

T encodmg gradrent pulse m trme at the y locatlon correspondrng to each

felemental magnetrzatron‘f” That rs the frequency m the phase encodmg 2 ‘ff'f,;_- SR



dlrectlon de nds upon how rapldly the term 95 (equatrons 2 53) and | |

‘ “'2} 54 ) changes from scan to scan lt the data are complex Founer o

- u-“‘transformed in the vertlcal dlrectron the posmon of the magnetrzatrons in the

. | phasﬁ encodmg or y drrectron |s specrted ( remember the amount ot phase ;‘
/z( oded is proportlonal to the. locatlon ot the magnetlzatton in the phase .
‘..encodmg gradlent) In thls Founer transform in the vertlcal directron the “

' real part of each scan line spectrum m Frgure 2 14 wrll glve the frequency of

~ each eleme@l magnetlzatlon along the phase*encodmg dlrectlon and. the - |

‘ rmagmary part of the scan line spectrum wnll mdlcate the srgn of the . ‘ |
. 3 frequency Thus the locatlons of the elemental magnetlzatlons willbe &

o 'specmed m the. phase encodmg dlrectron The fmal reSUIt isa two |

‘drmensronal complex data matnx representmg the complex two dlmensronal '

Sl 'frequency spectrum of the data acqmred over N scans The non zero
. ‘components of thls matnx can be related to the spatlal locatrons of thg -
‘ .-.elemental magnetrzatlogts by usmg equatlonsZﬁh) tl'lrough 2.44). Images

i L can be generated from thls matnx that represent the modulus of the spectral
i'components ([ m,(g? +m §2 ]1/2) or that represent the real or rmagmary

)
"t

h‘components ( mxé or myé) or thaterepresent the phase ( 9 =

o arctan[ myglmxg] ) Thrs is done by takmg the components or calculated
tantrtres desured and convertmg them to prxel mtensmes
U 29sliceDefinition v o T

PR S
e

N ThlS sectlon returns to the problem of defmmg (he plane or slrce wrthm o
o the sample from whtch the rmage |s to be obtamed The assumptron m -

"f}t{'-‘sectron 2 8 was that the magnetlzatlon Wrthm such a slrce was rotated by a j o

'_1_-?;';90 degre'e FtF pulse onto: the y axrs of the rotatmg frame and that the .; " s s




_magnetlzatlon dutside the sllce was left undlsturbed i. e in thermal\
equlllbrium , ’ | . k ‘
| To accomplish this a linear magnetlc field gradlént is applled in the |
~ direction normal to the desrred sllce The magnettzatlomn |sochromat|c
planes normal to the dlrectlon of this gradlent will experiente the same
magnetic fleld Hence the splns‘ln the slice of lnterest will have a unique
Larmor frequency with respect to splns elsewﬁere in the sample Irradiating
the sample only at the frequency spedulrc to that slice will rotate the spins in

that sllce only. However appllcatlon of a radlotrequency electromagnetlc
s

-

radlatlon pulse at one fre.‘, "cy, or even a narrow band of lrequnecnes is

not snmple R |
. ‘It has been shown thatthe approxnmate shape of the SIICB can be
obtained through Founer transl‘orm analysrs ot the tlme domam RF pulse
(Locher 1980 ). ThlS analysns is approxnmate because the NMR |nteractlon
is non-linear. That |s linear sugnals ,anut tothe system (the pul§e |
sequence ) elncnt a non- lmear output. Founer transfbrm analysis ot the input

and output sugnals of a system presupposes a lmear relatlonshlp between

-

the two signals (| e., a linear transfer functlon) Thus such an analysns of

a NMR expenment whlch is non- hnear, can be only. at best apprdx;mate
A better approach considers the behavuour of thesmagnetization components
- in the sample under the wradiatlng sequence ( Mansfield et al., 1979;
Locher, 1980). . -
In section 2. 3” whlch dealt with the effect of alternatmg magnetlc

P

- tlelds it was seen that in the rotatlng frame th%magnetlzatlon will precess
; about an effectlve magnstic tneld Ee,,, compnsmg_the RF time varying
, magnetic lleld By, and the statrc magnetlc component in the dlrectton of 50

: Remember that when the RF t"eld was exactly on resonance, By was



¢ simply By and the magnetization precessed about B,. Tb account for a
‘ S ’
magnetic field gradient, equation 2.22) must be modified to

. Bett = K(Bo+G, "+ avy) + iB, . 2.55)

» where G; is the magnetic field gradient vector along the position vector . In

this case r is thought of as the distance from the centre of the gradiem ‘

( where only the field By is pre.s.er'n) along the. gradient direction to the

centre of the desired slice. Hence, to satisfy the resonance condition at the

centre of the slice, w mqét be equal to y( Bg + G, T ). _Con'veréely, W ma)} be .

set to vBo. the erduency of the rotating frame of reference, in which case

|Ben() | is [B12 + (G,1)2]'2 (see Figure 2.16). -

Ye

N2

: Figug?2.16 | Effective magnetic fieldin the rotating frame if -
o @ = oy = 7By



. It's_"easy to see that if By >> \Grf| for all 1, then Bey(r) = By for all r. This |
means that all the spins in the sample will experience the same By and will,
-for a given RF pulse rotate the same amount in the y-z p!ane Thus, all the

-sprns wnthln the sample will be equally excnted Conversely, )

0« B, << |Q, lr>>0. then Bgy(r) will vary markedly along the dlrectton of 1.
‘Only those spins in planes near r = 0 will experience Byy(r) = B;. These

spins wrll interact strongly with B.4 and, for a 90 degree pulse, be roteted
into the x-y plane. Spins far from r=0 wil experience a By that is almost
parallel to Bo and will not rotate from By at all. The mtermedlate case of

B, = |G, I} glves a Bey that is parallel neither to the z nor to the x axis. The
magnetization in planes where this is true will have components along all
three axes Such acase is often termed an off -resonance " effect i.e., the
freactmg spins away from r= 0 are " oft resonance w1th respect to the

frequency of irradiation. Frgure 217 |Ilustrates the above discussed effects

-as seen after a rectangularly modulated 90 degree RF pulse.

/N

o S [ - 10
Figure 2.17
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. Figure 2.17 o

...............

" fesults as-présented by Locher (1980). .

B T

Colmpon'e.n'ts of the magnetization after a rectangular  90°
RF pulse. My, =[M,2 + My2]"/2 and tan6.= -M,/M;. The °
curves show the dependence on the off resonance - -

These plots are rep

T L . e

/ ‘ ,::'"‘\‘ '

51

* frequency, f, after quadrature phase sensitive detection: TR
oduced from computer simulation .



Nottce that the initial phase of the magnetrzatlon components in. the x--

plane is dlstnbuted over 2, The srgnal resultlng from the vector sum of

these components would be: much smaller than the magnltude summation of

these components Notrce also that the central lobe of the Mxy/Mo plot;

deflmng the slice in the sample is not sharply defrned and that there are

" apprecrable M,y components outsrde the slrce that would contnbute to the

i)

observed signal. lt |s clear that these phase dlstnbutrons and " side Iobes "

- must be corrected

>

The resemblance of the My/Mo plot to the Fourier transform of a

rrectangular tlme domam pulse led to the speculatlon that a more surtable '

& trme domain pulse shape would be the Fourier transform of a sguare

drstnbutlon of frequency components in the frequency domarn The Fourier

I transform of such a drstrlbutlon yields a tlme domam sm(x)/x or srnc(x) pulse ‘

Smce such a pulse is infinite in trme it must be wrndowed by some other

; tunctron Thls funiction is usually chosen S0 as to marntam as square a
‘dlStﬂbUtlon of frequency domam components as possrble Locher (1980)
showed the results of computer srmulatlons fora Gal’.lssran wmdowed smc- o

. shaped RF pulse The result for aRF pulse less than or equal to 90

" 'degrees was a much better defmed slice profrle wrth reduced side. lobes

52

‘The phase of the transverse magnetlzatron components was stlll drstrlbuted R

».over 21r The appllcatron of a gradrent pulse in the oppos:te drrectlon and of L R

o

'_the same magmtude s

'h'

followmg the shaped 90 degree RF pulse (‘Flgure 2 18) would rephase

: a large net magnetrzatron vector along the y axrs of the rotatlng frame

trme equal to half of the 90 degree pulse duratlon |
" -these components ( Sutherland and Hutchrson 1975 ) The result would be] "; ERR

However due to the aforesald mteractuon of the effectlve magnetlc freld wrth ‘-, P

- off-resonance splns. pulse angles greater than 90 degrees resulted |n non--. o



- umform drstnbutlons of sptn excntatlon in the siice and spln excitatlon away . |
K from the slice. Another suutable tlme domaln RF pulse shape for pulses of

- 90 degrees ‘and Iess,_ is a Gaussian envelope (Sutherland and Hutchlson,,

. 1975). R ;
. ORF N
A/\ ; N o
v V \/' : \/ “V .v‘ ‘ 7
".Deftmng i NG '. ’
: Gradient _ R N
l:;-—r —le—1—| 7

Figure 2:18 A slice .defintng‘sequence.

L 2 10 A Mathematlcal'Development of the Two Dlmenslonal Fourler .
Transform lmaglng Technlque a ;{:‘-.’
e L ﬂ
- To complete ‘lhlS treatment of 2DFT NMR imagmg, the mathemattcal
o v'.-’equatlon descnbmg the 2DFT reconstructton as glven by Wood and '
| .'.:.Henkelman ( 1985 ) |s presented | T gt .
' The lmagmg sequence they present whtch is the basrc sequence for"}i":_f: ey

i;the flow imagmg technlque presented later utrhzes spln eohoes G
EFR (Figure 2 19) The analysis of the gradrent and FtF pulse sequence is the,ff O
same as that presented by Kumar ot al (1975) tor a grad;ent modulated L Ea g




i -FID The spln echo may be consrd@ed as a tlme reversed FlD followed

‘N'x"' sernples separoted bg At N
llllllllllllllllll ~ St
-'. /. )

. ‘ .- oo Vt 0 I; I . ., ‘

. Figue219  Gradion and RF pU"S,.'ef‘tihing'fdi'égﬁr‘ar'n.’

| ‘s‘,o‘mplin"g: L

'lmmedlately by another FlD fowvard in tlme The only dlfference as far as

the mathematrcal analySls is concerned between the gradlent modulated

e FID technlque and that usmg spln echoes lS the temporal locatlon of the R

| B 5Wood and Henkelman but one that does not affect thls analysrs |s ll‘i the
) ff';_:temporal posutlon of the slrce re-phasmg gradlent pulse The rephasmg
- _gradlent pulse |s applled alter the 180 degree FlF pulse It IS the same

L f-j"-amplltude and m the same dlrectlon as the gradlent pulse applled dunng the

: : phase encodlng gradlent A change from the sequence as presented by




) b e
! ' : »

‘ .'90 degree RF pulse and |s half the duratlon of the 90 degree RF pulse ThlS o

" slice selectlon scheme rs equuvalent to that lllustrated m Frgure 2. 18 since the' ‘

.

; 1 80 aegree RF pulse acts to mvert the srgn of the phase of tShe transverse

'magnetrzatron For example rtacomponent o? the transverse magnetrzatron "

had a phase of +§ (wrth respect to the Yp. axns) sometnme after a 90 degree

R _ RF pulse applred along xp, it would have a phase of - § tmmediately tollowmg y

.:. ) y 9
“.a180degreeRFpulsealongyp l\

Frgure 2 19 shows the pulse sequence used to acqulre one phase

. ,encoded srgnal In. thls case the amplltude of the phase encodmg gradrent

,pulse ls vaned from one sngnal acqursmon to the next. Each“echo lS sampled ‘.
‘ ,N tlmes at a rate of 1/At The sequence IS repeated N tlmes wnth a delay. of S

.TR seconds between each acqusmon It is assumed that TR is long enough to

‘ ‘ensure that cornplete recovery to equmbnum occurs Therefore the effect of

. Iongitudmal relaxatlon is |gnored in thls analysrs The phase encodmg, 6r y

fltlgradrent is. mcremented monotomcally Ny ttmes m steps of AG stamng from |

R N,.l2 ]AG In practlcal rmplementatlons the phase of the RF pulses

B ‘I(l e the onentatlon of the alternatrng magnetlc tlefd vector ﬁ,, m the

” “_that only one S|gnal |s recorded per phase encodlng gradrent step The

v. j'_ = magnetizatlon at any gtven (x,y) locatlon in the sample |s modelled as a delta
R functlon whlch emlts a smusordal srgnal The spln echo is the sum ot the |

X slnusoldal sngnals emltted by the lsochromatlc magnelrzatlons m the sllce . 3
_,,'modlfled by an apodlzatlon functlon Ex(t) The narrow frequency bandwrdth -

bk “-_":90 degree RF magnetlc f eld pulse (tllustrated m Flgure 2 191).-‘_. fm the

o ‘;"- - presence of a sllce defmmg gradlent along the z axls rotatesthe
e f":magnettzatlon in‘a narrow slice by 90 degrees on o{the yp axrs ‘The 180

s 'rotatlng frame ) tS mampulated to suppress zero offsets and lto cancel Fle “ 1; o

_fO"OWIng non-selectlve 180 degfée RF pulses ln thls analys|s |t IS assumed S e

55 .



B rdegree pulse lS non Selectrve l e lt rotates all the magnetlzatlons in-the

e . o C R
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B ,“_ Lo ‘r o g .\" i vy ;“. A )
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.

3 sample by 180 degrees Magneflzatlon outsrde the slice remams enhgr e
' ‘.v",parallel or antl parallel to the maln fleld Bo, throughout the expenment and

N thus does not contnbute to the srgnal acqulred The amplltude of the flrst G ‘

1,

" Zgradrent pulse is adjusted so that the centre of the echo occurs at sample
o 'pomt Nx/2 ThlS |s defmed as the tlme ongm for the analysns | . | i
BN The phase ofthe srgnal for a magnetrzatlon at posmon (x,y) rs then

grven as RR

NG =Gt Gyt) . 2s)

o - The sngnal is’ detected usmg Quadrature Phase Sensatwe Detectron at a o
v reference frequency equal to the Larmor frequency ( mo yBo) The data set S

' ;for one lmage is composed °f N complex spin BChO srgnals each wrth
v le ‘.,dlfferent amounts of phase encodrng and modmed by another apgd,zat,on | o
: ) ‘functron in the y- drrectron Ey(Gy) The complete expressron ts X o .

qx L LT R L IRt Lo T
R s(tGy) = {Mo x(t)Eyre)exptne(teynd(t)dleyn

‘ }\;l-‘ e, f [t/(N At)] ®Gyﬂ[G /N AG)] 2 57)

d(Gy).; fﬂ [\Gy/AG ] rect [ Gy/(N AG) ]




e | . .‘57(“.‘ v “v“.
S _Ax Axk”oS vx kAx)‘ .,the eamphng fu‘nctlon, |
: - '260) .
R 0 . xs——,
Rk "‘ N N
- -NAx . Nax

‘. ) ' ‘ Ax, . ‘>"‘ .

A . | o . 2 <X ‘
' B - 2.61)

n Convolutuon |s denoted by ® and the domam is lndlcated by a subscnpt
Usmg the fact that the Founer transfon;m kernel is separable and '
- convolutton in the tlme domatn IS the same as multtphcatlon m the frequency

. domam and vice versa two one dnmensmnal Founer transforms wath |
Lo ~respect to the vanables t and G in equatuon 2 57) may be taken yleldlng

SR lF{IF[s(tGy)J} -[F(F{Moexpne(teym)
Lo e ey (B0 ] @5F( Ey(Gy)]

e ~’ LA 1@y F(d@,)]] - .
e T *ﬂ(N Atf )ﬂ(N AGf ) 262)




" _where F is defined as theFourier transform operator and. -, '

) i ) R . L
.I‘,"l"..‘ ' S . ¥,

It

K= W2mGx o aeY)

ST Che=sEmtytToo T 28 L
o Srnce the srgnal ongmates from a delta functron at ( xo, Yo, the phase term e

m equatlon 2 56) is srmple and glves for the frrst factor in equatlon 2 62)

N

LI I .
B

o IF(IF{ Mo expl ne(t G 1} ) = Mo srf - (v/zme xl
’ o @ oo ty ¥ (7/2n)tyYo] o
o 265), o
Remembenng that the spln echo |s consudered to be a tlme reversed FID
followed by a mrrrored FlD Ex(t) is seen to be a decaylng expogentlal

envelope Thus lF[ E (t) ] rs a Lorentzran envelope Wood and Henkelman
( 1985) state that there rs no apodlzatlon rn the G dlrectlon There rs no

apodlzatlon srnce rt rs assumed that return to then'nal equrllbnum occurs '
between each scan Thus Ey(Gy) rs always equal to one and IF[ E,(GY) ] is o o

" a delta functlon at fy =0. The multlplrcatlon of d(t) and d(Gy) by a rectangle “-‘f;'; -_

mthe_trme d"fann is the same as the convolutlon of the Founer transforms of A

o these terms wrth a sinc functlon rn the frequency domam That is,
lF[d(t)] Nx2(At)3 ﬂ(Atfx)

®,x srnc( N Atf )




| 'where smc(x) IS deflned as sm(nx)/(nx) Applylng equatrons 2. 63) and 2. 64)

to the Founer transformed sngnal m equatnon 2. 62) provrdes the pomt spread

""functlon
. PSF(x,y) K[P(x,y)®x IF[ Ex(t)]® F E,(Gy) ]
S gDy Dy :
fiﬂ[NxAtn(zn)ngl»' L
. (/ oo ﬂ[Nyty'AG‘(YIZn)Z)‘/] L 267

where . Plxy) = My 8x-xq] 8y - Yo] 26y

| lD(x) ﬂ[m(y/zar)e x] S o
| | ® sinc[ N, At (y/21t)G X Foo | : l. 2.69)
“Wb D(y) ﬂ[AG<v/2n>yy1 O e
- ® smc[NytyAG (7/2n) y] A 2.70_)1

]
K represents the abltrary constants in the equatlon Note that P(x y)

| - represents the transverse magnetlzatlon at a pomt (x,y) whnle all the other

. o fterms broaden the dlstnbutron These dustnbutuons are a functlon of the pulse
sequence and for a grven set of pulse sequence parameters are sample

mdependent (that rs neglectm9 such effecrs’ as the magnetlc susceptrbtllty

~ ofthe sample mhomogenemes electromc drlft and norse etc )

.v’\



| ' the degree of srgnal gam is depenqent on the repetmon tlme and the rate of S

: ‘ff'above | e IO "' 'j,'. :

3 Flow Measurements Using NMR lmaglng .‘ e

[ 'VJ 0 .
’\ "

Blood tlow in the vascular network of humans lS ol consrderable

L anterest for medncal dlagn03|s and has been the subject of researcﬁ'$|nce )

William Harvey (1578 1657)bubhshed Mmu_cgmﬁ. in 1628

“v-;( McDonald 1974) More recent research has made use of NMR |magmg

' :technlques to quantlfy blood flow . parameters ( Axel, 1984‘)

lnmal efforts were based dn the eftects observed in modulus |mages of ’

-

blood flowmg in vessels wrthln the sllce and mtersectmg the shce The

- “ detalls of these effects d%pend on the |magmg sequence used and on the

magnltude of the flow. For example wher@a Spm echo sequence usmg "

selectlve excltatnon and selectnve reftg \ssmg pulses is used the amplltude

B of the sprn echo wnll flrst rncrease wrth mcreasmg flow rate due to the

v

,' replacement of partrally saturated spins by. more strongly magnetlzed spms

‘ '.from upstream of the |maglng volume Th‘e degree of saturatnon and hence -

longltudlnal relaxatlon At hlgher flow velocrtne?there is a decrease in the

j sugnal becaus@he splns washout of the selectrve refocussmg reglon

. not “all of the lnmally excit 6 spms are still in the sllce when the selectuve 3

180 degree RF pulﬁe\rs appl; The srgnal also decreases due to the

- . dephasmg effects of motlgé along |mag|ng magnetlc fleld gradlents
_(Arnold and. Burkhart,,1965 Crooks ot al., 1984) Axel (1984)

N

o demonstrated spm echo amplltude ﬂow measurement techmques whlch ‘
‘ _}’.used selective and non-selectlve retocussmg pulses He correlated modulus T -

R | rmage plxel amplltudes wnh ﬂow velocuty uslng arguments srmllar to tﬁ’ose




v

A‘ditierent approach, Known ‘as the’ ti‘me-ot-ilight method, measures
., flow velocity by means of the meeﬁ;rlement of the..distance travelled by a
group of spins in a known time. One such method observes the change in .
. modulus images due to ilow in |mages downstream from a selected |mage in
a multi- sllce lmagmg sequence (Bradley et al., 1984) A second method
used by Deimiing et al. (1986 ), applys a selective reiocussnng pulse at a
known distance downstrea,‘n from the selective excrtation pulse loggtion: The

-

signal detected depends on the volume of selected spins that fiows into the

reiocussnng area or slice in the tinme between the excntation and refocussing

‘pulses. Thi]e informatlon is used calculate the ilow velocity. ' S

Other researchers have approached fluid flow Velocny |

“ ' charactenzation by examinrng how the phase of the recorded srgnal is

T

affected by ll_ow. As state{l before, the sngnal from an elémental I

' rnag'n’etizati'on ‘movirig aiong the direction gt an applied magnetic field

gradient acqunres a phase shift wnth respect to the srgnal from non- movmg

- “magnetrzations Van Dijk (1984) Bryant et al. (1984) and O'Donnell

%'

( 1985 )- have used pulsed gradient sequences which do not affect the
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phase of the signal from stationary mag‘netizatlons but that alter the phase i

of tha slgnal from movung magnetizations in snmple proportlon to the velocrty
Early in the course of this pro;ect )t was decnded to use this last

v
S

s approach and pursue the method oi phase encodmg the sngnal of the flowmg

. matenal Phase encodmg offers the advantage of relatmg a slngie property

ot the NMFt slgnal to the flow rate Faetors, such as longltudrnal and
transverée telaxatlon, that aﬁect the amphtude of the srgnat do not afiect its
: phase Slnoe the phase of the NMR' srgnai can be calcuiated using the _ |

" . classical model of the NMR phenomenon. it was feit that an understandmg of

] the theory tor fiow measurements uslng phase encoding and a practical

*%
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implementation would be straightforward. At the time, the dependence of

| signal phase on:physical parameters of the spectrometer and magnetlc
system mteractrons was not fully understood or apprecrated 'soitis perhaps
better at this pomt to provrde some information on factors aftecting the phase !
of the NMR signal belore developrng the theory of flow rate measurement by

_phase encoding.
3.1 The Phase of the NMR Signal

Changes in the phase of the signal from any elemental magnetizationk
can be due to intentional mampulatlons of the applted magnetlc figd, such
as the appt;catron of gradlents |n an imaging expenment or can be the result
of non mtentlonal mteractrons in the magnetlc system or can be the result of

_physical llmrtatrons in tje NMR instrument ltself |

An initial theoretical examlnatlon of the effect of non- unrform | |
penetratlon of the RF magnetlc field into the sample was made by Bottomley
“and Andrew (1978) Thrs work descnbes how the RF magnetlc field

| amplltude its phase shlft and power deposrtton vary wrthlpenetratlon depth
in tissue models and suggests that,’ at htgh‘resonant frequencres |

‘( > 30MHz) changes in the amplltude ahd phase of the RF magnetlc lreld

in the sample would be srgnrllcant«enough to cause dlstomons ol the lmage

j However later work by Bottomley et al (1981 1985) and Glover et al
( 1985) demonstrates that these effects are not as severe as were lrrst
‘ thought Interestrngly enough work ln this area srnce Bottomley and

_ | Andrew’s paper has concentrated on onlypower deposrtnon ln tlssue T?S »

| "date the questron of RF magnetlc l“eld phase changes within a. sample. and

"’the subsequent eflect on the NMR srgnal recorded is unresolved ‘ss
, o 3

v
- 3 ¢ L
-<
<
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‘ ”'can be compens ed for electromcally and through post-signal acquismon

/

-~

Norris (1985 ) showed that unwanted magnetic tield gradients

Wthh are inseparable froT'n the imaging gradients, cause errors in phase
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|mages ‘These gradients produce magnetic field components m the direction

of By that vary quadratically in the direction of their assocrated linear imaging
magnetic field gradient. These 'unwanted gradients are a direct

- consequence of Maxwell's equations In the case of the 2DFT spln echo
imaging sequence, the amplitudes of the frequency encoding gradient
pulses are not varied from one scan to the next. Hence the concomitant
magnetic field gradient and the associated phase error is constant for each
scan. However, the error due to thehmagnetic field gradient concomitant with
the phase encoding gradient varies as the strength of the phase encodmg

] gradient between scans. This leads to an apprecaable change in the phase
across a Fourier transformed scan line from one scan to the next. The effect .
wull depend on the particular gradient pulse sequence and has not been

lnvestigated on the University of Alberta medium bore NMR unit.

- Thasw s)chlng .of magnetic field gradlent.smduces eddy currents in the .

g cryostat whose magnetic tields die away exp jentlally (Bendall 1986)
These additional magqeti |elds can last tens f milliseconds. For example,
an eddy' current produging a magnetic field gradient in the z direction of

f 20 mllliseconds duratlon would. produce a phase o

| 50’5(1 09 Tesla cm-"

o Vchange (or phas gradient) of 0. 267 radians cm 1 These. eddy currents ” _'

software processing, but itis very ditficult to elimlnate them completely
lmpertechons or physical hmitations of the coils used to generate the -

3

. RF and gradient magnetic fields can directly or indnrectly influence the phase

.of the magnetizatlon represented in lmages For example a gradient whnch

| varies linearly along any given lme parallel to a cartesnan axis can also vary



N

radially within planes normal to that axis. This is illustrated in Figure 3.1.

{
Whlle this particular problem does not dlrectly result in a phase-error, it does

‘restrrct the method of gradlent spin repﬁasmg employed after a selective
excitation sequence This in turn affects the. phase of magnetlzation moving
along the slice gradient direction (refer to the sectuon in Chapter 6

concerning slice selection ).

T 7
z=0 \ )
Figure 3:1 The radial dependence ofa lrnear magnetlc field
: . gradient along the z axis. For each radius, the strength
of the gradlent magnetlc field along zis plotted on the
rlght :

v Theseuunwanted magnetlc freld rnteractlons. lnhomogenemes and.

.

‘dlstortlons produce vanatmns in phase |mages derived from two dlmensrqnal'

‘ complex data sets ThIS compllcates the analysis of phase dependent )

' 'parameters in NMR expenments SRR ";-" ‘

' >
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- The pulse prdgram sequencea d ts method of |mplementat|on plays .

-a very |mportant role in determlning th'phase of the NMR slgnal As
- »'me‘ntroned phase vanatlon across the image can be generated by the

C change in. the phase encodmg gradrent strength from one 'scan to the next;.

o Such phase errors are manlfest in the phase encodung dlrectlon of the o



image. A s'ource of phase error‘lrl.the frequency.encoding direction,of the | |
l im'ag"e is in the sampling‘ of the Nl\UlFl signal. Consioer a spin echo imaging
sequence srmrlar to that in Frgure 2.19 with the time. ongln at the centre of the "
samplrng wrndow Let the NMR S|gnal the sprn echo be grven by a functron

(t) -The sprn qephaslng gradient pulse along the x axis between the 90
degree and 180 degree RF pulses can be vaned in strength or duratron to
shiftthe posltron of the spin echo in the - samplrng wrndow A perfectly | i
centred spin echo can.be vrewed as an even functron in trme The complex 3
Founer transform of an even function results |n a non-zero real frequency |
spectrum and a zero |magmary frequency spectrum The phase spectrum is ‘
-I ,zero hence there is no phase shift. Founer transform theory relates the |

- position of g(t) in tume wrth the phase of the frequency spectrum through the |

- trme-delay theorem ThlS theorem for a contmuous Founer transform is E

grven by the Founertransform operatron pair o R : - '/r

..

ota) eelwech | - any -

' . N v . . ' . B 1 . . "
' where G(f) is the Fourier transform of g(t). Th term e'2’da is srmply the phase
9

for a glyen speCtral component Us ally the spln echo is dlscretely sampled

.ina set tlme lnterval about the tlme ongm ( as desonbed in sectron 2 10) i ,‘.\' .

. oA .
. T .
~ N .
N .

The equrvalent dlscrete Founer transform operatron parr is”
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n e o o
g(kT-mT) “G(Nr) Ly
R . | 32)
‘where - . T isthe sample'period
| k is the sample number |
a Nis the total number of samples ;
m is the number of time shlfted sar‘nple pomts B

e ' : B v ' oo

- . .
[ ' . . ¥
~ \ . L

It is clear that the term e*'2""m’N will grve phase shtfts in m multlplestlol 27[»« R

across the drscrete fl‘equency spectrum ln the fnnal |mage 1h|s wrll show !rp o

:)/

as linear phase shlfts et 2n in the frequency encodrng drrectron that are ‘ :

perrodlc wnth m. Y "":’"-“ .
oo B Now it the dephasmg gradlent pulse used to centre the echo were L - v
conttnuously adjt}stable the contmuous sptn echo srgnal could be pertectly |

‘centred and thrs phase error eltmrnated However thegradtent unrts m

' todays NMFl rmagmg systems are controlled and set drgrtally Thus the
" ‘t : strength of applred gradrents is vaned drscretely Usmg thrs  system it is only
' 'possrble to consistantly eltmmate the drscrete trme shrft tor the spm echo |
o, ‘There can strll be a small contlnuous trme shrft of the srgnal Thrs Ieads to - ,, " '

o "‘f’;f;:_::&,[.‘__‘-: overall phase vanatrons of less'than 21r across the frequency spectrum LT




| | | | o 67
tsrgnal ina ZDFT tmaglng experrment rs glven by equatlon 2 56) In a more | |
\ general form the phase of the srgnal (wnth respect to the frequency of S .
" ‘detectlon see section 2.4 ) from the magnetrzatron in an lsochromatlc plane '
, normal to the gradlent dlrectron is , N ' |

P . f ' . }‘. l/
u‘*“fz_‘-"- o R o ' e

frﬁ(t) et IERURLIA TR L / |

where Q,(t) rs the tlme dependent gradrent functron ( Frgere 3. 2) and ;(t) o S | \

grves the trme depenqent Iocatron of the magnetrzatron along [ Hereafter the

- -‘;;'phase of the sngnal wrth respect to the frequency of detectlon wnll be referred

o Af‘ to the tlme ongtn whose dnfference is the duratlon of the pulse‘ '

B to as srmply the hase of the sugnal 'r and (2 are pornts in trme wnth respect
N 8. 1 2

B

C el .




.. 68
Thls is a very optlmlsttc apprarsal of the effect of a pulsed gradlent In o
reallty, perfectly rectangular pulses cannot be generated There is always a .
| | frntte rise and fall tlme for the edges of the gradlent pulse and a settllng trme
before the gradtent is statlc in-time. The shape and duratton ol these edges
and the settllng times are governed by the method of gradient pulse |
generatlon ( r e by the transfer functlon of- the partlcular electromc curcuuts
used ). Thus the exact shape of the gradlent pulse lS difftcult to dete;mune
The rise, faII and settltng tlmes place a lower Ilmlt on the mmtmum gradlent
duratlon These factors restnct equatlon 3. 4) to. bemg only an approxtmatnon
| AIl the factors menttoned in the prevrous paragraphs contnbute to the
. phase of the recorded NMR srgnal and of the eventual two dimenswnal k |
complex |mage Phase errors caused by such thmgs as swrtched gradlent
mduced eddy currents and gradlent asymmetry, have not been mvestlgated
. m any detarl ll’l the work descnbed thls thesns Much more th‘?oretlcal work
| and expenment‘al mvestrgatlen lS requrred to fully understand the cause of ‘
A‘ 8 these errors For mstance} gradlent generated eddy currents and lmperfeotfy
generated rectangular gradrent pulses have been clted as sources for phase

errors yet no expenmental evrdence exrsts to drstmguush the phase error

generated by one source from that generated by the other. _ij ;, ] B

For the work descnbed tn what follows an emplrlcal approach to the




v

t e -

© 3.2 The Effect of Motion on a Two Dimensional Fourler Transform lmage

S Equatlon 3.3) glves the rotatlng frame relattonshtp bet'ween the phase
| of an elemental magnetizatlon ina magnetuc ﬂeld gradlent and the pos"tnon of
that magnettzatlon If the posmon of the magnetlzatlon is tlme dependent
dunng the gradlent pulge the phase aoquired wull be dlfferent trom that

whtch would have been acqunred had the magnetnzatlon remained spatnally

statlc Thls |s the prmcnple upon whnch van Duk ( 1984) Bryant et aI |
(1984) and ODonnell (1985) drawmg on the work of Hahn (1960)




[ (A
"

3

1 “‘.i' components along one or more ‘of the laboratory frame axns The srgnal from

the slrce in the spatral frequency domaun can be wntten as

et et sl) = ” p(x.y) 9?‘9(‘-.45)."’" d

" where " p(x,y) |s the sprn densrty at (x,y) m the slrce

”

RS q) is thephase of the srgnal from magnetlzatlon at (x,y)

His ny(t tp) the spatral frequency coordmate |n the x drrect:on

' ////

o i'That is, some elemental magnetlzatrons rn the sample have velocrty

' |s yGy 3 the spatral frequency coordmate |n the y directron

/////////////////////////
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k and ky are after some algebraic manlpulatlons the same terms as seen | . ..\\\, |
B ln equatron 2 56) Delmlmg et al.. (1986) consrder only the terms mvolvmg
.-~ | motlon along the x and y axes of the Iaboratory frame The change nn the - l‘l o
| phase term ¢, m equatlon 3. 8) due to motlon along the z aXIS ls not easrly E
quantmed analytrcally The problem lies wrth motlon along the z axrs dunng e
the tlme whrch the slrce selectlve shaped 90 degree RF pulse and the shce
gradlent along the z axis are apphed Movmg spms expenence a change rn ‘
the RF and gradlent magnetrc freld amplrtudes in tlme' Thns effect was - .‘ o _;
srmulated on a computer (see sectron 4 6. 3) It was found that the change |
in the phase of the movrng spms was equuvalent to the phase change that |
statlonary spms would expenence dunng a gradlent pulse of the same s ,
: amplltude and ln the same dlrectlon as the sllce selectron gradlent but only .
one flfth as long as the 90 degree RF pulse (or two flffhs as Iong as the spm
rephasmg gradrent pulse) Thus usmg equgtrohs 3 3) 3 5) 3 6) 3. 75 ,.

)i

and the lactor of two flfths mentroned above q;ls R - _f z |

. “'\.‘.‘:Ml _;»- " ‘A . t, . - ‘ ) ‘ - v!‘l‘ . I » Q : " N
T ¢(t) »—vf(G'x+th+ny+G 'c)d'c

P -.""
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: *lote that the trme ongrn has been sh|fted |n this analysns trom that whnch was '

. N .*\ 'used in section 2. 10 ‘Sincé only the phase rs consrdered here this tume shaft

a »rs not tmportant Equation 3.9) reduces to ( see Appendux A )

S g xl&+y|\,+vxlg(( 3t +At)+vyG (t + Att )+vy|§2 e
:"' <’ h‘ N , \' ] 2 “
R A R A |

‘ . L ! uu--}_x__ z 2

A et 2‘“‘2’

. Vi . |
X ' . W N
. N ' . . N Ce .
1 B . . ’ N

’ . ' ' ' . oo B . N N ‘ N LW 'y PR
. ‘ o v, K : e . |
. AR Co e : : S ¥ 5.1_0)‘
. . . . . . S ; ' : -
‘ o ' ’ . N . “ . . : A ! KX

: . Usrnxeq ’_atron 3. 10) as the phase term m equatton 3. 8) and takmg
- _.the two dlmensmnal Founer transform ylelds terms snmllar to those of
. ‘:;equatton 2 67) ( that s, a mapplng of the elemental magnetuzatlons in two o
dtmensmns ) plus addltnonal terms due to motlon The velocrty terms linear 3
o " wnth k -and ky cause a Imear shuft of the lmage data polnts that correspond to
'"'-pomts in the object wnth velocrty components in the x of y d|rect|ons e ¥
B _'- respectlvely Consndenng x and y velocity components that are | | '

R approxtmately the same Jn magnttude the v,(k,((stp + At) term that Is, motaon

;,along the readout or frequency encodmg dtrectton ~wnll domlnate thls effect |
ey ::"'srnce it has a Iarge tlme multtphcand For example for a velocrty of v?e- 50 PR




| Van Duk (1984) Bryant et al. (1984) and ODonnell (1985) o
have based thelr pulse sequences for flow quantnflcatron on such phase
- effects The objectlve of thetr method was to unrquely dtfferentrate movmg or

flowrng ttssue from non movmg trssue The work in thls thesns quI

concentrate on motlon due to blood flow in lafge vessels perpendlcular to the

|maglng plane . e along the z dlrectlon

0

All three authors begln wrth:the nalve assumptlon that tmmedlately

l“l

after the sllce selectlon sequence of a spm echo sequ.ence the phase of all

N B W |.‘\

movmg and statronary magnetlzatrons is zero Thla |s not completely true as e
the prevrous development has shown (see equatron 3"?0) but |t de,es L

help |llustrate the followlng argument 'thsoassumptlon plus the tact that

S PR
only motlon alongzns conSIdered re(ces.equattonStO) to\l «:' L e
\ R m'f",’XKxayky‘. T 3.11)
"i;"”""“_\, ‘,“.,“ vt '.‘ " .k.“ ’ '~ lQ. ’ ‘ “ ' 'v o R "‘- .4' t C .
This equatlon has no dependence on motlon along the z dlrectlon To : -

"-induce a change in t\we phase dtre to motron another gradrent pulse applled
o along z can be added to the, sequence I the posntlon ot the magnetlzatlon is L s

f'given by equatlon 3 7) then the phase contlbutlon due 0 motlon WOuld bel copl

RN i i g . S i o f
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Notlce that the stattonary magnetlzatlon also acqutres a phase offset To

L remove thts a term zr |s needed ThlS is added by applylng a second

} consecutuVe gradtent pulse along z sucﬂ*that th‘e area of the two pulses over o

| tlme is. 2610 (see FIQUf934) TR SR R
[ o ‘ o b ' ) L “",\’ ‘ P .

N2

180° RF pulse L

q5—>I |<—"—9| D et

N . . ) ‘ . v Y gy
© .7 " Figure3.4" . Balanced gradient pulses. - '

The gradlent putse set |n Fugure 3 4 b) can be effectsvely consudered ,to

y o
y

be oontmuous if it-is assumed that 1: >> t, 8o < & it/;(yB1) Such gri dig]
Equatlon 3 1 2)‘

Hﬁ
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Notice that the term for the non-lmevin\g magnetization is gone and that on|y a
phase term proporntional to velocity remains. Ehus .any relplon of the ob]ect
in, the imaging plane with constant velocuty chonents along the Z axis will
produce a change in the phase of the.image ptxels at those points. This
change in ph'ase can be measured and correlated to the motional velocity
using equation 3.13). The sign of the phase change will depehd onthe
dfrection of the motion along z and the temporal order of the motion enc‘odihg
pulse (i.e., whether the positive lobe of the balanced gradient pulse set
occurs before the negative lobe or after. See Figure 3. 4) At thetime of -
nmage reconstruction a phase |maga is generated by takmg the afctangent of
the imaginary component divided by the real component of each complex
point-in the |mag‘e (8= arctan[ imaginary/real ] ). ==~ |
A problem that is \common to any cyclic function is that of aliasing. In
this case, phase changes that are multiples of r are indistinguishable trorh
those within a tr range about zero. This restricts the maxir\num velocity that
can be measured using a single balanceé gradient pulse. “Ine batanced
gradient pulse rhust be defined so that the phase encoded for the maximum
velocity component likely to be_present is between tr. This leads to a

problem with very low velocities. The phase change at these~ratas may be -

.indiscemible from fluctuations in phase due to noise and the aforeméntioned

phase error sources.

\ -

The earlier assumptton that the phase of the signal is zero

tmmedtately after the slnoe deﬁnmon sequence‘ts of course mvalid To the

contrary. for flow along the slnce gradnent durectlon. the phase aoquured will

“=

.~ be quite Iarge because of the duration and magnitude of typical shce

definition sequence gradtents At the Umversaty of A|berta medium bore

75
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NMR unit, the slice defining sequence us'ed resembles the sequence gshown :
-in Figure 3.‘5. This se.quenlc_e prodUces, for even low flow rates, a |

substantial phase offset at the_ onset of the spin echo. The term responsible

“for this, given in equation 3.10), is vzsz({S&g}_tf + t#At,). However, |

placing a balanced gradient pulse.oet_ween the 90 degree pulse and the 180
' degree pulse in the sequence can reduce or eliminate this offset (see |
Chapter 6 ). Settir;g the ﬁjﬁtﬁ'a‘thd side of equation 3.13) equal to the
above term gives an es'timate of the magnitude of the balart::ed gradie_nt

pulse needed. That is,

. . .
59 2. : 2

A5 p pést SR .
compensation ‘

3.14)

ny

. S e
This is a rough estimate smce the shape of the gradient pulses is in
reality not rectangular. However, expertmental results (see Chapter 6)
) A _ : :
have shown that equation 3.14) is a good first order approximation.

LY

3.3 The Effect of Pulsatile Flow

Up to this potnt it has been assumed that the velocity of the movement
or flow has been constant. Physiologicalfy, this is rarely true Pulsatile’
motion of the blood in arteries can generate velocities from 0 cmV/s to peaks of'
B 150 cm/s (in the centre of the kscendmg aorta during systole) ( McDonald,
1974). The upper thorax is the region of highest biood flow velocmes The
measurement of artenal blood fiow usnng NMR imaging, or for that matter

f’any upper thorax NMR |mag|ng application, is possible only usmg cardrac



1

- gating. Even with gating there would be a)cceleration components‘_ot flow
present. Gatmg would ensure that the mo/tton was at leas{the same for each
scan of the imagirig sequence, Cardiac gating was. nof/available at-the time .

of this project, so constant tlow, as would be found‘m‘some veins, was

\

77

concentrated on. : | L / .

~ The effect of pulsatile flow on an image has been mathematicaily

ilnvestigated in Appendix B. In shon, it can be said that constant \felocity |
motion along the axis normal to the imaging plare affdcts only the phase of
the pixels in the image representtng the reglon of motlon in the ob]ect Nt
however, the velp? ty fluctuates in tlme due to bulsattle motlon or flow
turbul&nce artifacts are generated in the phase and magnitude images in a
band in the phase encodnng dlrectton whlqh |s the width of the reguon in the
‘ objectzwhere the fluctuating motion |S[present |

Thns@}@ys:s has |mpI|cat|ons n the quantification of NMR parameters
in images., Such artifacts, which affect the modulus or magnetization density
'image.. can lead to incorrect measurement of such quantities ae T, and T,.

In this thesis, artifacts in phase images due to fluctuating velocity help to

indicate a non-constant velocity condition. This is important since the V}Ork in

this thesis has been based on the assumption of constant flow velocity.
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4. Computer Simulation of NMF't'Experlmen'ts

hd
L}

" 44 Backgrou“nd‘ S " : , R | : Y

" Computer simulations in various forms have been tinqing widespread

‘ ' & ‘
‘ . ' - "\il : :¥
- applications of NMR in medicine and biochemistry these simulations are . :

application in the modelling‘of.NMR phenomena and experiments. For

bly based on the phenomenological Bloch equations The flexibility of

numerical solUTioNs of these equations via computer srmulation has been

demonstrated gy several authors (Locher, 1980; Constantlnesco etal,
19834, Wood and Henkelman 1985; Brandes and Kearns 1986 Summers
etal., 1986). Applications have ranged from selective irradiation
simulations (Locher, 1980; Brandes and Kearns, 1986 ) to full scale
imaging expenments (Summers et al 1986 ). -The comput_er simulation . ; e
dlscussed in this chapter flts somewhere in the mI(;dIe |
. The initial |mpetus behmd this smulatuon\was a desire_ to ungerstand ok -
basic NMR phenomena, such as the interaction ot the magnetization with_RF : ‘
magnetic fields and magnetic field gradients This led, eventually, to

expenments involving the effects of motion durmg a NMR: expenment on the o

.acqulred srgnal phase

Ty

From the outset the snmulatlon was written to follow as closely as

4possuble the sequence of events ina typical NMR expenment ‘These events

'orstepsare in broadtemls SRR T
R 1) The det"nition of the pulse sequence the sequence of scans b
| and the object o
2) - Thestartetascan D R R

78




that the program is easily' reconfigured to run different experiments iNevlf - Hy .

| “ ' ‘t" ' . . LT ) :
N - . . N

. 3)5‘»\\ The acqulsrtion of the NMR sngnal and the temporary storage of
the srgnal (if desrred permanent storage of the srgna\:)

| 4) - The end ol the scan. e - 4 }
5) I necessary, return to step 2. o R

- 6) ‘The processmg of the NMR' srgnal data set Usually this.
mvolves a one or two drmensronal Founer transformatton of the

_ dataset. . NS, \l\ o AR

-7)  End of the experiment. | : "

8) . ‘Post-processing of the data: MLF l

\ ) .

$ : . ST S .
' ' [ . - co |

: v Sy

v ‘ ' T B

This simulation was left purposefully open®nded. By this itis meant

.modules srmulatmg parameters not yet mcluded in the package are easrly

ey
added. Wlth moderate changes to the modules the dimensnon of the object S
v : a ) y‘\(
may be changed - o -
4.2 Simulation Methodology - , | | .
Y ‘ i ‘ ‘ ’ ,‘ ‘ . : ‘ . ‘ - ) “ /
x’l’he simulation® package consists of modules that control either R " :

| program flow or NMFl phenonﬁna modellrng These modules can be

r arranged to mimic a pulse program and are lpvoked froma marn control

" program This allows the module llbrary to stand apart from the maln

program Only the mo’dules requnred for a partlcular expenment are Irnked

red i

| with the maln program thus savmg program code and run tlme code space

- ‘All lnteratrons are modelled m the rotatlng reference frame F SR }

| 'y'reotangular three dlmenswnal cartesian coordmate system For each pomt

_The ob;ect is modelled as point' source magnetlzatlons ina. -

By

& SR ERE




\

' vaiues of T and T2 are specmed In the current system the magnetic fi elds ‘ |

._B_o and B, are perfectly homogeneous and statlc over the tlme Wthh they are' .

l\it‘“‘

., \ .
) applied The oblect space can be reduced in dlmensmnahty or size through .
moderate program modmcatron Thus a o or one dimenswnal object lS |

‘pgssible ThlS is desurable in that lt reduces the total runnlng time of the .
' ﬁ’?\‘»\ : X

' expenment
A

. The duration of some events e.g. RF pulses iS specifled at the time

oi the module call and controlled by the module Other event durations,

; lent pulse durations are controlled by the marn program Muﬁ-
ments are accomplished by havmg the main program Ioop '

! RREY '.,l

‘through the modu “sequence ‘ | ‘@

Many events ¢an be modelled usrng an iteratlve solution of the Bloch
equations (see Appendrx C)orbyan explrd\t. solution For example
| transverse relaxatlon is modelled by an iterative solutlon of the Bloch
equatlons Wthh includes a transverse relaxatigp term or "by using-the
relation M(t) Moe 2 where M(t) is the transverse magnetiZatron ) '3.:
, magmtude |n tlme and Mo is the tr%nsverse magnetlzatron att=0. Whatever, )

the method of soiution program control is based on sllces of tlme or

- “dlscrete time steps - The size of these steps depends on the method of
soiution tor a given piarameter model v '

| N\l dat acquusltlon is done by |deal sampling Sampllng can mvolve f
' saving the' entlre state of the object space or savlng a vector sum oT the o

'jvmagnetlzation components ( Mx, My, Mz) over the entrre object space

cDuﬁng the sa@lmg operatlon the simulaticn is statlc, i e., samplrng is donet

_lnstantaneously Saving the data in this way is analogous to the Quadrature . g ;

o :"Phase Sensitive Detection (QPSD) method mentlcned ln section 2 4. If a - .' '

FID or spin echo is to be recorded an aoqursrtion module is invoked Wthh

"G-
L 1

SO s e



. h !
~ records the vector sum of all the magnetlzatlons at regular mtervals for a set

number of samples
4 Data processmg dunng the sumulatuon is |lrhlt8d to fast Founer
transformatlon of an acqurred signal. The\result of this operatlon can be.

' saved by the mal program for Iater analysns outside the simulatlon

After the sc n sequence ‘of modules has been executed by the

main program the S mulatlon is termrnated by haltlng the p_gram

4.3 Module Functi wajDescriptions o

~

modules are grouped accordmg to function. The ‘module ltstlngs appear in

Appendlx D

& R
4.3.1 Pulse Program and Bloch Equations Modules B o

'~

,;.\.

DM_DT_PLUSX. ‘A Thls module solves the Bloch equatlons m the’

Runge Kutta lteratlve method The RF magnetlc
”of the rotatmg frame The locatlon of the' v .*‘

: ,WhICh to solve the equatlons are passed to the
o module The form of the Bloch equatrons and the
; {'Runge Kutta method of solutlon are glven ln

| :-‘Appendlx C

‘lptlon of the pupose and actlon of the modules is glven The -

field i is consndered to be along the posmve x axls :

" 4 rotatmg frame of reference usmg a fourth order o

EY

o .magnetlzatlon in space and the time interval over o




4

DM_DT_PLUSY |

J— ) -
l

DM_DT_MINUSY |

it : ”fleld is onented along the negatrve y axrs of the

- .
N
B

v

CLEAH GRADIENTS r

GRADIE%T/

DM_DT_MINUSX *

entire object space E

K rvlmportant to consrder prevrous rnvocatrons ot thrs

o _values for all three dlrectrons must be Specmed at

o _; every gradrent swrtchmg pomt Coupled wrth the

o} TR o i‘ :
. ; 8‘2 “ .

The same a‘ above except that the RF magnetrc B L

fleld is orle ted along the negatrve X axrs of the
rotattng frame L ;

The same as above emept that the RF magnetrc

| ——s

fiold is onented along the posrtrve y axrs of the

!

‘ rotatmg frame

. The same as above except that thiRF magne“trc

rotatlng frame T~

INlT MAGNETIZATION ThlS module specmes thé object magnetlzatlon

T and T, value dlstnbutlons It is usually mvoked

at the begtnmng of the experlment

T hrs module zeros the gradrent va\ue}tver the

\ . -"J AN

~

 This|module sets a specrfro gradrent usmg a “f,.fl'- [ o
. 'passed gradlent drrectlon (x y or z) and passed o

' maxrmum and mlnlmum values of the gradrent at.

elther end of the object along that dlrectron The

' .'gradient is set to’ vary Iinearly over the sample

‘ : New values are added to previous gradrent values

9

- at eaoh pomt m the Ob]GCt space dT herefore rt IS

. .module Old gradrent values may strll remaln
o | ! ThIS ls much lrke the method of. gradrent
. “‘ 1 specrflcatlon on the spectrometer The gradlent




NO RF NO GRADIENTS

. ':»5““",)‘ P L B
PR

°

| when no RF or gradlent magnetlc llelds are

R magnetlc field graduent The time lnterval passed e e

'ot the RF magnetrc lleld matters not as lt is set to

- 'zero Srnce the lterative solutlon ot the Blocn
g accounted for, - . ;,lﬁ
. V;Iinear magnetlc tleld gradlent The tolal

precession ol the magnetrzatlons over the tlme e

mterval passed to the module is calculated

CLEAR GRADIENTS module theSe modules R
effectlvely control gradlent pulses in the e
srmulatlon R ,

Thls module models the magnetlc s')lstem ST

’ _present Only relaxatlon proceSses are SR ’

A -

consudered Each magnetlzatlon in the cbject |s

B adjusted by calculatmg the assumed exponentlal

o decay for each magnetn;atlon component over the - )
| ':duratlon passed to tr}e/module |
NO RF GRADIENTS ON

magnetlc system under the tntluence ofa lmear

Thls module models the change in the

tothe module is broken up lnto dlscrete steps For o
| 'feach step, | the DM DT_PLUSX module ls o N
' Lmvoked for each pomt ln tha.object space to s’6lve R

o " the change ln the magnettzatron The onentatlon 5. |

equatlons° lS used l’elaxatlon effects are lmpllcltly o

! "

y !
.

NO RF GRADIENTS ON ldEAL = Thls module*moagls the change in - SR

the magnetlcsystem under the rnlluence cf a

S

o tngonometncally Each mag‘netrzatron is ad;usted N



"HARD_PULSE

M~
L
Y

.

HARD 90 X_ IDEAL

st fmagnetrc fleld the duratlon of the pulse, a vector "}

' ‘uslng the lteratlve solutlon ot the Bloch equatlons

* the amplltude of the RF magnetlc t” eldi is

" 'tor éach magnetrzatron in the ob;ect space. Atthe

.‘ "degrees counter-clockwnse when looklng along |
| tthe y axls The rotatlon is done tngonometncally “

‘ "V,Agaln relaxatlon |s adjusted exphcntly ) . ‘x i :

: :“f by thrs module The onentatlon of the RF

- . . . - . ) .
'

r | ' T 84

. accordmgly ln tl‘ns case relaxatron is' calculat%d

. explucrtly

o)

o A rectangularly modulated FtF pulse is'modelled

‘o

For the time duratlon and the trp angle passed

. calculated and then set.- The tlme duratlon is
broken rnto dlscrete steps if necessary and, .

"'  based on the drrectron paged\ the appropriate
¥ DM DT (£x, iy) module is unvoked at each step \

' end of the module execution the RF field is set o ...
‘zero. ‘ D |

. The magnetizatidn' components in the y-z p

the rotatmg frame are explncntly rotated.90 degrees ‘

,counter-clockwnse when lookmg along the X axis.

" The rotation is done tngonometncally Again, - o
o ~ . ; . . ) 'irelaxatlon is ad]usted_e_)sphcmy R T
.:‘v_"“,j: | HARD_‘ 80._Y__IDEAL ' The magnetlzatlon components in the x-z plane of /
| . | S :the rotatmg trame are ex”l”ltly rotated 180 /o

o ,A shaped (r 8., otherthan a rectangular

o envelope) RF magnetlc feld pulse lS modelled

.'f--“'




' ‘ ' of pOlnts specifying the ‘shape and magnitude ot .
the pulse and the ize of the vector are passed to
T the module Th tlme duration is broken mto as'
manymterva /s as there are shaped pulse polnts in | |
| )evector The RF magnetrc field amplitude is set
I o ' ~ "to the. val e specified in the vector for the duratlon |
| | .A‘ i - ot}het} e lnteraI correspondrng to that vector
N L ) ﬁ rit Then |t necessary, the time interval is
‘{,‘ L dl\/nded into subtntervals short enough to
: _— accurately model the change inthe -
o ,x . ', | magnetlzatlons usmgthe appropnate DM_| DT
j e module as indicated by the passed field dlrectuon o
o : / O (#x, iy) Atter the shaped pulse has been l
va applied, the RF magnetrc fleld amplltude is setto
- /o zero. o o
- i GAUSS | // - . This module calculates the' amphtudes specmed in |
‘3". | . y D | the shaped pulse vector fora 90 degree gausslan o
A ‘ shaped RF pulse. The number of points to be N
2 VAR ~ used for the pulse and the: ‘duration of the pulse |
- | ~ are. passed The amplltudes are set by lteratively
, v”solvmg for the condmon specrfled by Sutherland
- -and Hutchmson { 1975) They state that the "
| effectlve area under the gaussran pulse shape o
nvelope r‘nust equal u/(2¥) =
- The same as above except that the pulse shape rs
| a gaussran wmdowed slnc pulse as specrﬁed by

> 4'Locher ( 1980)




HSING
GAUSS180 .
'GSINC180

'HSINC180

' 4.3.2 Signal Acquisition

. a ! .
o - »
ACQUIRE_SIGNAL |

RS .

" The same as above except that the pulse shape IS

’

‘a Hanning dvlndowed smc pulse.

o

The same as the correspondlngly labeled
modules above except that pulse area condltlon is

n/y Hence these are 180 degree pulses

-

[

This module is usdd to, record a sampled | B

)

wavetorm over a set duratlon for a specnfled

| mtervals Over each mterval the module .
" NO_RF GRADIENTS ON is mvoked Hence the
S|gnal can be acqurred under the mfluence ofa .
| gradlent At the end ot each mterval separate
y sums of. the x and y magnetlzatlon components '

over the entlre obJect space are stored as a -
it complex number ( ZM +JZMy ). ThIS number |s
B - pushed onto a stack whlch is passed back to the
i o marn program f0r later processlng ' '
y ACQUlRE SIGNAL IDEAL 7 The same as. above except that o
, NO RF GRADTENTS ON 1DEAL ls lnvoked

T

mstead ' "_f':f ;" i

number of pounts The time duratlon lS deed into
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D T T SR - £
433 Data Mannpulatrons * - IR :

v

INIT_STACK - | This module mitnahzes the stack beforek o
| o “invocation of an acquire module ‘ B )

"PUSH., " This module pushes complex data onto the top of.
e 'thestack o L o e

y

‘_PULL\\ oo o Thls module removes data from the top ot the
S SR -stack.. - _‘
FFTtFFTQ‘ S . LI Thns module pectorms aone dlmensmnat complex
. o o Fou‘ner transform (FlT) operatuon The complex
: - data’ must be passed |n two vectors one'
. contatmng the real part of the complex nquers
and the other contalntng the lmaglnary part
| lnvocatlon of FFT1 prepares the routtne forthe | :t I‘-“#

A calculatton lnvocatton of FFT2 pertorms theFT \’

~ The results are Ieft m‘the ongmal data vectors' and
the mput data is destroyed Note that itis up to the
oo

programmer to normalrze the results by the i 1 N

— - number of passed pomts (1/N) f W \

S 3 PogramConstants R L e T RIS ‘1. A

R o '\:."Prqogram cons ‘sand data structures are _

S S j‘}specmed at ttﬁgmnmg of each modute and at .‘;

| [-vw"“t o : __the beginmng of. the mam program Parameters
R : ‘fr:and structures that are hkely to change from one -:'

L ;experiment to the next are speclﬁed outsrde 1he




: '/

4.4 Simulation Constraints and Limitations

.- ) ‘)
modules and the main program, They are

. » included through the use of the VAX- FORTRAN

" INCLUDE " statement in the source code. This
looks for the appropriate fi.le of parameter and
data structure devf.init'lons‘ and places that cqde in-
line with the source co‘de at compile time. For .
example, the statement, INCLUDE
"BLOCHD1D.FOR", would place the contents of

.o~ o BLOCHDl D.FOR mlme with the source code at,

the point the lNCL-UDE statement appears. ThIS
schemse ensures that changes in the data
structures and program parameters are
automalical‘ly'eepliea. to‘ all mddules affected,
lheleby easing pr'ograim modification and

maintenance.

. P

-

The limiting factor%etermumng the usefulness of the simulation is the
tlme it takes to run - As has probably already been realized the so called
" ideal " modules were lncluded to reduce runmng time. The max1mum time -
sllce for En mvocatlon of the DM DT senes of modules cannot really be
Iengtheaed walhout causmg unacceptable errers A factor closel@ related to -

the lotal run time lS the snze of the object Even expenments involving small

obie‘cts can take many hours to run. For example, all the expenmenls
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o

) unpredlctabnllty of the sequence of calculations from one experiment to the

_— ' Co _ 89
nature of the experiments, no addmonal information could be obtained for
Iarger objects.
As mentaoned earher the magnetlc fields in-the simulation are

assumed to be homogeneous and static. This could be qhanged by

\ 'incIUding matrix elements corresponding to pomte in the object space that

model inhomogeneity, field drift and other imperfections. These e|ements

~ would be )ncluded in any calculations mvolvmg the magnetic field.

The Bloch equations used in thus simulation model only the mteractlon
of the magnetization with the magnetic fields By and B, and the effects of -
longitudinal and transverse relaxation. Additional terms- could be added to
the Bloch equations to model such things as diffusion (Torrey, 1956 ). This,

of course, would involve reworkir{g the tr_égformation presented in

_ Appendix C. |

4.5 Simulation Testing
, \.
In generel, any numerical solution to a probl‘em'produées errors .
associated with the method of solution and the computetional methods.:

Since this Simulation has been implemented in FORTRAN on a digital

- computer ( Digital Corp. VAX-11/750), round-off errors are present in many

of the computatioris Round-off error occuts because the representation of

real (numbers is only approxnmate duse to the finite size of the computer word

| and the use of the bmary number system. Thus, many calculatlons mvo|ve :

approxlmate representatlons of the actual numbers. The results of these

& W

calculations may be.used repeatedly, thus propagatmg the error. Howeveﬂr, |

- due to the vanabnmy of the mlsrepresentatnon of real numbers and the

\

~ - o
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next, a quantitative _r_nera_SUre‘ ot the overall error in the simulation due to
round-off is not easy.

The main source of error in the simulation is in the modules which
ul(l‘lize the fourth order' 'Flunge Kutta method to solve the rotating frame Bloch
equations. This solution, as specified in Appendix C, lnvolves several
iterations per time interval. The maximum simulated time interval allowed is |
100 microseconds and the number of lleration's is 128,‘Atherefore‘, in a typical -
NMR experiment of‘ 100 milliseconds, there ¢an be many intervals. Itis easy
to see that the bulk of the ‘c'omputations are made by these modules. Hence
round-off errors will be most prevalem in these 'm'odules.

The error aésociated with the fourth order Runge Kutta method itself is
of the order h4 (Burden et al., 1981), where h is equal to the interval width
'divlded_ by the number of iterations (see Appendix C). For example, if the
~ interval were 100 microseconds and the nu}nber of iterations is 64, then h4
is = 61024 seconds. ‘ |

Unfortunately, the quantitalive contributions of mgmethodologlcal
and round-off errors to-the total error in the simulation are not known. lnany
- case, as mentloned the vanabllhty ol the expenments simulated makes it -
dlfllcult to judge the errors. | ' |

_ The above dlSCUSSIOﬂ had consequences in the initial testing of the
_snmulatlon To test the correctness and the accuracy of the four modules
employing the Runge Kutta method, the effect of 90 degree RF magnetlc
field pulses on a small object in thermal equmbnum was sumulated Ten
" point’ source magnetizations along the z axis were initialized to have a
magnetlzatlon value at t=0 of M(0) = kMo Mo was arbitrarly chosen to be

*'100. 0. After the appllcatlon of a 90 degree RF pulse along, say, the x axis of
the rotatmg frame. the magnetlzatlons should be M(tgol 1M0 In the ideal

R



situation there should be no magr_teti‘zation components along either the x or .

z axis. The two variables availa_ble in the simulation in this test were the time

interval size, which is also the duration of the 90 degree RF pulse, and the

number of |terat|ons used by the Runge Kutta method. These were vaned '

until an acceptable errorin the magnetlzatton components after the 90

degree pulse was arnved at (i.e., until an acceptable minimum Mz value

was found ). Some results of this test are tabulated in Table 4.1 t '‘This test

‘\
l resulted in an empmcal ch0tce of the maximum time mt‘e\'rval and the number

. of iterations used by the Runge Kutta method (i.e., a maximum time interval
[

M, - My M,
" duration . Runge Kutta : ’
- iterations for
a minimum M,
100mS 64 - 0.000 . 91.293 7.563
10mS 64 © 0.000 99.075 0.792
1mS 64 0.000 99.907 0.0795 °
— 100uS 128 0.000 99.991 *0.00795
10uS - 64 0.000 99.999 0.000794
s - 128 0.000 99.999 0.0000776
100nS 256 0.000 99.999 0.00000596.
10nS 64 0.000 100.00" -0.00000073
1nS 64 0.000 100.00 - ‘' -0.00000144
.Table 4.1 Some iteration and time slice efficiency comparisons:.

or 100 uS and 128 iterations.).
) ,

90° pulse - Number of

~

After setting the number of iterations and the maximum time mterval— it

remained to test the gradlent modules and oft-reeonance effects

-Heproductton of the off-resonance effects described i in the ﬁrst part of

Locher's paper (1980 ) was deemed.to be a suitable test. Locher

simulated the effect of a rectangularly modulated 90 degree RF pulse ln the
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presence of é'linear dradient. The simulated object was placed in a strong

 magnetic field Bo- A RF‘V'magnetic field, | B4, was applied for a duration T

N

' pulse a linear magnetic field gradient in the dlrectlon of By was present. By

P

along trke X éxls of the rotating frame Throughout the application of the RF

examming the effective magnetic field experienced by the magnetlzatnon in

the rotating frame Locher denved the following expregsions for the

-

magnetization components at the point in time at which the RF pulse ended.

These were
, ' L
MMy = sin(6g)/g ‘ 4.1)
M/Mo = f[1-cos(6g) Vg2 - 42)
M,/Mg = [f2 + cos(6g) )/g2 B 43)
where ' ' ‘

= ( Bg - w/y)/By

e g=(14f2)12
0 is the flip angle atf=0and fis the spin ros"onance fcaquenCy in units of
B1y/(2n) My, My and M; are the rotating frame components of the

magnetczatlon The thermal equmbnum magnetugatlon magnltude is Mo
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Figure-4.1 '~ The pulse program used as a model for the srmulatlon
- experiment. :

it
P

) The object used in the snmulatlon consusted of 512 pomt source
- was establlshed along the z-axis. A rectangular 90 degree RF pulse of 125
| mlcroseconds duratlon was applled to this system and the magnetlzatron
’components of each point were recordedfas Soon as lt ended The
seque~ ce is guven in the pulse program in flgure 41.
- The results of the snmulatuon are plotted in flgures 4. 2 through 4 6.

- Data pomts from the computer snmulatton were compared wnth the exact

lmagnetlzatrons along the z axis. -A gradlent of 2.34375 microTesla per pomt

values glven by the above equations (calculated by the: computer program '

: tn Appendrx E ). For a randomly selected set of twelve point source -

’magnetazatlons the largest average absolute error in any ot the o

o magnetlzatlon components, Mx, My and Mz, wa50386 The equrlrbnum o

‘ Tmagnetlzatlon value was 100. , . = .
I These expenments were the extent of the srmulatlon testmg 'l“lme dld

: not allow for more extensnve testlng
b

93"



.Fi.gure 42. The depende‘rice'of M, on spin resonanée frequency.

M,/Mo -
. .. 1 B

_ Figure 43 . - j‘héqu'p_enc{ehcef of :;My on ‘Spirijr'esoriancé‘f'fr've_qUendy;f

. e - B ot
. .
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Figure a4 The dependence of MZ on spm resonance frequency

Mxy/Mo
1 |

_,.V_—_

e _-' ‘where Mxy"—(Mx +My2)1/2

o FiQU"fe"‘;‘-sff B TheT dependence of M,(y on, spm resonance freqUency. y

" g8
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=

0 a0
The dependence of the transve _g magnetnzatubn phase
on spin resonance frequency The phase is guven by

tanq) =- x/M
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4.6 Flow Experiment Slmu_latlo'ns '

The results of the computer snmulatron expenments presented in thts

' section were used to lnvestlgate aspects of flow measurement theory as

. '“motlon was present ThlS gave untts of points per second The trme between

o '( i.e., sebonds per polnt moved) To accompllsh the Shlﬂ of the "

field pulse

' presented in Chapter 3. The first two expenments srmulated the effect of+

’,balanced gradrent pulses on the phase of the NMR srgna __t[om |

magnettzatron movrng ata constant velocrty The third expenment srmulated

| the effect on the phase of the spins of constant velocnty motion along the

dtrectlon of a gradlent during a Gaussian shaped 90 degree RF magnetrc N

The object'in all three eXperlments was comprised of 512 point source
pVs}

magnettzatlons along the z axis. Motron was generated by shtftlng the

- modelled magnetrzatrons by one posmon in the data structure at regular .
intervals in the expenment Velocrty was defrned as the total ‘number of data |
‘structure Iocatlons or pornts\through Wthh the modelled magnetrzattons "

SRERE were to be moved dIVlded by the total time in the experlment over which

' A

'successwe shttts of the polnts was glven by the recrprocal of the velocrty

o magnetrzattons the modules used |n ‘the e}penment had to be modrfled g .
. Each module kept track of the tnme elapsed in the expenment sunce the onset
- Jof motlo_n,_ When a multlple of. the trme between polnt shifts was reached a :

Coo -"separate module to shrft thepomts was called




| asa Experlmentl N
Ihe effect of balanced gradlent pulses on the phase of the NMR sngnal
‘ansing from moving magnetlzatlon was snmulated The pulse sequence

'used as a model is shown in Frgure 4.7.. The rectangularly shaped 90 .

degree RF magnetlc ﬂ'éla pulse was used to unrforml? excnte the | | |
' magnetlzatlon That is, each pomt source magnetlza‘llon was rotated from its -
thermal equullbnum orlentahon along the z axls | through 90 degrees onto: |

the y axis of the rotaung frame

9o+,< 180+Y‘ 180”‘ 180,, 180, .
R T

s

SN -«-wous -» «-200;:8
LU fieieiielaiialaiielel . ms
sampling o $1 1 ai ioai Pialioa
j A Tf: T‘ L L T >t
oo b brop e b A
points i iE o P oy
moved | i1 3¢ PRI R .
‘ R I B DU B o T R I R M I >t
. : Figure 4.7 - The pulse program modell?d in experimentl. . . - ‘

_ Notrce that the pornt source m_@netrzatrons were statlonary dunng the
| 5290 degree pulse Thrs excluded mteractlons between the movmg

‘magnetuzatlon and the eo degree pulse allowmg for clearer observatlon of

’ I.-j-f":the effect of the balanced gradrent pulses Each gradlent pulse was of

- ’magmtude 761 953 10 12 Tesla/pomt Data samplmg (pornts a

v‘o R



VoL 4

. L . . |

. “99
through @) was. instantaneous, i.e., no experimental time passed while |

. data poipts were berng recorded Each data pomt consnsted of the x y and z-

components of a partucular point source magnetlzatlon Data- potnts were

recorded for all the magnettzatrons From this data the phase of the overall

transverse magnetrzatlon wrth respect to the y axrs of the rotatlng frame was .
_ calcutated (i.e., ¢ =tan 1[,,MX/My ]). The resutts for each sample pount are -

i

' giveni’nTabIe4.2.'{i‘-- S oy R

Sample point '~ Measured Phase ' Absolute Phase Change

a .. o000 -
b A e
¢ . 238 121
¢ . sor. 063
e . -430 129,
’ .At/erage phase 'c":hang‘e per sample = 1.07 ]
- ‘,Table a2 Results»from expenri'mentl,‘

\\
(

At must be remembered that the 180 degree RF pulses act to mvert he :

. sngn of the s;gnal phase Usung the above srmulatron parameters and. :

o equatlon 3. 13) the change |n the phase of the NMR srgnal due to a

o 'balanced gradtent pulse is PRRR

-\)- :

| -0 .;‘ 'YGsz"z § o B
L ‘20019 180, 781 9531o 20 1610“‘3;_ |
B s T 32610
= 1,145 degrees |
- o 3 e L‘=‘>P._‘ .
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| The srmulated phase changes compaﬁe tavourably wrth this result. The'’
dllferences between the two results can be possrbly explamed by the method

. of motton generatton in the sumulatlon (i. e the mterval between shrfts was
not exact. Also as can be seen m Flgure 4. 2 the motlon was’ not

contlnuous but stepped ). Round.pff errors also played a part For l

example the values ol the magnetlzatlon components were real inthe

srmulatlon but were rounded to the nearest integer when sampled and ‘

Stored
46.2 Experimentll - e

_ ThlS expenment was the same as the t1rst expenment except for the
method of magnetlzatlon excttatlon The eftebt of a more realrsttc sllce- ‘
‘ delvmltlon Sequence on the phase of the NM sugnal from movmg |
. magnetlzatlon was srmulated o
| The 90 degree FtF magnettc field pulse ln thls expenment was
Gaussran shaped and of 7.68 mllllseconds du atlon Dunng the RF pulse T
there was a llnear magnetlc fteld gradrent of 232. 061 109 T/pomt along the z
axrs Immedlately followmg thrs RF pulse the agnetlc field gradlent was: |
'i ]‘reversed in dlrection and lett on for an addltlonll 3.84 mllltseconds At this. S a “‘_
| | ":' point m tlme the magnettzatlons were spread over an angle of approxnmately »' L
| '. {.20 degrees about the y axrs of the rotatlng frame glvmg a net fmagnettzatlon |
L : along thls axls. Followmg thrs sllce deﬁnmon sequence the pulse o
e -_ :':'-.:sequence is the same as that shown ln Fgure 4 7 followrng the rectangular
o ) 90 degree RF pulse The pulse sequence moclelled in thrs expenment IS

f.‘.shown ln thure 4, 8 Once agarn balanced gradlent pulses along the z axls

,.n._,. L e T
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were used to alter the phase of the NMR sugnal between 180 degree RF « -

pulses

{

4
N 180,,,,‘180_,,., 180,y 180, T iy
LEVAN /N S

% E :
St 768 . 4 ti4idaliaiaitaiaiiaial ,
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, points |} T Vo
- — moved \ .

Figure 4.8 -  The pulse program modelled in experiment 1.
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ll‘lcomplete refocusslng of the§plns by the 3.84 ms z gradient pulse. This is

Nottce the smell phase shift at sample pount a. This is due to

‘probably due to round-off errors and the method of soft pulse generation.
The theoretical c'hange 'inthe phase of the signal after each balanced
‘graduent pulse is the same as that given ln experlment I. The. phase of the

' 7 magnettzatlon in the snmulated expenment was taken to be the average of
the pomt source r‘nagnetuzatnog phases over all transverse magnetization

" .,compon%nts greaterthan 1% of the thermal equnllbnum magnetlzatton value

The results of the expenment are given in Table 4.3. The simulated results
'are in good agreement with the theoretical ca&:ulatrons Any differences can
be explained by errors in the motion stmulatlon and data samplrng and

storage as consodered in exp_enment L

7

- 4.%&:’35‘Experlment mo co Y

o0
N ln this last expenment the effect of mation on the phase of the splns
during a Gau531an 90 degree RF magnetic field pulse in the presence of a
Imear magnetlc ﬂeld .gradient was snmulated The purpose of this expenment
was to mvestlgate the change in the phase of the spms movmg along a slice
‘ gradnent during a shaped 90 degree RF pulse. -The pulse sequence used as
o.oa model tor thls expenment-rs illustrated in Flgure 4 9 The magmtude ot bojh
gradlent pulses was 232 06 10-9 Tesla/pomt This expenment was done ln
- two stages In the ﬁ'st stage motion as. shown in Frgure 4. giwas modelled
| Aftes {He RF pulse wasJinished, the motlon was removed A rephasmg ‘
o gradlent‘ pulse was then applled to correct for the expected dephasmg of the
ﬁ ‘ t{ansverse magnetlzatlon components At this pomt in the experiment the .

e phases of the,transverse components were recorded for any component
: _‘i_‘?" ‘, : : B o 1

—
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greater than 1% of the thermal equilibrium magnetization value. In the
second stage no motion was modelled. This experiment, afterthe -
refocu‘sing puise was abplied. gave the phase distribution of the 'spins

‘positionally static along the z axis. The results of the second stage (the

phase distribution along z ) were subtracted from the results-of the first stage"

_ona per point basis. This gave the difference due to motion in the phase -
'acquired by spins moving during the RF pulse, These values were averaged
giving the phése of the effective transverse magnetization with respect to the

»

'yaxis of the rotating frame.

SN 90+><
RE /\

.
I3
.

"

.
.
.

i 768 1384
sampling: . ,[ I -

\ points | :
' - moved | :
r I

> ¢

/\/\ _Fi‘gu.re 49  The pulse sequence modelled in experiment IlL.
In the case of no motion the average phase at sample point'b should
-~ - be zero. Thephase recorded when motion \}vas‘present was 13.62 degress.

Using equation 3.13) and parameters from Figure 4.8, i.e., a gradient pulse

. of 232.06-10°9 Tesla/point, this phase corresponds to a gradient pulse of

t

-".‘
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= 1,56-10-3 seconds.

This result is approxlmately two flfths of the length of the rephasmg
gradlent pulse. It is this factor that appears in the shce or z direction phase
termiin the analysis of the effect of motion on 2DFT reconstructed images in

chapter 3 and Appendix A.
4.7 Conclusions and Suggestions for Improvements

) As an investigative tool, the simulation package has proved to be very
*_instructive,_Not only has it provided a good understanding of NMR |
: phenomena at the Bloch equation level, but it has shed light on the
; relatlonshlp between NMR sngnal phase and magnetlzatlon movement
Naturally, flow snmulatlons are but one. possrble apphcatlon for thls package
Others include selective RF pulse desrgn ‘the study of the effect of pulse
sequences on the measurement of T4 and T2, mvestlgatlons mto the onglns |
of imagnng artlfacts and so on.
| The simulation package as it stands is meant for low level
app!rcatlons By thls it |s meant that only users with a good understanding of -
| pulse program desrgn and executlon on the spectrometer can ’operly utilize

TN

the package The physncal functions snmuleted by the various modules need

E Y

“to be understood before a use‘Ta— use the modules to emulate a pulse

. S/_yd'ghm For example, to " create a slice selectnve pulse sequence the

104
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.user must be aware of the relationships, between shaped RF pulse duration

and pulse frequency bandwidth, between tip angle and the YRF'puIse area,

¢

and between gradients and the ‘Larmor frequency of the modelled

magnetizations. This limits the number of potential users of the simulation.

To alleviate this restriction, the level of simulation abstraction could be .

raised. Writing a pseudo-pulse program compiler, similar to the compiler in
place on the spectrometer, would‘remove'the need‘for users to explicitly .
wiite-a series of simulation module calls to emulate a pulse program.
Protocols for such things as slice selection and readout gradient strength

defmmon could be developed. ‘These are only a few suggestions. As more.

people make use of the package, shortcomings will become apparent and at

. that tlme umprovements could be made.

~ - The largest problem with the sumulatton is the computer time requnred
' to run‘an expenment At thts time it ts safe to say that only one dumensnonal
expenmems should be run. Even these can take many hours to finish. |
"Perhaps a restructuring of the package away from the current coordtnate
system would enable it to be run using the. array processor This would
mean leavmg the phrlosophy of spectrometer emulation. As long as a user
_makes use of the so-called " IDEAL " modules whengver possnble_, the

‘sim.ulation run time can be kept to a reasonable amount.

~
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5. Methods

»

5.1 The Flow Phantom S SR ,

ln all ﬂow measurement experiments, tap water flowing anti-paralie! in
two glass tubes was used. Although the Ty and T, values of tap water were

’ not measured it is sale to say that both values are Iong (Ty>2 seconds

and T2 > 200 mtlhseconds) Tap water was an acceptable substltute for

" blood since only the phase of the sngnal was exammed It was not necessary
1o Amodel blood vrscosnty, relaxation rates and other such parameters, smce
they do not affect the phase of the NMR signal. Antt parallel flow was
'accomplrshed by bendmg a single glass tube of 7.94 mm msrde drameter
flnto a U- sbape ( Figure 5. 1a) The ends of the "U tube ‘were pushed
through a two-hole rubber stopper and the entrre assembly sgated ina one
litre Erlenmeyer flask filled with tap water (Flgure 5.1b). The Erlenmeyer
flask served as a support for the U-tube and as a contarnment vessel forthe
non-flowmg water. The " pottom " of the U-tube almost touched the bottom .
'of the flask. The ends of the U-tube extended 12cm past the bottom of the
rubber stopper ( Flgure 5.1b). Two Iengths of flexrble tubtng.
approxlmateli 3 m., were pushed over each ‘end of the U-tube '

In an expenment the flask was secured honzontally in a perspex tray

- -and the entlre assembly posittoned in the magnet bore such that the i image |

sllce would be 2 cm from the bottom of the stopper and ms:de the flask One
flexlble tube was connected to a 20 litre reservotr posmoned 1 metre above -

the level of the flask and the other tube was run lnto a collectung bucket Flow

was regulated by a Hofstader clamp attached to the flexrble tube downstream | .

FRT
ot
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o the flask The volume of watertlow overtrme was rqeasured usrnga

| graduated cylmder ( 200 ml) and a stop watch. The average flow rate was |

— -

calculated@mg the equatlon n

flow volume overtlme (—) A é

. cm:
rate( )
S cross- sectional area of tube (.cm” )

1cm ‘
)

ml

T L . ,(0.794) g
T T\ 3 cm:

Lo R 51)

. .ml
flow volume over.trrne ( ?) (

The average error. in the measurement of the ﬂow rate over the course of an. -
rmagmg expenment was estrmated 1o be less than 4% - | |

“n all expenments constant flow velocities were mamtarned Constant
flow |s charactenzed by steady Iamlnar tlow (Rouse 1978) LQnar flow ,

i radrally symmetnc tubes has a parabolrc velocrty protlle of
o V=2Vg(1-b2r2) o 52)

; where Vavg IS the average flow rate as glven m equatlon 5 1) T ts the radrus a0

' '_ ot the tube and b |s the radlal drstance from the tube axns lt rs easuly seen L .
5 ‘that at the centre of the tube where b-— 0 the velocnty quI be 2Vavg In well- o '

. estabhshed lamlnar tlow aII the velocnty components across the velocuy

LA -I-vf:prolile are. constant m trme As the tlow rate mcreases. flow. becomes

\'

ke turbulent and theSe components begln to ﬂuctuate rn trme The onset of



| turbulence can be roughly predrcted usnng the Reynolds number Re whlch o SR

is deflned as

‘l'
' 1
2

Ro o Pad® AR

M
' 5. 3)
where D is the tube dlameter ll |s the vnscosrty of the llqwd and P |ts density
| ‘ The penod of Iamlnar flow is described in McDonald (1974) as

lfalhng rnto three reglmes In the first reglme there is completely undlsturbed _ |

tlow wrth streamlrnes (laminae) runnmg parallel wrth the tube walls At ' |

’ ;hrgher velocmes (hrgher Reynolds numbers) these streams begm to ’ - )

exhrblt a wavy motlon ThIS is the second reglme As velocnty mcreases and )

| the thlrd regnme |s entered these oscallatlons grow. and vortuces begln to

form at any borders in the tube (e g., where. the tube is spllced or bent or

- leaves the reservonr) and are carned down the tube As vortrqes become |

larger and more frequent thls regrme merges into turbulent flow A |

Reynolds number of 1600 |s usually ascnbed fo the onset of the thlrd reglme ‘

and 2000 to the onset of turbulent flow Hence to ensure ﬂow wrthm the . o

| second’ reglme flow rates were kept such that the Reynolds number was -

' ) almost always less than 800 For a tube of 0. 794 cm i.d. and room

‘ temperature water thls corresponded to

. | S R’euH'o |

p+l20

800 001gmcm s b
1gmcm 0794cm




5.2 NMR Imaging Techniques -,

Al NMR measurements were made wrth a Bruker CXP spectrometer

| 'Vand a 40 cm honzontal bore superconductlng magnet operating at 235
| ‘Tesla A 100 MHz (yls 100 19°MHz/2.35 Tesla for protons) slotted

| resonator imaging corl was used to transmrt radlotrequency electromagnetlc

radratron to the sample and to detect NMR signals from the sample Slgnals .

E were sampled at #“ 67 kHz The time between scans was always 1 second
The delay between the 90° RF puTse and the spln echo was 34. 538 ms: ln all
' lmagrng expenments four echoes were generated and acqurred Two

~averages were taken for-each multr echo set

A typlcal |mag|ng experrment begms wrth the placement of the ObjeCt o ;

- ’ln the magnet bore The pornt in the sample correspondrng to the. centre of

the desrred |mag|ng sllce is posmoned 57 3 cm from the tront plate of the

L ,magnet ThlS corresponds te-the regron of greatest magnetlc treld

- homogenelty A stancard spectrometer preparatron protocol or command trle '
‘whlch allows the user to prepare the spectrometer for an expenment (i.e., |

| 'tune and match the rmagmg corl shrm the statrc magnetrc fleld set the 90

7 .and 1 180 degree RF pulses, etc )|s then mvoked from the console. ‘Atthe - L

,.eneLot thrs sequence the expenment to be run is chosen trom a sottware B o

| ‘ :;g'menu ln the case ot tlow measurements the IMFL (IMagmg of FLow)

S ‘;_"‘”vcommand trle is rnvoked (Appendrx F) Thrs flle reads in the necessary

. 'values of vanous spectrometer parameters At the completetron of lMFL the o

S user is prompted to invoke the IMFLPL ( lMagmg of FLow pulse Program

' :"'?"’\_;Load Appendlx G) command trle The tlow measurement pulse program is

LRI read ln and a routlne to mteractrvely adrust the amplrtude of the. Gaussran

r,‘--—'

4 ;'Shaped 90 degree RF pulse |s started Thrs ls a standard procedure wherebyf;-';;f S

. A i
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R A
all gradrent sthchmg is dlsabled a gradrent constant in time is establushed
along the dlrectron normal to the slice (m most cases along the z axrs) and
'the puISe program is' run The result |s a spln echo srgnal from the o
| : " .magnetlzatron wrthln the slrce The gain of the shaped RF pulse is ad]usted

. untrl an optimum echo amplltude |s attained. IMFLPL differs from the’ usual

pulse program |oad|ng routlne in that the user is allowed to specrty the
strength of the trme constant z gradrent At the completlon ot IMFLPL the f ‘
user is requested to select a gradrent set (x y and z gradrent flles) to be
o used m generatlng the image data For a transverse image (. e a slice - |
‘normal to the z dlrectlon) each X and y gradlent set detrnes an imaging
, magnlfrcatron factor That |s the. strengths of the gradlents are set such
- that an object of a glven dlameter wrll occupy a certain wrdth |n the lmage
For example consrder a sprn echo rmagmg sequence usmg a readout or X,
gradrent -of 48. 96 10 -6 Tesla cm -1 dunng the acqunstron penod As
, i mentroned the spln echo is sampled at 41 67 kHz Recalllng the Nyqurst
cntena this samplrng rate corresponds to a spectral wlndow of 20 83 kHz In
sectlon 2 8 it was shown that a linear magnetrc freld gradrent gave a Imear
vanatron |n Larmor frequency along the gradrent drrectlon Thus the ' |
readout gradrent corresponds to a 2083 Hz cm- 1 change along the X axrs lt o
is clear that the samplrng wrndow corresponds to a wrdth of 20 83 kHz / 2083
H cm” 1=10 cm Thus the wrdth ot the rmagmg slrce m the x drrectron must
o be less than 10 cm rn order that the sllce be completely wrthm the image (at i
. least in. the readout dlrectron) RS [ 3 ‘:f | -** }
o : | Afterthe gradrent set rs estabhshed the command trle IMFLG S
o “fj( |Magrng of FLow Go Appendlx H) rs mvoked in- order to set the

= attenuatron ot the acqurred srgnal and to check the protlle of the lmage

: l: o A protlle |s srmply the Founer transtormatlon of a spm echo acqurred wrth no 6




i -f_f.}_.:v"”.mp|emented Ttme domain data (the spm echoes from N scans) afe-

4120
"phase encoding The result lS a proiectron of the spin densrty in |sochromat|c " |

‘ ‘planes normal to the frequency encodmg, or readout direction onto the

——

frequency encoding axis. | . | . |
At the complefion of the IMFLG command frle there is an optional step.

If this is the beginning of an |mag|ng session, itis wrse to ensure that the - co
echo is centred in the sampinng wmdow ( refer to section 3 1). ThlS is done ' |
by invoking IMFLTR (lMaging of FLow echo TRim. Appendlx I) In this
~ routine,’ the readout directron dephasmg gradient pulse amplltude is
: adjusted to centre the echo Each time the gradient pulse is aitered & scan |
is made wrth no phase encoding gradient on. The spin echo acquured IS . ‘
Fourier transformed to give a complex profile The phase at each pomt
© across this profile is summed and assrgned toa vanable 1PHZ ( Bruker
' 'notatlon) Ideally 1PHZ should be. zero Practrcaliy, any absolute sum’ less
tban 100 is acceptable | , |
| The fmal step in the |maging expenment is the invocation of IMFL1 | .' ¢
~ (IMaging of FLow 128 phase encoding steps Appendlx J) which queries ) "
‘ ‘;the user for a data file name and then proceeds with the |maging expenment.‘
B PR P R
-, 53 Image Reconstructlon and Data Analysis L
L All |mage reconstructlon and data analysrs was done usmg Drgltat
L -Corp VAX 11/750 computers The generatron of phase |mages requrres the o
'f full two dimenswnal complex Founer transformed |mage data set The rmage
o “ reconstruction facnlrty the Bruker provrdes wzll only produce modulus images

B f’:hence a separate reconstruction program had to'be developed and. o

transferred from the CXP vra a parallel iink to the VAX The user has then the e

s ,5,




N . routrnes make use of ertherthe array processor or, if rt lS bu5y. the VAX

-

a

. optton of runntng a phase correctron program gr else proceedtng dtrectly wnth
'.vthe reconstructlon program ‘ _ | | | ,
| The phase correctton program PHASCOR (Appendlx K), allows -
the user to. vrsually mspect the frequency domain phase of the sptn echo -
. The. user can correet for dlscrete shttts in tlme ot the sptn echo (retet to |
sectlon 3 1 ) by specnfylng the number of sample points to move the echo lett
| "or right’in the sample wmdow These correctlons are saved in a tlle for use
R “by the reconstructlon program - G R T
"~ The reconstructron program RECO (Appendtx L), reads the raw B
tlme domain data file tnto main memory, shlfts the echoes in their. sample
: wmdows if requested and passes the data to an array processor |

13?00 ) The array

: ( Computer Desngn and Appltcattons Inc M\;_
rprocessor performs the complex two dlmenSlon‘QT Founer transformatton and
{passes the resultant complex data set back to RECO The complex data is

N stored ina flle which is used by. the image generatton program Mjfé' o

| - Both PHASCOR and RECO have routtnes to™ unscramble the data | :
from the 24 btt Bruker word tormat to the VAX 32 blt word tormat The basrc B

o subrouttnes in both programs (Appendrces K and L) Were wntten by Dan “

. Gheorghtu of the Department of Applled Scuences in Meducme These

The fmal step in tmage reconstructlon the generatton ot rmages is

T performed by rthe program IMGMAKE (Appendrx M) Thts program quenes

. the user for tnformatton about the experiment and that lnformatlon is saved tn

B " header data blocks These blocks are wntten at the begmning of each

rmage ttle Next the user specmes the type of tmage desrred the chorces

- 'v.betng, real tmagtnary. modulus or phase(as detmed in sectlon28)

..;','f'The raw complex data ftle ( generated by RECO) rs then read in and



T i mages ;a;g;ce\lemarea‘apg saveg fodisk. Tniscompigies ;‘“?" "?"?,99;; R
R reconstructron step«“ ST - " . o g | ' . o ‘
| o The program PHASME (Appendlx [ );fac"'tates ‘hg measurement .° e N
| 'the average phase in rectangular areas defined by th&usﬁf wrthm»the image‘ “‘ .
. \The .mage g are dlspla}'ed on a graphrcs‘m‘\onlt‘or and the reglons of mterest ) | . "ﬁ N

‘are outlrned by the user wrth a track ball accessory For multl-echo rmages or

R .
oy )/

multr rmage sets that show the san'l'e posmon of the subject lt rsmepessary o s 'f,‘,- ‘

rrrrrr

only to defrne the regrons of mterest in the trrst rma%e The rnformatlon\ about

""“t. : - 6" ..‘\ ‘
";these regrons is saved and, as successrve |mages are read iri and drsplayed
| by PHASME the regron mformatlon |s recalled and‘the Same reguons oi

rnterast are d%fmed*lorthe current rmage Results of these measurements : R

; ,are saved to afrle fOr Iater output toapnnt dewce ) N SO
-~ " Asan example consrder four lmages macle ot the U-tupe phantqm 5 '; M
S ey . . .f R R

(seCtron 5 1 ) and that it was not moved between the rmage acqursrtrons A . %
. typlcal rmage is represented in Frgureszm | '.. \'L’ *,’f" ?' 'f?-v- m Ehes

&




o
The objectrve of the row measurement expenment is to measure the
. drfference m phase between the non- movrng water in the tlask and the

vtlowmg water in'the tubes Hence reglons wnthrn the tlask and wrthln the ‘

tubes must be defrned One arrangement ot regrons is rllustrated in Frgure

115 -
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+ 8.3, The-average of the values in reglons one through tour rnclusrve is taken

~to.be. the average phase around the outflow tube ThlS value subtracted trom

the measured phase in reglon trve gives the dltference in phase between the

statuc water and water flowrng in the outﬂow tube The same can be done for

' the mflow tube In all flow measurement expenments reported in Chapter 6
regrons 5 and 10 were very small (2 X 2 plxels) and in the centre of the ‘

' ‘.tubes Thrs correspon fd to the region of peak flow veleocaty (see sectron
,5 1 ). These measurements -are repeated automatrcally tor each of the

‘\a’ '

’ remarmng three lmages subsequently read in by PHASME.

. f : . . o
" R . o s -
) a , L
. !
' TN ‘.‘ N “ ’
oo .
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Inflow tube /

e

o F‘igu_re'f_ls'.af A sot of regron defrnltrons used to measure  the average .

‘phase of the static water around atube amt the phase of i -

"-,,,,the water flowing inthe tube
: V,\V,-. .
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6. Resuits and Dlscussion'. R
| o As mentloned in the Introduction, the purpose of this project was to
understand the factors affecting the phase of ZDFT rmages generated by sprn
"echo pulse programs After an initial farlure to‘theasure fluid flow in a
phantom and the reallzatlon that there were indeed significant obstacles to
overcome the pursunt of a flow measurement tethnique became a seéries of
" learnlng experlments Each expenment has provided information about
“how the phase of the NMR sngnal behaves ina NMR expenment From what
was Iearned progress Has been made towards a method that utilizes the .

drfference between the phase of the sugnal from hon- movnng splns and the

phase of moving spms as a meas_ure of the fluid velocnty (refer to sectron .

.3 2). S |
In an attempt to struqture the results obtained over the pa&two gears
the chapter has been sUbdlvrded mto sectlons that deal with distinct, yet
.lnter—related aspetts of the tlow measurement techmque development In all
-'.'the NMR |mages presented in thls chapter the trequency encodmg aXlS is
| verllcal an% the phase encodlng axis is horizontal. The usual pixel size was

Oﬁ mm in the phase encodmg drrectlon by 0.4 mm in the trequency encodmg

- g‘*ﬂ
\ dlrectuon : o .
,r .'v o ) | . E :. “ |
6.1 Phase Varlations - - S -~

/

| Prellmmary attempts at |mplementrng an tmaglng pulse program

. revealed unacceptable (|e. greater ‘than 20 degrees) variations inyphase
: across an |mage of non- movmg water ( Flgure 6.1 ) These vanatnons were

- 'mamfest predommately in the trequency. crx dlrectrcn The variation in the
F .
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Figure 6.1

A phase image showing smooth variations along the
frequency or x axis ( vertical ) and the phase or y axis.
( horizontal ) encoding directions. On the grey scale,
_phase varies linearly between n ( white ) and -n

_ ( black). ' ’ 3

'
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phase encoding.’ ory, direction was not as large, but still apparent

" (Figures 6.2a and 6.2b, respectively ). T%.» .ujgested that these. variations

poe

. £

were related to the freouency and phase encoding gradient pulses of the

imaging pulse program. Since, for a given imaging sequence, the number -

and size of the phase encoding gradient pulses are fixed, only the effect of

the frequency, . or‘readout gradient pulses on the phase of the image could .

be examined. rnspectlon of a typical. sprn echo lmagrng pulse program
(e.g., Figure 2. 19) reveals that the dephasrng of the sprns by the x
gradrent pulse between the 90 and the 180 degree RF pulses must be{\
reversed by the readout gradient pulse, that follows the 180 degree pulse in
order that a spin echo be lormed By adjustlng the area (duratlon multlplred
by the amplitude ) of the frrst gradlent pulse, the spm echo may be shifted in
the sampllng window. If the centre of the spin echo is not at the centre of the
samplmg window, . it is said to Be shifted in time (the time origin bemg at the

entre of“the samplmg wrﬁdow) A shrft of the sprn echo signal in the tlme

- domain results.i in, after the Founer transformation of the srgnal a non-zero

. phase’ distribution ln the trequency domam (see section 3 1 ), The

trequency encodrng gradrent pulses do not vary from scan to scan in the

-in each scan. The result in the final image wrll bea linear vanatron in phase
across the lmage along the frequency encodmg direction.- An lmage from a
badly tlme-shlfted spin echo is shown in Frgure 6. 3a and an image from the
spln echo centred ih the san.phng wlndow Is shown in Flgure 6.3b. Notrce
that there remalns a small vanatron in phase along the trequency encodmg
drrection rn ‘Figure 6. 3b due to the nOn-contlnuous nature of the gradlent

pulse amplitude generatron (refer to sectlon 3. 1 ). -
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. imaging sequence, theretore any trme shift of the spin echo wrll be present B
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a) A profile of the variation in phase along the frequency -
. . encoding direction. . The dependent axis of the graph .
gives'measured pixel intensities.. The range is [0,32767)
- with.0 rep f’esentinQ} -n and 32767 representing. .

" Figure 6.2
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| Figufelé.z - b) A proflle of the vanatlog,m phase along the phase S

- encodmg drrectlon
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o Figure 63 a) The effect of a badly mls-centred spln echo on fh'e‘ o
ST ~ phase of an lmage (the frequency encodmg dlrecffon :s
verfncal ) o ,
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 Figurs 6.3 - by The appearance ofa phase image when the spm,‘ S
T A -.echo is centred in. the sampllng wmdow el ,
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| As a result ot these rnvestlgatrons a routrne to mteracttvely centre the ‘
| sprn echo in the samplrng wrndow was Iater developed and made a part ot
“the rmaglng preparatlon sequence (see sectron 5.2, the command tlle
IMFLTR) After the correctron tor the phase error-jn the frequency encodrng'
drrectron as caused by drscrete shrfts in trme of the spin echo (see sectron )
‘,3 1 ) there strll remained small smooth phase vanatrons in both drrectrons",‘r .
across the image. The ettect of these varratrons in the measurement ot the
' phase::hange due to flow in the' rmage (see analysrs method in sectron |
5. 3 ) was unknown It was telt that, rf these varratrons were severe enough
a method of phase correctron such as suggested by O'Donnell ( 1985)
: could be rmplemented ODonnells technique produces two phase rmages - |
“ F"‘one phase sensrtrve to flow and one not, Both |mages show the same phase, [
| : ‘tor non movmg sprns ‘Hence, when one is compared to the other only the
.drtference in phase trom the flowrng sprns remarns The non movrng sprn
' phases cancel. lf on the other hand the vanatrons in phase that remarned ‘
. were not detrrmental only one rmage need be produced thus savrng trme
- In addrtron to the |mage-wrde varratrons in phase that were L
: rnvestrgated phase vanatrons near the glass tubes and the glass walls ot ‘)
' the flask were observed These are probably due to a change in the local " ;x‘ gy

. magnetrc freld resultrng from the drfterence rn the magnetrc susceptrbllrtres ot

S : 'V"water glass and arr An rmaglng experrment demonstratmg the seventy ot

"”thls susceptrbrlrty artlfact was performed usrng a glass tube mounted rn a

flat perspex slab (Frgure 6 4) An rmage was made wrth the tube rn the x-y

o if’(plane and in the centre of the sllce At the rntertace between the perspex and

g :j_'nucler rn that regron were otf resonance and not rotated 90 degrees by the

R selectrve 90 degree RF pulse Thrs rs shown by the lack of srgnaHn the

o _{the glass the statrc magnetrc treld was altered to the extent that the hydrogen e

, [
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Icentral portlon of the modulus lmage in Flgure 6 5a When the slice was “
tshlfted (by shlftlng the RF transmltter frequency) 3 mm past the tube a- |
‘second lmage revealed the shlfted central portlon of the water in the tube R

" (Figure'6.5b). - | |

o There is no correctrng for thls artlfact as any matenal will cause a '

change ln the magnetlc fleld Thus all measurements of the fmage phase

3 ‘had to be made far from the tube and the flask boundanes

Glasstube o
. ’HZ(})’ * C‘u§04 . )
"l‘?e}r's‘péx sl'.al‘)i'/ i ,
) l?i,g'ure."éi4§_ S Aglass tube, 4 mmld., of CuSO4 doped water | ,;v

.‘ SUPPOned lnaperspex slab e g |



*»’Figu‘r"e‘6;35 .  ‘ a) A modulus :mage of the tube centred in the |magmg

slice. On.the grey scale, black is the Iowest or zero
slgnal mtensnty and whnte is the hughest :
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‘“‘b)‘ A modulus image of the slice now: shufted 3 mm from ; l' '

the centre of the tube. The" mlssmg water is now
excned by the 90° RF pulse ‘ .
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6. 2 Dependence ot Flow Measurement Range on Sllce Selectlon
| Sequences o A S,
| Havnng estabhshed a method to remove the Iargest vanatloh in the
phase of an lmage i e., vanatrons in the frequency encodtng dlrectlon due
to Spln echo mis- centnng, flow mduced phase differences were re-
; exammed At thns time |s was decuded to concentrate on srngle echo spin |
echo tmages The pulse program at that time corresponded to the one

shown m Flgure 6.6. Gradient amplltude values are glven for only the b4

: dlrectnon magnetlc fleld gradnent pulses smce flow-was in that dnrectron only - |

~
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“ (recall that x and y dnrectron gradlents wrll affect the phase of the sngnal only"‘l -

o when there are row components in those,drrectlons 'See séction 3. 2)

. 9.°+><' 8o, |
. ' . o v ‘ HT
., 435 WT/em §:¢/252'2',"T/°m, |
| ,G'z//%,' 47 - : ¢
¥ ; > ¢t
, ‘ s SR Y 7% - O

1768 9304 j40240:40:3: 6144 ¢ 6444 & . ¢
.mS - mS mS mS mS. ms ms mS’ a

m,i:‘om

Figure‘fﬁ‘{ﬁf RN _ puIse program ‘'used to. study the effect of the sllce

ction-sequence on the phase of the NMR srgnat from‘ L R



B defmmg gradrent means that athlcker slrce wnll be selected ( ie., changlng .
Y ﬁ, in equatlon 2 55 changes _Eeﬁ Refef to the drscussron in sectlon‘z

, o \\\q% TS - \ | | 1‘28‘.1-"1,‘
. There are no s\pet‘:‘la o\v\phase encodlng gradlent pulses in thls pulse ‘f»-‘
program It was desrred to mvestlgate the effeet of the sllce selectlon . ‘
-sequence on the srgnal phase from llowmg splns |
An expenment began wlth the set’ up of the U-tube flow phantom
| sectlon 5.1) and preparatlon* of the spectrometer (includlng executlon of
the spln echo centnng routlne IMFLTR) Then lor a senes of dlfferent flow
rates, phase images were aoqumed Measurements were made of the.
: dlﬁerence between the phase of the flowrng tlurd reglon (msnde the tubes) f
- and the phase of the non ﬂowmg fiyid for each |mage generated These |
) ‘\phase angles were plotted agarnstﬁhelr correspondrng flow rates and this
: data was fltted to a stralght fine. Agaln\ it should be noted that the reglon

\

| ‘measured in the tubes corresponded to thi reglon of peak ﬂow rate (I e.
‘ o,

' 'small reglons in the very centre of the tube Nere b, ln equatlon 5. 2 lS very
' _"small and therefore V=~ 2Vavg) _' : \ IR . -
The slope values calculated from these initjal expe\q\ents were
J‘ between 25 and 30 degrees percms- 1 it physuolo\g l flow rates were tov be "
: measured (Oto 150 cm s‘) then these slopes wer clearly too large That :
IS it would take a flow rate of only 6 cm 5'1 to reach the lrmlt 180\degrees
. " of the phase encodlng range (‘after 180 degrees the ph\se wou\d l’ wrap "
and start lncreasmg from 180 degrees) RER R . = RIb l
. It was recognlzed that the source>of thls Iarge phase Shlf‘l at low ,g\‘ e
‘ " :velocltles was the SllCe deflmng gradlent pulse sequence ‘ lt was own that Pl
| ‘ : "the phase shrft due to constant flow |s proporhonal to the strength of the r \‘
| lvfgradlent (equatlon 3. 13) This sugg°ested lowenng the amplltudes of the

T slice selectron gradlent pulses However‘ Iowenng the strength of the sllce SR

’v..:‘. ?.
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an ammal or a human there are only a tew vessels that run stralght tor any
great distance. The thlcker the shce is, the less likely that a vessel wull nun
perpendlcular to the sllce for the entlre wrdth ot the slice. It the vessel is not
perpendlcular to the sllce thenﬁassumptlon of- tlow wrth velocity
- ’components only along the z axis' rs no Ionger vahd Thus there had to be
some trade off. between shce thrckness and tlow velocuty phase encodlng
. A srmple two part experlment was devnsed to measure sllce thlcknesses at
| vanous z dlrectlon magnetlc tleld gradlent strengths In the-flrst part, tWo
spheres ot 5 mm dlameter were fllled w1th water and centred 4 cm apart
along the z axus of the magnet A z gradlent was turned on and allowed to ,-.‘
settle Then the samples were |rrad|ated by a 90 degree pulse and the |
R r%gltlng FID recorded. Followmg Founer transformatlon of the FID the : .
‘ separatlon in Hz of the srgnals from each sphere was measured Multlplylng ‘ | |
thls quantlty by 21t/‘Y and. dledmg by 4 cm gave the strength of the gradlent for S
that partlcular gradlent settmg in Tesla per cm. Thd Bruker CXP ‘ |
B Spectrometer gradlent str”engths are related to an mtegerxvanable which has
) the domam (- 1800 1800] and Wthh is, referred to as the g,ra.drent IOD o
Ry value I " B B SR ‘1 e " | |
.' : After several measurements at vanous IOD ‘values (e g 500 ‘-30'0
| -100 0 100 ) a scalar factor was tound relatrng gradlent strength to- IOD""" T

hrOD

4

value Thrs factor was 87 0205 10 : ‘T esla cm*1 IOD 1 For example "a
| value‘ of .SOUlrs equnvalent to a gradlent strength of 43 51 10'6 Tesla cm’f S
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shape and‘7.68 milliSeconds long. The non-selective 180 degree RF pulse -
was reotangular and»2"5’0;microseconds long. tq was 13.304 millisec ‘ |
| ‘and tzdwas 11.000 milliseconds ~The signal was sampled every 24

' mlcroseconds giving an eflectrve spectral resolutlon of 41 Hz uring the
“entlre sequence a gradlent in the z dlrectlon was present, but lt; value is
unimportant In’thIS expenment. After the acquired spin echo signal was
Fourier transformedv the half-height width of the resulting " slice profile "
. :‘ ( refer to section 2. 8 ) was measured It was found to be 492 Hz or about

500 Hz ‘This was taken lo be the width , Sgw, in Hz of the slice. Over this
frequency band the magnetization is consrdered to be rotated 90 degrees by

‘a 90 degree RF pulse

. Fromthe results in oart one and two an equation is easily derived for

the slice thickness. Slice.width, SW, in cm is given by ~

6.1)

where G, is the z direction rr@gnetlc freld gradlent strength in Tesla cm- 1 ‘
Sllce wrdths for various G, values are given in Table 6.1. From Table 6.1 it is
seen that the early flow measurement experiments_were done usmg a slice
‘selectlon- gradlent strength (43.51 -10'5 Tesla cm-1 ) that resulted ina 3 mm
B slrce It was felt that a slrce of up to 15 mm could be used in flow, |

_ measurement expenments lookmg at flow in large vessels (>3 mm). Use
: ot slice thicknesses from 10 to even 20 mm lS common in the large bore

cllnical NMR lmaglng systems of today



© 10D value

10
50
90
135
270
500

Table 6.1

However, repeatmg the earlier flow nl%asurement spm echo rmaglng
experlments and phase analysts
’7 8310 6 Tesla cm-! stil gave a slope of 6.5 degrees per cm 1. This was

still unacceptable as the maximum flow rate measureable was only 180/6.5 =

‘27cmsl

Having reached an upper limit on the thickness of the slice, it was
decided to try and change the slice selection seQuence itseif. The delay .
between the slrce selection gradient pulse dunng the selective RF irradiation
" and the sltce refocussmg gradient pulse after the 180 degreqe RF pulse was -

: recognrzed as being a tactor contnbutmg to the phase encoded lor moving
spins. This delay allows tlowrng transverse magnetlzatlon to move along the*

z direction to a position of much different magentic field strength by the time

'at a much dltferent rate than when the selectrve RF.pulse ended. This
dlfference in rate is manifest in the phase of the sigpal. The way to eliminate
this delay is to apply the relocussmg gradient pulse rmmedlately after the ™ '

selactive RF pulse but in the direction opposrte to that of the slrce selection

‘o

G, (Teslacm-)

870.2:10°9
435106
7.83:10-6
11.75-106
23.49-106

- 43514106

Slice thicknesses for various gradtent settings and'a
Gaussian shaped 90 degree RF pulise ot 7.68 ms

duration.

" Slice width (cm)

13.5
2.7
15

1.0
0.5
0.27

-

it was found that a gradlentstrength of

.+ the refocussing gradlent pulse is applled The magnettzatlon then precesses
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| gradient pulse. This scheme was discussed in section 2.9 and illustrated in

Frgure 2.18.

Such a slice selectron sequence was rmplemented However this

4

sequence would not produce acceptable |mages i.e., severe artifacts were

produced in both the phase and the modulus images. Since the only
changes were in the temporal location and direction of the refocussrng
gradient pulse, the problem was related to this gradient pulse. Three
-experiments were run to@try and shed some light on the problem. |
. In the first experiment the lingarity of the z direation magnetic field

gradient was checked. Eleven tubes of 4 mm inside diameter were filled with
: water and placed at 1 cm intervals along the z axis at the radial centre of the
magnet The centrg tube was positioned at 57.3 cm from the front plate of the
magnet. A srmple spm echo pulse sequence, 90°,, -t 180 2" '
acqurre(spm echo), was used A gradrent was applied during the acqursrtron
- perlod causmg the magnetization in each tube to precess atg trequency
, proporttonal to the strength of the magnetlc field at that spatral location. «
When the acqunred sprn echo was Founer transformed the result was
| 'eleven separate peaks m the frequency spectrum whose separatron in ‘
trequency depended on the strength and Imearrty of the magnetic field
' ‘gradlent This expenment was pertormed for 10D values of -500, -250 250,
and 500. The objectrve was to determme the Imeanty ot the magnetic field

: gradrents along the posmve and negatrve z dlrections and to see whether or

132

. not they had a common null pomt (i.e., the pornt in the magnetrc treld where . g

| ,'onlyﬂg i§ present) cL o S
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"Figure G‘ig* - Results of the z drrection gradient Iinearrty expenment
An IOD value of 250 corresponds.to a gradient of
21.76:106 Tesla/cm. An IOD value of 500 corresponds
toa gradient of 43.51-10-6 Tesla/cm. The slgn of the IOD -
value indicates the z direction of the gradient ) '
The results are plotted in Figure 6.7. lt $hows good magnetic treld
gradient linearity for both z direction grad’ents and that they have a common -
" null point. | |
The next experiment tested the radral symmetry ot the z direction " ‘
|

‘magnetrc field gradient A disk phantom of diameter 8 cm and thickness 3
mm was constructed The phantom was positroned at the centre of the .
. magnet such that it was perpendicular to the 2 direction.” it was tixed to a . ’

piece of styrofoam about 5 cm thick which was in turn ﬁxed to a perspex disk.

~ This perspex disk f t snugiy msrde the. bore ot the imaging coil. To the other

.srde of the perspex disk a Iong rod was attixed SO that the entire assembiy

could be shifted aiong the bore of the rnagnet Thrs arrangement |s

|ilustrated in Figure 6. 8. I L e

-~
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- Imaging coil assembly

{2 direction .4 | s o
: ) v Styrofoam : ‘ :
: §odjusttng rod ‘M= ... g ....... . o } ,
H - R Co

;;-., «Disk phantom—)Q -t

"z}f ceemecmeacioaiean eeaas -

(— Perspex disk

07

Figure 6.8 " The experimental\setup of the 3 mm thick disk p‘hantom.

The styrotoam. beingvmostly air, ;minimized the etfect of the magnetic N

susceptibility of the perspex disk on the m’agnetic field near the disk -

phantom S e ' | B
The disk phantom was filled wuth copper sulfate doped water :

. (< 5mM) and posmoned at 57. 3 cm from the front plate of the magnet

i .lmages usmg a standard spm echo lmaglng sequence were generated at
56 7 57. 0, 57 3 5786, . 57 9, and 58. 2 cm from 'he front plate Some |

results are shown in Flgure 6 9
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Figuré 6.9 R a) A modulusllmage of the dISk phantom at 57 0 cm from*l -
L tﬁe front plate of the magnet e




e __ anure 69 ‘“ : : b) 'A modulus image of the dnsk pha_ntqm at 57 3'vcm from

’ L

the front plate of tpe magnet
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c) ‘A modulus image of the disk: phantom' at 57 6vcm from'
the front plate of the magnet L e

et

. Fi'g'ur_ef 6.9 " s
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Flgure 69 'd) ‘A modulus image of t.e:disk phantom at 5790m from Rl
e thefrontplateofthe magnet G
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Ll F_.i‘g'furfe 610 . A curved sllce that ls the result of the radlal dependence

Slnce the selectlve 90 degree RF pulse was Gaussnan shaped a e

Gaussran shaped dlstrlbutlon along the z dlrectlon of tlp angles would be. R

: expected across the’ sllce The mtensrty of the NMR srgnal would be greatest '
tor a 90 degree tip angle and decrease wnth decreasrng tlp angle Thus the L X
Iess mtense reglons in Flgure 6.9 reflect tip- angles less than 90 degrees N | -
The reglons of greatest srgnal mtensrty can be seen to move " radlally from -
lmage to |mage Stnce each |mage represents a dlfferent posmon along the A

Nz axns the movement of the hlgh mtensnty srgnal reglons tracesthe 90"
degree tlp angle posmons in space In other words there is a radlal
dependence ot the z dlrectlon magnettc tleld gradlent Appllcatlon of a
gradlent along the z dlrectlon can be thought to produce curved iso- magnetlc o
tleld surfaces the centres of WhICh are normal 10 the: z axis. The result

- "three dlmensronal object ", wouldbe th,e selection of a curved’ slice as L

|llustrated in Flgure 6 10

RO S of the z dlrectlon magnetlc fleld gradlent
, When the dlrectlon of the magnetlc fleld gradlent rs reversed thls
i radtal dependence mverts le the lso-magnetlc fleld surfaces are curved |n‘

the opposrte dlrectlon lf a gradlent pulse ln the opposrte drrectlon ns used




| "the result would be snmrlar to supenmpbsung the two opposrtely curved

surfaces (Frgure 6 i1 )

Z, "‘ 2
‘Figure 6’.11‘1‘ P B A vrsuallzatlon of the effect of a sllce selectlon gradrent

pulse along one direction and a slice refocussing -
‘gradrent pulse along the opposite direction. Only the
-~ . -spinsinthe double hatched areas will come close to
T efocussrng . . .
| Only the volume mdlcated by the double hatchmg would be properly ‘. . :
refocussed Thrs would most Ilkely produce drstortions'm the rmage seen as \
b regrons of dlmrntshed srgnal o '_, G e N
o " ‘ The thlrd expenment mvolved the measurement of the magnetlc freld |
: gradlents produced by eddy currents in the cryostat that are mduced by “ o
frgradlent swrtchmg The expenmental procedure for gradlent pulses along e :
| the z dlrectlon was as follows Two 15 mm spheres of water were placed 4
cm elther sude of the centre of the magnet (57. 3 gm from the front plate)
i falong the z axrs The pulse program consrsted of a set of gradrent pulses -
: ) ’""\'_followed by a delay 1:, then a 90 degree RF pulse and the acqursmon of the

L f;;FlD Eddy currents generated |n the cryostat wrll result in a small magnetlc

i s .ffueld gradrent whrch anges the effectrve magnetrc f"eld at each sphere f ‘i,, "‘v;

: "":thls gradlent were zero, the FID would consrst of only one frequency

) mponent and |ts frequency spectrum_ ould contam only one peak lf the |




” »lthe spectrum would contaln two peaks whose separatlon would depend on
S ‘the strength of thé gradlent Four drfferent gradlent pulse sets were tested
‘ The separatlon ot the spectral peaks from the two spheres |s plotted for each ,
: gradlent pulse set as a functron of the delay time . The four gradnent pulse

sets are labled a, B, 8 and l; and are lllustrated in Frgure 6.12

A . Gy

| (——-——-—— ZOmS _.._—.__) ///// -Gz R T ;.

isms Sr}ls‘i- |

- Figure 6.12 " The tour gradlent pulse sets All gradlent amplttudes are T -
o | 4351106 Tesla cm-t and the pulses are along the \
posrtlve or negatlve z axrs as md:cated |

' - The change |n the Larmor frequencnes of the spheres after a gradlent K S
pulse set lS plotted in Flgure 6. 13 ln each case |t lS clearthat the magnetlc » U
meld is. not statlc untll a very Iong time: (m terms of an |mag|ng sequence ) |

b % ﬁs;; aﬂer the gradlent pulse |s zero lf a typlcal trequency encodmg gradlent

jstrength of 2000 Hz cm'1 (47 10 5 Tesla cm'1 ) IS consndered the values

,-‘,‘141

' 5ms | AN S S = -
: . . L . . o !

| 5v'::‘.‘.,_deplcted in- Flgure 6. 13 represent an error of about 1% However lt must beu;',l S

-‘ :remembered that these eddy current-generated magnetlc treld gradlents are ER

| present fora long trme Thus they can produce a large cumulatlve phase jv;j

" ?i';»,"*ﬁ,vt.._'ferror
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‘Figur‘e_: 6.13 - Aplot foreach ofthetourgradlent pulse sets, etthe’

. magnetic field gradient in Hz/cm between the two

spherés over tinie.. The time origin rsat the end ot the

4 gradlent pulse set -

ln summmg up.the three expenments, itis clear that the f" rst -

e expenment shows that the axral llneanty of the z drrectron magentrc ﬂeld R |

S gradrent is very good Thus axlal non- lrneanty is not a contlbutmg tactor to ‘ |

. the aforementioned poor |mage qualrty The other two expenments do

-‘ however show some senous problems The radlal dependence of the ,

'i'-_fleld Pulsed g:adrent mduced eddy currents can be mmrmrzed by proper

S - ,,',adjustment of the gradlent pulse envelope charactenstrcs That |s, Proper

""'_‘_7.':"',.~:,,Shape of the pulse envelope L i

RETRE

L ]VCOUId be used to shim thls maénetlc fneld gradrent wzthout dlsturbmg the o

R PR

'l,°th°' magnetrc f'9|d Qradlents and the. homogenelty of the mam magnetlc FRRRTR LI UF

magnetrc ﬂeld gradlent will be dltf cult to. correct Perhaps thln stnps ot metal- ’ '::]'f-

i j‘;f.adjustment of the nse and fall tlmes of the pulse edges and perhaps also the‘_,;‘-i_if';: GRY
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, ’1 The observed magnetnc treld gradnents generated by eddy currents |n | |
the cryostat“do not necessanly have a great et‘fect on the ,sllce Selection N
:.'7 e 5' . °C95$ ThlS Sfatemem lS supported by the fact that the magnenc fleld . s o
_ | “ N jadtent generated by pulse set S |s clearly lower‘ in magmtude over tnme S |
h

an that generated by pulse set a (see Flgures 6 12 and 6. 1‘3) Pulse set o

a ﬂ"“«'

/ | 8 mlmlcs the sllce selectlon gradlent pulse set that resulted in lmage artlfacts ‘
o However these eddy current generated magnetlc flelds and srmtlar tlelds
generated by% swrtchmg of the x and y dnrectlon magnettc fleld gradtents |
. can cause errors tn phase tmages by producmg unWanted phase encodmg ) .
“ dunng the |mag|ng expenment o ,‘ L ' , IR o K P‘ _lf
T o The demonstrated radlal asymmétry of the z dlrectlon magnetlc tleld o
gradtent on the other hand provndes a strong argument agalnst usmg a
) " sltce selectlbn gradlent pulse tollowed lmmedlately by a sltce refocussmg
- | gradlent pulse m the opposrte dlrectlon As |l;gvstrated |n thure 6. 11 there
o wull be lmproper refocusglng of the spms Furthe%ork \;wll be requlred to
i quantnfy explam and compensate for this refocussmg problem |
Further |magrng pulse sequence tests showed that a retum to a SIICG o ! .

' selectlon sequence wrth the sltce re??)cussmg pulse after the 180 degree FtF

t.,rg l «t

| -~

pulse removed the prevmus lmage amfacts
‘ “"“‘l“av 'I ‘v . . ‘:) - . - . «: ! ." T ". ! . - . N

o R S . C ’ K ‘.‘. o e ‘ - . . . M.v'l,.
o o Yo b Co L i . . .

o 6,3...l-"lo\nr Veloclty Measurements_-i
Havung to return to the eld sllce det" mng gradtent pulse sequence I.
(the sllce refocussmg gradlent pulse after the 180 degree FlF pulse ) °meant
that some other method had to be found t’o compensate tor the large phase
angles encoded for ﬂow by the sllce selectlon gradlents At thls tlme 'a closer

look was taken at the theory behmd phase encodmg due to constant velocrty :1
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mo_tion (section 3.2). This resulted in the inclusion of a compensating .' |
balanced” gradrent pulse set between the 90 and 180 degree RF pulses.

This balanced gradlem pulse set compensates for or removes much of the
| phase encoding of the movmg magnetrzationrlncurred by the shce»selectuon '
gradient pulse sequenCe ( refer to equatlons 3.13 and 3.14 ) The final form

of the flow measurement pulse program is shown in Flgure 6.14.

7.8325uT/cm .

T /. < zcomp

. \ .

| Gz W Q& %wzseuwm .,
| i '

’

968140 40 532401405 6444 © 6144 ¢

-mS mS mS msgms mS mS m$  mS
2 A
S

Figure 6.14 The fmal flow measurement pulse program The
;o o ampmudes of the x and y gradient pulses are dependent
* on the " magnification " factor desired. The value of
Gy comp depends on the range of flow rates to be

measured BN
. oo \

¢

A\ Refernng to the end of section 3. 2 the phase of magnetrzatlon movmg

along the z axis should be given by

: 59 2 g
¢="Gz 24(50 PHM‘) zeomp ztp - o
o S 6.2)



where, from Figure 6.14, tp is 4 milliseconds and G, is 10,268-10-6 Tesla -
ncm"1. | .
To check the validity of this " flow phase coﬁ\pensation " scheme, an
experiment‘ was berformed as follows. The U-tube phantom was set'pp'and
i the spectrometer pfepared for im'aging‘ using the flow measurement pulse
program with the comphensating balanced Qredient se't“‘installed. The spin
eeho was centred in the sameling interval usingl IMFLTR. A constant flow f
‘was established through the U-tube phantom. Image data Wés acquired for

several IOD values of G ¢ comp (anure 6. 14) These images were

reconstructed and the phase of the signal from the flowmg water measured,
4
The measured values were normalized to the flow rate dunng the expenment

(see Table 6.2 ) and are plotted in Figure 6.15.

Imege Gradient Flow rate " Measured Phase divided

., (10D) (cm/s) " phase . by flow rate :
(degrees) ~ (degrees s cm-1) -
A .0 . 5.1 -55.1 . -10.8
B 50 - 5.1 -45.9 : -9.0
C 100 5.1 -43.4 -8.5
D . 300 53 . -8.5 . -1.6
E , 400 - 6.2 - 3.8 - 0.7
F =« 500 - 5.1 1956 4 38
G 600 5.0 36.8 . - 74
“Fable 6.2 o Results of the slice selecfion gradnent ﬂow phase

compensation test.

g
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* Degrees per cnvs
10

y=-108+0030x . '

Phase divided by the average flow rate

-10
) ' A - | 10D value .
-20 v T v T hd T v ) A
0 200 400 600 800 ‘ /
Absolute strength ot a balanced gradient lobe
. S S v j -
Figure 6.15 The effect of different flow compensating gradient pulsé

amplitudes (in IOD values of one lobe of the gradient
set, the other is the same magnitude and in the opposite

direction ) on the encoded phase pe'r}\cm s1. |
The é]ope of the least squares fitted line.is 0.030 + 0.0011 degrees s
m'1‘ IOD-1. The i.ntercept of -10.9 i 0.4 degrees s cm1is in good agreement
with that which should be encoded at zero ﬂow compensatlng gradient.

Using equation 3.10) and values from Fugure 6 14, this would be .

¢ T 592 :
T”Gz(zsp 2‘“)..

59,

—71026106;'(-2—5-1610 +108.43-10° )

= 0.20 radians s cm or 11.49 degress s cm’’

- The coeffit:ient of deiermiﬁétion is 0.9967. However, for IQD \./alues.greéter’“ '

than 500 distortibns in the phase and modulus images began to appear.
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This is not a preblem since any flow rate of physiblogical interest can be
measure using compensating gradientsvih the ra‘ngeof 0<10D 5400. C
Using an 10D value of 400 for the balanced gradient pulse set and the
‘values shown in Figure 6.14 for the slice defining gradient pulses, trials were
conducted to determine the precision of the phase measurement for flowing
and non- flowing liquid. The flow was set to a constant rate and a set ot six
|mages were made. Following reconstruction, the phase of the water flowmg
through the inlet tube was measured for each image The average phase of
the water surroundmg the mlet tube was measured as well as the phase of
the flowirig water in the inlet tube. The former :/alue was subtracted trom the

Jlatter and the result called the phase of the flowing water. Typical results are

tabulated in Table 6.3.

Image Flow rate Measured phase Phase for aflow Average phase of

(cm/s) ' (degreses) rate normalized H»O around the
- 10 9.0 cm/s . inlet tube (degrees)
o (degrees) : :
A 108 85 54 55
B 9.7 -5.2 - 48 - 5.3
Cc 9.0 -5.1 . -5.1 . 6.5
D 8.5 -3.6 - -3.8 9.5
E 841 -1.9 21 - 83
F ._16 1.5 18 3
Vavg = 9.0 . Oow =-3.8" K '¢stat =71 -
“t1.2cm/s . '/ 1.6 degrees - 1+ 1.6 degrees
Table63  Resuls fromtest of flow measurement precision.

.“

The'precisieh of thevehase measurement for both flowing and non-flowing "
water is within + 2 degrees |
At trrst glance the precrsron does no ppear to be satlsfactory since

-the measured phase values for ﬂow are so lo Ni.e., a variatron of 2

147



" would be about 50 degrees. A variation of 2-

" eyror of 4%. The fact that the variation i

T,

degrees ins degrees gives a.40% error). How’ev'er, it must be‘_ o
remembered that thls flow phase compensa‘ting balanced gradient set was

chosen to allow encodmg ot tlow rates up to 150 mil s-1, Blood having a

hlgher vr%ty than water will maintain laminar flow at much higher ﬂow

rates (McDonald 1974) At flow. rates of 120 cm S‘1 the phase encoded
grees at that rate gives and

the meaSUrement of the phase for
tatic watef is about the same as th vanatlon in the phase measurement for
owmg water suggests the error |n he flow measurement (sectlon 5.1)is
ota srg mcant factor i ln the overgli phase measurement error.

It is tnterestlng to note't almost linear decrease m the measured

phase for tloWing water'fro rimage to |mage The data i is presented |n ‘

chronologlcal order with ez ch |mage in the sequence requmng about 6

minutes to acquire. This decrease will be examuned towards the end of the -

chapter

The next step, after the precusron of the phase measurement was
~
found, was to find the accuracy of the tlow measurements A compensatmg

'balanced gradtent set of lOD 400 was used. lmages for several different flow |

rates were generated reconstructed and the phase of the water tlowmg in

the lnlet tube measured The measurement results and the Ieast squares
- Ilnearly t"tted data are presented in Table 6 4 and plotted ln Frgure 6 16 A
protlle across the inlet tube ( Flgure 6 17) shows the lammar flow f :

; dlstrlbutlon. Confidence intervals of 95% were calculated usmg a Student'

-t dlstnbutlon tor the stratght lme parameters These parameters
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Flovy@ : Measured phase . Phase calculated Measured phase L

(Em/s) (degrees) - forfittedline ~  minusthe . .~
calculated I .. (degrees) - . - calculated -
‘ o o S R phase (degrees)
0 ~—. 23 0.6 |
39 .-192 1.1
47 o -245 ° -0.4
48 . . -25.0. -0.4 .
59 . 294 0.4
6.2 -30.2- 1.1
6.7 -30.8 2.7 .
6.7 -32.1 1.6
7.2 . {329 .30 .
96 : . -543 » 6.8 e
. 96 553 -47.5. | 1-7.8
130 - 576 ~ -63.8 6.2 !
Table 6.4 - | ‘_F.{esults of flow measurement accuracy-test. - ’
. . 1 . [N . . : | . )
degrees
o
10 !
R &
8 301 .
; .
.. -404 n
-504 )
| . . . cm/S' .
: -60_ ~ - = v | ' ;
o ‘., . -1 - 20 "

Flownate -~ \ -
Flgure 6. 16 The relatronshlp between flow velocnty and the measured L
~ phase fora compensating gradlent pulse amplitude of
IOD 400 in; the pulse program shown m Flgure 6. 14
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| and their assocrated lntervals are a slope of 4 8t 0 4 degrees s cm"1 and
~an mtercept of -1 7i 2. 6 degrees The coetfrcuent of determmatlon is 0. 941
and the variance is 16. 85 The expected value for the lntercept (zero ‘

. degrees phase dlfference for a flow of zero cm S'1 ) falls wnthin the lnterval

151
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about the calculated tntercept However the co fldence lnterval about the -

r value of the slope is qulte large at + 7%. Examln tlon of the measured
phase pomts and the fltted data pomts in Table 6 4} veals that the |
" dlfferences mcrease steadlly wuth flow rate This is most certarnly the factor
‘ " :rde‘termmlng;the uncertalnty ln the _slope. Thls mcrease in the dlfflerences
‘could be due to the onset 'Of ‘turbu;l'ent flow in the lnlet tube : 'lnISection 5.1t
was sald that flow rates rn all expenments were almost always kept below 10
: ‘cm s 1 well below the Reynolds number of 1600 However due to the '
,‘nature of the phantom constructton and lts operatron thrs cohdrtlon may not
’ have been suffrcnent For example no measurements were made for the -

outlet tube ThIS is because there was a sharp bend at the base of the U-

o 'tube whrch caused turbulent flow patterns (non lamlnar) vnsnble |n the

' phase |mages Durlng the course@f an tmagmg sessron alr bubbles would
| ;.form mede the tubes gradually restnctmg the flow and rn some cases

:‘,-when they formed near the |maglng sllce locatron causmg turbulent flowl At -

- j'fthe juncture of the glass and flexlble tubes there was a Sharp glass edge

s f"(the flexlble tublng was pushed over the glass tube) at which vortlces

“ - "could form and be carrled downstream rnto the rmagmg slrce Naturally,

L these problems would be aggravated at hlgher flow rates. BT

Af nal possrblllty IS the gradual decrease of dnft in the measured ._",j,f ‘.‘

,"phase for a glven flow rate as w:tnessed earller Thrs problem 1s dlscussed

.fmore fully at the end of thls sectlon

e
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The questlon of precusnon and accuracy should be placed intoa 4‘
; ‘physmloglcal perspectlve Ultrasomc Doppler Flow metersrhave been used

| ".‘extenslvely in the past few years to measure blood flow Uematsu et al |
(1983) repert an error ln the measurement of blood flow of about 5% .

‘7’ usrng an ultrasonlc volume flow meter Thelr paper then goes on to descrlbe |

| ‘gythe vanablllty of common carotld blood flow in normal. volunteers on an

rntrasessuon (wrthm one suttmg) and an mtersessnon (week to

| .,week) bas1s They found that the standard devnatlon of a repeated :

o 'mtrasessron measurement was 3. 8% Thrs means that repeated

o lntersessron measurement was 10 6%, Thls may seem Iarge but as

measurements of the flow through the carotld could grve readlngs wrthm plus .

or minus 7. 6% (two standard devnaﬂons) The standard devnatlon of the K

2 ’

| ' ermatsu et al go on to state |t |s wrthrn the normal flow rate of 6 ml s-1 to 11

| »ml s1, Recallrng that the error in the slope of the flow measuremeht curve |n ‘
| Flgure 6 16 |s + 7%, a sumple calculatlon wall méllcate it's serlousness »
' Assumlng the worst possrble case that of a 14% error |n the slope consnder ;

a flow of 8 0 ml S'1 through the carotrd of a human aged 21 to 20 wnth a mean .

diameter of 7.2 mm ( Uematsu et al., 1983) The average flow veIocnty

"‘would be 19 65 cm 3'1 (thls analysrs assumes that some form of cardlac o
g synchronlzatlon has been lmplemented) An error of 14% in the NMR o

"t’lmaglng flow measurement of thrs flow would lndlcate a "flow rate from

.‘i‘".:16 9cm 8'1 to 22 4cm 5'1 ora flow volume of 6. 88 ml 3‘1 to 9. 12 ml S‘

5 'fThese values are stlll wrthrn the reported range of normal flow volumes for

o '."*"‘v‘-.'.that age group of 7 99 :t 1 5 ml S'1 albelt not by much

At thls pomt a short lnvestlgatron of the effect of turbulent flow on an

S ‘;ﬂ"_;.image was made Based on the work of Wood and Henkelman ( 1985) a

g '--.-‘5:.:‘f;f.'f";fmodel was developed to explarn the appearance of amfacts once flow
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Mbecomes turbulent or pulsatlle (refer to sectlon 3. 3 and Appendlx B) A ‘ -
' sumple expenment usmg the U- tube flow phantom was performed Flow ‘
. X rmages were generated at average flow rates in the ‘range of 3 cm s 2l to 6 cm o
e st and 9 71 cm S'1 to 27 cm s -1, Flgure 6. 18a shows a phase tmage wnth -
: jflow at 3 8 cm 5‘1 ( Re = 300) whrch is defrnltely constant and lamlnar \ln*‘ |
Flgure 6.18b the: flow rate had been lncreased 10 26. 1 cm 5‘ (Fte 2000)
- the suppose\d onset of turbulent flow The artlfacts are. vrsnble in the- phase
) encodrng dlrectron rn a band the wndth of the tubes as predlcted by sectlon
| 3. 3. The artifacts on erther snde of the outlet tube |n Figure 6 18a are f‘
' ‘-‘_probably due to the prewously mentloned bend at the baSe of the U-tube -
_-The fact that they are equally spaced and well deflned suggests that thls
| bend produces a snmple rhythmlc pulsatlon |n the flow i in, the outlet tube NN
| ‘ The flnal questlon addressed in thlS pro;ect was that of reproducibrllty R
) ThlS would determme the overall flow measurement procedure lf the results
- from’ phantom tests were constant from week to week or month to month
,' ‘then the flow measurement technlque would need to be cahbra@d a few
tlmes a year However |f the slopes of the callbratlon curves (slope in
degrees s cm'1 ) vaned from day to day or week to week then the flow

N measurement expenmental procedure would have to be modmed to lnclude IR
'acaltbratronstep Lo B UL

| Thrs questlon was approac din two stages The flrst stage Iooked af _‘ j‘
S .the vanatrons |n the clope over aqort penod of tlme( hours) The second } ¥
'F-":-: ;‘:_'lstage exammed the change m the slope °2§e" a penod of@ays . L

The flrst sta%e of expenments proceeded as follows Two separate
ﬁ flow measurement expenments were run rn one day ln each expenment a
; constant flow rate of about 5 cm 5'1 was establlshed through the U-tube

S phantom SIX rmages were g&rated rn

@

ach expenment at thls flow rate



. Flgur9618 o

| a) A phasevimage showi
dlow ‘The artifacts. on sither side of the upper, outflow .

0g slow (3.8 cm/s ) laminar

tube, are due fo turbulence generated by the sharp bend

' at the base of the U-tube
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- 'Fi'g‘u,re"6_.18_ o '"b) A phase 1mage of the same phantom showmg a hlgh
to—y  -flow'rate (26.1 cm/s ) and turbulence in both tubes: = -
. The artifacts along the phase encoding: dlrectlon are due

SRR L ;ﬂ, ) " tothe variability of the: flow velocny components dunng

R AT

s f‘the 4mag|ng experlment
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- .each lmage requmng about 7 mmutes to acqulre The total time for one, snx
,lmage expenment was about one hour The two six- lmage expenments
were separated in tlme (a few hours) dunng Wthh the spectrometer was.

left on. Thrs was repeated on two separate days usmg a dlfferent Gz oomp

balanced gradlent set each day. The resultlng lmage data were

recon{ryféd and the phase of the water flowmg through the lnlet tube *

measured

- day ) expenment The results have been plotted in Flgure 6. 19 lt is clear |n

both plots i.e., for both days, that there is a drift over tlme of the measured |

@ase for a given, flow rate

A\ LB

The second stage of the test mvolved the measurement of the. phase

. encoded by a glven flow rate over a penod of days Since thrs last stage has _
E taken place near the end of the pro;ect it was demded to use values
»‘ measured over the prevaous month (September 1986) A set of’ phase

, values were chosen such that the flow rates at whrch they were measured

averaged to 4.8 i 0.5cm s*1 The phase values were normallzed to.this. -

) average flow rate These measurements are taken from d;_erent days wtth

several pornts berng measured)m each day ,The result of this lS shown in"

' Frgure 6. 20
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The measured phases were normallz’ed to the average flow rate of the L
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- Figure 6.19
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. b) The change in the mamured phase on day five.
.. (average flow rate = Sham s°1 )-over time. “The flow -
Ry c(;mpen'sating gradiejum \‘_a.m‘pl_itu_de' *v’_v,a.s; 10D = 200. ..

hours

hou'rs’

" a) The change in the memured phase on day zero
' (average flow rate =.4.5en's1) overtime. The flow - ..
- compensating gradient uise amplitude was 0D =400..
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"'Fig'ure*;6.20 o ‘The: change Ini the measureo“ phase (avexage flow rate
: |s48cms4)over several days. The fiow

« . compensating gradient pulse set amphtude was
|OD 400 | .

N i

. '

PRI .
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| ] As evrdenced by Frgure 6 20 the phase | measured for a more or Iess N
T - constant tlow rate changes by a large amount over a relatrvely shon penod of
trme Yet overthrs perrod of trme flow calrbmtron curves that IS, strarght
- 'hne frts of phase data tor drfferent flow rates strlt yrelded coeft“ crents ot
determtnatron ot 0 94 and better wrthrn a given day Thrs rndrc;ated that the |
pertormance ot the ﬂow measurement system over a short penod ot trme Is )

—

lmear ‘ B S S ,/
Q The tluctuatron ofthe phase encoded by a grven ﬂow rate over{ |
Npenod ot trme as shown in Frgure 6 20 rmplies that.r while the technlque is - '\' . =

relatrvely stable over a short trrhe ( hours) |t is not stable over alonger

© ¢ time-(day,to day). The cause (or causes) behind this‘?fluctuation have

is"

w“ o ﬁz& e _
osat '.": :‘n' v o . . A‘:?s,.mﬁ‘&‘.‘ ’ -~ ’



not been found, 'but some variables have been eliminated. Variations in the

measured phase due to phantom set up procedures and spectrometer

initialization (i.e., preparation of the spectrometertor imaglng) have been

" demonstrated to be not gregter than the " normal " phase measurement '

~arror of 2%.

a second experiment measuring the effect of dltferent balanced gradient sets .

In light of this " dnft in the measured phase for a particular flow rate,

. between the 90 and 180 degrees RF pulses was pertormed Agiln a

. constant flow rate was establlshed and the spectrometer prepared to image.

Images were generated tor several different balanced gradient I0OD values
and the phase of th;flowmg water measured in each. These values were

normalized by the akerage flow rate (5 1cms ! ) and then plotted against

159

®
the balanced gradlent strength (Flgure 6.21 ) The slope of the curve was .

found to be 0. 030 +0.0033 degrees s cm™! IOD "1 and the mtercept was

-15.7 + 1.1 degrees s cm*1. 'The coefficiertt of determmatnon was 0. 973

"The slopes of the curves in Figures 6.15 and 6. 21 can be seen to_ be

statrstlcally the same, butthe mtercepts are markedly different. This |mpl|es '

~ that the effective strength of the Z durectlon magnetlc ﬂeld gradnent pulses

(sllce selectron and flow compensatlon) changed over the seven days . . .

separatmg the two expenments ThIS could be a physucalachange in the L

' strength of the gradrent magnetlc lreld aloltg 2 or some other change in the '

magnetlo system that affects’ how the splns respond to the z dlrectlon t

B magnettc field gradlent-/v

L
’ ‘.
B
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° ‘ s
E r | . ‘. 10D value
-20 —r — : : —— . |
0 200 400 600 800 ~ \
Absolute srrengtn of a balanced gradient lobe
Fir_;ure 6.21 Results of the second expenment rnvestrgatmg the effect
" of different flow compensating gradient pulse amplitudes
" (in 1OD values ) on the phase encoded. Notice the
< Mdrift” downwards of the mtercept value in-comparison
. . wrth Frgure 6.15. .

’ . ) - / ' ‘ :
in‘any case itis certaiin that more experihjefnts must be performed to
~éstablish the'trend of this ° drift ". Since'phase is cyclic, this drift cannot be
linear. These expenments must necessan[y take place at Weekly intervals

e over a penod of months Wthh precrudes any further work as far as this
"“project Is concerned. - o

I R 4



~Since, over ashort time, the relatlonship between phase and tlow velocity is

.
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6.4 A Suggested Experimental Method for Flow Velocity Measurement and |
Further Experiments | | '

1

The fact that the phase measured for a given flow rate changes ver

. time suggests that the technique must be calibrated betore-or durin a set of ‘

measurements on an animal or a human: The expetiment would begin with
s . 4._‘_\ -_'—-/

the estimation of the peak flow velocity likgly to be measured. Thenaz

direction gradient set ( slice selection and flow compensation’gradient set)

‘that would properly encode the anticupated peak flow rate would be chosen

Since the dnit‘rn the phase measured for a given vélocity can be as great as

0. 4 degrees per cms ppr hour, a method of flow rate callbratlon dunng the

experiment would have to exrstt One pOSSlbIllty is the lnclusron oi a strarght .

tube in the bore of the magnet with the subject. . Very constant flow would be

_maintained through the tube during the flow measurement expenment

\iery Ilnear »measurement of the phase of the flow in the tube drvrded by the -

flow velocrty should glve‘. the slope of the cahbratlon curve from which flow

velocrty values could be found based on phase measurements trom the

B |mage of the sub]ect lt is also cruaal that the spln echo be centred in its L .

samplrng wrndow for each new subj ct. Thrs as mentloned earher is easrly

T

","doneusmglMFLTR o _“" A

Y time.. ln addrtlon to the expenment that was repeated at the end of sectron ‘f

.“. .
R

‘the measurement of the sllce enéodmg gradnent strength over a penod ot

Further mvestrgatrons mto the nature of the " phase drift " should

, vconc trate on the change |n the eifect of the z dlrectlon gradlent pulses over' )

'63 asecond lﬁre direct experlment could be pursued It would involve R

| 'weeks Two small spheres of water would be fxed a set dustance etther s:de
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| of the centre of the magnet along the zaxis. Az dnrectron gradaent would be

establlshed (same strength, as defined in software. each week) The |

spheres would be rrradlated by a short 90 degree RF pulse and the resulting

F ID acquired Analysrs of the frequency spectrum of the. FID would give, the
separatron of the two spheres in Hz. This separatlon could be momtored

from week to week to give an accurate measure of the‘change in the effectlve' e

gradlent strength This, in conjunctlon wrth the prevnously mentroned

. expenment should provnde some clues as to the cause of the measured

phase drift.



! . - 17.Conclusions

This thesis has endeavored to present the work done on flutd llow
_ ‘measurement over the past two years at the rnedlum bore anlmal NMR unlt of ,
(O B the Unlversrty of Alberta These-two years represent a stepwuse theoretlcal
. and eXpenmental progressmn in the understandmg and mvestlgatlon of Tlow -
.-measurement usmg NMR lmaglng Thls progressron is reflected in the

organlzatron of the thesns and specmcally. in the structure of Chapter 6

In pursuit of atechnlque that would allow the measurement of PR -
physrologlcally sngnlﬂcant blood flow rates, ‘many msrghts some new have o .
been made concernmg NMR imaging. Early work mVolvrng ahalysns of the )

~

. phase errors across a spm echo generated rmage of statlonary water

»

revealed the dependence of the phase on the temporal posrtlon of the spln

' echo This was followed by an |nvest|gat|on of the slrce deflnmg sequence

| that led eventually, to the drscovery of the radral dependence of the slrce
. .Jdefmlng magnetlc field gradlent Thls was not expected and résulted in a g

ST change ln the flow measurement techmque |mplementat|on Other srde

mvestlgatlons, such as magnetlc susceptrbnhty vrsuallzatlon expenments and‘?»

LN gradlent mduced eddy cm'rent measurements have yuelded results not only
$ Museful in thrs'thesrs but useful to the anlmal unit as a Whole SR SARESL.

r' | The chorce of a flqw measuremednt technlque relylng On the» change in ) _»
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"y
tlow compensatmg gradlent pulses in the pulse program and was the basrs
: for a new model describmg image artltacts due to penodlc and non-constant .
veloc:ty motlon o o |
Consrdermg the aforementnoned matthatrcal analysrs of |mage
: ‘phase there exrsts the possrbllrty of s:gnal phase mampulatlon by mcludmg o
specral " gradlent pulses)n lmagmg pulse programs In pnncrple any o
factor that adversely aﬁects the S|gnal phase such as motlon due to regular e
breathmg. could be ehmmated or unrquely specrfred as desrred |
- These msights have led to an lncreased uhderstanqlng of the NMR
|magmg expenmen’t and should provrde useful mformatron for future work in
| “flow measurement and other lmagmg technlques , S E
‘ | - The flo?rv measurement technrque deyeloped m thls pro;ect has been
. ‘. "demonstrated to functlon over a short penod of trme Changes due to flow in /
) the phase ot a region m an image can be measured wnth good precrsron ". TR ;‘
". ' '~However, there |s a s)erlous problem wnth flow measurement vanabtllty over . * b
; a long'term The m‘clusron ofa flow phantom wlth the subject in. the bore of L

oW he magnet ls an. mtenm solutron tothis problem lt may not always be o

. !

: -;possible or desrrable to do this The mvestrgatlon of the vanabrllty of the flow

, .,%itollows the wdrk m th|s thesls- '.l'here |s also room for rmprovement m the

L_,séf:f\f-.fcalbratlon method (by calubratnon rt is meant the measurement of the phase |

j_;tor acourately known fl’ow rates to establrsh the slope and the lntercept of the | : {ff
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replace tap‘water by so?nethrng with vrscosrty srmllar to. blood so that laminar .
flow could be marntalned at hlgher ﬂow rates o |
| A consrderatton for further in wvo work is the eftectlve mrnlmum ‘vessel -
dlameter tor which. the technique wnll yreld accurate rasults. Throughout the
prolect a phantom with tubes of Iarge dlameter has,been used Such large -
regular cross sectlons would not be present in the rmage ofa |lVlng subject. |
Vessel cross sectlons |n NMR are not usually curcular thus some method wrll
have to. be developed to deflne an |rregularly shaped regron__otmterest and
then measure the phase within |t ThIS is snmllar to the problem in bone *
densrty Computed Tomography of defmmg the extent of the comcal bone ina
cross sectlonal rmage of a lrmb | ‘ o ‘ |
T Even |n |ts current state the tlow measuremeht tech’mque
¢' j lmplemented in this thesus could provide useful m wvo blood flow |
- . mfo\rmatlon ThlS technrque offers advantages pver other techmques sugh
| v' ., ) as Ultrasonlc Doppler methods tn rts abllnty to see deep wrthm the body and
past bone stmcture However. rf measurements are {to be made on "

artenes or in the reglon of the heart cardlac synchronlzatron must be

mcluded m the tlow measurement |mag|ng expertment It |s intarestmg to
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In thls appendlx equatnon 3 9) IS solved and cast mto a form that gWes B

the spatnal frequency dependent terms Equat:on 3 9) !S

L oot
‘-\" " C ) . ‘ ) [ \

‘ “ Lo R R ,' o ; oy 19 P e
d‘l | e b
B . i = -yj(va+GVT+Gy+GV't)dT ~Yszdt- ijvrdr
s e '

. ) , ’ ; R T, ““ - “_ v . Y . _t ! | .
. N Y »‘:\J‘ﬂ P e

p+A‘z‘”P “ o R ‘

¢ Breaking this equation into three components yields "~ *~ ' -

0 = 0g+0y + 0,

“r
L ' : .

“ry
*

ca
4

Solving for ¢, give.s‘ e L S

1 :" ,.‘. ‘?
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Defmlng k as yYG,(t - to) and rearranging terms gives
: \?

\

x = YOX(U-15) + YOV, /2 (it + 2401 442 - 3t 2]

X X 2 . Vx 2
i g —-X’N+?Ya——(t~tp) +’ny—2—- tht+2AH-4tp)
A X
. 2
. ‘ vx kx . ‘ ‘ 2
= XK + +vxkx‘(3tp+At)+vxny(tp+ att))
A x .
" A.4)
q
. -
\ . Likewise, using k, = ~/Gyt,
>
Q‘y ‘ﬁy[ytp,*——-t ] | \\ i .
‘ , = Xk vk
~A5)
Finally, forthe last term . .

v, | 59 2 o
b4 ;
o= sz'E ,Ebgtp»f/mpmz]
. \

. » . AB)
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Summing these three terms yields the final expression for the phase of the.
dignal

0 = derdyrt, . -

: VRS 2 3
= xk, + yk, + vk (3t tAT)\YXQx (to+ A1)+ vyky—z— 4
~

RN}

vk v. [ 59

X o~z [ 292 :

+2YG +1G, 5 ( 2% tp+2tpmz)
X s

A7)
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Appendix B
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: : Ly
In this appendix the eftect on an inf‘wage by non-constant velocity

-

motion is derived The two dimenstional”Fourierrtransfo‘rm image technique

is considered The ‘paper by Wood and Henkelma:/@S) upon which

the following analysis is based consnders artlfacts i ages that are a result -

of the periodic mation of breathing. Simple point source magnettzat” .
phantoms which oscillated along one of the three laboratory frame J;,ews were .
used theoretncé’lly and experimentaily. Thelr posmon was a smuSoidal -
function of time. Likewise, pulsatile tlow will be modelied heré as a pomt |

source megnetization-, moving in a straight line, w.hosevelo}city varies
sinusoidally with tigne. In this case, the eqoét\ion describing the positi‘on'\of

the magnetization in time along the z axis is
N t f

3 S
z(t) = z4 v [ 1 +sin(21F, 1))  B.1)
T / \ S

F, is the frequency of the velocity fluctuation. This model is-not completely

“accurate, but it will suffice {o illustrate the argument here.
« ltis assumed in this developemeént that the time over which the first

gradient pulse along the slice or z direction ( G, pulse ) affects the phase of

the signal is two ftfths the duratlon of the second refocussmg G, pulse\( sel®

sectign 4.6.3 or equation 3. 10) Recalling the mathematical development of
the 2 FT experiment in section 2.10, but now including a term for phase
encoded by movement along the z axis, the phase of the ei‘gnal‘ for the first™

echo is'_found to be a combination of equatione B.1) and 2.5_?% Thatis,

3
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Gxt-Gyt o "4

N

+sz[1+sm2nFT+9)]l t+tAt]

-
e -

B.2)
Jhe first Mo terms aventually lead to the expression M, 8(x-xo)8(y-yo) in the

pomt spread function as defined in section 2. 10 ThIS is the magnitude, of the
‘ sngnal at'some (x,y). 9,in the third term represents the offset phas% at t‘_O\. if
itis assumed that the velocity is coestam over the sampling period,. N,At, "
then the-velocity expression is a function of the repetmon time. That is, it

varies from scan to scan. Therefore T= G,/AG TR, where TR is the tlme

between scans ( Recall from sectlon 2.10 that the phase encoding gradient

begms at -(Ny/2)AG. Therefore the time ongm for this anaIyS|s is at-the centre

. scan of the experiment ). Droppmg. for now, the x andy terms in equatlon

B.2) and remembering Q’\at t, and At, are fixed in duratlon over the course of
the imaging expenment, ¢(t.Gy).can be modmed to'be ‘

B S
PRG,) = w1+ sin(2anTRG)‘,/AG'+ 8,) ] B.3)

<2

\ . [s92 |
| W?YGsz(Eatp”At )

Using the identith ('Ab[amowitz and Stegun, 1964 ), e

S

| exp(lksme) - zexp(ime)d (k)

m--oo
N

e
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where J, is the mth order Bessel function of the first kind, .e"qua't‘ion B.3), the

exponential term in equation 2.65) becomes

- . . A . . . T
exp[i¢(tG)] = exp(n\y)Zexp ime )J (\y)S(f -mF-—G)
Ma o o
‘ | c ‘ ’ SR
Ihcluding the x and'y terms lprevi‘ously‘left out gives N
FEMeplots)H =

2

) [Ma(f —Y—Gxo)S( +—'x—ty0)]v.v T '\ﬂ o,

'y

Me e’ .

‘;:s ' ' ,.‘ . )
a : ’ - B4)
. B | a .- . . ’
In terms of the spatial coordinates of the transverse magnetization ( as given
in section 2,10 ) ,‘ o : L ‘ .> -

\

| Plxy) = KMo (x - X0)3(y - Yoll

\

N
exp(iy) Zexp( ime@ )F[J (W)la(y myé’)

~ o M=
PR L. By
Yg = 2nF;
| '»\Y,A.th

| N '[exp:\y)Zexp mﬁ)lFfj(‘#]S e ]

BRI

e
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- values and, as a result artlfacts at. many different spacings in the final two

L ) 77

‘ ‘ ma«2r
s
I (y) = D — :
¢ m N n(mar+1) \ :
\ - ‘ ";“;‘-3‘ T
1‘(n)='jx" o™ dx . ol
0 ’ -

in equation')B‘S) the terms exp(iy), exp(ime ). and lF[Jm(\p)] govem the

magmtude and phase of the artrfact ‘The term d(y - myG) determmes the
positron of the rtifact in the phase encoding drrectron The spacing, yg, srs a

the frequency, F, otthe tluctuatmg velocuty ln this srmple model

™~ 9
Ie flow there would be only one value of yG. and only one set of ‘

Ny
artifacts with oc rances every yg in the phase encodlng direction. gin reahty

of p

there would be a drstnbutron of fluctuating velocity components that

Uepended on the nature ot the motion. These would give a distribution ot Ya

dimensional |mage complex data set and sdﬁ’sequent images (see . = - -

ChapterG) : L | o

Note that, if there are no varying velocrty eomponents i. e vz is.

constant then the S(y myg) term would not be present All that would

. ;remarn is thg phase term exp(iy). This is consrstant wrth the argument earlrer

. -
.o in sectron 3 2. e
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“Appendfx c
In this appendix the Bloch eduafion is fransformed into the rctafing
Jframe of refe'rence..“An ‘iterafive Runge Kutta so!Ution to the equation in this
| reference ‘fr'ame' ris pres’enfeq. Equation '2.33)' gives the form of the Blcch -
equation in the laboratory frame of hrefer;ence. Itis usual to consider NMR 3
experiments in tf;e rotating frame of reference. The equations describing the
motion of the magnefrzaﬁon are much simplified in this reference frame The
bans for the fonowrng mathemafrcal development can be found in Mansfield

and Morns ( 1,982 ).

~ The magnetic field,” B.'in the equafion is given by

~

"B = KBy +By() o
where . o AR T :
S e Bo+ Gr R
Bgis the magmtude of the mam static magnefrc freld and Q,rsalmear \

*

magnetic fleld gradlent vector. L IS the position vecfor 51(1) is a radio
: frequency ( RF) magheflc fleld rofafmg wnth angular frequency W near or af |

" the Larmor freque _cy, -and has the form

51«) B1cosmt-jB1sincof o ey Y

B

ThIS is equuvalenf to B1 oriented along the x axis of the rofatmg frame AII

"

lother ferms in equaflon 2. 33) are as defrned in Chapfer 2. Remembenng that‘

u, u3| ]u1u3

: / LN
u, u e

14 2 -
v1 lk._, . .

1 +

Lol
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“where the vemcal bars represent the determrnant of the matnx. the Bloch

equations in the laboratory frame of reference can be written as

M ] yBod' o -'yB1smcot | ~
cmmn—M By -1, - B, coswt +A%ﬂ ﬂ
yB,smcot 781ooscot B VA P ,
| | M‘-’“Mo/Tr - NC.3)
where M -[1Mx 1M kM, ], a row vector representatron of M R

The transformatron to the rotatrng frame begins with &ammatron of the
motlon of the rotatmg frame axes in the Iaboratory frame of reference (see

' Flgures C. and C 2). The matnx to transla;e from the laboratory frame to.

the rotatmg frameis = . . v
N ] cosot sint O] ‘
' oy ‘-. o N B R oy
. U =] -sinet coswt 0. \ ) _ .
<o Lo ol o
| . ) ‘A . i ° ‘ (. C,4) “p’{ .
T - , ‘
. /N 2 ‘ |
. 6 = wt
. Ak.z" ' |
/ . i >
‘ Ny
-~ bl J / Y
L ~ 8 | v
> "'QK ~‘sv o 8 :
X a-” . Ay
i . & 4 i —— e : .

F‘igur,e‘C"f,' ke Aset of cartesran axes ( xXyz )rotatmg about the

A ! § Iaboratory frame of reference L e
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’p" \\\J (D‘ ' ’
. l /, 0)( - \\
v’ N
& I\ 4 .
} X o N
'. Figure' C.2 " The rotating frame axes ( X'y’ )Mth resbect tothe
' laboratory trame axes. The translation matrix U-1 relates
. the rotatmg axes to the laboratory frame axes.
- P - v ' 4
Equation C.3) can be written as’ .‘ - l/ -
: . . ', . ' EE o 4 y
(AMAUT = M R U+ My UVT, (
= MUTUR U + M v cy
The change intime of the magnenzatlon in the rotatmg frame is d(M U 1)/dt
Remembenng the cham rule of dnfferentlatlon e ‘
. ‘.‘,"“\ ,~ .1| '. \ X , -1 .A ' . . }
sdMUY) dM . dU
e b5

eq,uatiohv C.5) becomes

A A ) "‘u""
cam Uy ad o a0 dy” My Us
g MU URE Mg +:._‘,‘T

e =MU-'1{U9IU +u A
v AR . __.“,“' 1 “.\', -~



- o . o - "
“- ' l‘

Lo Using M as the rotatmg frame magnetlzatmn vector ( M u-t ) and My éithe

e rotating frame therrnal equilibrium magnenzatron vector quuatlon C.7)is
writenas: - v
@ T M .
A - dt T,
\ . ) .
- C8)
"vwhere . ,
R=U%U" +U2L-j—-—‘ TN
T .- dt v
[/‘ v . “ o
The inverse matrix, U, ‘of U-1is given by )
' ' *
s o B U= cofactor['LvJ‘1 ]/|‘U“1|

coswt -sinwt O

cofactor U'J] =] sinot, coswt 0 5. . 9
‘ : 10 0 cosw t + sinw‘t

U1 = coslut+sintat =1
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’ ‘ ) - ' “ ‘ ‘ / ‘- . .’ ' . o ‘. - '
‘o »o . -

.+ | coswt -sinwt’ O VA :

U= sinat .cosot 0} . .

o - 0 1

Sol\/ihg for the first.term of R in equat on C.8)
- I ' ! N o/ .
| 'ﬁ/.“_/ S
o [roose -s/ihq)_t 0 -1/T2 ( ..JyBo -y B,sinat

) URU =|sinot coswt O [} YBy — -V/T, | -yB coswt

o * 0 // 0 11l yBsinat yB,cosat 1T,
. DA ‘ . . -
o | / - coswt sinot O

A -sipwt-  coswt "0
/ ' o - 0. 1

-1ff 2/,/' ¥B, O
7
= Y Bp” "1/1-2 . "Y 81

/(5 781 -1/T1
/

.
/

/

/

The seconc/ termof Ris’

. o ’d’U'P . coswt ‘?sir'm)t 0 || -wsinot wcoswt .Q- ,
/ o U—dt—‘.-.‘ sinot coswt 0 || -wcoswt wsinwt 0
. o ’

R A Lo 0 1]l o e —o]
¥ \ R 7'.0'.‘ | | .‘ ’

s A%

ocog
oo o

L / ! "Using the results from above, equatiovn‘C'.B)‘is‘ now: . -



ot

‘ | AM, B+ 0 .
dM/dt 'M YBO w' CMT A8 e M T, :
. e, APE B ,
- “ , A, N
Letting . o
A0 = By -0 ’
| 5 / '
SN W =
S R
' o T, e 0
dwdt =M} a0 VT, oy |y M/, -
o 0 AP !

" Thus, for By orienteg

© 8

along the positive x axis of the’rotating frame, the

R

‘Bloch equationis in the rotating frame are -

dMy/dt

dMy/dt = -ooqMy + (Mp - M)/Ty

Myt = By - MyTT .'

-AaMy + 0qM, - Myrr2

o

“Ina srmllar fashion, the equatrons wnth the B, field along the negattve

- x axis and the posmve and negatlve y axes of the rotatmg frame can be

denved Al that need be changed is the onentatlon of 51 att=0in equatlon ;
‘C 2) ( i. e -at t,-o |t is along -1, jorq) The equatlons ln C.9) are seen to beJ
a system of three flrst order first degree dlfferentlal equatlons There are

\ - ']many dnfferent numencal methods to solve thls type of equatlon but only the

‘7;1981)

o

P ] ‘fourth order Runge Kutta method wnll be consrdered here (Burden ot al.,

A

c.9)

N
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| Runge Kutta t'echnlques are based on expansnons of the Taylor senes
O wath the.number of Taylorsenes terms reflected in the orderof the pamcular
'techmque Defming £, as the dependent vanable and g, as the md%bndent '
vanable of the ith dlfferentlal equatro'n ofmequatlons the technlque ‘ ’>
. proceeds as follows The reguon from the mmal value pornt a, to the pornt of

the desired solutlon b is d|v1ded rnto n subrnten/als Over each sublnterval -

-Anithe regnon the followrng iteration is performedj— 1to ntimes ‘ - .I
o S —Eu (1/5) k1r+?k2|+2kei+k4i) .
. foreach|—1 2 -~ Ca0)

kij = (g &1, §2,j» - §m|) o
o : ’ foreach|-12

ko= fi(§j+1/2h,g1F1/2k11 §Zi+1/2k1 - §m1+1/2k1m)h )

~ foreach|_1 2,.

o Kai = G+ 120,84 V2kp 1, Epj+ 1/2Ka o By + V2kofo )| . \\
. ) - ' . . l . .‘ N '
 foreachi=1,2/..m TR
" ‘ . k4,i‘ = fl(C]"‘ h, §1’i+k3'1,§2']+K3'2, ...,;m.j-!-k&m )h ‘f ".f’
e o . foreachis1,2,..m . .o 4

IR

=b-ayn ’ Lo C..'1",1f)'. BRI

Sl' he error in thls techmque over the reglon ls on the order of h4

 (Burden et al, 1981 ) For the system of elquauonsce) the fourth order‘ R

L

Runge Kutta solutron for one trme sllce T would be‘

-

,
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o A
h =1tn
Kyx= (Awdy - Ex /To)h
Kiys= (805 + @&z~ &, yTo)h

Kiz= (@iby+ (Mo - & Th

k2|x = (A“’(éy.l + .5k1.y) - (éx'] + .5k1‘.’x)/T2)h
kzy = (-B0(Ex |+ 5Ky x) + 01(8z) + 5Ky 2) ~ (§y ) + .5kq y)/T2)h

} .
kaiz = (@1(Gy )+ Skyy) + (Mo~ Bz~ .5kq 2)/Ty)h

= (Bw(§y )+ .Skay) - (&) + .Ska x)/T2)h
= (-Aw(Ey |+ .Skp ) + wl(gz,j\ +.5kp 2) - (@y,l * ‘5k2,y)név"
= (-w(8yj+ ko y) + (Mo - &z~ .5k 2)/Ty)h

ra =
w w
~ >

I I

=
L
N

)

-

= (80(Eyj+ kay) - (Bey+ ko) TN
= .(FA0(Ey j + k3 x) + 01(Ez) + ké;z\) - (8y ) + k3 y)T2)h
kaz= (018 +kay) + Mo-E5-ka )b -

=
>
x

I

<
I

' éx,jn = tx,] + (1/6)f k}1 X "“‘2k2,x + 2k3.x +Kgx) *
: gy,]+1 = gy.] + (1/6)( k4 yt 2k2,y + 2k3.y + k4,y )
Ezjer = Ezj+ (1/6)(kqz+2Kp, +2kg, + Ky z)

-4

"The initial cénditidhs would be
‘ E.ox_J = My | ‘ ' ; <
b |
U =My



186

Following n iterations,

Mx = éx.n
My = éy,n -
Mz = E-\z,n

would give the values of M,, M, and M, t seconds Vater.
The form of the programmed solution varies slightly from this in an
effort to reduce the number ot computations and hen}:e, overall simulation

running time.

-~



Appendix D

‘

.

A listing of the simulation package modules plus two " INCLUDE "
modules, BLOCHD1D.FOR and BLOCKSTK.FOR, at the end.

CCOCCCWCCCWC%CCCCCC@CCCOCCCOCCCCCOCC%C@COOOC%COCCCO%OCO%OCQCCCC
cceceece .

';) SUBROUTINE DM_DT_PLUSX

A routine based on Manstield ahd Morrls'é solution of the Bloch equations. R
( NMR Imaging in Biomedicine, Academic Press, 1982 ) .

‘These equations are solved for the RF field applied along the positive
x-axis In the rotating frame,

A Runge Kutta ( 4th order ) solution is used, It can be 1ound in most
books on numerical analysis,

I3

OOOOOOOOOOO )

__Global Variables ( as found in BLOCHD1D.FOR ):

M ----> a N+1 dimensional array of magnetization
components In N space, The first N indices
correspond to the coordinates of the 'spin’

- In space. The last index indicates the
directional vector, I.e.

M(x,y.z,d) represents ‘spin’ x,y,z and
component d of the spin.
d = 1 is the x component
. - 2 - - y -

-3" "z *

The bounds on the N indices are declared
in BLOCHD1D.FOR
GRAD ---->a N dimensional array of magnetic field
gradient values. The N indices
define the point value of the gradient
. (along the z-axis of course ) at the
corresponding N-space location in array M.

HI . 7 —>areal value for the current H1 (or'B1 ) tield

OO‘OOOOOOOOOOOOOOOOOOOOOOOOOOOAOO004

GAMMA ---> areal constant that is set to the gyromagneto
ratio for the spin species. '
TIA ~-> a N dimensional array containing the T1 4
values for the oortespondmg magnetlzaﬂan : ,
vectors in array M. '
T2A —> a N dimensional array containing the T2
values for the corresponding magnstization
N vectors inarray M.
c— - ST -
C "TING --> i9 a real value for the incrementa! time step
C
c N —-> is an integer value for the number of steps
187 "
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4

' ' to take in the Runge Kutta approximation,

C
C
C !
c
Cc. . —- R
c XDIM ' T
C YDIM
C: ZDM ----> integer values corresponding ta the dimensions
C, of the spin array In the experiment ( see
c entry for M array above ) .,
C
C 4th order Runge Kutta routine to calculate aMX/dt ™
¢ )
INCLUDE BLOCHD1D.FOR'
C
C loop through the array
C.
DOZ - 1,ZDIM ‘
c
IMX = M(Z,1) .-
IMY = M(Z2) .,
T ZMZ - M(Z.3)
Tt =T1AQ2)
T2 = T2A(Z) - o
ZW = TINC/FLOAT(N) '
]

C 4th order Runge Kutta routine to calctate dMX/dt, d/MY/dt, dMZ/ct
C

ZDEL_OMEGA = GAMMA"GRAD(2)

ZOMEGA1 = H1 ° GAMMA

DOI=1,N .
c
C do the K1s ) .
c S
ZK1X = ( ZDEL_OMEGA"ZMY - ZMX/T2 )"ZW
' . ZK1Y = (-1."ZDEL_OMEGA"ZMX + ZOMEGA1"ZMZ - ZMY/T2 )"ZW
ZK1Z -(-1 ‘ZOMEGA1'ZMY+(M0 IMZYTT yZW
G .
C do the K2s 4 .
c \
ZK2X = ( ZDEL_OMEGA*(ZMY+.5°ZK1Y) - (ZMX+. srzmxyn)zw
ZK2Y = (-1."ZDEL_OMEGA*(ZMX+.5°ZK1X) .
+ ZOMEGA1*(ZMZ+.5°ZK12) - (ZMY+.5°ZK1Y)/T2 ) ZW
ZK2Z = (-1."ZOMEGA1*(ZMY+.5°ZK1Y)
2 + (MO - ZMZ - 5'ZK1z)m )'ZW
c
C dothe K3s
c
' ZK3X = (ZDEL 'OMEGA*(ZMY+.5°ZK2Y) - (ZMX+. 5°ZK2x)T2 ) W
ZK3Y = ( -1.°ZDEL_ OMEGA*(ZMX+.5°ZK2X)
3 + ZOMEGA1*(ZMZ+.5°ZK22) - (ZMY+. 5'zv<2v)/r2)zw
ZK3Z = ( -1."ZOMEGA1*(ZMY+.5°ZK2Y)
3 . +(M0-2ZMZ- 5°ZK2Z)T1 )*ZW
C.
C do the K4s
C.
ZK4X = (ZDEL OMEGA® (ZMY-}ZK‘.!Y) (ZMX+ZK3X)T2 )'zw
ZK4Y = (-1.°ZDEL_OMEGA"(ZMX+ZK3X)
4 + ZOMEGAY*(ZMZ+ZK32) - (ZMY+ZK3YYT2 )'ZW
ZK4Z = (-1."ZOMEGA1*ZMY%ZK3Y)
+(M0 ZMZ - ZK3ZYT1 )'ZW
Cc

C and finally the next approxlmatvon ’ '
c - ) .

188
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ZMX = ZMX + 1 /6. (ZK1X+ZK2X+ZK2X+ZK3X+ZK3X+ZK4X)
ZMY = ZMY 4+ 1./6.°(ZK1Y+ZK2Y+ZK2Y+ZK3Y+ZK3Y+ZKAY) .
ZMZ = ZMZ + 1/6. (ZKIZ+ZKZZ+ZK22+ZK32+ZKSZ+ZK4Z)
END DO )
C set the array values back : ' -

MZ1)=2ZMx ¢ ‘ ‘ : .
M(Z.2) = ZMY .
M(Z.3) = ZMZ | -

END DO 1Z LOOP
C ’ » : .

< END ‘ b
cceceeece ‘ :

~ SUBROUTINE DM_DT | MINUSX \ : S

A routine based on Manstisld and Morris's solUtion of the Bloch equations, y
(NMR Imagmg in Biomedicine, Acadernlc Press, 1982)

' These equattons are solved for the RF field apphed along the negaﬁve
X- qxns in the rotatmg frame, .

A Runge Kutta ( 4th order ) solutionds used. It Cap be foun&n most
books on numerical analysis. .-

Global Variables ( as found in BLOCHD1D.FOR ):

M ----> a N+1 dimensional array of magnetization ~. .
components in N space. The first N indices
* correspond tt\the coordinates of the 'spin'
- in space. The last index.indicates the \
directional vector. i.e. )
M(x,y,z,d) represents ‘spin’ X,y.z and
component d of the spin.
de1isthex X component
=217y T
- 3 - L] - , , .
The bounds on the N indices afe declared
in BLOCHD1D.FOR

GRAD . ~--> a N dimensional array of magnetic field
- gradient values. The N indices  ~
define the point value of the gradient
( along the z-axis of course ) atthe -
corresponding’N-space location in aray M. o

.

Ht . T =->areal value for the current Hi ( or B1)fi eld

GAMMA -—-> a real constant that Is set to the gymmagnato
o ?  ratio for the spin species.

TIA ! ~-> a N dimensional array containlng the T
: values for the corresponding magnetization
voctors in array M. ‘

T2A ~-> a N dimensional array containlng the T2
. ~ values for the corresponding magneuzatlon o
vectors in anay M. ‘ .
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: . ;‘u\ ¢ .
(o] ‘TINC ----> is a real value for t.he incremental time step . ‘;.g
P ‘ ‘ .
c N \ ----> Is an integer valye for the number of steps
C to take in the Runge Kutta approximation, {
c ‘ .
(] .
0] oo R
C . : A
C. XDIM N !
Cc YDIM ‘ . o
C ZDM ----> Integer values corresponding to the dimensions L
c of the spin array in the experiment ( see. _ ) 4
c Ca entry for M array above ) @' ' - ‘
c . N — ny
C 4th order Runge Kutta routine 10 calculate dMX/dt U
C " . . - = S
INCLUDE BLOCHD1D.FOR' ‘ R - 1
C . . : Le LT . :
C loop through the array s L @
‘ DO Z~1,ZDIM \ v \
C , ‘ : . s
© ZIMX = M(Z1) }
- IMY = M(Z2.2) : o ‘ . N
ZMZ - M(Z,3) . | S | N
\T1=TIAZ) . o - N :
T2 = T2A(2) ' . R
ZW « TINC/FLOAT(N) ' ‘ oL
C .
C 4th order Runge Kutta routine to calculate dMX/dt, d/MY/dt, dMZ/dt 4 k
c
ZDEL_OMEGA = GAMMA‘GRAD(Z) ‘ - R ™
ZOMEGA1 = H1 * GAMMA ‘ L . S
DOI=1,N . : - . it
Cc : a . . , o,
Cdothe Kis’
C
‘ ZK1X = ( ZDEL_OMEGA*ZMY - ZMX/T2 )*ZW
ZK1Y = (-1.°ZDEL_OMEGA*ZMX - ZOMEGA1°ZMZ - ZMY/TZ) ZW
ZKIZ - (ZOMEGA1 *ZMY +(MO - ZMZ)yT1 )‘ZW : ' ;
C ' ’ ‘ ‘<
C do the K23 o , v o : ' .
' ZK2X (ZDEL OMEGA'(ZMY+ 5°ZK1Y) - (ZMX+ 5‘ZK1X)/T2 )W
ZK2Y « (-1."ZDEL_OMEGA"(ZMX+.5°ZK1X) ‘
2 . - ZOMEGA1*(ZMZ+.5°ZK12) - (ZMY+.5‘Z&(1J)/T FAWA L - A
. ZK2Z = (ZOMEGA1*(ZMY+.5°ZK1Y) - - . _ :
2 + (MO -7ZMZ - 5'ZK1Z)/T1 )W ‘
c :
CdotheK3s . ,
Cc
' 2K3X = (ZDEL QMEGA‘(ZMY+ 5°ZK2Y) - (ZMX+ 5'ZK2X)/T2 ) w
ZK3Y = (-1."ZDEL_OMEGA"(ZMX+.5°ZK2X)
-3 . -ZOMEGA1"(ZMZ+.5'ZK2Z) - (ZMY@S'ZKZY)/T 2)IW
e - ZK3Z = (ZOMEGA1*(ZMY+5°ZK2Y) ' : C T
3 + (MO - ZMZ 5'ZK22)/|'1)'ZW S ' ; .
; C - . ' - S
. C do the K4s : ) ‘ ' ‘ B ' L
C

ZK4X = ( ZDEL -OMEGA" (ZMY+ZK3Y) (ZMX+ZK3X)/T2 )'ZW ~
ZKAY = (-1."ZDEL_OMEGA*(ZMX+ZK3X) - ‘ ' .
4 - ZOMEGA1*(ZMZ+2K3Z) - (ZMY+ZK3Y)/T2 yzw o - - .
ZK4Z-(ZOMEGA1 (ZMY+ZK3Y) , ‘ C
+ (MO ZKSZ)/T 1 )'ZW :

a—

>%
e
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C and ﬂnallythe next approximation

C .

' ZMX = ZMX + 1./6." (ZK1X+ZK2X+ZK2X+ZK3X+ZK3X+ZK4X)
ZMY « ZMY + 1./6.°(ZK1Y+ZK2Y+ZK2Y+ZK3Y+ZK3Y+ZK4Y) -
ZMZ = ZMZ + 1./8.°(ZK1Z+ZK2Z+ZK2Z+ ZK3Z4 ZK3Z4+ZKAZ) -

. ENDDO

<

t

C set the arroy values back

M(Z.1) = ZMX
M(Z2) = ZMY
M(Z3)= ZMZ

END DO IZ LOOP .

RETURN
END.

cceeeee

S

\

b

‘ SUBROUTINE DM_DT_PLUSY '

A routine based on Mansfield and Morris's solution of the Bloch equations,
{ NMR Imaglng in Btomedlcine Academic Press, 1982)

These equattons are solved to: the RF field applied along the posnlve
y-axis in the rotating frame.

N

A Runge Kutta ( 4th order ysolution is used. I can be found in most
books on numerical analysts

Globag! Variables ( as found in BLOCHDtD FOR ):

M

GRAD

H
GAMMA

_TIA

—--> a N+1 dimensiona! array of magnetization .
components iri N gspace. The first N indices
correspond o the coordinates of the 'spin’

" in space. The last index indicates the
directional vector. i.e.
M(x.y.z,d) represents ‘spin’ Xy.z and
oomponent d of the spin. )
.d=1isthex component
- =2" * .

-3- - L] "

. The bounds on the N indices are declared
in BLOCHDtD FOR

S e>a N dimensional array of magnetic field

gradient values. The N indices
define the point value of the gradient
( along the z-axis of course ) at the
' oorresponding ‘N-space location in array M.

> raal value for the current H1 (orB1 Vield

S s> 8 roal constant that ls setto the gynomagneto

‘ ratio tor the spin spodes

—>aN dimensional array oontammg the T1
“values for the oonespondmg magnetizatlon
voctors in array M

1

&
Lb

(

L 2N
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C T2A . ----> a N dimensional array containing the T2 . \ : o :
c S values for the corresponding magnetization ST :
Cc vectors in array M.«
c . .
.C + TINC ‘ ----> is a real value for the incremental time step
- \C N © ----> Is an integer value for'the number of steps
| (o] to take in the Runge Kutta approximation.
. c n - !
/ c - /\ o ~
' C . . ' ‘ )
C XDiM - — N : L : .
.C ~ YDIM . )
C ZDiM L e imeger values corresponding to the dlmensmns T . .
c of the spin array in'the experiment ( see : .
c . entry for M array above ) . roe
Cc "
+ C 4th on;er Runge Kutta routme to calculate dMX/dt
- C
uN‘c UDE ‘BLOCHD1D. FOR
C .
C léop throug the array
Cc _ ]
C . a
ZMX = M(Z,1) A
"ZMY « M(Z,2)
v ZMZ = M(Z,3)
., TtaTIA@Z) Cos
T2=-T2A@Z) -
ZW = TINC/FLOAT(N)
" C 4th order Runge-Kutta routine to calculate dMX/dt, d/MY/dt, dMZ/dt
(o] : i o
ZDEL_OMEGA = GAMMA*GRAD(2)
ZOMEGA1 = H1 * GAMMA A
. DOl«1,N ;
€ do the Kis ' L .
C \ .
" ZK1X = ( ZDEL -OMEGA*ZMY - ZOMEGM IMZ - ZMX/I'2) AL ‘ v B
ZK1Y = (~1."ZDEL_OMEGA'ZMX - ZMY/T2)'ZW - L.
‘ ZK1Z = (ZOMEGA1'ZMX+(MO ZMZ)/T1 yaw * ,
C
'Cdo the’ K28 ‘ N
, cC. ..
a C o ZK2X = ( ZDEL _ OMEGA’(ZMY+ 5ZK1Y) - . ,
A 2 -ZOMEGA1 (ZMZ+.5°ZK1Z) - (ZMX+. 5°zmxyr2 yzw ¢ . L
. ZK2Y = (-1.°ZDEL_OMEGA*(ZMX+. 5'ZK1X) - (ZMY+ S’ZK1Y)/T2) rA B S
_ZK2Z « (20MEGAT*(ZMX+ 5'ZK1X) o e ' : Ry
.q‘?_ ‘ ‘«r(MOZMZ 5'ZK1Z)/T1)ZW S R o . ~ N
Cdothe Ks ~ ~  — : , S
C © . ._’\" . t ,\‘.
. ZK3X = (ZDEL 0MEGA‘(ZMY+ 5'ZK2Y) e T g
S 3 - ZOMEGA1*(ZMZ+.5'ZK2Z) - (ZMX+.5°ZKRX)/T2 )*ZW o
' » ZK3Y = ( -1.*ZDEL_OMEGA*(ZMX+. 5'ZK2X) - (ZMY +.5°ZK2Y)/12 )W
/° © ZK3Z = (ZOMEGM *(ZMX+.5'ZK2X . o
3 - +(MOZMZ 5'ZK2Z)/T1)'ZW A
C do the K4s , ' :
c ‘ 1
ZK4X (ZDEL 0MEGA‘(ZMY+ZK3Y) N B
. , . Q rv
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, . C (: .
+ Candg iinaily the next approximation o v
C

4 . -ZOMEGA1*(ZMZ+ZK32) - @MX+ZK3X)T2.)'ZW

" ZKA4Y a (-1.'ZDEL_OMEGA"(ZMX+ZK3X).- (ZMY+ZK3Y)/T2) w
ZKAZ = (ZOMEGAT*ZMX+ZK3X)

4 + (M0 - ZMZ - ZK3ZT1 )'zw :

ZMX = ZMX + 1./8.°(ZK1 zxzxakzmzxsmzxsx&x&m
ZMY = ZMY + 1/8.°(ZK1Y4ZK2Y+ZK2Y+ZK3Y4ZKY+ ZK4Y)
ZMZ = ZMZ + 1/8.*ZK1Z+ ZK2Z+ZK2Z+ ZKIZ+ ZKIZ+ ZKAZ)

END DO

C set the array values back

C . Y _

. M(Z,T) = ZMX e
M(Z2) = ZMY *
M(Z.3) = ZMZ -
ENDDO ZLOOP  * j
RETURN

- END
Cc

i

SUBROUTINE DM_DT_MINUSY

A routine based on Mansfield and Morris:g solutien of the Bloch equations.
( NMR Imaging in Biomedicine, Academic Press, 1982 ) -

These equations are solved for the RF field applled along the negative .-
ysaxis in the rotatlng frame.

A Runge Kutta ( 4th order ) aolutton is used it can be iound in most
 books on numerical analysis

Giobal Variabies (as iound in BLOCHDtD FOR )

M . =->a N+l dtmensional array of magnetizatian
components in N space. The first N indices »
correspond to the coordinates of the *spin’
in space. The last index indicates the

. directional vector. i.e. -

M(x.y.z;d) represents ‘spin’ x.y 2 and
. , ‘component d of the spin. =
. IS - d=1isthe x component -
- 2 . w - N

=372 *

The bounda onthe N Indices are dedared
in BLOCHm D. FOR

-y GRAD .| ~—>aN dm;enaional array of magnetic field-

. C ‘ - -gradientvalues, The N indices. . .
define the point value of the gradient '

-( along the z-axis of course ) at the’
correspondlng N~space location in array M.

~>a real value for thOcurrent H1 ( or Bt )tieid

X
-

_ratio ior the spin speaea

GAMMA : -~<> a'real eonatant that is settothe gymmagneto ‘

. . - * . "‘.‘ "
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TIA . —>a N dimensional array go?nalnlng the T1 ’ :

. values for the corresponding magnetization - o \

‘vectors in array M. - : »

T2A+  --3aN dimensional array oomatnlng the T2 o
‘ " : values for the corresponding magnettzatuon o e
vectors in array M. ‘
TINC —->lsa real value for the incremental time step

N ---> i{§ an Integer value for the number of steps
‘ to take in the Runge Kutta approximation,

- XDIM ‘
YDIM X
ZDM T e |nteger values correspondmg to the dimensions
“of the spin array in the experiment ( see
. entry for M array above ) ‘

4th‘order Runge Kutta- routine to chlculate dMX/dt
" INCLUDE ’BLOCHD1D FOR

Ioop through the array

O 000 0000ROOD0ON0OO00OOOOO0N0

DOZ-].ZD'M ! TNEY

ZMX=M(Z1) ‘ ' ' \ .
ZMY = M(Z2) SR |
ZMZ = M(Z3)’ n o
T1 = TIAQ) S T )

| 12 T2AQ) S S o o
. DW-TINGFLOATIN) o | . , o,
¢ 5 | T

C 4th order Runge Kutta routlne to calculate dMX/dt, d/MY/dt dMZidt - . tN

c o .
ZDEL OMEGA = GAMMA*GRAD(2Z) : .
ZOMEGA1 = H1* GAMMA

DOf=1.N : _ ’ -
CdotheK1s . R . » ‘ : "-,‘
(o} , , :
 ZK1X = (ZDEL OMEGA*ZMY + ZOMEGA1°ZMZ - zmxnz)zw | : -
- ZK1Y = (-1.°ZDEL_OMEGA'ZMX - ZMY/T2)'ZW : A L
. ZK1Z- (1'ZOMEGA1'ZI\1X1-(MO ZMZ)/T1 rzw_ oo o
4CdotheK2s ' CL C ! ‘ . T . i3
3 o LT
L ZK2X~(ZDEL 0MEGA'(ZMY+5'ZK1Y) A L
2 4+ ZOMEGAT*(ZMZ+5°ZK12) - (ZMX+.5°ZK1X)/T2 )-zw - i
ZK2Y = (-1.'ZDEL_OMEGA*(ZMX+5°ZK1X) - (ZMY+ 5‘ZK1Y)/T2 ) zw .
ZK2Z « ( -1."ZOMEGA1*(ZMX+.5'ZK1X) - R
o 2 .:-+(M02M; SZKIZYTIYyZW - e
. CdotheKas R AP T G
. C ' ‘

ZK3X = (ZDEL OMEGA'(ZMY«;- 5°ZK2 S
3. +ZOMEGA1*(ZMZ+5'ZK2Z) - (ZMX+ 5'ZK2X)/‘I'2 yZW =
ZK3Y = (-1."ZDEL_OMEGA"(ZMX+.5'ZK2X) - (ZMY+. s'zxzv)/rz rzw
' ZK3Z = (-1."ZOMEGA1*(ZMX+.5°ZK2X) - 4
T3 oz s'zxzzyn)'zw



' C'dothe K4s o o L : - '
o ZK4X = (ZDEL OMEGA® (ZMY+ZK3Y) \ o ‘
‘ 4 "+ ZOMEGA1*(ZMZ+ZK3Z) - (ZMX+ZK3XYT2 )'ZW . o
, ZKA4Y = ( -1."ZDEL OMEGA*(ZMX4ZK3X) - (ZMY+ZK3Y)/T2 ) ZW o ‘
- ZK4Z = ( -1."ZOMEGA1*(ZMX+ZK3X) . . r
- lrwoauzmmmrnv.‘ S - : C
c - | o
C and llnally the next approximation ‘ ‘ ' ‘
c ' S ‘
: ZMX ZMX + 1./8.°(ZK1 X+ZK2X+ZK2X+ZK3X+ZK3X+ZK4X) : ’
S ZMY = ZMY 4 178, (ZK1Y+ZK2Y+ZK2Y+ZK3Y+ZK3Y+ZK4Y) r .
. = IMZ = ZMZ + 1/8. (ZK$Z+ZK22+ZKZZ+ZK32+ZK32+ZK4Z) CL : ‘
- ENDDO ‘ - ‘ C
. Cset the array values back ‘ ‘ ‘ ,
c , B, o L
C ‘Man nu B , ‘ oo ‘ .
‘ . MZ2)=2zMY - . o ‘ o ‘
MZ3)-2MZ o | S
END DO 12 LOOP R oo ‘ - : o ;
" RETURN .. | | SR . ' o
 END. | S ‘ g ‘
CCCCCCCCeeeeeceeeeeeeeceeeereecerccceeeeocereceoecoeoceeeereeeeccceecceccccee
C .
SUBROUJ’INE NO RF GRADIENTS ON_IDEAL .
o]

C This routine calculates what the components of the magnetlc moment should
,C be'along each axis in.N-space when there is ** 'NO ** 1.1. energy input .
Cto the system end there are gradients on'!l|

c
. C This routlne may be used after any pulse event.

C The equatlons descnblng this are given in "NMR Imagmg In Btomedncme
Cc by Manstleld and Morris

C o ' 4 ‘

C Thls routine only approxtmates the results of having the gradlents on tor
C atime ( TINC ), i.e. the Bloch Egns. are not solved, only the'intuitive

C solutions ( what one suspects should happen ) are used :

Global vanables L . \
T ’ ~->a real value for the time elapse in the?lse .
' . “program ‘( or experiment i you like ). ,

TING * - > arealvaliefor the time the spins are to
e : ‘ be allowed to precess under a gradlent
_':T,1A o '-->athmenslonal array oontalmng the T1
- . values forthe oorresponding magnetlzatlon
e iR vectorslnarrayM. . ‘
o TeA ‘ —%aN dimensional array oontalmng the T2
I - “values for the oorrespondmg magnetlzatlon
: o vectorslnanayM o :
M o ‘_-->aN+1 dlmenslonal array of magrfetlzatlon =

:Qoabn606006006dooooo

oompononts in N space The first N mdloes
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oorraspond to the coordinates of ‘the 'spin’ |
in space, The last index indicates the
directional vector. |.e.
‘ M(x.y.z,d) represents 'spin’ x .,z and
_ component d of the
A ‘ o d=1 Isthex oomponent

O‘O_OOOOOOOQOOOQOOOOOQOO

The bounds on the N indices are declared

in BLOCHD1D.FOR ‘ o
S(DIM o . ) Lo K , ' W
. YDim . . o 0 .
DM ----> Integer values corresponding to the dimensions =~ . ‘

*of the spin array in the experiment ( see
. entry for M array above )

INCLUDE BLOCHD1D.FOR'_
ZP1- 31415826 - . .

DOZ=12DM L — \
TMa T1A(Z) - . A

: T2 = T2A(Z) ‘ '

- C

G determme the future value of TINC seconds from now

C

M(Z 3) = M(Z3) - (W(Z,3)-M0) *
o (1-EXP( TINC/T1))
C
C now fmd what the’ oomponem in the Xy plane will be in TlNC seoonds
o} .
’ ZM_XY = SQRT( M(Z.1)"2 +MZ2)2) .
IF (ABS(M(Z,2)).LE.1.E-28) THEN . -
' IF(M(Z,1).NE.0.0) THEN
ZTHETA = 3.14159265/2.0 * M(Z, 1)/ABS(M(Z 1))
- ELSE
ZTHETA =3, 14159265 /2.0
: END IF ‘
‘ - ELSE
; ZTHETA ATAN( M(Z.1)/M(Z 2))

IF(M(Z.2).LT.0.0.AND.M(Z,1).LT.0.0) THEN o <

! +ZTHETA = ZTHETA - ZPI
: "~ ENDIF -
IF(M(Z,2).LT.0.0.AND.M(Z,1).GT.0.0) THEN
. ZTHETA=ZTHETA+ZPl °

ENDIF
. ENDIF
‘ ZDEL OMEGA = GAMMA'GRAD(Z)

C for Mx N R S

vc : o
o ' M(Z,1) ZM Xy:* SlN(ZDEL OMEGA"TINC+ZTHETA) BRI
P o EXP(-TINC/TZ) o L
ey | ‘

Cfp,rMy ‘ ‘

Mz2)- zm xv COS(ZDEL OMEGA'I’INC+ZTHETA)
X mcrrz; | |
ENDDO o
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C update global time T

. T-T+TNC p ‘ oL S
c co Y ‘
| RETURN = | F ‘
3 END - > : ., | _ | ,
C . [ N ' ' . . ’
C

SUBROUTINE NO_RF_ GRADIENT S ON
C

.. CThis mutme calculates what the oomponems of the magnetic moment should,

C be ‘aiong each axis (X, Y, Z) when there Is ** NO ** rf, energy input
Cto the system and there are gradients on " \
C

C This roxmne may be used after any pulse event.

c
C The equaﬂons describing 1h|s are given in "NMR Imagmg In Biomedicine®

C by Mansfield- and Morrls pg: 45,46

Global variables;

T " ~->areal yalué for the time elapse in the pulse
program ( or experiment if you like ).

; TINC . ----> areal value for the time the spins are to
‘ « . be allowed 1o precess under a gradient.

TIA © i->aN dlmenslonal array containing the T1 -
o ) ,.valug$§tar the corresponding magnetization

‘ veciQrs in array M.

T2A ,—>aN dlmensmnal array containing the T2

S values for the corresponding magnetlzatlon
vctors in array M. '

M ~$a N+1 dimenslonal array of magnetization

mponents in N space. The first N indices
correqund to the coordinates of the spin’
in space. The last index indicates the
dlrec1|ona| vector. i.e.
M(x,y z,d) represents 'spin' xy.z and
* . 'component d of the spin.
de tisthex component
S =2ty
.o ‘-3" " z "

" The bounds onthe N mdvces are declared

, in BLOCHD1D FOR .
L XomM oL N
"YDIM o ‘ ‘ ‘ o
oM e lmeger valués correspondmg to the dumensions
S o - of the spin array in the experiment ( see :
' S emryforMarrayabove)
INCLUDE 'BLOCHD1 D FOR'

ddoaoooodopoocooooooooooooooodooooodoOoooo

- T set tlme llmit a temp time vanable, save the global t|me mcrement “

e : € and sel TINC to the propér step size

x,‘
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<

) Z-r - T . I N ' . ! ‘ ' . . --./l I
ZUMIT =« T+ TINC ‘ , S ‘
ZTINC=TINC
DO WHILE(TINC.GT,MAX TINC) .
' TINC = TINC2, o , '
END DO ' . ‘
C t T L Y
o DO WHILE(ZT LT. ZLIMIT) b . ‘ , o
%DM oT PLUSX o Do S ) ‘
C up&ate the time ZT s N o ! ' .‘ ' | ‘ !
!
ZT ZT + ﬂNC ‘ ) : o
IF((ZLIMIT-ZT).LT.7INC) TING = (ZLIMIT-ZT) T ' .
END DO 0 ‘ n o / :
C. '
C update global time. T
- T=ZT
TINC = ZTING
¢ o .
: RETURN ‘ = '
: END L o ot ‘
SUBROUTINE NO' RF_NO_GRADIENTS ' | o '
C . .- . l‘ ) ) t . - ‘ .‘
- C This routine calculates what the components of the magnetic moment should .
C be along each axis ( X, Y, Z) when there is ** NO **.rf, energy input - ., -
Cto the system and there are ** NO ** gradrents on lil ‘ _ t
c Fo .
C Thts routlne may be used atter any pulse event,. . .
C . | '
C The equations descnbmg thts are given in "NMR lmaglng In Btomedlcine Co
Cby Mayﬁeld and Morris, pg 45,46 . e .
C .
- C , o ,
Cc. ‘Glol bles: : N
B C - ) "4 | k . : L ! ' . . . )
(o T : ~--> a real value for {he time elapse in the pulse PO
Cc program ( or experiment if you like ), : ‘
.C TINC ' ~—-—>arealvalue for the time the spins are to - A
(o] -be allowed to precess under a gradient v
o - .
Cc TA ~* —>aN dtmensronal array containing the T .. : o
C. " values for the oorrespondlng magnetrzation o S
. C vectors inamayM. - ~ :
c ‘ , ) ' . . .
c T2A - aNdrmenssonaI array oontammg theT2 "-. .. - i
S C i L - values for the correspondmg magnetlzatlon L o T Lo
- C vectors in array M. L e ! _
C. . - ‘ ' ' AR '
G, M . ' —a N+1 dlmensronal array ot magnetlzatron , : , S
G . ' "components i’ N space. The first N indices '
G . oorrespond to the coordinates of the spin S e
c in space. The [ast index indicates the ‘ S S ‘
-G directional.vector. i.e. * ' C e
C - Mx.y.z,d) represents ‘spin’ x yz and o
Cc ' component dofthespin. -
C

. d-trsthexoomponent K

e .
. - v

)
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-2- .y -

v ' ‘ T -3" "2 - .
" _~
The bounds on'the N indices are declared
in BLOCHD1D.FOR 5
c ) o ) - 0
, © Y& xomM: - o .
C 72 YOIM™ o . :
C C&?PIM : . _---» Integer values corresponding 1o the dimensions
c . of the spin array in the experiment ( see
c - ' entry for M array abave ) -~
C '
‘ INCLUDE BLOCHD1D.FOR'_
C
DOZ-1Z20M
‘ T = TIAQZ)
\ T T2aT2AR) Lo
o] ‘ D e ™ )
C determilne the future value of Mz TlNQSeconds from now, '
C N ‘ . )
M‘(Z 3) « M(Z, 3) (M(Z',B)"-MO) *(1.-EXP(-TINC/T1))
c
iC now hnd what the componem inthe’ Xy, plane will be in TINC seconds
c .
‘ZM xv 2 SQRT(M(Z, 1)"2+ MZ.2)*2)
JF (ABS(M{Z,2)).LE.1.E-28) THEN
IF(M{Z.1).NE.0.0) THEN -
ZTHETA =3, 14159265/20 " M(Z, 1)/ABS(M Z,1)) T ‘ .
ELSE . .
' ZTHETA=3.14159265/20 '
END IF
ELSE
ZTHETA « ATAN( M(Z1)/M(Z 2)) ,
_ENDIF | , '
C ‘ : .
C for Mx . ‘ K 4 D
c .
M(Z,1) = ZM_XY * SIN( ZTHETA )"EXP(-TINC/T2)
7
* CtorMy, 3 A # v M
Cc
M(Z.2) = ZM XY * COS( ZTHETA )*EXP(- TINC/TZ) et
C . /’l"
. ENDDO - : '
. C !
C adjustthe time ’ *
C -
- TaT+TINC |
Cc ) \
"REIVRN ‘ ,
END o . ' .
Cc ‘ ‘ .
c o
» SUBROUTINE AGQUIRE SIGNAL( ZDWELL )
Cc
, C This routine uses again the BLOCH equations'as solved for the situation  *.
C of no tf. energy bbmq input to the system
C The array of spins bshmpied *N" times over a period "TINC". The samples n
C are storeddas ooinp!ex points ( ala quadrature sensitive detection ) and ‘
R ' . “ / . ) oJ
5; & e ,
{ .
e . .
& £
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o

C In the following format;

Cc : real == y-axis magnetization component
Cc imag == x-axis ~ "

C The results from one call aré pushed onto a stack and should be placed
C In the final'array TIME_DATA at the end of the simulated experiment,

Passed variables:
ZDWELL ~---> a‘real value for the sampling period

Global varlables:

T ~---> a real value for the time elapse in the pulse
program ( or experiment it you like ).

TINC " .--> a real value for the time the spins are to
be allowed 1o precess under a gradient,

D000OO0TO000C0N00000

M ~~->" a N+1 dimensional array of magnetization
components in N space, The first N indices
correspond to the coordinates of the ‘spin’
in space, The last index indicates the '
directional vector. i.e, '

“ M(x.y,2,d) reptesents ‘spin’ x,y,z and
component d of the spin,
d = 1is'the x componeft

-3..2 - '

_ The bounds on the N indices are declared
in BLOCHD1D.FOR

XDIM

YDIM :

Z2DIM ----> integer values corresponding to the dimensions
of the spin array in the experiment ( see

[oloXeoXoRoloJodoNoXoRoXoNoNoNe!

b3

INCLUDE ‘BLOCHD1D.FOR . :
INCLUDE ‘BLOCHSTK.FOR' ,

C ] '

.C save the value of TINC - f

c 8 .

ZTINC = TINC , ' .

ZDEL_TINC =~ ZDWELL ‘

ZT=00 .
NUM_PUSHES =0 . -
NPHASE = ZPINC/ZDWELL

reset TINC for calls to NO_RF_GRADIENTS_ON _ .

.

TINC=ZDWELL - *

O O 000

© CALL INIT_STACK

«~ DO WHILE(ZT.LT.ZTINC)

ZT=ZT+ZDEL TINC .

CALL NO_RF_GRADIENTS_ON -
C
C now get the real and imaginary data

C
ZREAL = 0.0
ZIMAG = 0.0

2" "y ° . -
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DOZ=12ZDIM
ZREAL = ZREAL + M(Z,2)
IMAG = ZIMAG + M(Z,1)
ENBIDO
DATA = CMPLX( ZREAL, ZIMAG )
CALL PUSH(DATA)
NUM_PUSHES = NUM_PUSHES + 1
END DO
. C- ‘
C adjust the stack If necessary
S ‘ )
- .~ DO WHILE(NUM_PUSHES LE NPHASE)
CALL PUSH(DATA)
NUM_PUSHES = NUM_PUSHES +1
END DO :
TYPE *'NUM_PUSHES = NUM_PUSHES

»

C | . n .

C restore TINC vatue but dont bother with global time adjustment as
C NO_RF_GRADIENTS_ON takes care of it.
C ‘ :
C

TINC=ZTINC = =~ . ' ’

RETURN
END

v SUBROUTINE ACQUIRE_SIGNAL_IDEAL(ZDWELL )
C ’ .
C of no r.{. energy being Input to the system.in the ‘ideal’ routine

CNO_RF_GRADIENTS_ON_IDEAL.
c

C The array of spins is sampled "N” times over a period "TINC", The samples
C are stored as complex points { ala quadrature sensitive detection ) and

C in the following format;
C v real == y-axis magnetization component
C imag == x-axis " N .

C The results from one call are pushed onto a stack and should be placed
C M the final array TIME_DATA at the end of the simulated experiment.

i’assedvvarlables: .

Global variables:
program ( or experiment if you like ).

be allowed to precess under a gradient.

-

in space. The last index indicates the
directional vector.Le. ~

component d of the spin.

[sXeoXeXoXeXeXeYoXeNoloRololodoRoloNoXo o N o N oo

-

-3- -z.»./

C This routine uses again the BLOCH equations as solved for the situation"

ZDWELL -~--> areal value for the sampling perioé\/

T ----> a real value for the time elapse in the pulse
TINC : «--> & real value for the time the spins are to

. . . X I
M —-->a N+1 dimensional array of magnetization . .
: components in N space. The first N indices
corregporid to the coordinates of the ‘spin’

M(x.y.z,d) represents ‘spin’ x,y,z and -

LY

d = 1 is the x component
-2. .y -

Y
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c .-
C The bounds on the N indices are declared
C A in BLOCHD1D.FOR
C L]
]
C . - M
Cc XDIM o *
C YDIM .
8 ZDIM ' ----> integer values corresponding to the dimensions
INCLUDE ‘BLOCHD1D.FOR'
INCLUDE BLOCHSTK.FOR'
C .
C save tj\e value of TINC
ZTINC = ﬂNC
ZDEL_TINC = ZDWELWL
ZT = 0.0

NUM_PUSHES <0
NPHASE « ZTINC/ZDWELL

resetTINC for calls to NQ_ RF _GRADIENTS ON

W
TINC = ZDWELL

O 0O 000

CALLINIT STACK

DO WHILE(ZT.LT.ZTINC)
ZT« ZT + ZDEL_TINC
* CALL NO_RF_GRADIENTS_ON_IDEAL .
Cc - ‘ : -
C now get the real and imaginary data
C . !
ZREAL = 0.0 )
ZIMAG = 0.0
DOZ =12ZDIM
ZREAL = ZREAL + M(Z,2)
' ZIMAG = ZIMAG + M(Z,1)
END.DO _
DATA = CMFLX( ZREAL, ZIMAG)
CALL PUSH(DATA)
NUM_PUSHES = NUM_PUSHES + 1 : <
END DO ’
Cc -
C adjust the stack |1 necessary ,
C .

DO WHILE(NUM_PUSHES.LE NPHASE)
CALL PUSH(DATA)
NUM_PUSHES = NUM_PUSHES + 1
END DO
" TYPE" “NUM_| PUSHES *NUM_PUSHES

Cc

C restore TINC value but don‘t bother with global time adjustment as
C NO_RF_GRADIENTS_ON_IDEAL takes care of it.
] ' - : .
c

TINC=ZTINC .
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c .
C This is a routine to set the gradients. It should be invoked for each

C of the three directions of gradients at each gradient step in the pulse

C program. So the gradient array, ‘GRAD', should be cleared at each stép
C before the new gradient values are set. “This is because the gradient

.C steps are added to the current gradient valuel

C
C Passed Variables:
C ' .
C DIRECTION ---> a single character value indicating thet
Cc ' ) direction of the gradient A
(o} : » ' : .
Cc START . 4 ----> a real value for the starting value of the
C B gradient at the edge as given in DIRECTION
c - : :
c ~ END ----> a real value for the finishing value of the
C ‘ gradient at the far edge as given in DIRECTION
C
- C Global Variables ( as found in BLOCHD1D. FOR ):

C
C GRAD ----> a three dgmenslonal array of magnetic field
C gradient values. The three indices (x.y,z)
C " define the point value of the gradient
C ) ( along the z-axis of course ) at the
C : corresponding (x,y,z) loction in array M.
c , B ' .
C M ----> a N+ 1 dimensional array of magnetization
c tomponents in N space. The first N indices
C correspond to the coordinates of the ‘spin’

- C . in space. The last index indicates the
C directional vector. l.e.
Cc M(x.y.2.d) represents ‘spin’ x,y,2 and
C component d of the spin. *

. C ' d = 1is the x component

.C -2y L.

N C -3 " ® z L]
c :
C The bounds on the N indices are declared
C in BLOCHD1D.FOR
¢ .
Cc
Cc . . .
o] XDIM -
c 'YDIM
g ZDIM -> mteger values correspondmg to the dimensions

INCLUDE ‘BLOCHD1D.FOR'

CHARACTER"1 DIRECTION
: REAL*4 START, END
¢
C check for gradient out of bounds where the 'bounds are as "defmed‘
C on the BRUKER spectrometer

C

IE(DIRECTION 7 AND.ZDIM. GT 1) THEN
ZSTEP = (START-END)FLOAT(ZDIM-1)
ZTEMP « START o .

© DORZ=1ZDIM - ,

. GRAD(IZ) =« GRAD(IZ) + ZTEMP

. ZTEMP » ZTEMP - ZSTEP
END DO

ELSE © -
TYPE* 'GRADIENT ERROR. A ilegal gradaent specmcanon
ggg . was glven Bye bye..."

203

™



END IF -7

RETURN
END

%

SUBROUTINE PUSH( DATA )

Push a complex point on top of the stack I . v | f
' INCLUDE BLOCHSTKFOR'

IF(POINTER EQ.BUFFER_LIMIT) THEN
TYPE *, Too much data has been acquired { ( ILLEGAL PUSH )
*  TYPE * oo bad, this program has explred
-CALL SYS$EXIT() e
ELSE - '
POINTER = POINTER + 1
ACQ_BUFFER({ POINTER ) = DATA
ENDIF

c ‘ . " . . .
RETURN. o : ‘ .
. END ‘. ' | S

CC

.0 000 O©

CCCceece
C o '
SUBROUTINE PULL( DATA)
C . ‘ .
CPulla complex pomt from the top of the stack = - - . |
c ‘ .
INCLUDE 'BLOCHSTK FOR' ‘
C
IF(POINTER EQ.1) THEN . :
TYPE *, Too much data has been removed from the stack I'
4 TYPE*(ILEGALPULLY
TYPE ','tdo bad, this program has expired...’
CALL SYSSEXIT() , _ ), . o
ELSE - . - o
DATA = ACQ ) BUFFER( POINTER) ; .
.~ POINTER = POINTER - 1
ENDIF —

RETURN
END

SUBROUTINE INIT STACK
Inmallze the satck
INCLUDE 'BLOCHSTKFOR
DOI-1 65536 - ‘
“ACQ BUFFER(I) {0.0, 00)
END DO . ; o ,
BUFFER LIMIT-65536 ‘ o '

“END S ‘

oooo‘o
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¢ceeeee

c : | ,
. t [}

— SUBROUTINE% FFT1(NN)
C o

C Subroutine to calculate-a fast fourier transform (fft).

C This program Is taken from Brighamm, E.O.: The Fast Fourier |

C Transform, .164, Prentice-Hall Inc., 1974,

Passearlables

NN . =“>an integer value for the number of pomts '
: to fourler transform. It may have values
of 2**iwherei=12, ...,9,10’

\

oooooob

IMPLICIT INTEGER"4 (I-N)
REAL"4 XR(1024),X1(1024),CC(1024),5S(1024)
INTEGER*4 JP(1024,10),JBITR(1024)
_ COMMON FFTARR/ XR XI.
DATY\ PU3.14159265/

IF(NN.LE.0.OR.NN.GT.1024) GO TO 200
DUM1=FLOAT(NN) .
DUM1=ALOG(DUM?1)

 DUM2-ALOG(2.0)
DUM2=DUM1/DUM2
NU=NINT(DUM2)
Nu2NU
IF(N.NE.NN) GO TO 200
CON=2.0°PIN |

c
g SETUP SINE AND COSINE- VALUES
. DO 12NUTP1a1,NU
.NU1=NU1P1-1 P
DO10KPI=IN  * - ) ,
© KaKPi-1 . - .
JP(KP1,NU1P1 )-(K/é“-Nmm ‘
1OCONTINUE
.12 CONTINUE
c N
© DO14JPlaIN
© JmJP1-1.
JBITRJP1)<IBITR(, NU) .
ARG-CON'FLOAT(JBH‘R(JP1))
CC(JP1)=COS(ARG) _
SS(JP1)=SIN(ARG) .
J14CONTINUE = - o ! \

v

,..‘ ) ) ! .‘,. I

"ENTRYFFT2 ..
Ne=NR2 -
“NUtaNU-1
Ked - -

DO 100 L1, NU

102 DO 101 l-1 N2
'KP“-K'H
NU1P1=NU1+1

CJPI-PRPINUIPY) A

~ CeCC(JP1) |
. . S=SSWUP1) T | B
CKteKet o 0
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101 KaKs1 ~

-

K1N2=K1+N2 |

. TREAL=XR(K1N2)" C+XI(K1N2)* s

TIMAG=XI(K1N2)"C-XR(K1N2)'S
XR(KIN2)=XR(K1)-TREAL
XI(K1N2)=X(K1)-TIMAG
XR(K1)=XR(K1)+ TREAL
XI(K1)=XI(K1)+ TIMAG

KeK+N2
IF(K.LT.N) GO TO 102

- K=0

NU1=NU1-1 ‘ o

100 N2=N272.

DO 103 K=1,N
[=JBITR(K)+1 ‘

" IF(LLE.K) GO TO 103 -

TREAL=XR(K)

" XR(K)=XR() -

C

XR()=TREAL |

- TIMAG=XI(K)

XI(K)=XI(l)
XI()=TIMAG

-. 103 CONTINUE

RETURN

C

C ERROR ROUTINE

200 TYPE 202

202 FORMAT(0"** FFT SUBROUTINE ERROR - ILLEGAL "N" VALUE **

C

STOP
END

-

Cc

FUNCTION IBITR(J NU)

. .IMPLICIT INTEGER"4 (| N),

St

IBITR=0 |

DO 200 t=1,NU

212,
IBITR=IBITR"2+(J1 2:92)

200 J1=J2

RETURN'

END

c

C

INCLUDE '‘BLOCHD1D. FO'R

c-

DOKa=1, ZD|M :
Co GRAD(K) 00
ENDDO :

RETURN
END

. 'SUBROUTINE INIT_MAGNETIZATION -

Ca routlne to clear the gradlents itis like RAin TOMIKON ‘

v

Y

b e

)

) . . ! . ( . ! - N " ! ‘ L
SUBROUTINE CLEAR_GRADIENTS
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set initial' magnellzatlon and values for the T1 and T2 arrays
Global Varlables (as lound in BLOCHD1D FOR )

TiA =->aN. dimensional array oontammg the T1
values for the corresponding’ magnetrzatron
vectors In array M

T2A ¢ -—->aN dlmenslonal array oontalnlng the T2
values for the corresponding magnetlzatron
vectors in array M.

-

M ' > 8 N+1 dimensional array ol magnenzatlon
components in N space. The first N indices
correspond to the coordinates of the "spin
in space. The last index indicates the
directional vector. i.e.
M(x,y,z.d) represents ‘spin’ x,y,z and
componem d of the spin.
d=1isthe x component '
- 2 » L] y L2
= 3 -" -

The bounds on the N indices are declared
in BLOCHD1D.FOR

XDIM

YDIM
ZDIM . ----> integer values corresponding to the dimensions

o,

INCLUDE BLOCHD1D.FOR

DOKat,ZDIM . : .
M(K,1).= 0.0
M(K.2) = 0.0
M(K.3) = 100.0
END ‘ r .
) C !
C T1 and T2 values

(@) OOOOOOOOOOOb0()00000000000060000006

s

- ZT2 = 500. OE-3 - Iseconds
DOKa 1,ZDIM ,
TIA(K)=2.0 | seconds .
T2A(K) = ZT2 | seconds". - :
ENDDO

~ “—RETURN
END
e SUBROUTlNE HARD PULSE(AXIS TQE ANGLE)

Ca routlno to apply a squaro shaped it pulse along any axis fong enough
C to tlp the splns lhrough the number of degrees grven in ANGLE o

e
Passod Variables e : o
AXlS S -——> acharacter'2 value for the dlrecﬂon otH1

'%pdoo
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0000000000000

c

+

L o (canbe+X X 4Y,-Y)
TIME - ----> a real'value for the duratlon of the RF pulse
ANGLE L ee> @ r‘eal value for the tip angle

Glpbal Variables ( as found in BLOCHD1D. FOR )
H1 - > 8 real value for the current H1 ( or B1 )held

' GAMMA o ----> a real constant that is set to the gyromagnetlc :
« ratio for the spin species. .
‘ TINC . RSN Is a real value for the incremental tlme step
" . INCLUDE ‘BLOCHD1D.FOR' T
REAL?8 TIME, ANGLE W o oo '
CHARACTER 2 AXIS

C check ‘the axis.. 'It not +)£ +Y x or -y, then change tox
¢ e
IF(AXIS NE X", AND.AXIS NE."X' AND C
1. . AXIS.NE,'+Y"AND.AXIS.NE." Y) THEN
o AXIS = +X . ' ‘
END IF - '

-C

C calculate H1 fueld strength
o]

ZTIME =T + TIME , 190 degree pulse time
T=T - P . ' . .
TINC=TIME
DO WHILE(TINC.GT,MAX TINC)

TINC = TINC2. . '
END DO ‘

Cdoit

DO WHILE(ZT LT.ZTIME) '

IFAXISEQ+X) THEN , o
CALLDM DT PLUSX . = - “ .
ELSE IF(AXIS.EQ.-X' TH N e ¥ ; ,

“CALL DM_DT_MINUSX o
ELSE IF(AXIS.EQ.'+Y) THEN ,
CALLDM DT PtUSY .
"ELSE : | , L
CALL DM_DT_MINUSY : N
ENDIF - | e .

| ZTeZT+TNG | |
IF((ZTIME-ZT).LT. TINC) TlNC (ZTIME ZT)
“ENDDO - ,
c. :
Cturn otf rfand adjust the tlme ' Co
C " . ) ot o .
'H1 =00

. 'SUBROUTINE HARD_90_X_IDEAL( ZTIMES0) -

o H1-ANGLE'31415926/180/(T|ME GAMMA) | TESLA

- 208
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Ca routme to dpply a square shaped f pulse along the x-axis long enough
Cto np the spins through 90 degrees via trigonometnc calgulatlons

N v

Passed Vanables v

N

'INCLUDE ‘BLOCHD1 0. FOR

o o ooooob

. DOZa12DM . .
T1-TIA@) :
' T2-T2AQ)
C .

* C now find what the component in the yz plane wiII be in ZTIMES0 s
C
ZM_YZ = SQRT( M(Z 3)° "2+ M(Z2)"2) C
O IF(ABS(M(ZZ))LE1£ 28) THEN . -~ B
" IF(M(Z.3).NE.0.0) THEN ‘
ZTHETA = 3.14150265 /2.0 * M(Z 3)/ABS(M(Z.3)) :
ELSE
" ZTHETA =3, 14159265 /2 0
ENDIF. -
ELSE -
ZTHETA = ATAN(M(Z, 3)/M(Z 2))
IF(M(Z,2).LT.0.0.AND.M(Z,3).LT.0.0) THEN
o . ZTHETA = ZTHETA + ZPI '
- END IF
~ IF(M(2,3).LT.0.0,AND.M(Z,2).GT. o 0) THEN
ZTHETA = ZTHETA - ZP
ENDIF o
CENDIF -~ - L ) .. -
C . v ' PR C
C rotate the angle 90 degrees (fromZto Y II)

c L

‘ ZTHETA - ZTHETA -ZPV20
c
Cand reset MZ and MY(and let MX decayalmle)
| "Cfoer . .,
o © M@Z.1) « M(Z,1)'EXP(-ZTIME90/T2) -
~ClorMy -1 . lvv"‘.‘ L

¢ .
’ L M(Z.2) ZM YZ* OOS(ZTHETA)
1 , EXP(-ZTIMEQO/TZ)

" ClorMz
C.
M(ZS)-ZM Yz* sm(zmem)

Mcz.a) M(Z,3) ‘(M(za Moy
N -EXP(-ZTIMEgom))
ENDDO

zr IMEQO o —->areal value for m; duration of the RF pulse

ZP1-3.1415926 -

' ZTME - TeZIMEQ .. 180degres puiss o

. gad]ustthetlme R

T-ZﬂME
H11°.°.

- e
R Y
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RETURN
END - : . ~ : -

' ceecece .

C Lo } ) e . ' ,‘ ) .
_ ' SUBROUTINE HARD_ 180 Y_IDEAL( ZTIME180 )
C .
C Aroutine to produce a hard 180 degree pulse along the Yaxls via
(¢} trlgonometnc calculations, ‘

- C -
°.C . Passec& Variables: . ‘ ‘ . ’
Cc ZTIME180 ~-> a real value for the duiation of the RF pulse - Lo Loe a
‘ lNCLUDE 'BLOCHD1 D.FOR‘ ‘ . . ‘ o B
; ~ TINCa= anE1eo L BN
¥ CALL NO RF GRADIENTS ON lDEAL I calculate the decays L ‘ ) '
C emulate a 180 along the y axns e ‘ o |
C ' . . ‘ . 2 ) \ o o V
N DOZ=1.2DIM g o o o »
B M(Z.3) = M(Z,3)":1.0° l . B ‘
S M(Zl)-M(Zt)to : ' o . o
. ENDDO: . . ) ‘ : K \
i L BETURN ) . }\ ) y‘ . . \ “ . . .‘
C . R ‘ f P \ o ! ' ’ . . ' ’ ' o i .
CCCCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCCCCeeererceeeeceeeeceeceeceeecece
C " .
gUBROUTlNE SOFT PpLSE( AXIS, ZTIME, H1_VECT, NSTEPS ) A
c .o t Lt
C aroutine to apply a shaped A pulse along any axis - , : L Gt ,‘33
C long enough to tip the spins.. R ' C o
. C o ‘
" C Passed Vanables
. C  .AXIS © -> a character*2 Ralue for the dlrectlon of H1
C o C (canbe+X X, +Y,-Y)
. C ZTIME ----> areal value for the duration ot the RF pulse
. c .
Cc H1_VECT 7. > avector of 4096 rea! values that describe the
Cc . : ‘ amplrtude of each point in- the shaped pulse
c - NSTEPS _=--> an integer equal tothe number of pomts to be .
c . used in the shaped pulse approxlmatton
c ' 'v . ‘ B . - . . . .
c . Global Vanabfes(as fouad in BLOCHD1D FOR) T . t : ‘
. C H1 .- /' ‘---> a real value lor the current H1 (or 81 )tleld
c - _— o ;
‘C.. - GAMMA - > a real constant that is set 10 the gyromagnetlc - ‘ .
C S Lo : ratlotorthespmspecles o VR
S CL TINC S ‘--> is a real value for the mcremental tlme step
: INCLUDE 'BLOOHDl D FOR'
. .REAL*8 H1 VECT(4096)
INTEGER'4 NSTEPS - .. R T
Lo CHARACTEFt'z AXIS L T
. . . ! L L RN f ‘

o
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Adoodoaqqoooq<6

» . C check the axis.” If not oAy xory, thenchangetox = ‘ . —
C ‘ . ‘ -
IF(AXIS.NE.'+ X" ARD.AXIS.NE. “X'.AND, =
) ‘AXIS.NE.'+Y' . AND.AXIS.NE.-Y’) THEN
AXIS = +X'
END lF ‘
Cc
C set up time step slze ‘
(o]
T IME STEP ZT IME/FLOAT(NSTEPS)
- ZDELTA_TIME « ZTIME_STEP |,
- DO WHILE(ZDELTA_TIME. GTMAX _TINC)
ZDELTA_TIME = ZDELTA TIME2.0
END DO A . I i
TINC ZDELTA TIME ‘ - - _ladjust time step
C ‘ .
Cdofpt |
DO ISTEP = 1,NSTEPS ' )
'H1 =« H1_VECT(ISTEP) : N ‘ lget H1 value
TINC = ZDELTA_TIME S S ladjust time step
L ZT=00 ‘ -
DOWHILE(ZT LT.ZTIME STEP)
o]
IF(AX1S.EQ. +)6 THEN
- CALL DM_DT_PLUSX
' ELSE IF(AXIS.EQ.-X') THEN
. CALLDM_DT_MINUSX
" .'ELSE IF(AXIS.EQ/+Y) THEN - ‘ L
- CALLDM_DT_PLUSY ‘ C - e
"ELSE . R ‘ ‘
CALL DM | DT MINUSY ‘ ‘
END IF ‘ ",
C ’ .
. ! . ZT ZT-Q-TINC ' « £
IF((ZTIME_STEP-ZT).LT.TINC) TINC (ZT IME_ STEP -ZT) -
ENDDO . o
, ENDDO . : : ‘
C » ’ ) ’ o " - ‘v .
C turn off ff and adjust the time '
C . .
T-T+'ZT|ME

H1 = 0.0
, [ 4

' ‘BROUTINE GAUSS( ZTIME H1 _VECT, NSTEPS)

alues for a gaussian shaped rf pulse mto the

a routing ’
1VECTvoctor ‘; R T
. Parameters passed e -._‘%" |
ZTIME ‘_,,-—>areal value for the duratnn of the pulse
. A_l-ilj_VECTH S o --—>araal vector of points.m the shaped pulse‘
", NSTEPS T Z>an Integorvalue ofthe nurnberofpomts in o REARREE
Col H1 VECTt(wsetoapprox:matethepulse o L e
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, INCLUDE BLOCHD1D.FOR' ‘ o0 ‘ C
| REAL*8 H1_VECT(4096),ENV(1024) S A
o : lNTEGERANSTEPS ' ‘ S o e g ‘
c ' ' o \
C find the area ( crudely ) under the curve lor the number ol steps passed a e R
C N .
ZDELTA_T - ZTIME/[:LOAT NSTEPS) T seconds ¢ A\, L \
ZPl'= 3,1415926 ‘ R C .
ZPI2 = ZPV2, ‘ ' o AN
ZB1 = ZPI2/GAMMA : farea for a hard pulse (T-s)
. ZFUDGE =00 . ' o IZFUDGE factor start point
ZFINC = 1,E-22" ‘ { ~ increment - L g ‘ .
. ZSUM =00 : ‘ Co ‘ e
"FO=04 o ‘ . , oo
ZINC = FO‘NSTEPS e - o D ,
Cc ‘ " ] to ' . o . N
C calc envelope ' U ‘ ‘ ‘ L
o | o | : . | ” ‘ o
., DOIla1,NSTEPS - = S _ <
X0 = (2*-NSTEPS+2)ZING  + . o S o
© ENV(l) - DFLOAT(INT(255, EXP(1OZPI xo"z))) o E S
ENDDO .- . ' l L

DO WHILE(ABS(1 ABS(ZSUM/ZB1))GE1OE 7) C o
IF(ZSUM.LT.ZB1) THEN - . o :
IF(ZSUM.NE.0.0) ZFINC = ZFINC+ZF|NC‘5(ZB1/ZSUM) s
ZFUDGE = ZFUDGE+ZFINC : ‘ e

" ELSE .
IF(ZSUM,NE.0.0) ZFINC = ZFINC - ZFlNC’S(ZB1/ZSUM) not
' ZFUDGE = ZFUDGE - ZFINC . _ '

-~ ENDIF- .
ZGFACT = ZFUDGE ZDELTA T l o U .
ZSUM = 00" , - e T
DOI=1,NSTEPS . . : o e
YO = ENV(I)‘ZGFACT : '

 ZSUM=ZSUM+YO (% R . L ‘
END DO | A P .- o
ENDDO . ! N S

~ ZGFACT «ZGFACT/ZDELTA T R oo
C Stuft it all lmo the envelope veclor, '
‘ DOI-1NSTEPS . ’ g : B L o
© H1_VECT(l) = ENV(l)‘ZGFACT s : '
END DO ) S . Co ; '
) C ‘ R , ' . . , ’ . * . . o . '

SUBROUTINE‘GSINC( ZTIME, H1_VECT, NSTEPS)

“a routme to place the values for a gaussian enveloped sinc shaped
L] pulse mto the H1 _VECT vector
I

: JParameters passed P o R e

-

. Zl'lME L ——=>areal value lor the durauon of the pulse

. ‘H1'_VECTV . . L -—>arealvectorofpomts m:he shaped pulsel

: oooboéoboopAo

NSTEPS’ -->anlntegervalueolthenumberofpomtsm SRR B
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.

C &'»,E’r' ' H1_VECT 10 yse Jo approxlmate the pulse .
Cc .

INCLUDE BLOCHD1D.FOR'

REAL"8 H1_VECT(4096) |

INTEGER 4 NSTEPS 'M
c ' ¥

C find the area ( crudely ) under tha curve for the number of steps passéd

c# ZTIME FLOAT(NSTEPS) 7.5E- 6 lseconds
ZTWOPI = 2,°3,1415926 .- )

ZP12 = 3, 1415926/2 A oo

ZD - 95 /64, ‘ N

2202 = % ZD°*2 ¢ . ‘ o
ZB1_JW\ ZPR/GAMMA larea for a hard pulse (T-s)

FUDGE =12 " ftudge factor start point
' FINC = 5.E-6 . 1" increment

H = 8.0/(FLOAT(NSTEPS))
ZH = ZTIME/FLOAT(NSTEPS)
SUM = 0.0 .
DO WHILE(ABS(1.-ABS(SUM/ZB1_TW)).GE 1,0E5) : P
X0=-40 . ~ .
 IF(SUM.LT.ZB1_TW) THEN ‘ w2
FINC = FINC20 - - -
OLDFUDGE « FUDGE °
< FUDGE - FUDGE+FINC
ELSE . ‘ .
FINC = FINC*0.499998 7
FUDGE - (FUDGE+OLDFUDGE)20
END IF ' ‘ \
GFACTOR = ZB1 TW'FUDGE : ' : - -
. SUM=00 ~ . :

* - DOI=1,NSTEPS - . L
IF(X0.EQ.0.0) THEN . © \ o a
ZSINC =10 ' .o '
ELSE | IR
ZSINC = SIN(ZTWOP!* XO)/(ZTWOPI X0) S .
END IF ‘ o
YO = EXP(-1.0°X0"*2/22D2)" ZH‘GFACTOR zsmc
X0 = X0+ H
SUM = SUM+ YO

END DO

END DO S o - o &P

. X1=-40
. X1INC = B.OELOAT(NSTEPS) L :
ZSUM = 0.0 ' - S )
IF(X1.EQ.0.0) THEN- .
ZSINC=10 , ¢ '
EL5E | o
ZSINC = = SINZTWOPI"X1)/(@TWOPI'X1) ‘ -
'ENDIF ) ‘ S -
Ht VECT(I) EXP( -1 0'X1"2/Z202)'GFACTOR ZSINC O

X1 =21+ X1 INC s
END o ‘ . . ' ,
RETURN: : : _ 3
(3

END . “
B c .

" . SUBROUTINEHSING(ZTIME, H1_VECT,NSTEPS) -
C T ! ' ‘
C aroutina to plage the yalues for a Hanning enveloped, sinc shaped

»
>



C
C
C
C
C
c
C
Cc
C
]
C

C

rf pulse into the H1_VECT vector.

-Parameters passed; .

ZTIME ----> a real value for the duration of the pulse
H1_VECT . ----> @ real vector of points in the shaped pu‘lsé s
NSTEPS ----3 an integer value of the number of points in

H1_VECT to use to approximate the pulse

NCLUDE BLOCHD1D.FOR
EAL"8 H1_VECT(4096),ENV(1024)
INTEGER'4 NSTEPS

C find the area ( crudely ) under the curve for the number of steps passed

C
C

C '

ZTIME = FLOAT(NSTEPS)"7.5E-6 Iseconds
ZPl = 3,1415926
ZTWOPI = 2°ZP!

ZPI2 = ZP12,

ZD = 95./64.

22D2 = 2.°ZD**2
ZB1_TW = ZPI2/GAMMA

FINC =5.E-6 | ° increment
H = 8.0/(FLOAT(NSTEPS)) ’
ZH = ZTIME/FLOAT(NSTEPS)

C calc envelope

C

t

x0-40 =
DO 1= 1, NSTEPS

IF(X0.EQ0.0) THEN . o A

ZSINC = 1.0
ELSE

ZSINC - SIN(ZTWOPI‘XO)/(ZTWOPI X0)
END IF

ZWINDOW = 5'(1+COS(ZPI*X0/4.0)) .

ENV(l) = ZWINDOW*ZSINC
" XO=X0+H 4
END DO : ‘

SUM = 0.0 e
DO WHILE(ABS(1.-ABS(SUM/ZB1_TW)).GE.1.0E- s;
IF(SUM.LT.ZB1_TW) THEN
FINC = FINC*2.0
- OLDFUDGE = FUDGE
FUDGE = FUDGE + FINC
ELSE
FINC = FINC®0.499998
FUDGE = (FUDGE + OLDFUDGE)2.0
END IF
_ GFACTOR = ZB1 _TWFUDGE
"~ SUM=0.0
DOt=1,NSTEPS
Y0 = ENV(l)*ZH'GFACTOR
SUM = SUM+ YO
END DO

"ENDDO

DO l=1NSTEPS '
H1 VECT(I) = ENV(IYGFACTOR_
END DO

. ’

’

- larea tor a hard pulse (T-s)
FUDGE = 1.2 lfudge factor start point .

-
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RETURN! ’

- END

"

0000000000000 O

C
C

Cc

* ZFINC ='1.E-22

SUBROUTINE GAUSS180( ZTIME, H1_VECT, NSTEPS )

a routine to place the values for a gaussian shaped rf pulse into the
H1_VECT vector.

Parametets passed:;
F4) IME ----> a real value for the duration of the pulse

H1_VECT --~-> a real vector of points in the shaped pulse
NSTEPS ----> an Integer value of the number of points in -
H1_VECT to use to approximate the pulse

INCLUDE 'BLOCHD1D.FOR
REAL'8 H1_VECT(4096),ENV(1024)
INTEGER"4 NSTEPS »

A

" C find the area ( crudely ) uqder the curve‘ for the number of steps pas.sed

ZDELTA T= ZTIME/FLOAT(NSTEPS) Iseconds

ZPl = 3.1415926 )

ZP12 = ZP12, ‘ o : L

281 = 2PUGAMMA " tarea for a hard pulse (T-s)
ZFUDGE = 0.0 , 1ZFUDGE factor start poml
I * increment:

ZSUM = 0.0
FO = 0.4 .on
ZINC = FO'NSTEPS

C calc envelope

C

. /4:”"
4
C

Yol

DO I= 1, NSTEPS .
X0 = (2°-NSTEPS+2)/ZINC .
ENV(} « DFLOAT(INT(255.°EXP(-1.0°ZPI'X0"*2)))

ENDDO 7

DO WHILE(ABS(1.-ABS(ZSUM/ZB1)).GE. 1.0E-7)
IF(ZSUMT.ZB1) THEN
IF(ZSUM.NE.0.0) ZFINC = ZFINC + ZFINC". s-(zmrzsuw
ZFUDGE = ZFUDGE + ZFINC
ELSE o
IFZSUM.NE.0.0) ZFING = ZFINC - ZFINC* 5'(281/ZSUM)
ZFUDGE = ZFUDGE - ZFINC
END IF .o
ZGFACT-ZFUDGE'ZDELTA T '
ZSUM = 0.0
DOle.1, NSTEPS
YO = ENV(f)*ZGFACT
ZSUM = ZSUM + YO
ENDDO, : L
ENDDO
ZGFACT ZGFACT/ZDELTA T

Y

_DO1=1,NSTEPS °
H1_VECT(l) = ENV(I)'ZGFACT |
ENDDO I .

A

g
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RETURN
END |

. *
COCCCCLCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCOCCCCCCCCCCCCCCCCCCCCCCCCOCeet

\

%

\ o . 3
SUBROUTINE GSINC180( ZTIME, H1_VECT, NSTEPS))
! \
a routine 1o place the values for a gaussian enveloped, sinc shaped
rt pulse into the H1_VECT vector—

Parameters passed . .

\ - .
. ZTIME i ----> a real valua for the duration of the pulse
\\ - ~---> a real vector of points in the shaped pulse

1

H1_VECT

NSTE.PS | \ ->an integer value of the number of points in
H1 _VECT to use to approximate the pulse . '

0000000000000 O

INCLUDE 'BLOCHD1 D FOR'
REAL'8 H1:_VECT{4096),ENV(1024) ,
INTEGER"4 NSTEPS ' ;
c , \
C tind the area ( crudely ) und\er the curve for the number'of steps passed
o ' . !
c ZTIME = FLOAT(NSTEPS)"7.5E-6 Iseconds
ZTWOP| = 2.°3.1415926
© ZPI2 = 3.1415926/2,

-ZD = 95./64.

. Z2D2 =2.°2D**2 ‘ .
ZB1_TW = ZPI2°2. /GAMMA . larea for a hard pulse (T- s)
ZFUDGE = 0.0 , ffudge tactor start point
ZFINC = 5 E-22 \ ! * increment *

H = 8.0/(FLOAT(NSTEPS)) :
ZH- ZTIME/FLOAT(NSTEP\S\)

i

s

C .
C calc envelope \
O \

X0=40 \ .
DO l=1,NSTEPS \
IF(X0.EQ.0.0) THEN - '

ZSINC = 1.0 . p
ELSE v
ZSINC ~ SIN(ZTWOPI*X0)(ZTWOPIX0)
END IF ‘ :

ENV(l) = EXP(-1 0'X0"2/2202) SINC ‘
X0=X0+H 1] . . N
END DO - ~ ' :

ZSUM = 0.0
. DO WHILE(ABS(1.-ABS(ZSUM/ZB1_
IFZSUM.LTZB1_TW) THEN
IF(ZSUM.NE.0.0) ZFINC = ZFINC + FINC' 5°(ZB1 TW/ZSUM)
C Eznéoes -ZFUDGE +ZFINC -
- LS . '
IFZSUMNE.0.0) ZFING = ZFING - ZFING®. s'(zm TWIZSUM)
_ZFUDGE = ZFUDGE +ZFNC
END IF ;.
GFACTOR = ZB1. TW'ZFUDGE
ZSUM = 0.0
DOlm1,NSTEPS ..
Y0 ENV(I)'ZH'GFACTOR
ZSUM=ZSUM+ YO
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END DO
END DO

DO | = 1,NSTEPS
H1_VECT() = ENV()"GFACTOR
END

RETURN

END o .

SUBROUTINE HSINC180( ZTIME, H1_VECT, NSTEPS )

a routine to place the values for a Hanning enveloped, sinc shaped
f pulse into the H1_VECT vector.

Parameters passed
ZTIME ----> a real value for the duration of the pulse

H1_VECT - ----5 a real vector of points in the shaped pulse

NSTEPS ----> an integer value of thé number of poihts in
H1_VECT to use to approximate th”ulse

0000000000000 O

INCLUDE 'BLOCHD1D.FOR'

REAL°8 H1_VECT(4096),ENV(1024)

INTEGER*4 NSTEPS

C ) \

C find the area ( crudely ) under the curve for the number of steps passed

C ) .
c ZTIME - FLOAT(NSTEPS)'? SE-6 . lseconds . \f‘
‘ ZP] = 3.1415926 '
ZTWQPI = 2.°ZP)
ZPI2 =« ZPV2.
ZD = 95./64.
2202 = 2.°Z2D"*2 - : .
ZB1_TW = ZPVGAMMA larea for a hard pulse (T-s) -
ZFUDGE = 00 ‘ lfudge factor start point .
ZFINC = 5.E-22 .1 " .increment
H = 8.0/(FLOAT(NSTEPS)) R
_ ZH = ZTIMEFLOAT(NSTEPS)
C . .
C calc envelope
c -

i

X0 = 4.0
DOI=1, NSTEPS
IF(X0.EQ.0.0) THEN
. ZSINC=TO
| ELSE
ZSINC = SIN(ZTWOPI‘XO)/(ZTWOPI'XO)
" ENDWF ‘ : .
ZWINDOW = 5'(1+OOS(ZPI'X0/4 0)) . . : , ‘ o
ENV(l) = ZWINDOW*ZSINC ‘ ‘ , S
X0=X0+H ‘ , : ' -
ENDDO . . ‘

ZSUM = 0. 0
DO WHILE(ABS(1 -ABS(ZSUM/ZB1 TW)) GE 1.0E-5)
. FZSUM.LTZB1_TW) THEN
IF(ZSUM.NE.0.0) ZFINC = ZFINC + ZFINC‘ 5'(ZB1 'IW/ZSUM)
EZFLSUDGEE 3E = ZFUDGE + ZFINC :

-



R 4

cceeeece

IF(ZSUM NE.0.0) ZFINC = ZFINC ZFINC' 5° (ZB1 TW/ZSUM)

ZFUDGE = ZFUDGE - ZFINC
ENDIF
GFACTOR = ZB1_TW'ZFUDGE
ZSUM = 0.0
DOl =1, NSTEPS
YO = ENV(l)*ZH*GFACTOR
ZSUM=ZSUM + YO
END DO
END DO

DO | = 1,NSTEPS
H1_VECT() - ENV(I)‘GFACTOR
ENDDO

RETURN

END
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The INCLUDE files.

‘The flrst include file, BLOCHD!D FOR is used throughout the snmulatnon
“ package The second fule BLOCHSTK FOR, is used |n the data samphng

routines.

.

. Gfile of declarations for the BLOCH Equation simulation program
e ‘, :
: IMPLICIT REAL‘B(Z)
REAL'8 W, GAMMA, M(20,3), H1, OMEGA, T1, T2, T, MO
1 GRAD(20), TINC, MAX TINC T1A(20)
2 T2A(20) '

c. o
~ INTEGER'4N, X, Y, Z. XDIM, YDIM, ZDIM, NPHASE, NFREQ |
e )
COMMON/PARM N, GAMMA, M, H1, OMEGA, T1, T2, T, M0,
10 X, Y, Z, GRAD, TINC, NPHASE, NFREO MAX_TINC,
2 ¢ CTIAT2A S
c s

DATA ZDIM/20/ - | array dimensions :
DATA MAX TINC/100.E-6/; Nl128/ Imaximum time step value,
" Inumber of Runge kutta steps

- ceececeece
¢ ‘
- C Deflne stack vanables

c
T COMPLEX'8 ACQ BUFFER(65536) DATA
INTEGER"4 POINTER, BUFFER_LIMIT

COMMON /ACQI ACQ_BUFFER, POINTER BUFFER_LIMIT

Cc

' . ‘ ! ' . . . . \
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A Sample pulse program.

| Thns program is based on some SPARS ( spatlally resolved spectroscopy )

' expenments that Dr Chns Hanstock has been workmg on.

C .
SUBROUTINE PLOT( FILENAMEZ ) ’
C
C A routine 1o place the spin data Into plot files for my plomng rommé
. Ctoeat. ‘ ‘
C ‘
o Plot file format;
' C Y mmesmemacmacenean :
Cc .
- C } Block #1
C A
C ' CHARACTER'80 x axis label string
c CHARACTER'80 'y axis label string
(O REAL*4 - - xmax
Cc . REAL"4 : i Xmin ‘ :
C REAL"4 o ymax ° o ' \ R
Cc REAL'4 - "ymin : : . : e
c CHARACTER'80 ° title of plot ' ’ ‘ ‘
C INTEGER*4 . . size of plot; i.e. the number of x y pairs
C "Block #2
C e
C o , ‘
Cc INTEGER'2, rox1 ‘ ‘ -
¢ € ..+ INTEGER'2 oo ‘ : ‘ ‘ ‘ .
C INTEGER'2 = x2
C " INTEGER"2 y2 .
o INTEGER"2 . x3 -
C- INTEGER™2 y3
C INTEGER2 . x4‘
¢ , "
C and soon... ' -
. C
‘ INCLUDE ’BLOCHD1DFOR

" INTEGER"2 BUFFER(8553 REA.DBUF(ZSG)
REAL*4 XMAX, XMIN, YMAX YMIN -
CHARACTER'30 XLABEL YLABEL TITLE

o CHARACTER'40 FILENAME FILENAMEZ
- BYTEFIE@0) =
‘ EQUIVALENCE( FILE(1) FILENAME)

' "CTwuddIemenames T A R RS
c B . e : e Ve «.A " . e o '

 FILENAME = FILENAME2
L imd0
DO.WHILE(INE1) N
- IFFILEL.NE ") THEN
. :LEZN-I "



C
C

C
Cc
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" ENDIF

FILE(ILEN+2) = W'

lal- 1 : .

.END DO

FILE(ILEN+1) ="'

vat

DO IFILES = 1,4

00 -

999
. 1000

.’to eat.

OPEN( UNIT=2, FlLE-FILENAME TYPE-NEW‘
1 FORM-'UNFORMATTED ERR-999)

NBLOCKS ZD|M/256+1

J 1 :

DO=1, 'ZDIM*2, 2
BUFFER(l) = J
Jad+1

END DO

_C convert to l‘4 format - :

IF(IFILES EQ.1) 'IHEN - ! ﬁnd component in xy plane
J=1 . ' N :
DO | =2, ZDIM2, 2 ' ‘

- BUFFER(l) = INT( SORT( M(J 1)"2 + M(J, 2)"2 ) )
Jud+1 .
END DO L ' . o '
- ELSE - ‘ ' : .

J=1 '

DO =2, ZDIM 2,2 ‘ .
BUFFER(I) INT( M, IFILES 1) e ' R
J -J +1 ' N ) '

ENDDO

END IF

C save the number of pomts and wme out to the plot file . ' ‘ /

WRITE(2) XLABEL YLABEL XMAX XMIN, YMAX YMIN,TITLE,ZDIM
DOla=1, ZDIM/128+ 1
DO J=1,256
Ka=(1-1)2564+J
READBUF(J) = BUFFER(K)

E
Vu%l'E(Z) READBUF

“ENDDO
» CLOSE(2)
FILE(ILEN+2) FILE(lLEN+2)+1 , .
END Do . L . R

RETURN

TYPE " ‘Error openmg plot hle

STOP .
FORMAT(A) R AR e : o A

SUBROUT!NE PLOT ACQ DAT( FILENAMEZ INBUF NUMPOINTS) PR

‘utlng to placo acquirod data lnto plot flles for my plotting routme

. Plotmeformat T L L - 17‘ S B "



0000000B000000000000000000000000000

"C .
L CTwuddle hlenames

| FILENAME = FILENAME2

Block #1

- L B
. CHARACTER'80 X axis label stnng
- CHARACTER"80 y axis label string
" REAL*4 ‘ * xmax
-, REAL"4 xmin
REAL"4 - ymax' .
REAL"4 S ymin
CHARACTER'80 - title of plot '
INTEGER*'4 - size of plot; i.e. the number of x y palrs
Block #2 |
INTEGER'2 © . Xt >
“INTEGER*2 . “y1 : '
INTEGER2" . - x2 : ! Lo
- INTEGER*2 . . y2 ’ o .
" INTEGER*2 o x3 Co
"INTEGER"2 . y3
INTEGER'2 = | : x4.
and so on...
, . ) A
-~ Parameters passed . ‘
e o e e S e e o
INBUF - real;4 vector of ‘Y;@a points
FILENAME2 ---> character*40 file name
NUMP.OINTS“ Lo ihteger'd giving the _nymber of plot points
INCLUDE '‘BLOCHD1D. FOB '
INTEGER'4 NUMPOINTS

INTEGER'2 OUTBUF(65536), READBUF (256)
REAL*4 XMAX, XMIN,YMAX, YMIN; INBUF(65536)

a 'CHARACTER'SO XLABEL YLABEL TITLE
. CHARAGTER'40 FILENAME FILENAME2 T

BYTE FILE(40) -
EQUIVALENCE( FILE(1) FILENAME )

1= 40

* "' DO WHILE(LNE.1) -

IF(FILE(1).NE.' ')THEN
ILEN=I"
=2

© . ENDIF

ENDDO - - @

. FILE(ILEN+1) =" .
. FILE(ILEN+2) = 'P*

FILE(ILEN+3) =L’

o FILE(ILEN+4) =T

‘ OPEN( UNIT=2, FILE-FILENAME 'IYPE-'NEW

1 . FORM=UNFORMATTED'ERR=999) . . . *.°
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N
L}

. 999

| C . f
C scale and stuff INBUF stuft into OUTBUF at ahernate Iocanons

c

NBLOCKS = NUMPOINTS/256 + 1
Jeo 1
DO 1= 1, NUMPOINTS 2, 2
" OUTBUF(l) = J
Jeuds+1
END DO o

* ZMAX = -1.E30

:ZMiN = 1.E30 \

DO | = 1,NUMPOINTS ‘ -
IF@MIN.GT.INBUF(1)) ZMIN = INBUF(I)
IF(ZMAX.LT.INBUF(l)) ZMAX & INBUF()).

* END DO
. IF((ZMAX-ZMIN).NE.0.0) THEN
IF((ZMAX -ZMIN).GT.ZMAX) THEN ;
. 'ZSCALE = 32765./(ZMAX-ZMIN) ‘
" ELSE. ,
ZSCALE = 32765 [ZMAX
ENDIF S
ELSE - : T e
‘ ZSCALE.1.’ f.,‘; o
-ENDIF .' & T
. . . Jw \
. DO|-1NUMP ~ \“\.W L :
Jml*2 : i —
OUTBUF(J)-I : . ‘E'1NBUF(I))
ENDDO P . ‘ »

C save the number of pomts and wme out'to the plot file *
ol

1000

c

WRITE(2) XLABEL YLABEL, XMAX XMIN,YMAX,YMIN; TITLE NUMPOINTS

DO I = 1, NUMPOINTS/128 + 1
DOJ~1,256
Ka(1-1)256+4J " v
. READBUF) = OUTBUF(K)

. ENDDO

WRITE(2) READBUF
ENDDO

B ,'CLOSE(2)

RETURN. - '
TYPE * """ Error openlng plat flle

- STOP~

FORMAT(A)

‘ jEND P P :

P"!OGRAM SPARS

. ’\ ‘Vc'
i ~GA rogramto invesugate tho behavuor of the magnenzanons dunng pan
- Cof CCH s SPARS ( SPAtlally Resolved Spectrosoopy f routine.

L INCLUDE 'BLOCHD1D FOR'

C.

INCLUDE BLOCHSTK.FOR' = .

;. "INTEGER*4 NUMPOINTS :

* INTEGER'4 READBUF(128), NSTEPS
' " REAL'8 Hf_VECT(4096) '
o REAC4XR 24\X(1024) BUFFER(65536)

K

.

A

,‘mb
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‘M-g“j,“C

c .

. GAMMA = 2°ZP1*100. oee/z 35 . 1Rads/sec/TESLA for protons

CHARACTER‘40 FlLENAME
BYTE FILE(40)
- EQUIVALENCE( FILE(1) FILENAME )
“ . COMMONFFTARR/ XR,XI
C \
C initialize the volume .
C . ‘ ,
- CALL INIT_MAGNETIZATION
CALL CLEAR_GRADIENTS
C set constants |
&
.+ ZPl=3.1415926
OMEGA = 0.0
MO = 100.0 . ' 1?
T=00 ‘
cceeccee
C

C first put all'the spins inthe x y plane
C

Cc
S C

- C

C then dephase. the spins usnng az gradrent -
* CALL CLEAR_GRADIENTS
!'2GZ = 118.815E-6/2,
CALL GRADIENT(Z, ZGZ 1. ‘2GZ)
" TINC = 5.84E:3 .
CALLNO_RF GRADIENTS ON_IDEAL
CALL CLEAR_GRADIENTS ‘
C . ' ' Y )
C reverse the spins o (\
¢ .
'CALL HARD PULSE( +Y, 250. E 6 180.)
C and stan to rephase the splns R
C
CALL CLEAR GRADIENTS
ZGZ = 118.815E-6/2. o
. CALLGRADIENT('Z‘ ZGZ. 1‘ZGZ)
. TINC=2E-3" ‘
’ CALL NO RF GRA , ON IDEAL
c ,

.G now apply a soﬂ 90to select the slsco qf mterest Note that tha
C rest of the spins outside the slice start to dephase midway through'
C the soft pulse and contlnue until they are completely dephased e

c'
'NSTEPS = 1024 - : .
ZTIME=7.68E3 .. °
- CALL GAUSS( ZTIME; H1 VECT NSTEPS)

. CAL SOFLPULSE( +x' ZTIME H1_VECT, NSTEPS)

c

. Chereone would in princlple wana whlle. but we want to see a spln o

c echo soon 80,...

" . CALL CLEAR GRADIENTS .

, . GALL HARD_ PULSE("+X, 1

CL 0 2GZ = 1BBISE-6R. AF

- 4", CALL GRADIENT(Z,
- TING mBAES

25E6 9

CALL NO_RF_GRAD “'-‘N_IDE'AL RN

CALL HARD PULSE( X, 125.€-6, 2.y
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S (c:Therealtimedata

'CALL' CLEAR GRADIEN‘T
C o a
C 180 along plus Yy aXIS .
C LY

e AW N
" CALLHARD_PULSE(" 3V 2 2so £, i80,)
C .
Csetup refocussing gradient and acqunre a sp\n echo
(o

C the aoqulsmon dma structure must be lnitiahz\eg first -
C . ' o \
g CALL INIT_STACK Cor
C ' ," v
ZGZ = 118. 815E—6/2 ‘ Y
- CALL GRADIENT( Z, ZGZ. -1,°2GZ ) .
TINC = 12.8E-3 / RN ‘
ZDWELL = 25E-6 ‘ *
CALL ACQUIRE . SIGNAL( ZDWELL) W
C '
Cdo the FT nghl now so that everythlng can be output Iater on,

e .
DOKS=1,512 . - " ITHE NUMBER OF SAMPLE POINTS
XR(KS) = REAL( ACQ_BUFFER(KS) ) | ,
. XIKS) = AIMAG( ACQ BUFFER(KS))
ENDDO
CALL FFT1(512) :
CALLFFT2 . | | 0

+ C scale the frequency domain results .
‘ DOl«1512
XR(l) = XR()/512
XI(1) = XI()/512
END DO
. C ‘
Can fllp about the cemre axis
c
' DOI-1128 oot
"Ja257-1
ZRTEMP = XR(I)
XR(l) = XR(J) -
XRW) = ZRTEMP
- ZITEMP = XI()
XKT) = XIJ)
_XIJ) = ZITEMP
/ENDDO .
‘DOle257384 - . . . |
- Jm513- HZSG . : R T
" ZRTEMP=XR() - . . . . .
XRM=XRW) '« o
. XRW)=ZRTEMP- .. . PR
CZMEMPaXI) .
X =XW) - e o o
CXHJ) = ZI'IEMP R . ‘ o ‘ \\

. ENDO |
' - CnowthoFFl'edresultsareinXlandXR S |

C now nlace time domain data into tha BUFFER and plot it

001-1 512\5 :

, BUFFER(I) REAL(ACQ BUFFER(I))
4 ENDDO



FILENAME 'SPARSRT’ ‘ b e

CALL PLOT_ACQ_DAT{ FILENAME BUFFER 512) ‘ o ‘
' C ' . : Lo «
CThe Imagnnary time data : : L ‘ D
‘DOI-1512 ‘ . o S
BUFFER(I) A|MAG(ACQ BUFFER(I)) ‘ S o o
- END DO v e
FILENAME = SPARSIT X CoT ‘ ‘ ‘ \ S ' .
CALL PLOT ACQ _DAT( FILENAME BUFFER 512) ‘ o , BN ‘ TR
CThe modulus time data L ‘ | - | , . “
C ‘ ‘ . . ) ' . ; ' . ‘ . ' : 1‘.
g DOl=1,612 . T o B g e
. BUFFER(l) - CABS(ACQ_BUFFER()) . ~——= = K Co L =
' ENDDO o X . S |
o FILENAME = 'SPARSMT : T ) A :
. .CALL PLOT ACQ DAT( FILENAME BUFFER 512) : . ' . ‘ ‘ ‘ .
C ‘ S
C save the frequency domaln data in plot files - SR o N ' .
C
Cc The real freq data ‘
. C ' ' .
: , DOI-1 512 N - L
o BUFFER(I) = XR() ‘ [
END DO :
%i | ENAME = 'SPARSRF' o . ‘
ALL PLOT ACQ DAT( FILENAME BUFFER 512) B o ' .
T C N ‘ T
C The imaglnary 1req data
C } . ; :
DOI-1,512 SR »
BUFFER(I) = XI(l) 3
"END DO | ‘
FILENAME « SPARSIF‘ S S
. CALLPLOT ACQ DAT( FILENAME BUFFER 512)
C X
C The modulusfreq data . .\ S o :
‘ _DOI-1 512 ¥ K L v ,
. _BUFFER() - SQRT(XI(I) xa(|)+xn(|) xn(m g , L
- 'ENDDQ_ ' T / o
. FILENAME = ’SPARSMF' ’
v CALL PLOT ACQ DAT( FILENAME BUFFER 512)
C . oy ) R ‘. . ‘:
. STOP - ‘ Lo . ‘ - R \ w‘}, ‘
999 * . TYPE *,”*** Error opemng plot file .. . . Co N R, '
234 FORMAT( X’ G)47 Y G147 z G147) | o ' Coean

900 FORMAT(0 THE COMPLEXDATAPOINTS /). = . - .= " . .
'909 . FORMAT(:,14,7X,G14.7,4X,1,G14.7,)) S e L SRR
919 FORMAT(‘OTHEFFTedHESULTS’) L IR I G

© 1000 FORMAT(A) - U Coe T DR T

| \ ' ; " 'yl‘t‘ y et i ;.' - I . ' ' ' | ")‘ .."‘

I S ( |

. Ve - ‘ ' SN e

N .“Ia”‘ ' o ‘/' - : o ae
B ’ ' ‘l' | ) ' !( ‘

o ! ¢ C . R 7 |
") ‘ ‘ <‘, AR
7 : | _-. 0
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Appendix B

-+

This is a listing of the program used to check the results of the
éxperiment simulating a square 90 RF pulse with a gradient alpng.the z axis.

. . The equations were taken from a paper on selective RF pulse simulations

—

( Locher, 1980).

/

/

" , !

| gooooooeeets /
C ! »

C A quick and dirty program to calculate the magnetization components after the application ot a
C square 90 degree pulse under a gradient, The equations are glven in Locher's paper of 1980,
Cc

1

IMPLICIT REAL"8(Z)
REAL"8 HO, H1, TAU, GAMMA, THETA, OMEGA, F, G,
. <1 MX, MY, MZ GZ_LT, GZ_RT, PHI_MXY
’ - INTEGER'4NUM_PTS  ~
e CHARACTER"1 ANS1, AN$2
C ‘ ‘ :
C do some calculations from Locher's paper ( Phil. Trans. R. Soc, Lond,
C B 289, 537-542 (1980) ) ,
C . '
HOw 235
ZP] = 3,1415926
GAMMA = 2. ZP|* 100. E6 12.35
T ANSY =Y
.. DO WHILE(ANS1 EQ.Y) (
c

PE get data trom user
\ ) C s v
*" - WRITE(6,500)
*  ACCEPT . THETA el
THETA « THETA"ZPV180 "
WRITE(6,501)
ACCEPT *,TAU
H1 = ZPIR2/GAMMA/TAU ,
C R gy
. WRITE(6,502) ; '
ACCEPT *NUM_PTS .
WRITE(6,503)
ACCEPT GZ_LT.GZ_RT
ZSLOPE = (GZ_RT - GZ_LTV(NUM_PTS-1)
ZINTERCEPT aGZ_LT - ZSLOPE
; T ANS2 =Y
- ' . D@ WHILE(ANS2.EQ.'Y") O
‘ o . WRITE(6504) .
ACCEPT*IPT
, '2GZ ZINTERCEPT+ZSLOPE'FLOAT(IPT)
E F = -1.°2GZM1 ' _ ,
o ' G = SORT( 1. + F'F) o g
MY = 100.'SIN(THETA'G )G :
MX = 100.°F*( 1 - COS( THETA'G ) J/(G"G)
MZ = 100.°( F'F + COS( THETA'G ) /(G"G)

*s
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' 500
501
502
503

505

506
507

1000

ZMY = MY
ZMX = -1 "MX
IF(MY.LE,1.E-20.AND.MY. GE.-1.E- 20) ZMY = 1.E.20
PHI_MXY = ATAN(ZMX/ZMY) ‘
IF{ZMY.LT.0.0.AND.ZMX.LT.0.0) PHI_MXY = PHI_MXY - ZP|
IF(ZMY LT.0,0.AND. ZMX.GT.0,0) PHI MXY = PHI MXY + ZPI
PHI_MXY « PHI_MXY " 180/ ZPI.
WRITE(G 505) IPT, MX, MY .MZ, PHI_MXY ~
ANS2 = *
DO WHILE(ANS2.NE, 'Y‘ AND.ANS2.NE,'N’)
WRITE(6,506)
READ(5,1000) ANS2
END DO
END DO
ANS1 =
DO WHILE(ANSI NE.'Y' AND.ANS1,NE. N)
WRITE(6,507)
READ(5,1000) ANS1
END DO
END DO
STOP
FORMATY{/, Enter a tip angle in degrees : ',$) ,
FORMAT(/,' Enter the time the RF pulse is applied in secs : ' $)
FORMATY{(/,' Enter the number of points along the z direction :’ $)
FORMAT(/,' Enter, Gz value at point 1 and Gz value at point N ; $)
FORMAT{(/, Enter the point of interest : *,$)

FORMAT(/, POINT "13' MX = " G147 MY =« "G14,7' MZ =« " G147,

1 *PHIl = GM 7)
FORMAT{(/,' Another pomt(YorN)? %)
FORMAT(/,' Another set of parameters(YorN)? *$)

FORMAT(A)

END

228



Appendlx_ F

The command file IMFL ( IMaging of FLow ).

------ FILE: IMFL
. DATE OF LAST EDITTING: 5.10.86

1@DF@RF2@DF@RF3@DF@RF
1STRT,-1,2STRT,-1,3STRT -1,
1RMEM,20,2RMEM,34,3RMEM 4

1RJ FTHP AL0,FL FQLIST,@CTL,RES SHIMVAL ,RA
2RJ IMGEFLJ,AL0,FL FQLIST,@CTL,RES SHIMVAL,RA:
3RJ SETUP,AI,0,FL FQLIST,@CTL,RES SHIMVAL RA
3@DN2@DN1@DN '

1RE FTHP.001,AU IMGEO1,3AU IMGEO1

2RE IMFL.001,REP, AU IMGEO1

RPF.QPF .AP.,
DW.24.AQ, :
@P &
START ONE OF THE FOLLOWING EXECUTIONS:

CIMFLPL  FLOWBY PHASE COMP.: GRAD
Py

229
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The pulse program PHAS.PC, the gradient ger{ération file iMFLG.EXE. ahd

The command file IMFLPL (IMéging of FLow, pulse Program Load).

Apbendix G

ar

oy

X

+ the pulée program execution file IMGEGOO are also included.

N

------ FILE: IMFLPL

; DATE OF LAST EDITTING: 5.10.86 -

@DF

2

SW,20833.AQ,,

RP PHAS,D11,85.C2.1

‘D11 -TR

.+ C2 = NUMBER OF ECHOES

NI 1,NA,1,BS1,512WAQ,,
FL FQUIST @CTLAU IMGEO1’

@
ADJUST CHANNEL 1 (ESC)

@ . :
2AZ,NE,1000,S1,512WAQ,,
@DN@RBN@CTY ‘
AU IMGEGOO,.@W@S
@cCTY ,

‘ REG IMGEMTR.@DF

{SET GRADIENTS UP

: ADJUST SOFT PULSE

2REG SLZ

GZM.2,GPHSZM.021

@P ‘
CHOOSE A GRADIENT STRENGTH
GPHSZM.021  ==> 10D = 500
GPHSZM.022 «=> [OD =220
GPHSZM.023  a=> 10D = 147
GPHSZM.024 . ==> IOD = 100

@ . .

GZ,,.@G

P -

GX..GPHMERXC 021 .GY,,GPHMEPYC.121 GZ..GPHMESZC 021
P

@
START ONE OF THE FOLLOWING EXECUTIONS
AFTER READING IN THE PROPER GRADIENTS.

AND WRG IMGEMTR:

GX GPHMERXC.02%

% = 1 0ZOOM
S TR

GY GPHMEPYG."2%
* = 1 128GRAD: STEPS

230 -

1

GZ GPHMESZC.02#
#=1 10D =500

2 10D =220
P 3 10D =147

'4|0wa .

:\\.

;



Nt

231

. | 5 10D = 54
NEXT, START EXECUTION IMFLG
@ .
. ) [3 .
--— FILE: IMGEGOO o
. OIEN '
o1
'STRT O
sis2w ¢ | : . :
VDS 9 ' " ' " o,
1 . GOD . C ‘ . 1
. . DISP - o -
N1 \ e :
;. STPP - 4
EXIT , ‘ | S o S .;
- FILE: PHAS.PC
SINGLE SLICE MULTIECHO FLOW BY PHASE
C2 = NUMBER OF ECHOES
_ D11 = TR(REPETITION TIME )
START, u
: < **** ADD SWEEP
20M  [XT+X] CNG> 8 :SLICE GRAD.
LOOP 1024 TIMES | :SHAPED PULSE
~ 375U . [F14X XT-X XT+Y XAD) ‘ . 1 (+X)
375U [FI4XXTXXT+Y] - ' ;
END LOOP : : C
3M  [XT+X] <CNG> : " ;FREQUENCY ENCODING
™ N . ;DEPHASING GRAD ON
2M  [XT+X) <CNG> ' - iBALANCED FLOW COMP ON
oM ‘ . o o
~1ao4u [x7+x1 <CNG>’ , ;FREQ AND COMP GRAD OFF .
LOOP CZTIMES - ; o
' . ;ALL GRADS OFF.
2sou F1y] | . 1180 (-Y)
M [XTeX] TNG> "~ ZGRAD REFOCUSSING
M . ;AND PHASE ENCQDING ON
WM [XT+X] <CNG> R , /AL GRADS OFF :
™ o -
. 3M ,  [XT+X) <CNGTCHK> = {READOUT ON, TIMING CHECK
AQ " - [STA] - | 'START ACQUISITION, -
zm | [XT+X] <CNG> a - ;FREQ COMP FOR NEXT ECHO. _ .
M . [XT+X] <CNG> . : © ;ALLGRADSOFF "
ENDLOOP . . SRR e
1M [x*r+x1 <NG> . ~* .. iSTOP POINT
- D11 : TR
P SUBTRACTSWEEP | o e
YU 20M . T <ONGs . - ;SLICE GRAD
. LOOP 1024 TIMES. . . /SHAPED PULSE
375U Enx XT-X XT+YXAD] S O
a7y 1+xx7-xx7+v1 AR



END LOOP

3M - [XT+X] <CNG>
™
M [XT+X] <CNG>
M
1304U [XT*X] <CNG>
™ .
LOOP C2 TIMES
o aM
. 250U [F1-Y]
oM. [XTeX) <CNG>
M
3M . [XT+X] <CNG> .
™M =
3M. [XT+X] <ONG TCHK>
. AQ . [STAl .
2M  [XT+X] <CNG>-
1M
3M° - [XT+X] <CNG>'
M o
END.LOOP .
M [XT+X] <CNG>
o, - : .
GOTOSTART 0 .

...... FILE: IMFLG(,E‘.XE
@F .

S X-GRADIENT FOR SW = 20.83 KHZ

ZOOM
DEFG GPHMERXC 021
, F .F.-681F, 0 F 0

R FOFOF-317F 200F.0
1F0 :

‘vsZooMm ._
DEFG GPHMERXC.022

FOF-970FOF0

FOFOF-476.F 158F0
1F0 S ;

o zoOM
DEFG GPHMERXC.023

f_‘FoF 1228 F.OF0

‘FOFOF-616F-270FO '
;‘1,F.O .

. Y—GRADIENT FOR 128 STEPS
1 ZOOM

} DEFG GPHMEPYC 021
5

o}

‘FREQUENCY ENCODING
‘DEPHASING GRAD ON -
‘BALANGED FLOW COMP ON

{FREQ AND COMP GRAD OFF

-ALL GRADS OFF

;180 (-Y) ‘ '
;Z GRAD REFOCUSSING

“;AND PHASE ENCODING ON

ALL GRADS OFF

READOUT ON TIMING CHECK
;START ACQUISITION

;FREQ COMP PORN ECHO

ALL GRADS OFF

STOP POINT ‘

[
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‘DEFG GPHMESZC 024
N F90F-400F400FOF118' :
~FOFOFOFOF0

o bsfq eé.nm'sszc.qzs |

FOFOFOFORZSG -4,0

'FOFOFOFOFO |

1 .5 Z00M
DEFG GPHMEPYC.022 .

F.O,F.O,F.O,F,O,R,3B4,-6,0
5 el

" F,0,F.0,F,0,F,0,F,0
0

'2.Z00M -
DEFG GPHMEPYC.023

FOFOFOFOR512-60 B

FOFOFOFOFO .

: z GRADIENT
GOOD SLICE PAIRS ARE: :
£ 500,600 GIVING 2.73MM SLICE
£ 400,277 °
: 300,777 .
1270277 ©  SMMSLICE
:1352?7. * . 10MM SLICE

190,118 " 15MM SLICE
:68,277 " 20MM SLICE
54,71 * 25MM SLICE

: DEFG QPHMESZC 021

’ FSOOF-400F400FOF600
FOFOFOFOFO‘ “.

' 'DEFG GPHMESZC 022
”F 220F, -4oo F, 4oo F,0.F.280

FOFOFOFOFO

bEFGGPHMEszc oz:'a o S

F147F 400F400FOF190

”ﬁFOFOFOFOFO - e

I T U
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F,54,F,-400,F,400.F O,F,71
S \
F.,0,F.,0,F,0,F,0,F.0
0 o .

_@DN



’ ,S|512W

. f' ; .“3;
- Appendix H

-

program executlon fnle IMGEMGO

e FILE: IMFLG ; ,
| ,DATEOF LASTEDITTING ~  5.10.86

¢

'ENTER THE NUMBER OF ECHOES (1,2,4,8) |

@372 . o ‘ A
@DF . o L |
REG IMGEMTR

: GY.,ZERO 001 .

OBSIS12W

RECO1128@$P2111 -1,0,1 ‘

NE,4,D-D11,58,Nl,@3%P2, NA 2,c2 ,@$P2

FL FQLIST @CTL

* @DN@RN ‘ . . ‘
‘AU IMGEMGOAP.,,AU T L (»)'

- @P
o SPECIFY REPETITION TIME ( INS) ‘
.. (TERMINATE WITH "S" FOLLOWED BY"RET‘)@@
- D11@G, ‘
. @P
Co ENTER THE NUMBER OF SCANS TO CHECK THE PROFILES
@
. @8T1 ;
. NE,@$P1 .
"~ ALO, AI 1 ZE
AU g
@P .
- CHECK ECHO POSITIONS - ' S
(256 512, 1280 1792 2304, 2816, 3328 3840) N
: ' o <RET>

L@ . .

-. @G - i T
, @p»__y\‘. ]
‘,:.' . ,g* . ,

PROFILEOFFIRSTECHO .

" -STRT.0.BC.FT MC.@W@DF
'STRTS12W,BCFTMC -

" STRTAKBCFTMC

_ ‘smnsaswacnmq,
= AIONE128 e o

 ‘; TO ACQU IRE IMAGE START Execunon

. <RET>

AV

" The command flle IMFLG (IMaglng of FLow Go) plus the pulse

-



" IMFL1 128 GRADIENT STEPS
~ STRT,0,SI,2.
erree FILE: IMGEMGO

.
VDS 10

" O1EN’

STRTO © . .

s118 T T

1 GOR
' DISP -
IN1 :

. STPP
RA .
- 01D
o1
'SIIN
EXIT -
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~ Appendix |

The command file IMFLTR ( lMaglng of FLow, gradlent TR:m) and its -

v

assocuated suppon fllbo -

- FILE: IMFLTR

2
@P . . ‘ oo ,
" ' ‘WHICH GRADIENT TO USEFOR SLICE 7

‘ GX GY, GZ, OR<RET> FOR NONE: @@$T6
EXE IMFLTRR

-~ FILE: IMFLTRR
’ 2 a . ‘ T
. * ' TOQUIT TYPE Q AT END FOLLOWED BY CNTLK.

IF EXIT OTHER THAN THIS IMGETR.0011S LOST " -
FROM DISK. REWRITE IT FROM JOB TO DISK (WR).

© WHICH POINT TO BE TRIMMED;? o
READ DlRECTION . \2): @@$T4 B
NOW GO AND GET THE READOUT GRADIENT STRENGTH

“@r S o ‘ - , S
|  ENTER THE READOUT GRADIENT STRENGTH ‘ | - Yy
(L. THE ACQUISITION GRADIENT) o L ~
e . |

B CHECKIFFILETHERE L B

: gpﬁ IMFLTR@SP4, ED, IMFLTR@$P4.,,,,.,,.,,.@G@EQ EXE lMFLTRG

SORRY, THAT GRADIENT CANNOTYETBE ' o
" USED AS A READOUT GRADEENT... . . - X
BETTERLUCK NEXT TME.

= FILE: IMFLTRG
' v';"-_-" "2 ; " k ‘ - .' RO [P
" | GET THE GRADIENT PULSE TO TRIM

e




O

o .@P

Sy
l!.

. ghbeY

CHOOSE A READOUT DIRECTION GRADIENT PULSE

TO ADJUST' -
" FIRST READ DEPHASING: -~ "Ri .
'2NDECHO  READ COMP: Rz
3RDECHO  READ COMP: R3
STHECHO READCOMP: RS
INPUT: @@3$T5
NE4
TSTF IMFLT@$P5@$P4 EXE IMFLT@$P5@$P4
kANADISCHE IDIOT

@

| FILE: IMFLTRIX

RECO.1,128.1.1,1 A,-1.0,1

C2,4NL1 .
GX.DGY,DGZ,D ‘
G@$P4,PGPHRTRIM.001

'ED,IMFLTRX,,....,,@G@EQ
* EXE IMFLTRX '

i FI.LE: IMFLTR2X |

RECO,1,128,2,1,1,1, -1,0,1
C22N|2 S
GX,DGY,DGZ,D

G@$P4,PGPHRTRIM.001 -

ED 'MFLTRX"’I rIRRNNY '@G@EQ

EXE IMFLTRX S

e FILE: IMFLTRSX

‘RECO11283111 A01 -

C23NL3 R

- GX,DGY, DGZ D.

G@$P4,PGPHRTRIM.001 .
ED, |MFLTRx..............@G@EO :
EXE IMFLTRX -

|  ;-- FTLE IMFLTRAX
"’necouzaun 101 e

Q204€N"‘ .
Y,DGZ,D’ ‘
$P4, PGPHRTRIM 001"

' ED IMFLTinnn"nuul@G@EQ

'-'.'EXEIMFLTRX

Y .MFLTRSX

""‘,1RECO11285111 1,01
- c25NI5

238.
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' GX.DGY.DGZD ., , |
G@SP4,PGPHRTRIM001 - < | L

- EDIMFLTRX ....... @G@EQ.
. EXEIMFLTRX \

e FILE' IMFL?Rsx‘ S

RECO1 128,6.1.1, 1 101

'C2.6,NL6 -

GX,DGY,DGZD .

G@$P4,PGPHRTRIM.001"

ED,IMFLTRX,.............@G@EQ
EXE IMFLTRX .

- FILE: IMFLTR7X.

RECO,1,128,7,1,1,1.-1,0,1
‘C2.7NL7 -

. GX,DGY,DGZD

. G@$P4,PGPHRTRIM.001 - o o : , o
ED.IMFLTRX...v.00000 ..@G@EQ , L -
ExEmALTRX | B S

------ FILE IMFLTRBX

REC0112881111014
C2,8,N1,8

GX,DGY.DGZ,D ‘
G@3$P4,PGPHRTRIM.001 | ‘ | o
ED,IMFLTRX,......... ++@G@EQ . S LS . L
EXE IMFLTRX o - | o

~— FLE:IMFLTRX B

2@DF@RF ' ) -
X-GRADIENTFOR sw 25 KHZ L .,

2. ZOOM

* .DEL GPHRTRIM.001"

R

' DEFG GPHRTRIM.001 . ; o

AFOF ‘ S \
-970 P T ° : :
" FIO-F:O

. F'OIFIOIF o ' ot a “ . ' ’ . e . -

| 476 . . o S A - .
F L ) S E ‘v o I, , . ) o e . i “‘."‘ o

159 T S S R

. 1FD- o T k s

o8(azE . . Lo e B
'TSTS@SPGGZGZPGPHMESZCOZ“ ‘ ot ' Coe

" TSTS,@$P6,GY,GY,P.GPHMESZC.024

“TSTS, @$P5 GX,GX,P GPHMESZC 024

- TSTS,@$P5,R1,STRT,0

CRa o e ey
42s1.512w T Y A O

E ‘. : TSTSn@sPSRZSTRTsmw PR | - \“ o
N



', 'TSTS,@$P5.R6,STRT,2560W

TSTS,@$P5,R3,STRY, 1 L
TSTS,@$P5.R4,STRT,1536W ‘ ‘
TSTS,@$P5,R%STRT.2 - ‘

 TSTS,@$P5.R7 RT 3
. TSTS @$P5 RS, '( 35811W

2583 snv T QPK \ '

,@DN@RN - o

FIND THE MINIMUM ABSOLUTE VALUE OF "1 PHZ"
@ : ;
@DBTY @DB@RF@P ‘ T,

. ‘ B TYPE
TRYANOTHERVALUE I
ou_n‘ B ' Q
’ ‘ INPUT @@$T . .
’TSTS@$P9TEXE IMFLT@$P5@$P4 U
zexemﬂme ‘ o
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Appendix J

/|

The command file IMFL1 ( IMaging of FLow, 128 phase 'enéoding
steps) and th‘e‘imaging execution file IMGEMI1.

------ FILE: IMFL1

@DF : .
NE,128 ,
‘' REGIMGEMTR
@°P .
: ENTER THE FILENAME ( NO EXTENSION )
( TERMINATE WITH A <RET> )
@ o
@373
@DN
- AU IMGEMIN,@$P3
FL FQZERO.001,@CTL

AU RECO,@$P3-
------ FILE: IMGEM!1
: AUTOMATION FOR 2DFT IMAGING: HIGH POSER VERSION -«
. ;T?:AULTI ECHOS 128 GRADIENT STEPS
. OIEN A
: vDS 9

LG
STRTO
S11N
WR #1 CR=128 _
SI1A .
10 GOD

LO 10 TIMES 6
SIIN |
1 TOGL

SI1A ‘

GOR o

SIIN o

- WR#1BNW :
° IN1 : n O
STPP : - ' -
RA" ' !
S118B : , . ' .
EXIT o N
£y . N
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C .
G Now uses arraj‘pmcessor to unscramble the data whenever possible

Appendix K

)
.
.
. .
. . | ‘ , /

The phase correction prog.r'?am‘ PHASCOR.

ceceeeececceee

C

. PROGRAM PHASCOR

C ~

C Steven Knudsen

C Last Edit; 3/09/86

Cc 10-102 Clinical Sciences Bldg.
C

C This program allows interactive correction of some phase errors
C through an examination of the time domain data trom an image.

0] ' ‘ :

C A subroutine to analyze the phase of one or more echos in an image Is used.
C The phase of an echo may be offset if that echo is not properly

C set in the middle of a sample window,

C
C H h(k) is the sampled signal for k = 0,1,2,...,N-1 where N is the total
C number of samples and H(n) isthe Discrete Fourier Transform (DFT)
C of h(k);
p A :
C i.e. h(k) <=> H(n) . oo
C : o
C then the Time Shift Theorem says that;

. bl

h(k-i) <=> H(n) * ex( |"2°pi"n"IN )

where i is the number of time shifted points in the
sample window

(eXeXoNoXoXe!

C We see that a shift of i=1 gives a phase shift of 2‘pl across the whole
C spectrum - i=2 a shift of 4°pi, etc. '
c ‘
C Since the phase of the spectrum may be aﬂected by other things { such as
C movement of the spins during the scan ) | can think of no satisfactory

C computer algorithm to detect this shift. Therefore | have decided 1o let

C some user find this shift through inspection of the phase spectrum of a

C middle echo tor each set of echos, For each echo the number of shifted

C points is specified and written 1o a file for later use by the reconstruction

g program RECO.

C
C Moditied by S Knudsen © 8-Jul-86

C
ccceeccece

c
IMPLICIT INTEGER*4 (I-N) ' '
INTEGER*4 BUFF(128) N:BLK, M BLK /
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CHARACTER"1 SAMPLE ALREADY
LOGICAL*1 MATTYP,INNAM(60), ACCNAM(15), TMPNAM(GO)
COMMON /CC/ NFLG,NBLOCK NFREQ,NPHASE,MATTYP,NECHO
COMMON /BB BUFF.N_BLK,M_BLK SAMPLE ALREADY

DATA ACCNAM/T,'S', T E" 'V E N\ \AL'S',

1 OPUEVCSTY

17

C---a---
. TYPE 100 .
100. FORMAT(0"* IMAGE PHASE CORRECTION PROGRAM )
C - \ mamamacanaa
C Read file names /\
Crsnrtonmmmmresmsaccncnmnssmnnmsnemn mmnfe s eemnnmomn m s emen
1 E 102
102 FORMAT(1X,/,"$Enter [nput tile name of the raw data file: )
DO 31=1,60
3 TMPNAM(])=0
ACCEPT 104, TMPNA|
104 FORMAT(60A1) ‘
IF(TMPNAM(1).EQ." ') STQP
C
IFLG=0
DO41=1,60 .
IF(TMPNAM(1).EQ.T.OR. TMPNAM(I) EQ.") IFLG=-1
4 CONTINUE
IF(IFLG.NE.O) THEN
DO 5 1=1,60
5 INNAM(1)=TMPNAM(I)
- ELSE
DO 7 l=1,15
7 INNAM(1)=ACCNAM(1)
DO9I=1660 °
IM=l-15
9 INNAM(1)=TMPNAM(IM) -
ENDIF -
TYPE 111,INNAM
1M FORMAT(" ',60A)
DO 10 I=60,1,-1.
- IF(INNAM(D). NE. GO TO 12
10 INNAM(1)=0
Cc
12 . OPEN(UNIT«1 FILE=INNAM, ACCESS-'DIRECT
* STATUS=OLD',RECLa128, ASSOClATEVARIABLE-N BLK ERR-QOO)
Cc
14 = TYPE 106
106 FORMAT(1X /,'$Enter number ot frequency points (64, ",
1 '128 or 256): ") ’
ACCEPT *,NFREQ :
IF(NFREQ.NE.64.AND.NFREQ.NE.128.AND. NFREO NE.256)
1 GOTO14
c :
16 TYPE 107
107 . FORMAT(1X/,'$Enter number of phase points (64, *,
- 1 "1280r256): ') )
ACCEPT *,NPHASE. '
IF(NPHASE NE.64.AND.NPHASE.NE.128. AND NPHASE.NE.256)
"1 GOTO 16 T e -
Cc : : '
TYPE ere
TYPE* 'Enter the number of echos ( 1,2, 4, 8, 16 ):"

ACCEPT *,NECHO .
IF(NECHO.NE.1.AND.NEGHO.NE.2.AND.NECHO.NE. 4) THEN
IF(NECHO.NE.8.AND.NECHO.NE. 16) GOTO 7.

-END F

VS U,
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IF(NPHASE.GT.NFREQ) GO TO 910~ \
NFLG-NFREQ . ‘ '
IF(NFLG.EQ.64) THEN
NBLOCK=16 j
° MATTYP='4'
ELSE IF(NFLG.EQ.128) THEN
NBLOCK=64
MATTYP=6" .
ELSE ) T
NBLOCK=256 ST
MATTYP-8' o A
END IF - o , -

C :

C Read input file, sort data from INTEGER"3 to INTEGER*4 (le.

C from Aspect to VAX/PDP format), and write to !emporary output
C file (unit = 4), Close input file (unit = 1),

CALL UNSCRAM
C Read temporary file (unit = 4) into virtual array,
C Read the middle echo for each set of echos.
C DFT each echo, inspect the phase of the spectrum and make the
C necessary corrections. Check corrections, repeat if necessary
C and save the cotrections in a file,
C Finally, close all files.

C-- eemmmnessnnmmssssesnsaneacasans
CALL FOURIER -
T R O
0 O S U
TYP 108 '
108 FORMAT(0°** Cotrections Completed! ***')
GOTO1 - ,
Crmerened : o
C Error routines :
900 TYPE 902 .
902 ' FORMAT(0** ERROR ** Unable to open Inpul image file’)
CLOSE (UNIT=1)
STOP
c .
910 - TYPE912
912 FORMAT(0** ERROR ** The number of frequency points ’
. 1 'must be greater than '/,13x,
2 ‘or equal to the number of phase points!"/)
CLOSE (UNIT-1) ‘ - - .
STOP o o
"END " :
C .
cceeeeeeccececcccecce
SUBROUTINE UNSCRAM .
THIS PROGRAM UNSCRAMBLES "FILE NAME' (TRANSFFERED FROM ASPECT
USING "MSPR") .
THE OUTPUT FILE WILL HAVE THE SAME 'NAME AS THE lNPUT FILE AND
.DAT EXTENSION.

THE PROGHAM MUST BE RUN USING $SYS$SYSDEVICE UNSCRAM flle name. ext

IN_BYTES

O’OOOOOOOOOOO .0

12
FEp el

: f‘V&VIVY
OUT BYTES. 1234|56
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T C A oA
C . | sign_ " |
o] .
(o] VER#1 MAY,30 1984  US&A, APPLIED SCIENCES INMEDICINE - :
c DAN GHEORGHIU . :
C : ‘ : . . ' 'y .
CCCCCCCCCCCCCCCCCCCCCCCECCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeeece
- C . ' R ,
C S Knudsen . . 28-May-86 ' , L
' C - . ' ! ‘ N . . )
‘ C Modified for use in 2dtit reconstruction routine ‘phas2dap’. -
- CCCCCCCCet.
C .
C S Knudsen " . 8~Jul-86
o ; ’ et
" C Modified to use the array processor
. C o
cceeeecece
c L .
IMPLICIT INTEGER*4 (A-2) .
BYTE "IN_BUFFER(512) . ' a
BYTE . STACK(4), TEM : Sk . P
BYTE LONG El.)iFr-'Et%ﬁ‘za) 3 \% ‘f‘
, 'INTEGER*4 OUT_BUFFER4(128JIN- BUFFER4(128) BUFF(3 oo
INTEGER"4 IN CHAZiNEL ,OUT_ c ANNEL,ASP_FILE_SIZE, F_SIZE B
c . ‘ ‘
. INTEGER4 ACQ FLAG, ACQ_MASK ‘. - . -
LOGICAL*1-MATTYP, SAMP_MODE - o A v
CHARACTER'1 YES, SAMPLE ALREADY. . . , .
C - ' . - -
' 'COMMON /BB/ BUFF.N_| BLK M_BLK, SAMPLE ALREADY o o .
' COMMON /CC/ NFLG,NBLOCK,NFREQ,NPHASE, MATTYP, NECHO SR
COMMON /MODE/ |MODE. ICODE,MSP_ERR:- " . .
‘ P COMMON ANSC' - IN CHANNEL,OUT CHANNEL.ASP FlLE SIZE:
«,\A o .
‘L " EQUIVALENCE (STACK STACK4) ‘
" - . EQUIVALENCE (IN_BUFFER,IN_ BUFFER4) e S
N . " EQUIVALENCE (LONG_BUFFERF SIZE) SRR o L
BYTE - s*mme(a)m 6, R RO
.| BYTE . . BEWZ A AR |
=y 7 BYTE »REPOR‘[’( ) o o . o ;
: INTEGER'2",  10SB(4) e
A0 INTEGER'4, ,»SYssASSIGN svssolo SYS$WAITFR .
: (."F-f :  INTEGER"4 ,TERMIN MASK,FUNC CODE ;- . .
' P c . . i o i -
,.lNcLUDE ,' SIODEF) el !
R c’ (INCLUDE. . & (sssoer) Yoo | o .
L R DATA * |MODE/3/ ‘ I J: E -;-_-:?”‘ o A 'f*’.“, Lo
SRR DATAACQ . MASK/000000COX/ S = e o
o s P MODE- TRUE? oo JE S LT PEDE N
Lo : ' c) E y .. c T '
w82 ,TYP "MBWUNSCBAM&EM%RN)?” ' .
£ Vo a&'AD(swooMLREAUY e
3 PUt M o RN .
- : (2" * " » 51 )
Ee LAY ol (o ‘
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IF(ALREADY.NE."Y".AND.ALREADY.NE.:NI) GOTO 92

Cc - -
Cc ' o
OPEN(UNIT-4 FILE-ISTEVEN ASPECT]DUMDUM P N
..+ ACCESS=DIRECT,STATUS='OLD',RECL=128, ’r . =
‘ 2 _ ASSOCIATEVARIABLE-M BLK ERR-930) C : e R
101 - CONTINUE . L e I
IF(ALREADY.EQ.TY) THEN o -;lj v o e
! TYPE"Samplemode(MorQ) ‘ ) Jo
+ READ(5,1000) SAMPLE . v s R
IF(SAMPLE.NE.'M"AND. SAMPLE. NE Q)GOTO 101 L -
o CLOSE(UNIT=1) .. ' . N
~ “, REIURN . . - . ‘,,-1"1’ ’ . ' . ‘.. . K : .
. ENDIF - L LR v e
c “a . \‘."’ . s ~7. . o , 4’:"'\_;;‘ . ;‘:-.v\‘ ‘ . i
C ..i‘ \ P : B : s ...\“ o . .
C check out the first bIock for aq‘msmon parameters namely SEO or SIM O AR
C sampling” | A 7, oy . k ey |
C. ,J ’ ' l ' ' K ‘v\,' “ " ' " ' . B I\,v O
c” GET THE FILE SIZE IN BYTES AND TRANSFER HEADER BLOCK ASITIS, ' - e
. C -1 LONG_WORD = FILE_SIZS/3, ) ) S
G g -648 BYTES (216 ASPECT WORDS) USER INFO SO ’:g , L
P . ,
o N“BLK-1 \ \ T oL IBLOCK VARIABLE OF INPUT BUFFER
. M_| éI.K-1 Cal : IBLOCK VARIABLE OF OI.ITPUT BUFFER
c - . '
READ(1'N_BLK) (LONG_ BUFFER(I) 11,512) L h o
~ READ(1N_BLK) {LONG BUFFER(I) I-5'13 1024) - . ‘ R .
* FILE_SIZE=F_SIZE*3 , ; . - , - A
.OUT 128.1 ’ - IOUTPUT BUFFER OOUNTER
- QUT BUFFEFM(I)-FILE SIZE :
L=0_ | ' tBYTE COUNTER OF DATUS .
: <. Ju0" - s ¥ POINTS EVEN DATUS
- C . . ) L B . . . W
D TYPE *,'FILE SIZE-' FILE SIZE R . )
DOIION BYTES-5664 B A | 3 C B 2
Cc
' L-1+JMOD(L 3) e~ INCREMENT BYTE PTR OF DATUS
STACK{L)=LONG_ BUFFER(N BYTES) . [COPYUPTO3 BYTES
IF(L.EQ.3) THEN ' : o
. J=14JMOD(J,2) | INCREMENT EVEN PTROF DATA . '
IF(J.EQ.2) THEN |EVEN DATUS NEEDS SWAPING .- :
TEMP=STACK(1) | PERMUTE 3 BYTE DATUS v
_ - STACK(1)=STACK(2)
. ¢ STACK(2)=STACK(3)
o . STACK(3)-TEMP ‘ ' '
S . ENDIF R . N ~
C “ ' [ ) ' ' - .
, STACK(4)-0
C
c CHECK IF OUTPUT BUFFEﬁ 1S FULL
c

. out 128-1+JMOD(OUT 128,128) IOUTPUTOOUNTER INCREMENT
. OUT_BUFFER4(OUT_128)=STACK4 - ,
AT . IF(OUT 128EQ.128)THEN . " ;
D . TTYPE M, BLKw 'M_BLK

- " WRITE(4M_BLK){OUT_BUFFERA(I), |..1 128) -

o ' | | IF(SAMP DE) THEN -
. ACQ_FLAG = ACQ_MASK.AND. ouT eumsmus)

SAMP MODE- FALSE.



5t ENDIF
_ENDIE

" ENDIE
"« C (. ' o v ' . s
1100 oonnNUE ST SR
c : : |

[F(OUT_128 .NE. 128)THEN o L Vo I

: OUT 128 = OUT_128 +1 o PR
Y. v DOJ=OUT 128,128 . ‘ o
P ‘ cmemﬁmmw “‘

ENDDO - :

. WRITE@4M_ BLK)(OUT BUFFERa(I) I-i128)

* . ENDIF { (
C tind outwhattype of sampling was used R

fF(ACQ FLAG.EQ. 00000000 X)THEN .
-TYPE *, The data is. sampled sumuhaneously
‘ SAMPLE L L
ELSE : R
TYPE *,The data is sampled sequennally
o SAMPLE = 'Q' ,
"END IF i

h .;
Call MSP, if not busy !

' CALL MSATI‘ UNS(O ISTATUS) Icopy after Fipak's MSATT
' , (returns MSP status)

‘DO 000

‘ TYPE ° 'ISTATUS-‘ ISTATUS :
o IF(ISTATUS .EQ. SS§_NORMAL) THEN . .
"o 7. ASP_FILE_SIZE = FILE SIZE/3 _ . -
»  CALLUNSCRAM_WITH_MSP . - ‘
T IF(MSP ERR NE. 1)GOT080
. ENDIF

MSPbusy, lets doiton VAX = . .

&  CONVERT THE REST OF DATA | .
. #ASP WORDS-#VA){_LONG WORDS  * L
CINS12:0 C * 1INPUT BUFFER COUNTER -
OUT 1280 AR 1OUTPUT BUFFER COUNTER

L0 . o , . |BYTE COUNTER OF DATUS
J-O . : ‘ - 1POINTS EVEN DATUS ’

0000000

) DO 10 N_ BYTES-1 FILE SIZE -

i IN_512=1+JMOD(IN_512512)
- JFON.512.EQ.1) READ(TN_BLK) (N_ BUFFER4(I) la 123)
D TYPE*/N_BLK«'N BLK
o T Le1edMOD(LY) ¢ | INCREMENT BYTE PTR OF DATUS
STACK(L&-IN BUFFER(lN 512) ICOPYUPTO3BYTES . = '
IFILEQ3)THEN . .. ‘
T Je1eIMODW2) ¢ | INCREMENTEVEN PTROFDATA

TEMP=STACK(1) | PERMUTE 3BYTE DATUS
STACK(1)=STACK(2) . . ,
. STACK(2)=STACK(3) = ‘

, STACK(S)-TEMP S

-ENDIF. - L L

IF(STAGK(3) LT 0) THEN l TAKE CARE OF SIGN

-

IF(J EQ.2) THEN' - IEVEN DATUS NEEDS SWAPING

047-
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STACK(4)=-1 ‘

ELSE N ‘ N oo o
. STACK(4)q0 ' o '
ENDIF : ‘
C : ' o
C . CHECK IF OUTPUT BUFFER IS FULL
—- C
S ‘ ouT 128-1+JMOD(OUT 128128) |OUTPUT COUNTER INCREMENT
, , OUT BUFFER4(OUT_128)=STACK4 ‘
X ‘ SN IF(OUT 128,EQ. 128) THEN :
D . ‘ e . TYPE *,;M_BlLK= 'M_BLK -
o Co WRTTE(4'M BLK)(OUT BUFFERd(I) 1=1,128)
+ "'ENDIF ,
Cc )
ENDIF
C .
" 10 CONTINUE .-
C» . . . | .
C - WRITE THE LAST BLOCK IF ANY
130 IF(OUT_128.NE. 128) THEN C -
D . " TYPE *, LASTM_BlK= "M_| BLK
‘ ‘ WRITE(4'M BLK)(OUT BUFFER4(I) |-1 .128)
‘ ENDIF
C
. C NOwW CLOSE ALL FILES AND EXIT
C '
80 CLOSE(UNIT-1)
S C . ‘
. TYPE* 'OUT OF UNSCRAM'
Co ' RETURN '
1000 FORMAT(A)
c ,
C .
. C Error routmes
C . Y
930 CONTINUE ‘ ’ '
OPEN(UNIT-4 FILE-‘[STEVEN ASPEC‘I]DUMDUM TP,
Iy ACCESS=DIRECT, STATUS='NEW' RECL=128,
2 ASSOCIATEVARIABLE=M_ BLK ERR-931)
‘ GOTO101 ' . :
931 TYPE 932° ‘ N
. 932 FORMAT('0** .ERROR . Unable to- open file DUMDUM TP1 )
v GOT0999 SN C )
c S R Q

© 950 TYPE 952
. "882.  FORMAT(0** ERROR ** Error readmg mput cmage flle') Co
| GOTO 999 . L e
‘985 . TYPE 987 o o
- 987 - FORMAT(0** ERROR b Error wmlng file DUMDUM TPI ) ;

é GOTO 999 .
699  CLOSE(UNIT=1)
' - CLOSE (UNITw2) - = _ )
-CLOSE (UNIT=3) '~ - . S AR e
cu.oss(um’r-a)j,wi e I T
S “ o STOP .“ . : l‘« .6" N S . K o t : N &, B ' ‘ L
s END e -
C't'to""taoi.'t'ttt.n'tttttcatt'tt'tt'.tttttott.o.oooc.t...at'tf'.ttrt'ottoq R
e O SUBHOUTINE UNSCRAM WIHMSP - . - e T e
\ \ c . . S o PR ..’_.‘v‘..‘\;"‘ ~;v,"

C Subroutme assumes that !he header block has been copled I
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For more detail see MSP array processor manual and/or talk -
wnh system manager :

" DanG.

- V .
. N s

[

INTEGER'4 - IN_CHANNEL,OUT_ CHANNEL.ASP FILE_SIZE
INTEGER'4" " . MSP_REG({16) | Y
"INTEGER'4 - MSP'DRAM 7 400000/ | S
INTEGER'4 * MSP_PROGRAM 7 CO1400%/ - ‘
INTEGER'4  'MSP_START ./ CO140C'X/ S

- INTEGER'4 . 'BUFFER(128) - . S
INTEGER'4  ICHANNEL o -

‘ COMMON MODE/ IMODE lCODE MSP ERR ‘
COMMON /UNSC/ _ IN_CHANNEL, OUT " CHANNEL,ASP_| FILE SIZE

opoooon

o . -

. TYPE *IMODE IMODE
* IMODE ow.nmoo&

- pooO

- CALLMSCLR " ICLEAR MSP
- IF(IWAIT(MSCLR ).NE. O)GO 10 92 )
“CALLENEDMA ' IENABLE DMA -

' Load mini_program o o L S .

1

(eXoXo]

\ ‘ ICHANNEL=3 ' o
| CALL ASSIGN(ICHANNEL, DISKSUSER [STEVEN ASPECT]UNSCMISAL EXE) ~ g
© . NBLKS3: f ‘
| NBYTESa512 = ' ‘ : - :
. .- CALL VMNLOAD(ICHANNEL MSP PROGRAM NBLKS NBYTES) ILOAD MiNI v
. . PROGRAM . S . |
. IF(IWAIT(MNLOAD).NE.0)GO TO 62 o ' < . .
CALLCLOSE(ICHANNEL) . : e S

CALL PSWBSH('1 X) » ' IDisable FPP interupt
lF(lWAlT(' PSWBSH') NE O)GO TO 92 E } ’
c ‘ o
e N_| BLK- S o R J
M BlKw3 . ‘ . ‘ : :
N_DATA=0 . oo *“Igeneral data_counter .
N_MAX_| MSP='20000°X B IMSP _memory capacity
* MSP_REG(11) « MSP_DRAM CL IR2 &= unsc_data_i address
'MSP_REG(16) = MSP DRAM + ‘20000X ‘IR2 <= sc_data: address ‘

. DOWHILE(N DATA LT. ASP_FILE SIZE) . o
" N_DATA_MSP = ASP_FILE_SIZE - N_DATA ' '
IF(N_DATA_MSP .GT. N_MAX _MSP)N_ DATA MSP = N_MAX_MSP

o ReadinputhleandputdataintoMSP A

CUNOOPeO oo e e
| . N_MSP=0 = . o S
T MBP ADDR= MSP. DRAM+'20000'X Istait loading here .
.. D . v .. TYPESSMSP_ADDR = ' R
S D UIMODERST o e

e oes o FORMATCLWZIZY T Tl

e \DOWHILE(N MSP.LT. N.DATA MSP) , ‘

BT TR I -1 READ (IN_CHANNELN, "BLKERR=100)BUFFER

Como o7 el oL CALL . VPUT(BUFFERMSP_ADDR4128) : -

corul oo 00 MSP_ADDR=MSP-ADDR#ST2 T . U
o NLOOP = N_LOOP + 1.

N MSP - (512'N Loopya

000

.s'ﬁ_-,




c

"N_BLK=N_BLK+ 1
. IF (lWAlT( BUFFER) NE 0) .GO TO 92
ENDDO . ‘
‘D ‘TYPE 85, MSP ADDR ‘
D ‘ .IMODE-IMODE OoLD
o Lo,ad‘MSP reglsters with "unscrambling” parameters -
f C ' ‘ . ) ‘ . - ) ) .
o ‘CALL MSCLR !CLEAR MSP:
. L IF(IWAIT('MSCLR') NE. O)GO TO 92 ‘ -
< (. .. .. . CALL PSWBSH(1'X) ‘ l " IDisable FPP interupt
S IF(IWAIT (PSWBSH) NE 0)GO TO 92.
. MSP, REG(13) N DATA MSP IR4 <= counter .
D - ’ T\(PE 85 MSP _REG(11),MSP_| REG(13) MSP REG(16) . r
c . ) . ‘
- CALL MSWRTE(’9400XMSP REG) o . ‘ "IR2,R4,.R7
IF © . (IWAIT(WR9400°). NE O)GO TO 92 :
D2000 CONTINUE B (after break v
Cc K
: CALL VMNSTRT(MSP START) .
I (IWAIT(STUNSC).NE.0)GO TO92 .
C ‘o .
c Remeve unscrambled data from MSP into output hle
c ‘
. M_MSP=0
‘ " MSP_ ADDR= MSP_| DRAM
D TYPE 85MSP_ ADDR ' ‘
D . IMODE=3 -
’ Do WHILE(M_MSP LT N_DATA MSP) , : '
o " CALL VGET(BUFFERMSP_ ADDFM 128) s
P . ‘M_MSP = M_MSP + 128 _ L
b ~ IF(IWAIT(BUFFER)NE 0)GOT092 S {
IF(M_MSP .GT, N_DATA MSP) THEN 1 zero mhng in Iast '
M_FILL ZERO-1+MO[51N DATA_MSP,128)
- DO JJ=M_FiLL_ZERO,128 I block: fo||owmg data.
BUFFERL_).O - :
- ENDDO ,
"ENDIF ' , .
. WRITE (OUT CHANNEL'M BLK. ERR-110) BUFFER
M BLK=M BLK+1 - ‘
MSP_ADDR= MSP ADDR +512 B
* ENDDO © ‘
D, ‘-\TYPEGSMSP ADDR . e
D  IMODE=IMODE OLD . < ot
e N__DATA «N DATA+N DATA MSP o
_ ENDDOIN DATAIoop L ] I ‘%,.f”.,
92 CALLMSDET, g ‘. R Q L 21]"] R
' ,.‘_VRETURN . o cei ]
100" .- ‘TYPE"'"ERROR rsadmg mput flle o
. GoToe2 - S @ g

‘co .. ' . TYPEB5MSP ADDRN_BLKN_LOOP.N_ MSP

110 - TYPE "'".ERROR wrmnwutpm flle

"ii‘_c ﬁo:sOTogz

END -

’ CCGQ'.QQtt...t.t'.t'."..!tat.'“t.ttt'tq.'tcttotea-toton’n'-ott.t...ao........

Fooe
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| SUBROUTINE MSATT_UNS (LUN,ISTATUS) .
C, ' ' ’ . . ~ C
C:.  Copyright (c) 1982,1983
Cc _ ‘Computer Design and Apphcanons lnc '
.G . 411 Waverly Oaks Road
. C - Waltham, Massachusetts 02154
P _ . e
. C . . Allrights reserved.
C o ) * ' | . . -
. C » ' MSATT - Attach MSP-3000 to task ‘
C- This subroutine attaches the MSP-3000 to the task for .
" C, - exclusive use. No other user may attach it while itis ..
- 'C in use. ej ;
C
e T ‘ N ‘
' C Version0.0 ' 15-Feb-83 Peter Kapings -
C C . ) )
.C First Release
- C ‘ o .
A IMPLICIT - " NONE "
o INCLUDE o ' ($SSDEF) C - il
INCLUDE . ($IODEEF)’ A D ,
INTEGER'4 LUN,ISTATUS : e C . o
INTEGER*4 .. '~ SERVICE_STATUS ' : . '
INTEGER'4. -~ SYS$ASSIGN
INTEGER4 - - - .. SYS$SETEF
. INTEGER4 FINAL_IO_STATUS
L INTEGER'4 - SYSsQIOW.
" INTEGER'4.. ‘ 10$_ALTDMA
INTEGER*4 . BITS_TO_SET
INTEGER4 - . . BITS_TO_CLEAR .
CHARACTER'S5 .. M3K_NAME - :
& . rLOGICAL*1 - FPP_SAFE
‘ .~ INTEGER*2; K 10SB (4) : :
, : - INTEGER'4 . ' EVENT_FLAG M3K CHANNEL R
T co COMMON " /QIO ARGUMENTS/ . EVENT FLAG M3K CHANNEL IOSB ¥
: © COMMON - ISAFE MODE/ FPP_SAFE Lo ‘
. c. Establlsh the MSP-3000 devnce name f rthe ass:gn
’ . C . __
’ o ‘PARAMETER . (M3K NAN)[ . 'CDAO')
i o Equate MSP-3000 $QIO funcnon code wnh exlstmg DEC functuon code
‘ TR ,.‘PARAMETER ‘ (IOS ALTDMA l0$ ACCESS)
S PARAMETER: ‘. (BITS_TO_SET=0) ,
SRR ST PARAMETER v '_ (BITS TO_( CLEAR 'FFFFFFFF‘X)
Ti ‘ “':';"A"'Stanof oxecutable oode L sl |
L - ‘, “, Establish the e§@nt ﬂag number fo; all system serv:ces

‘ EVENT FLAG =32

i Default mode at anach is safe S




_00000® O O 0 0 00000 000

ooabos 0o o 00000
J o

.

'FPP'.SAFE JRUE. . ¢ S | :
Set the event flag 50 the first MSWAIT works correclly | |
SERVICE STATUS | . -SYS$SETEF (%VAL (EVENT FLAG))
Error handlmg Section ' ‘

Check SERVICE STATUS to see I( calI and arguments were accepted by VMS
IF (SERVICE _: STATUS .EQ. SS$ WASSET) GO TO 400
IF (SERVICE STATUS .EQ.SS$ WASCLR)GOTO 400
IF (SERVICE STATUS .NE. SS$ NORMAL)THEN - . ‘ ‘ L

CALL BLANK v '

. WRITE (5,310) SERVICE_STATUS : |
FORMAT ( MSATT SETEF Failed with code = °19) .

AN

(=]

This error is serloqs S0 exit from f;n‘a)ge T
CALL EXIT (SERVICE'_STATUS)' ‘

' ISTATUS=SERVICE: STATUS.
.+ RETURN
"ENDIF ’
3 Assngn the MSP-3000 to this task '+,

2000

00 SERVICE STATUS - SYS$ASSIGN ( MSK NAME M3K CHANNEL,,) @

a
1

‘Error handlmg Sec‘non

Check SERVICE STATUS to see if call and argumems were aooepted by VMS,

| . IF (SERVICE STATUS .NE. SS$ NORMAL) THEN ‘ '
CALL BLANK (1 ) |

WRITE (5.410) SCRVICE STATUS .
FORMAT (¢ MSATT Assign Failed with code = l9)

(3

ThIs error is ?us s0 exit from image
" CALL EXIT (SERVICE _STATUS) - R

ISTATUS-SERVICE STATUS
ENDIF o : : : "
~ Issue QIO to clear the ALTDMA mask stored m the ucCsB:
,SERVICE STATUS “ -SYS$QIOW(%VAL (EVENT FLAG) %VAL (M3K CHANNEL)
S %VAL (IO$ ALTDMA) lOSB... ‘

" %VAL (errs " TO_SET),
VAL (BITS TO CLEAR)....)

000

Ermr handllng Sectlon s . .
Cheek SERVICE STATUS to see # call and arguments were accepted by VMS. )
IF (SERVICE STATUS NE. SS,$ NORMAL) THEN '

QOOOO



00000® O O

‘0O 0 0 000

‘oooob

0000

O 0 000
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N

CALL BLANK (1)

WRITE (5, 510) SERVICE STATUS
' FORMAT ({ MSATT $QIO Failed wnh code = IQ)

o

Thla error s serious 80 exit from image -
© CALLEXIT (SERVICE STATUS).

ISTATUS=SERVICE STATUS
RETURN N \

“ENDIF | o § |
' Check th@éatus Block to see lt there were any IO errors

o ' v © e
- FINAL_IO_STATUS = 10SB (1) - ' |
F (FINAL_IO__STATUS /NE. S5$_NORMAL) THEN ‘. *‘ . ) |

CALL BLANK (1) ’ -

|  WRITE (5,600) FINAL lO STATUS
600  FORMAT( MSATT vo Failed With Code = :9)

. N L .
This error is serious so exit from image o ‘ -

ALL EXIT (FINAL 10. STATUS)
ISTATUS-SERVICE STATUS - . , l, » S - "
‘ RETURN S ‘ ‘ o .
END IF . '. . N 5 L \
Put a success code in VO Status Block so first MSWAﬂ‘ works o
k correctly , '

(0SB (1) = $5 NORMAL
 ISTATUS = SS§_NORMAL

Wae're done here so return.

RETRN - R

S END -

SUBROUTINE FOURIER

: C Thls romlno reads ina spedﬂed echo set ( from the scan with
© G no phase encoding pulse on-) and examines the phase of the , v
' C particular echo of interest. ‘Corrections'are input by the user. " o I
" C and the results checked gtaphically. When a satisfactory phase . . =~ * .
- Cprofile has been found, the ‘correction factor for that echo is =
- - Csaved. Thm factors aro used later in the ZDFT reoonstruction S

"-’:'COMPLEX'BBUFFC(“).ZMAT(asGZSG) ey T /

WC N / ‘ , ) X o B f

7. IMPLICIT INTEGER'4 (kN) T T R N
LOGICAL"IMATI’YP!STRING(GO AT :
. INTEGER'2 BUFFW(256),IWDUM, Nsniﬁ(az) NMULT(32) e 2
INTEGER"4 BUFFI(128), NECHO. L
REAL'4BUFFR(128) . - v wl ‘ ‘
' REAL*4 XR(12)XI(512), XPHASE1Z), XMAG(512) S



00

. ‘ ' ' ‘~ ‘.‘ ? ! ‘
s e - -
MPLEX ZTEMPC(~256) ZTemc & L
AL ZTEMPR(512) K Cod 0t
.CHARACTER'32 ANSWER | t
‘ CHARACTER'1 S,AMPLE ALREADY, NEXT FI{\lE TUNE
o . . . [
C ‘ . Y "

B EQUIVASENCE (ZTEMPC(1)ZTEMPR(1 M AP
EOUIVALENCE (BUFFIU)BUFFwﬁ BUFFRU)BUFFCU)) : NN
COMMON /BB/ QUFFW N _BLKM BLK SAMPLE ALREADY
COMMON /CC/ NFLG, NBLOCK NFREO NPHASE MAITYP NECHO
COMMON/FFTARR/XRXI T .

C N ‘
C process NECHO echos from the DUMDUM ﬂle B C
.C S ;
" DONE =1, NECHO oo
. TYPE *’ECHO = NE" .
C--- : ' B .
C Zero vifiual array ,
© Clnmamnannemrnnas e s matanmm s 2 nenn AR e AR R A A o
o p0|-1s12 2“9 . T
ZTEMPR(I) -00 ' , R
ENDDO . L T ‘ ‘
C / [ . n&ogc ¢
', DO12J=INFLG o T o R
: DO 10 1=«1,NFLG \:, n R .
.10 | ZMAT(1))=CMPLX(0.00. 0) S T S
.12 CONTINUE A T
c Read file lnto virtual array Remamber that lhe echos are centred
C in the array. :
C Note that if there i IS zero filling, the zeros are placed at , o\
Cc the begmnmg and end of the matrix, :
C ; g - mmmnsmesosamdnnnn P ‘
Cc . I’ . e . !
L ‘NFR-NFREQ/M\ ' ' o
NPHHA=NPHASE/2 ‘ cw B
NFRHA=NFREQ/2 Ty S
S NFLHA=NFLG2 N E Lo
‘ - M BLKa= (NE - £NFR +.3 _ IRemember 3 info blocks |,
‘ M| BSTEP‘ NF? NECHO g S : )
- C: ‘ C ‘ Co
' DO JJa1, NPHASE ,
M_BLKOLD nM BLK vt
FNPHASE® NFLG)T THEN / Ce
2 JPH=W " - |
3 / ELSE - - co -
JPH-M+NFLHA NPHHA . T ' ‘
C ‘ END F.. o : ‘
C .. - /J . \ . ) ‘ ". .
" DOKK-1 NFR R e
_READ (4M_| BLK.ERR-/QSO) BUFFI
DO I=1, 128 ' ! : ’ B ,
' BUFFR(I)-REAL(B'JFFI(I)) ICo'nvenfror‘n INT*4 10 REAL*4 '~ - .
. END ‘ T v
B DOI-1 64 ‘ " IWritedatato row-of ZMAT |

FRa(KKAyBA

o ZMATWPH, IFR)-BUFFC(I) S |
Ta . ENDDO' cel T
G "ENDDO. ' ‘ L
' “M_BLK=M_ BLKOLD & M. BSTEP

@ o .‘\] i ' R
e L SN . ; - - »" o0



C Atthis polm.'we have the echo data in the array ZMAT

C .

C Now let's look at the middle + 1 scan in.that image.
C . ‘

C copy It into the real and imaginary arrays used in the FFT

C »

C for every loop this data array may need to be shifted n points
C right or left, Thls shm need be a logical shift

—

000000000000 00

12 3 4 - NFLG-1NFLG

+- '+—f--+ -+- | ~y—_—t

AR rigr/\t logical shift
R e ks SO 4+

A > =5 . |

"\ v o

[

LY 4F SAFAY
! o

k4
0>
fot
Ay
%
°©

>
- B
-

R +

The variable ISHIFT indicates the direction and number of points to . .

shift the time data , .
ISHIFT = a negatlve integer then shift left
=apositive * ", 7 right

C L
ISHIFT =0 ] C -7
" NEXT =Y : . .
IROW = NFLG/241 cot
DO WHILE(NEXT.EQ.'Y")
DO/l = 1NFLG N
. " XR(l) « REALEZMAT(IROW. 1))
y - XI(1) = AIMAG(ZMAT(IROW, n)}\
. ENDDO S 4
C
C get the number of points to shift left ( -ve imeger )or right
C (+veinteger) - ..
o]

. 1234 CON’HNUE e

‘ REE ¢, 'Enter the number of ‘points to sbm the time domain data
a%N s )

TYPE‘ ' a negative integer shilts the data left by that number'

TTv;E *' apositive integer shifts the data ﬂght by that number
-, - ACCEPT* JSHIFT ' "‘, - N
a s IF(ABS(ISHIFT) GT.30) THEN ' .
' aTYPE ,'Oops. Too many points to shift the time data’
LR - TYPE °,'Better make a now image afid centre yout  gchos’ |

- ~ TYPE *,' or'reconsider-your choice' . ‘

‘ .- o GOTO 1234 . < t,

e o ENDIF R

- . ‘\ C ' ‘ ‘
S g smﬁ the poinls as lndicatad bstmFT

IF ISHIFT NEO)THEN - -
(ISHIFTLTO)THEN . Ishift left
- ‘ . DOYm tA1ISHIFE . . - :
T XH'IEMP:-XRm
: : S XITEMP = XKY) S
g - - . DOJ=INFG " | .
S o © XRY) = XR+1) '
RS T Xid) = Xig)

' R
.

255



’
kN

¢

END DO

XR(NFLG) = XRTEMP
XINFLG) = XITEMP °

ENDDO. * :

" ELSE 1shift right

DO 1= 1,ISHIFT ,
XRTEMP = XR(NFLG)
XITEMP = XI(NFLG)
DO J « NFLG,2,-1 )
- XR(J) = XRJ-1) ‘

XI(J) = XI(J-1) ,

END DO ‘ '
' XR(1) » XRTEMP
Xi(1) = XITEMP
END DO
ENDIF . N
ENDIF .
C
C check the sampling technique ¢
Cc P
‘ IF(SAMPLE .EQ.'Q") THEN
C v

C++++++++H+0+4++++++H+++++H+++++++++‘+¢+#H+++HH++H++++H+++H++++++
C see J.A. Lunt's {amous 'Sampling Data the Bruker Way' for an explanation

C of what goes on when the data is sequentially sampled,

L o o A R A AALARRA S

C. .
C negate every other complex point in the scan

DO 1= 2NFLG,2 ' T
XR(l) = XR(I)*-1.0 ’
Xi(J) « XI()*-1.0 ‘
ENDDO | ' b b4
C : .
C now treat all the points as real. Each imaginary point is considered
Co fall between the corresponding real point and the next real poirit
C et :
Jei .
DO1=1,NFLG ‘
XPHAS(J) = XR()
XPHAS(J+1) = X1)
- Jede2

END DO . L

DO 1 = 1,NFLG*2
XR'(I) = XPHAS(I)
Xl =00 -
ENDDO

]

C.
'C and do areal fold about the centre of the irequency data . {

C This means a reversal of real and the.old imaginary points about the

C centre of the time domaln data . .
c : N
--DOI-1NFLG'2/4 IR
ZTT = XR(l) :
~ XR(l) = XR(NFLG*2/2+1-)) * '
. v " XR(NFLG*2/241-)) = ZTT ‘
END DO )
1 :
. DO l - NFLG'212+1 NFLG'2]4'3 '
-, &IT. dXR(I) - ‘
- XR() = XR(NFLG‘2+1-J)
XR(NFLG'2+1 -J) -’
J - J + 1 ,‘ R 't .

"END DO St

4

256



ENDIF
c- emmemccnesmsmesssmsssesessasees
C Perform 2dft ‘
c- -
IF(SAMPLE EQ.'Q’) THEN :

NFLG = NFLG'2 ‘

GALL FFT1(NFLG)
XNORMa1.0NFLG 1 Normalization tactor
ELSE - '

CALL FFT1(NFLG) | Setup fit routine
XNORM=1.ONFLG . ! Normalization factor

ENDIF ‘
CALL FFT2
IF(SAMPLE.EQ.'Q") NFLG = NFLGr2 - ‘ - «
IF(SAMPLE.EQ.'M') THEN
DO i=1,NFLHA ! Reorder frequency terms
P-I+NFLHA :
DUM=XR(l)
XR()=XR(IP)
XR(IP)=DUM
DUM=XI(I)
Xi(h=XI(IP)
. Xi(IP)=DUM
END DO

DO l-1 NFLHAI% and tlip about x axis
DUM=XR(})
XR(1)=XR(IP)
" XR(IP)=DUM
. DUM=XK} :
X|(IP)=DUM .. . - , . NG
END DO
END IF

Cc . S . . :
Cfind the max ang min magnitude in the spectrum ‘ - ’ <
C - ) ‘

XMAX = -1. Esa A .
. * XMIN « 1.E33." | ‘ L . S
DOIl=1NFLG | : ‘ . U
XT = SQR dXR(I) xau)na(n XK(1)

JFXT.LEXMIN) XMIN = XT 3
IF(XT.GT.XMAX) XMAX XT°
ENDDO. .
" C .
P . e W
e . c PR :,_.- . .:~ ° N R . -, | , ';l-',.. , ‘ -
C now we can calculate the phase sr)ec:rum ' ' ‘\;‘ o . .

- G Aﬁeﬁ;me first time through the user. is allowed to twlddle the

"~ C phase spectrui. o S
- C'A phase rrectbn term A +Bi lssubtracted from each point l in"
+ Cthe spectmm ‘

C: : ;A-zém ordertem“\ ngp§tant) o i o | )
g %;hrstordorterm( dé/g;ees/poant§ . S o
g ‘tha current implementation 6t orderterm A s S '
~C 5 it agnitqde :

. .



A

B
-

ZPHASE AVG =00
ZP1 - 31415926

(o) o]

ZSLOPE = 0.0 ‘
ZDELTA_SLOPE = ZSLOPE/FLOAT(NFLG)
ZNOISE = 0.05°(XMAX - XMIN) -
XMAXP = -1.E33
XMINP = 1.E33 -
. ZPHASESUM « 0.0
IF(NE/2°2.EQ.NE) THEN
ZFACT a-1.0
ELSE :
ZFACT =10
_ENDIF
TYPE *,the current echo is ‘,NE :
TYPE *.%he current ZFACT is ", ZFACT A
TYPE *,'Enter a muttiplicative factor (1.0 OR-1.0 )’
ACCEPT * ZFACT '
DO 1=1,NFLG ~
XT= SORT(XR(I) XR(1) + Xl(l) XI(I))
IF(ABS(XT).LT.ZNOISE) THEN
XPHAS(l)= 0.0
ELSE - o
XR(ly « XR(l)'ZFACT

Xi(l) = XK1)*ZFACT
IF(XR(l).LE.1.E-20.AND.XR(l).GE.-1.E-20) XR( OE-20
TEMP = ATAN( XI(IYXR(l)) - " ind the phase angle
IF(XR(!).LT.0.0.AND.XI(1).LT.0.0) TEMP=TEMP-ZPI
IF(XR(1).LT.0.0.AND.X1(1).GT.0.0) TEMPTEMP+ZP!
IF(TEMP.GT.XMAXP) XMAXP=TEMP
IF(TEMP.LT.XMINP) XMINP=TEMP
XP}-'I:AS(I) = TEMP - ZDELTA_SLOPE*FLOAT()) - ZPHASE _AVG
ENDI
ZPHASESUM = ZPHASESUM«- XPHAS()) '
ENDDO ., i
ZPHASE: AVG = ZPHASESUMIFLOAT(NFLG)
- DOI=1,NAG .
, XMAG(I) - SQRT( XR(I)'XR(I) + XI()* XK L)
END DO . ‘
c . )
C plot this junk so the phase can be seen.
Cc

TYPE *,'MIN MAX PHASE = ", XMINP, XMAXP
CALL PLOT( NAG; XPHAS XR, XI, XMAG )

C. L .
234 OONTINUE C ’
. TYPE *,'Enter Y to have anpther Iook at this echo’ K3
<7 TYPE *,'or N to procééd to the next echo T
' READ(S,1000), NEXT K
IF(NEXT.NE.Y.AND. NEXT NE N ) GOTO 234 .
c END DO '

C sava the shrft valuq for‘th_is vechvo?

% ems eener (’
TYPE* . \

345  CONTINUE -’ .

WRITE(6,999) ISHIFT .

READ(5,1000) NEXT

. IF(NEXT-NE.Y"AND.NEXT.NE.N )GOTO 345 °

 IF(NEXT.EQ/Y) THEN .

. NSHIFRQME)= ISHIFT: * =

. NwuLH E)-INT(ZFACT) '

: ELSE

L

. 268



. .‘ v .. c by " -, Y
B ‘” IF(NN LE!0, OR.NN GT512)GOTO 200 .

o F " o
. K . . ‘ : - L3 259
", ‘ TYPE"Emer the oorrect shift tor thls echo N o . o .
ACCEPT " ISHIFT . - L. SR s
- NSHIFT(NE)-ISHIFT oL . o .
~ NMULT(NE) = INT@ZFACT) R T "
. ENDIF " » : SR o
. C - , : fmmms .
‘ -‘ENDDO L "} end of echo loop. o
c Echo the shlft 1actors to the screen as a check . ,' *
‘ ‘ WRIxE(s 998) - . S e R T
.*. . 'DOIl=1NECHO . S 3 ‘
. WRITE(6,997) | NSHIFT(I) NMULT(I)
. ENDDO L T
C Open unit 7 and write out the shm array and mumpllcatlve array L. ; N o
Cso that RECO can use it :
Cc
OPEN(UNIT-? FILE-'[STEVEN ASPEC SHIFTS REC ,FORM= UNFOBMATI'ED
. 1 STATUS=UNKNOWN' EBR.QS . N
T WRITEQ)NSHIFTAMULT . SR “\ ‘
: CLOSE éUNIT-4) ’ , — e i,
CLOSE (UNIT=7) ' o o
RETURN .
931 CONTINUE R - _ - o
- TYPE *,'Unable to open the SHIFTS file. Ack I Pfffft C v L
STOP . "‘ N ﬂ . ' : f X0
997 . FORMAT(‘ “12,0X,14, 10X, |4) R L \ -.
998 . FORMAT(/, ECHO SHIFT FACTOR MULT FACTOR o Lo ‘ o
. S N ++o+++o+++++‘-v-++++++++++') s A ,
' 899  FORMAT(/. The curtent shift factor is’, I3 Keep it, YorN) ot oL
s 1000 . FORMAT(A) - ‘ \ \ R ' . :
* 980 7 -CONTINUE W . r .
.~ TYPE*, Error opening raw data fule Bye bye ..... . : ‘ . PR
. STOP ‘ . '
A END - S N v ...‘ L
c ‘ ) » . i . S
R c \ S L , . K '; ‘ . . ‘l}: L < . B
f.SUBHOUTINEFF'H(NN) SN \ el
i GSUBROUTINETOCALCULATEAFAST FOURIERTRANSFORM (FFT) co o
-+ CTHISPROGRAM IS TAKEN FROM BRIGHAMM, E.0.: THE FASTFOURIER e
Y gTRANSFORM 164. PRENTICE-HALLINC 1974 . ,‘ TN R ‘
. ’.g 7 IMPLICIT INTEGER' (N) = © © L T T e
:‘ - REAL*4 XR(512),XI(512), ccts12) SS(512) B R , N
lNTEGER'4JP(512 16)JBITR(512) ', Lo S
DATA Py3‘14159265/ .
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' CSETUP SINE AND COSINE VALUES. R _ o o
[

DO 12 NU1P1=1,NU _

‘ NU1=NU1P1-1 AR Y

~ .’ DO10KP1=IN . - N : :

: ‘K-KP11 Co , — v
JP( NU1P1)-(K/2"NU1)+1 ‘ ' S

10 CONTINUE \ . o =

12 CONTINUE - o . ‘

c . s

" DO14JP1=1N

. JoJP1-1 _
JBITRWP1)=IBITRWU.NU)
ARG=CON"FLOAT(JBITR(JP1))
CC(UP1J-COS(ARG) .
SS(JP1)=SIN(ARG) | N

, 14 CONTINUE . : . ;
o - eRETURN . ' N s *

C : .
T C ” v Toemmonaneneans *
‘ ENTRY FFT2 . ‘ - L _ S
N2=N72 ‘ : . T ‘ T .
. i ' N . . X . . C e AL ) .
s:](;-NU- a - , L B i . . ) ._(’ 7,
‘DO100L-1NU e e : . S
102 DO 101 lw1,N2 S YT T
*KR1aK+1.. : ) P ) ' AN
NU1P1aNU1+1 o

JP1=JP(KP1,NU1P1) - - . o . - .

i . C«CCWP1) : _ . L
. _ S=SS@UP1) o EO o
) KiaKs1 ‘ : . T
- K1N2=K1+N2 , . eno et o

Lt .TREAL-XR(KINZ)‘C+XI(K1N2)‘S e

TN TIMAG=XI(KIN2)*C-XR(K1N2)*S - : o ST S .

\ . XR(KIN2)=XR(K1)-TREAL = T ' -
D XIKIN2)=XI(K1)-TIMAG e . . .
" XR(K1)=XR(KI¥TREAL * / . = ot .
XI(K1)-XI(K1)+TIMAG R T S

- 101 K-K+1 : T . o . r) ‘

) \ ) K-K+N2 Y s ',' et "o
A IF(KLTN)GOTO102 e -

S NU1-NU11 e o :
Y 100N2-N2/2 . : ) e

DO103K-1N o . . »
3 {=JBITR(Kp+ S 2 B .

SR IF(ILEK)GO‘l’Qoa« B O L S e

0% TREALeXR(K) . S e,
‘ot XAIWXRM) " . S Cn S
‘..-.-_;\-,.xR(l)-TREAL - T : SN
I TMAGeXIK) e T T e T ok T T

LXK S s T e e T e : LT
RIN-TIMAG. s R SR

10300NT|NUE‘. T P L S PO R

RETURN ' If A "?.» ‘ ) , \, . SRR C

G-
gERRORROUTINE
- 202FORMAT('O"'FFI’SEJBROUTINE ERROR ILLEGAL N VALUE "--)
st e :

fo
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FUNCTION IBITR{J,NU)
IMPLICIT INTEGER'4 (I N) ’
Jis
IBMR=D .
DO 200 t=1 NU '
J2=J172
IBITR=IBITR' 2+(J1-2'J2) "
. 200 J1mJ2N
RETURN o : C
END

SUBROUTINE PLOT( SIZE PHAS R I, M)

' C quick and dlny plomng of the data passed A

C The output ‘device used is a Digital VT241 ﬂ‘hh a colour monitor.
-C See REGISUTL FOR for the subroutine calls

C
INTEGER"4 sizE | - :
. REAL'4 PHAS(512), R(512), 1(512) M(512)
INTEGER"2 X, Y, OLD_Y, OLD_X .
INTEGER"2 TT: CHAN . Vo
- INTEGER*4 LIBSSET SCROLL.SYS$ASS!GN BUFFER(512). o,
. .. CHARACTER'1 COLOR ,\ ‘ -
A _ CHARACTER'80 STRING '
- BYTECOLBYTE .- Co
BYTE INPT,PASS -~ S L L
- ‘EQUIVALENCE( COLOR, COLBY;TE ) | ~ ' ‘
 COMMON /TRAP/WIPT /CHAN/TT _ CHAN ' oo e : 3
: CHARACTER‘1 ANSRETPLT — . - o o .

. ‘C -"
. “9‘ \ ‘.‘“ ANS.” ' . . - . 'A B v } ' . - . . . b B .: . . i /
- COOR=3 . SRR ¥ |

‘ACsetupachannelf_.. LR SN T o

AR CALL g\‘ssASSIGN(‘SYsslNPUT T CHAN ,) . N
v 18T TLINE-23 S T
o ‘, - IEND_LINEw24 SR '
SR : TYPE * EnterP for phase Rfor real'l for |maginary, Mfor modulus AR
R, READ(S 1900 PLT E o
: c R IF(PLT NE.‘P‘ AND PLTNE 'R' AND PLT NE T, ANDPLT NE 'M)GOTO 500 _‘ '

,",(

JFE l'r.eo )THEN Foe e R e

L L ,“,-'. = DONl-1 S'ZE N S L R
SN R RS "IEPHASIND LT-XMIN) XMIN = PaASIN) . r T e
S e E’IJF(PHAS(NI)GTXMAX)XMAX PHAS(NI) T e

o :-" SCALE = (XMAX - me)/(z"151) . T A R
' Y« DONIe1,SIZE’ N L T
Coe BUFF:R(NI)-INT(PHAS(NI)?SCALE) O IR

.ji'_; " ENDDO. _ o T AR
i £LSEIF(PLTEQ'R')THENf B S PN TP
l*'F(R(NI)LTXMIN)XMIN-R(NI) S e e B T
F(R(NI)GTXMAX)XMAX R(NI) R R AN




,END DO '
SCALE = (XMAX - XMlN)/(2“151)
DO NI = 1,SIZE
BUFFER(N& NT(R(NI)/SCALE)
END DO .
'ELSE IF(PLT.EQ'M) THEN
e NI=1,SIZE *~ )
. IF(M(NI).LT.XMIN) XMIN = M(Nl) ‘
" IF(M(NI).GT.XMAX) XMAX = M(Nl)' :
" END DO
SCALE = (XMAX - XMIN)/(Z“151)
DONI=1SIZE .
'BUFFER(NI) = INT(M(NI)/SCALE)
ENDDO . . .
ELSE ' . ‘ o P
- DONI=1SIZE * * ‘ ‘ ‘ :
IFQN).LT.XMID) XMIN = I(Nl)
IF(I(NI) GT.XMAX) XMAX = I(NI) -
: END DO .
. SCALE = (XMAX - XMIN)/(2"15 1)
‘ DO Nl = 1,SIZE.
BUFFER(NI) = INT(I(NI)/SCALE) . ) :
END DO ‘ o T
END IF o ’ S
o - IF(ANS.NE. 'O') THEN
C find the MIN MAX: 1or the x and y coords
. C N “ R
o MIN Y= 2147483647
' MAX Y = 2147483647
‘DO Nl = 1, SIZE - L0

o IF(BUFFER(NI) GTMAX Y)MAX Y = BUFFER(NI)
t*  ENDDO . ‘ .
c o . ‘ , SN
Cc calculate where the axus ( zeroed ) should go e
C . . .
C x axis- crosmng .

.C
. IF(MIN YLTOAND MAX‘YGT 0) THEN - ‘ ’
" IXSTART = INT(FLOAT(MAX_ Y)/FLOAT(ABS(MIN Y)+MAX_ Y) 400)
_ IF(IXSTART.LE.0) IXSTART =
" ELSE IF{MAX_Y.LE.0)- THEN S
. IXSTART =0 : R
ELSE IF(MIN_ YGEOAND MAX YGE 0) THEN ’
. IXSTART = 400 - , o
% ELSE IF(MIN_ YLEOAND MAX YLTO) THEN - S .
IXSTART=0 °. ~ . o
* ENDIF; S . o
iCyaxls,crossmg N
C » "‘ . . . -
ENDIF 3 i N R R S
' »Cpbtthaaxis L ' 4 ‘

IF(ANS’EQ'O')THEN A S
. CALLREENTER REGIS .
IF(OOLOR.LT'a‘)THEN SR
OOLBY'IE-OOLBYTEH‘;’-“ :

IF@UFFER(N.LTMIN_Y) MIN_Y = BUFFER(NI) ’ RN

262,
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IF(ANS.EQ.'N"OR.ANS.EQ.") THEN ' S : _ _
CALL ENTER_REGIS L _ L '
CALL FOREGROUND(3) o ’ ‘o
" STRING = 'MAX_Y' = . ' L
- CALL NTEXT(STRING, MAX Y, 10, 30)
STRING = ‘MIN_Y" o
CALL NTEXT(STRING,MIN_’ Y 10,50) : o o
CAHL ABS_POSITION( 0,0) , : - ' . :
STRING = NUMBEROF POINTS * - : .
) CALL NTEXT(STRING SIZE, 10, 70) ‘ - ‘ |
© ~ . ENBE . o ¢
Vo .. 'CALL FOHEGROUND(’1') S . o
s ' CALL ABS_POSITION( 0, IXSTART) L P oy
' .. ... CALLVEC_POINT(799,0) ' . : L : :
g 'CALL ABS_POSITION{ IYSTART,0) ' . : . Y
CALL VEC: POINT( 0,7400) : - ‘ o R

C now scale the points in the y-directlon

. C . . .
L . SCALE = FLOAT( MAX_Y -MiN Y)/4000 i : <
‘ IF(SCALE.EQ.0.0) SCALE = 1.0 : S
‘DO Ni=1, SIZE s 3 | o c
BUFFER(NI)-INT(FLOAT(BUFFER(NI) MIN Y)ISCALE) . : . o
ENDDO . o R , .

after thls the numbers should all be posmve aoﬂfpr thex points . .0 ot ' o
between 0 apd ‘799 for thaypomts between O'and 400... . . 2 R

Tl o v

NOWplotthatsucker 5 - o T ‘ RS r

CALL FOREGROUND(OOLOR) AR
' ‘ , - Xmi w : o
S Y = -1*BUFFER(1)-400): . . SR o g u
e CALL ABS; Posmomx Y) S ‘ L e L
.+ . 'CALLSTRT.SEQ E S . o
~ oo+ CALLVEC POINT(O 0) o S S '

' T, OlDY=Y ™o S G e e T .

_ooooood,‘-

o IF(SIZELTSQO)THEN N Y , . ~

_ INCXw2 . Co e ..
o L ISIZERSIZE2 . . e v Tl

. ENDE_ - L e

DONf=1, SIZE - \ o
LY (1'(BUFFER(NI) 400) OLD Y) - o
ot OLDLY = -13(BUFFER(NI) - 400) _ L
R ENALLPOINTADD(X Y S i (
e AL&END SEQ - L * S Ce
c cALLABs Posmomo o) B e

O cn.oss(z) | BERTE SR SR

G _
S gaskbr some lnfo N

' wanE(s 1001):
i °-FKEAD(S 1000) ANS:
- IF(ANS:NE.'P". AND.AN!
' IF(ANS.EQ.P') THEN
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ISTART (NE=1. . ‘ ‘ T
JISTAT = LIB$SET. SCROLL(ISTART LINE, IEND_ LINE) ‘ ‘
TYPE *,'BYEBYE'
ELSE .
- TYPE *," O(verlay) ﬂle or N(ew dog)?
READ(51000)ANS B ‘ . ‘ ey \
.GOTO 500 ' : o - o S -
END IF R B ! S '
G ‘ ‘ ‘ ‘ :
C ERRORS . _ : S
c ‘ ‘ . .
999 . TYPE"BadﬂIe Plot aboned o ‘ o B
‘ RETURN . . o o . = .
1000 FORMAT(A) o
- 1001 _ FORMAT( Entera "P"to PISS o) '

- 1002 FORMAT( ora"D"foranewDog $) . B ' T - o (
END ‘ ‘ ‘ ‘



Appendix L

: The raw qrnage data reconstructnon program RECO
rd

C"' MRZDV een T Ly “ : ‘ ' ‘ , . . " ' <\ ‘ ‘ -“ R o
CDr. Richard Hooper .+ 18-Dec-84 A R : ‘ S ’
C Cross Cancer Institute -, - c SR o .

“C Edmontor}, Alberta, Canada . : R
' G A program to reconstruct asetof FID datafrom the Aspea-zooo N v T :
C uslng a ZDFT technlque. and create an output DELTA~1 1 ﬂle " ‘ }
G : o . . ' o L

CCOCCCGCCCOCOOCOCCCCOCOCCCCCCCOCOOCOCCCOCCOCCCCCCCCOOCOCCOOCCCC : !

c ! o ‘ ' " . L o .. o . LB e ‘ ‘ . N -
I "CModihedbyStevenKnudsen ~3/04/86 . . R e
R 10-1020|1nlcaISdencesBIdg Co . : B T o

o C: N T e .'_.‘
-C'l-'his program slmplyﬁtsthe rawtime domain data and saves Lo REI
no \Cthe resultant oomplex array(s) ina. RAW sufflxed file S
‘ "G

e
P T " MPLCT NTEGERCa Gy . - © 5 B
T LOGICAL™t MATTYP INNAM(SO)ACCNAM(15)TMPNAM(60)‘ S R
%7 . CHARAGTER'32ANSWER AT SRS 5
. ©t. - CHARACTER'{ SAMPLE, ANS, ALREADY -~ . "/ o 1 PR
T4 i v INTEGER'4 BUFF(128)N BLOCKM.BLOCKNECHO = . . . TR LR R
T COMMON /BBY BUFF.N. BLOCK:M: BLOCK SAMPLE, NECHOALREADY -~ ' o
" COMMON /CC/ NFLG.NBLOCKNFREQNPHASE MATTYP ANSWER
| DATA ACONAWT.S T EVIENLAS, |
4’ o .l' 'P"E"C'TTI .
e DATAANSI‘N'/-'_-




-
<,

-" Lo . n&( : N . . . . . , - . . 266
N R TMPNAM(I)-O ‘ S . R ‘ ‘
' .- ACCEPT104TMPNAM . . . ot | - S
1b4 ' FORMAT(60A1) L T
o IF(TMPNAM(1)EQ )STOP .
x-»q . [ " ) ‘
FLGe0 - : o N ,
DO 4 1=1,60 , ‘ L : -
. IFCTMPNAM(Y). EQ'[ORTMPNAM(I) EQ.: )IFLG- o : S
¢4 4. . CONTINUE . . Lo , ‘ .
© . IF(IFLG.NE.0) THEN o o . , B
KO ‘DO 5 1=1,60 . f s ‘ L

<

F

L eeS INNAM(I)-TMPNAM(I) | o .
o .. ELSE L S N '

_ L 711,15 T L
o 7 NNAM()=ACCNAM( * . L
' R, . HDO 9 1-16.60" - : e s

. IMal-15 : N L B o
9 . INNAM(E)-'IMPNAM(IM) v TR : ‘ S N .
" ENDIF o SR e
ST TYPE111INNAM ' B ‘ oo
- 111 _FORMAT( '60A) S t ‘
' : ¥DO10 160,11 | Lt T
~ IF(INNAM(I).NE.' )GO TO 14 - L
10 INNAM(I)-O _ N
Q«*C ‘ C

\14 . TYPE106 oo ,
106 FOBMAT(1X/ ‘$S&nter number of trequency pomts (64 . . N _
- T 1 M2Ber2se): )T , ) _ v | o
S~ C '‘ACCEPT*NFREQ . = \ ' ® . e
. " IF(NFREO NE.64AND. NFREQ NE, 128 AND.NFREQ.NE.256) . ‘ : -
o 1 GO‘[OM . _
v, ) c: ‘ . - . , .. N ot } :
‘ 16 TYPE107 o » ‘ . TR T
107 . FORMAT(1X/." $Enter nurpber of phase points (64 S o , : Lo e
e "1, '1280r256); ") - . ¥ , .
AR 'AGCEPT * NPHASE .. o '
3o ey YL IF(NPHASE NE. 64 AND NPHASE NE. 128.AND NPHASE NE 256)
S N GOTO16 ) S
- C , ‘ . : S 'f Sl
.18 TYPE108 - ‘ o o
108 - FORMAT(1XI ‘$Enter number of echos(1 4.8, 16) Y S BRI
SR | - ACCEPT *NECHO ~ ° . IR
R IF(NECHOLEOORNECHOGT16) GOTO18 R e, e
ST e °"‘ IF(NPHASEGTNFREQ)GOTQ910 FEERE R X
g ' NFLG=NFREQ ‘. ARSI ) s R ‘ o SRITIR

o

4

IF(NFLGEQG4)TI-IEN

*"C Read input ﬁhﬂon data 1rom INTEGER'a tq INTEGER' RN
» G (le. trom Aspect to VAX/PDP format), and write to temporary output
e (o] Ie (unlt-d) Close lnput flle (unn - 1) :

c - N




e
. c Then call the feconstructlon routme This routme fit's a.. i)
~ © echos and stuffs thé resultant arrays into 2. data file ( suftix
- C RAW)onumt? Ctosaunn? C -
. C - . , .
92 TYPE ALREADY UNSCRAMBLED(YORN )? . e
S -READ(S 1000) ALREADY - o : , :
'IF(ALREADY NE."Y AND.ALREADY,NE.'N') GOTO 92 “ S
IF(ALREADY EQ. 'N') THEN ol ;
OPEN(UNIT=1, FILE-lNNAM ACCESS- DIRECT C e
* STATUS-'OLD',RECLA128 ASSOCIATEVARIABLE-N_BLOCK.ERR-QOO)
C
o C ~ ENDIF L : CL ey
-~ CALLUNSCRAM. - * Co L -
o CALL FOURIER(1NNAM) o <t .
TYPE 118 ‘ .
118 FORMAT(0"** Reconstructlon Completed! o /) .
B ) - GO TO 1 o o . 3 . : "T‘
' C ne> Lo o ' . -
C Error routines , .. o S oy, S SO
‘. 900 TYPES02 - ‘ o ! :
g0 902 FORMAT(O0°? ERROR °* Unable to open input image ftle)
S CLOSE (UNIT-1) ‘ a
s STOP S
-~ 910 TYPE 912 - . .,
Coane 912 \FORMAT(0* ERROR ** Thg nqmber of frequency' points * :
R t - ‘must be grealer than */,13x, o
LR "2+ ‘or.equal to the number of phase points! o
IR CLOSE (UNIT-1)
"_"STOP o
T ", 1000 FORMAT(A)

E

SUBROUTINE UNSCRAM

mus PRQGRAM UNSCRAMBLES 'FILE NAME (TRANSFFERED FROM ASPECT
usme "MSPR") - ‘ K

THE OUTPUT FILE wnu. HAVE THE SAME’ NAMEASTHE INPUT HLE%AD e
. DATEXTENSION. L
THE PROGRAM MUST ee RUN usmc ssvsssvsoevuce UNSCRAM 1|le name ext

Fo
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Ccs Knudsen - 28-May-86 . ST
C, ' ‘ ) s ' »’
C Modmed for use in 2dﬂt reconstrucnon routine phas2dap ‘ ‘ "
C- - v ! o b

- coceeeceeee : . ‘ e,
-‘C‘ i \ ‘ ‘ ) . . N -‘ e -
\ CSKnudsen ' 8-Jul 86

C

C Modified fo use the array processor

CC:SCCCCCC . [ . by e ' L ' ¢

IMPLICIT INTEGER‘4 (A- 2) ‘ ‘ S
BYTE IN_BUFFER(5T2) ™~ R

BYTE - STACK(4),TEMP | cooe m R

‘BYTE ~  LONG_BUFPER(1024)
'INTEGER'4 ~ OUT_BUFFER4(128),IN BUFFER4(128) BUFF(128) |
JNTEGER'4  IN_CHANNEL,OUT_CHANNELASP_FILE_SIZE,F_SIZE

INTEGER'A ACQ_FLAG, ACQ MASK NECHO . ,

'LOGICAL*1 MATTYP, SAMP_MODE R
CHARACTER'! YES. SAMPLE.ALREADY,ANSWER ;

COMMON /BBI BUFFN BLK,M_BLK SAMP NECHOALREADY C

'COMMON /€C/ NFLG,NBLOCK, QNP SE MATI'YP ANSWER o "

COMMON MODE/ IMODE ICODE SP_ERR

. EQUIVALENCE ' (IN_BUFEER,IN_ BUFFER4) . *
" EQUIVALENCE (LONG._| BUFFERF SIZE)

BYTE = STRING(4)/27 '[ 6 n'/

BYTE - '  BELL7Z/ )

BYTE ° REPQRT(ZO) SO

'INTEGER'2 . I0SB(4) v e

INTEGER*4 ~ SYS$ASSIGN,SYS$QIO, SYQSWAITFR\
INTEGER'4 TERMIN*MASK FUNC CODE T

“INCLUDE" | YSIODEFY’ . T
INCLUDE R ($SSDEF) n i

" DATA IMODEA! AT
~ DATAACQ. MASK/'OOOOOOCO‘ L e
SAMP_MODE = TRUE.. . K Lo

INCHANNEL=1 ATt

’;'OUTCHANNEL- . O T TSN

checktoseemhis has alreadybeendone AR ; T

IF(ALREADY NE V% AND.ALREADY.NE. N') THEN

L ._;‘_'Z TYPE* 'Oops I'do not rsmember bemg unscrambled or do*l ? . .
e S ',
.C. = R # .

0PEN(UNIT-4 FILE-1STEVEN~ASPEQT]DUMDUM TP1" QEER A

' 59

_ COMMON /UNSC/ "IN CHANNELOUT CHANNEL ASP_FILE SiZE ',
TR ‘.'EQUIVALENCE (STACK, STACKA)

Acoess-'omecr STATUS-‘OLD RECL-128 L T o

rﬁ@‘\'
-« - -
AT el
: :
“ .
i he .‘
I‘ N
"'\




P4

101

C
Cch
Csa

[oXoNoNoNoNo)

O

O 00O

o000 O

‘
A

- 269

2 ASSOCIATEVARIABLE-M_BLK.ERR930)
CONTINUE
IF(ALREADY.EQ."Y) THEN
TYPE *,' Sample mode (M or Q )’
READ(5,1000) SAMPLE
IF(SAMPLE NE.'M' AND SAMPLE.NE'Q") GOTO 101
CLOSE(UNIT-1) _
REmRN L)
ENDIF -

..........................................................

A out the tirst block for aquisition parameters, namely SEQ or SIM " .
mpling ‘

GET THE f:lE SIZE IN BYTES AND TRANSFER HEADER BLOCK ASATIS,
-1 LONG_WORD - FILE_SIZS/3
. 648 BYTES (216 ASPECT_WORDS) USER INFO

N_Btka1" 1 BLOCK VARIABLE OF INPUT BUFFER
M_BLKa1 ' : | BLOCK VARIABLE OF OUTPUT BUFFER

READ(1'N_BLK) (LONG_BUFFER()1=1,512)
READ(1'N_BLK) (LONG_BUFFER(1),1-513,1024]

FILE_SIZE-F_SIZE'3 o
. ) '
~OUT_128=1 |OUTPUT BUFFER COUNTER
OUT BUFFERA4(1)=FILE_SIZE . , \
Le0 1BYTE COUNTER OF DATUS
J=0 | POINTS EVEN DATUS
TYPE * FILE_SIZE~"FILE_SIZE ‘ - )
DO 110 N_BYTES=5,664
 L=1+JMOD(L.3) | INCREMENT BYTE PTR OF DATUS \ ‘
STACK(L)=LONG_BUFFER(N_BYTES)  |COPY UP TO 3BYTES .
IF(L.EQ.3) THEN R .
J=14JMOD(J,2) | INCREMENT EVEN PTR OF DATA
IF(J.EQ.2) THEN | EVEN DATYS NEEDS SWAPING
TEMP=STACK(1) | PERMUTE 3 BYTE DATUS
STACK(1)=STACK(2)
STACK(2)=STACK(3)
STACK(3)=TEMP , :
ENDIF .

STACK(4)=0 ) T '
s
CHECK IF OUTPUT_BUFFER ISFULL . .

OUT_128=1+JMOD(OUT_128, 128) | OUTPUT COUNTER INCREMENT
OUT BUFFERA(OUT_128)=STACK4
IFOUT_128.6Q.128) THEN .
TYPE *M_BLK= ' M_BLK :
WRITE(4M_BLK)(OUT_BUFFERA(1),I=1,128)
IF(SAMP_MODE) THEN
ACQ _FLAG = ACO_MASK.AND.OUT_BUFFER4(45)
.- SAMP_MODE = FALSE.
END F
ENDIF

ENDIF :
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CONTINUE . : | ‘
B ' A

L)
4

IF(OUT_128 NE. 128) THEN
OUT_128 = OUT_128 +1
DO J=OUT_128,128

OUT_BUFFER4(J)=0
ENDDO
WRITE(4M_BLK)(OUT_BUFFERA(I),1=1,128)
ENDIF : :

C find out what type of sampling was used .

IF(ACQ_FLAG,EQ,000000C&'X) THEN
TYPE *, The data is samplegd simultaneously*
SAMPLE = M .

ELSE
TYPE *, The data Is sampled sequentially
'SAMPLE = a

END IF

Call MSP;, it not busy !

CALL MSATT_UNS(0,ISTATUS)  Icopy after'Fipak's MSATT .~
(returns MSP status)
TYPE *ISTATUS=' ISTATUS ,
IFOSTATUS .EQ, SS§_NORMAL) THEN - T
ASP_FILE_SIZE ~ FILE. SIZE/3
" CALL UNSCRAM_WITH_MSP
IF(MSP_ERR NE 1) GOTO 80

ENDIF '
MSP busy, let's do it on VAX e %\“
- ) ) \\ o

CONVERT THE REST OF DATA - '
#ASP_WORDS=#VAX_LONG_WORDS ~

¢ .
IN_512=0 v | INPUT BUFFER COUNTER
OUT_128-0 OUTPUT BUFFER COUNTER —_
L=0 : ' | BYTE , COUNTER OF DATUS
J=0 : ' | POINTS EVEN DATUS

DO 10 N_ BYTES-I FILE SIZE

. IN_512=1+JMOD(IN_512,512)
. IF(IN_512.EQ.1) READ(1'N_BLK) (IN BUFFERA(I) 1=1, 128)

TYPE *'N_BLK="N_BLK , :
L=1+JMQRD(L,3) | INCREMENT BYTE PTR OF DATUS
STACK(L)=IN_BUFFER(IN_512)  1COPY UP TO 3 BYTES .
IF(L.EQ.3) THEN

Ju14+JMOD(J,2) - | INCREMENT EVEN PTR OF DATA
\F(J.EQ.2) THEN | EVEN DATUS NEEDS SWAPING
\ TEMP=STACK(1) | PERMUTE 3 BYTE DATUS
\ STACK(1)=STACK(2) ..
TACK(2)=STACK(3) T
_/STACK(3)=TEMP
ENDIF

IF(STACK(3).LT.0) THEN | TAKE CARE OF SIGN
STACK(4)=-1
ELSE
’ STACK(4)=0
e ENDIF
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C CHECK IF OUTPUT_BUFFER IS FULL: '
o} :
* : ' OUT_128=1+JMOD(OUT_128,128) | OUTPUT COUNTER INCREJENT
* OUT_BUFFER4(OUT_128)=STACK4
IF(OUT_128.EQ.128) THEN |
D TYPE*'M_BLK- ‘M BLK-_ =~ ° " .
S WRITE(4M_ BLK)(OUT BUFFERd(I) 1=1,128)
ENDIF Lo
c l -"\ ' . . A
: ENDIF . ' -7 /

10 -CONTINUE . : R
c ~ ) s U T
C wnrrE THE LAST BLOCK IF ANY , . ' oo :
C ’ ~
130 y-‘(OUT 128 NE,128) THEN ' ' : x
D TYPE *,' LAST M_BLK= "M_BEK
: WRITE(AM BLK)(OUT_BUFFER4(l),1=1,128) ,

END'F . O ‘ *
c - S :
o} NOW CLOSE ALL FILES AND EXIT, . SN ‘ '
) ‘ ,
80 CLOSE(UNIT=1) : DA
c ' : : E

TYPE * OUT OF UNSCRAM |-

RETURN : ! .
1000. FORMAT(A) . P,

930 CONTINUE ‘
OPEN(UNIT=4, FILE=]STEVEN. ASPECﬂDUMDUM TP, ) ,
1 ACCESS~DIRECT,STATUS='NEW'RECL=128,
2 | ASSOCIATEVARIABLE=M_BLKERR=931) R \ ‘
-GOTO101 - N
931.  TYPE 932 RS :
932 FORMAT('0** ERROR ** Unable to ogen file DUMDUM TP1Y) .
€070 893 . J‘ .
C N Lo 4. \ T . " 1 .
950 TYPE 952 | : . . ’
952 FORMAT('0"* ERROR **-Error reading input image file’)
. GOTO 999 '
985 TYPE 987 .-
987 "FORMAT(0** ERROR ** Error writing file DUMDUMTPT) )
EOTO 999 : ! '

999  CLOSE (UNITa1)

CLOSE (UNITe2) * =

CLOSE (UNIT=3) 4 : .
CLOSE (UNIT=4) , : : - :
STOP :

END ' : ~ _ (-

’

'.'...‘.."..l'..'l.'.".."'l..'.‘.'.tl.l......"...Q..'.l...".."'...'..' . 2 N

* SUBROUTINE UNSCRAM_WHH_MSP _— -

Subroutine assumes that the header block has been copied !
For more detail see MSP array processor manual and/or tak
_with system manager . ‘
' -
DanG. )
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S ,
INTEGER'4 = IN_CHANNEL,OUT_CHANNEL.ASP_FILE_SIZE
INTEGER'4  MSP_REG(16) - S |
INTEGER'4  MSP_DRAM [ 400000°X/
INTEGER'4  MSP_PROGRAM /' CO1400X/
INTEGER'4  MSP_START '/ C0140C'X/
INTEGER'4  BUFFER(128)
INTEGER'4  ICHANNEL

COMMON /MODE/ IMODE,ICODE,MSP_ERR
COMMON /UNSC/ IN_CHANNEL,OUT _ CHANNEL,ASP FILE_SIZE
[N

TYPE *.'IMODE *,IMODE . \
IMODE_OLD=IMODE - o :

CALL MSCLR ICLEAR MSP -
IFUWAIT(MSCLR ').NE.0)GO TO 92 X

CALLENBDMA IENABLE DMA
Load mini_program g o o !

) ICHANNEL-S
" CALL ASSIGN([CHAN[\IEL ‘DISK$USER{STEVEN. ASPECT]UNSCMISAL EXE’ )

NBLKS=3
NBYTES=512

-

IF(IWAIT(MNLOAD').NE. O)GO To 92 .
CALL CLOSE(ICHANNEL) . - o

CALL PSWBSH('1'X) IDisable FPP interupt
IF(IWAITCRSWBSH').NE.0)GO TO 92 !

N_BLK -3 ’ ‘ ’ ‘ . *
M BLK =3 ) . ' N

N_DATA= 0 Igeneral data_counter
N_MAX_MSP='20000’X IMSP_metnory capacity
MSP_REG(11) = MSP_DRAM

DO WHILE(N_DATA .LT. ASP_FILE_SIZE )
N_DATA_MSP = ASP_FILE_SIZE - N_DATA

IF(N DATA_MSP .GT. N_MAX MSP) N_DATA_MSP =« N_MAX_MSP

Read inpit file and put data mto MSP

N_LOOP=0 | | : ,
MSP_ ADDR- MSP_| DRAM + "20000'X
TYPE 85,MSP_ADDR :
T IMODE=3 -
. FORMAT( ' 4Z12)

o) WHILE(N | MSP LT.N_DATA MSP)
READ (IN_CHANNEL'N_BLICERR=100) BUFFER
CALL VPUT(BUFFER MSP_ADDR.4 128)
~MSR_ADDR= MSP_ADDR +512
N LOOP=N_LOOP+1 ., .
N_MSP « (512°'N_LOOP)3 e .
TYPE 85,MSP_ADDR,N_BLKN_ LOOPN MSP
N_BLK=N_BLK + 1 v
JF- (IWAT(BUFFER').NE. 0) GOT092 '
ENDDO

istart loading here

TYPE85MSP_ADDR =~ = . K J

CALL VMNLOAD(ICHANNEL MSP_ PROGRAMNBLKS,NBYTES) ' ILOAD MINI
"PROGRAM ;

IR2 <= unsc_data__ gddress
' MSP_REG(16) = MSP DRAM + 20000X  IR2 <= sc_data_address
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. . . S
.“ . " ol f . - . /

1 L o ‘
; ' _ Y A
D IMODE-IMODE_OLD wo
. C \ ' . A . O
- C Load MSP registers with."unsgrambling” parameters - - ¢ s
c I . .
s \ - . b gy -
: CALL MSCLR ICLEARMSP - sy 3
\ IF(IWAIT(MSCLR 7.NE.0)GO TO §2 B : U ,
CALL PSWBSH('1'X) IDisable FPP interupt L
IF(IWAIT( PSWBSH).NE.0)GO TO 92 ‘ N
) C . . f ' IS n
' MmsH REG(13) ~N_DATA_MSP - IR4 <= counter .
D TYPE 85MSP _REG(11).MSP_REG(13), MSP_REG(16) . P
C i Co N
CALL MSWRTE(gaoox MSP_REG). IR2,R4R7 - | ,\‘;
IF (IWAIT(WR9400).NE.0)GO TO 92 R
D2000 CONTINUE lafter break e e, i
c . . .- .
- *  CALL' VMNSTRT(MSP ! START) ‘ Ly PRI
. F (IWAT(STUNSC).NE.Q)GO TOS2 - LN L
(o} ' ' v, :
\\(03 . Retrieve unscrambled_data [rom MSP into output_{ile ) _‘ - L . 1
K M_MSP = 0 ) . 3
MSP_ADDR= MSP_DRAM 3
D TYPE 85MSP_ADDR : : A
D IMODE=3 o & . . o
DO WHILE(M_MSP .LT. N_DATA_MSP) ‘ : .
. CALL VGET(BUFFERMSP_ADDRA4, 128) o o SR
o "M_MSP = M_MSP + 128 . . : ' |
IF(IWAIT(BUFFER').NE.0) GO TO 92
C
IF(M_MSP GT. N_DATA_MSP) THEN | zero_filing in last :
. M_FiL.L_ZERO=1+MOD(N_DATA_MSP,128) K )
. ‘ DO J=M_FILLZERO,128 | block ,following data. W
- , M BUFFER(JJ)-O
ENDDO
ENDIF I ,
' . WRITE (OUT, CHANNEL'M_BLK,ERR=110) BUFFER
. . . 'M_BLK=MBLK+1 , e
© " MSP_ADDR=MSP_ADDR+512 VS
ENDDO . o
' TYPE 85MSP_ADDR . ‘ ' .
. D ‘ IMODE=IMODE_OLD" . _ . LT
c - o R
‘ N_DATA=N.MTA+N DATAMSP ‘ -
ENDDOIN _DATA loop _ RN L
C ‘ ‘ \ o ' -
.92 CALLMSDET - : . S Y
- RETURN - : ~
Y C ) Y '
100 TYPE **** ‘ERROR readmg mpu},&e N
GOTO 92 - . ’
° : o ' |
110  TYPE*'™"* ERROR writing output_file™ *'— -
N GOTO92 o
c LT SN
END - - - ‘ Lo,
’ c . . . " (1] * , L L1 '00"l"000.i";;.’.'...""".t....'.' ‘-
 SUBROUTINE MSATT_UNS (LUN,ISTATUS)
R . . e
‘o c L ' . ‘ ’ ‘ -
- C '  Copyright (¢c) 1982,1983 = ‘ Voo .
£ ) ! s
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Computer Design and Apphcanons Inc : ‘ ‘ r'%‘»:s?\
411 Waverly Oaks Road . - h ' . .
Waltham, Massachusetis 02164 - ' . : . 4
_ ‘All rights reserved. . = . ’
'MSATT - Attach MSP(»SOOO 10 task
o7 \
This subroutine anachee the MSP-3000 to the task for , '
exclusive use, No other user.may, attach it whlle itis ‘ AT A
n use . '
Version 0.0 5-Feb-83 . .. Peter l'(apinos“
. R . » " - . /
o ‘ First Releasa A -
. : \\ o ) . . ° . . ‘,
IMPLICIT . NQUE | |
INCLUDE " ($SSDEFY ' 4 .
INCLUDE _ : \) "SIODEF) . A
INTEGER’4 LUN,ISTATUS . N ,
INTEGER"4 : SERVICE_STATUS *
INTEGER"4 SYS$ASSIGN
INTEGER"4 - SYS$SETEF . _
INTEGER"4 FINAL_IO_STATUS : P
INTEGER*4 SYS$QIOW . ) S
INTEGER*4 10%. ALTDMA N
INTEGER'4 ' BITS_TO_SET e
: INTEGER'4 - BITS_TO_CLEAR - - L
4#CHARACTER'5 = M3K| "NAME ‘ ’
LOGICAL*t * . - FPP_SAFE _ :

{NTEG,ER‘ : "10SB (4) o ) .
*» INTEGER"4 . EVENT_FLAG,M3K CI;!ANNEL . C ‘ .
COMMON /QIO AhGUMENTS/ " EVENT_FLAG,M3K CHANNEL 10SB .

. COMMON /SAFE_MODE/  FPP_SAFE
Establlsh the MSP-3000 dewce name for the assign o -
PARAMETER < . (M?K_NAME .'cho) S
A}
Eq ate MSP-3000 SQIO function code with exlstmg DEC 1unct|on code ‘
RAMETER .+ (IO$_ALTDMA = 10$ ACCESS) .

ARAMETER . . (BITS_TO_SET=0) ce ot
PARAMETER : (B|TS TO ) CLEAR = 'FFFFFFFF‘X) ,
Start of oxecutable code )

. Est;blléh‘the event ﬂ%umber for all system services . ' |
EVENT_FLAG=32 - - -
Defayt mode at attachissale. ~ ~ R e
FPP_SAFE = TRUE. g | '
‘Set tho ovont ﬂag s0 the fi rst MSWAIT works correctly Y . |

i
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Error handiirig Section - e | ‘ -

.. Check SERVICE STATUS to see i c%II and arguments we?e ‘accepted by VMS .
IF (SERVICE_! STATUS EQ SS§ WASSET) GO TO 400 C ' '

&

" IF (SERVICE STATUS EQ '$S$ WASCLFI)GOTO 400 - P
IF (SERVICE__STAIUS .NE.SS$_NORMAL) THEN . - L

cALLaLANK1 AR
( ) '\" (‘ \\ . ne
WRITE (s 310) SERVICE_STAJUS ™~ ) C
FORMAT( MSATT SETEF Falled with code =’ I9) - o
:\. g . - T
Thls errorn’senous so exit Irom Imagé \\/ o I - .

’

i

CALL EXIT (SERVICE STAT‘US)

ISTATUS-SERVICE STATUS ST . T
RETURN - I - -
‘END IF - : :

Assugn lhe MSP- 3000 to this task . - S - g
SERVICE STATUS L k -SYSSASSIGN(MEIK NAME M3K CHANNEL\)

\

Error handlmg Sectlon

‘

Check SERVICE STATUS to seq if call and arguments were accepted by VMS:,
IF (SERVICE STATUS NE: SS$ NORMAL) THEN

"

_CALL BLANK (1) -

'WRITE (5, 41 0) SERVICE TATUS
' FORMAT (' MSATT Assign Railed with code - I9)

This erpor is seripus so exit fro

CALLEXIT(SERVICE.STATUS) .~ = B

BN

. ISTATUS=SERVICE_STATUS
RETURN . N : . .
ENDIF . ' - Co e
Issue QIO'to clear the ALTDMA mask stored in the UCB .

' SERVICE_STATUS . SVSSQIOW (%VAL (EVENT_ FLAG) %VAL (MK _ CHANNEL)
o | %VAL (108_ALTOMA)OSB,.. "~
%VAL(BITSTOSET) N
" %VAL (BITS_TO CLEAR)...) =
Y o

Error handlmg Sgction .. g o 7
Check SERVICE STATUS Io sea if call anhd argumems were aecepted by VMS.

‘),

B IF(SERVICE STATUS NE. 58 NORMAL)THEN AR T

CALLBLANK() ~ o Thh
wnma (5510) sséT/fce STATUS | FE
- i \ : L e

. . . ' .
A - : ' . ' S .
¢ . : L . . ’

L9 P . o ”
. . o S

SERVICE_ STATLIS ' -SYS$SETEF (%VAL (EVENTFLAG) . = =~

umage E o g

275
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510 FORMAT(MSATﬁsolaFarleQthwde. 19) B a
c - oo B
c This error is serioue 8o exit from image K
C v
' C .CALL EXIT (SERVICE _ STATIIJS) _ -
b S
- ISTATUS-SERVICE STATUS
. ~ RETURN - | |
‘ ENDIF * . ‘ ,,\ \
C , L
h C’ Check the vo Status Block'to see ‘it there were any /O errdis o '
' c \ )
© T FNALIO STATUS » I0SB (1) | b
~ /C i ‘
. IF (FINAL 10_ STATUS.NE. SS$; NORMAL) THEN
C il
o T—CALLBLANK(U . ‘. ‘ ,
C, . .’r M <! L] . v '\ .. \
c WRITE (5,600) FINAL_O_ 'STATUS ‘ -
gg(i) ) FOHMAT (' MSATT l/O Falled Wth Code =* I9) :
-C -~Th|s error is serlous 80 exh from lmage ’
C . [ \ . ke
C™™  CALLEXIT(FINAL.IO_STATUS) *
C LY ,
- . . ISTATUS=SERVICE_STATUS ;
) RETURN . ‘ ) - '
ENDIF . . CeoL T S \
c Put a success code in /O Status Block so first MSWAIT worKs
C. ~ corectly | t,f . Voo, .
.;'C ‘ - . '
o I0SB (1)~ SS$_| NORMAL ™= o
. ISTATUS  SS§_NORMAL : j .
Cc - N L
Cc . We're done here sa return.
) RETURN S ' O
-Cor . R N oo '
. . END. :
c
| | h §
Y oS _
. suaaounﬂs FOURIER( ISTRING) | ‘.
. c . . , .
BN o) Readtemporaryﬂle(unit 4)j'ntovlrtual array, andfiter . . . o C
. Cif necessary. Calculate2dit of virtual array aormalrze o,
. C and save the complex data set(s) . , B W
o, ‘ ‘gFInally cl’oqllﬂles e I 1 S e
- e . o . ) . v
Lo MPLCITINTEGERA(N) . g '
C © . . LOGICAL"1 MATRYP,ISTRING(60) .-
K . INTEGER'2 BUFFW(256),IWDUM, NSHIFT(32), NMULT(3 ).
: s . . INTEGER*4 BUFFI(128), APBASE APADDR ATAB1 ATA ATABS ATAB4
B S R NECHOBUFF(128) I
e ,REAL‘4BUFFR(128)
o e COMPLEX'8 BUFFC(64).ZMAT(256 256) CDUM zzMAT(z 6256)
U — e ;.-COMPLEXZEMPC(ZSG), N
vel o 7.7 . REALZTEMPR(512) - o - "
L f . .’ BYTERAWDATA(60) - - _ . N
BT CHARACTERG2 ANSWER ~J
SRR cmaAcTEm SAMPLE SHIF, ALREADY -
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LY

c

.C

CHARACTER60 RA‘WS‘TRIN”G-

o :

c 3 :
EQUIVALENCE (RAWSTRINGRAWDATA(T) . r
EQUIVALENCE (ZTEMPC(1),ZTEMPR(1)) o . e

+. " EQUIVALENCE (BUFFI(1) BUFFW(1) aurmm BpFFcu ))

OOMMON /BB/ BUFF N BLOCK M _BLOCK, SAMPLE NECHO, AI:READY
COMMON /CC/ NFLG,NBLOCK,NFREQ, NPHASE MATTYP ANSWER
C | *
C oopy the parameter passed S
(0]

1}

C Read file lnto virtual array Rememberthat the echos are b
C Note that’if there is zero filling, the zerd*re placed at T SRR
C the beginning and end of the matrix. - L - o n

c v' . » .‘1:'> ’

Ve DOI-1 60 ‘ ’ o
RAWDATA(l) = ISTRING(I) ‘ , ‘ ‘ ' ;
'ENDDO : ' : R '
g - ,. | 7
C Open a ﬂle to oomain the oomp!ex anays 1 array per echo
C L ; . #
' DO |= 1 60 _ -
IF(RAWDATA(I) EQ ) IPERIOD -l -
ENDDO’ v ‘
RAWPDATA(IPERIOD+1) = R
. RAWDATA(IPERIOD+2) = ‘A" ‘ R
RAWDATA(IPERIOD+3) = W' ‘ . : T
, YHE *,' IN FOURIER. RAWDATA = ', RAWSTRING E) DR
o OPEN( UNIT=Z,FILE-RAWDATA, FORM="UNFORMATTED' STATUS=NEW., RR«980) "~ .
C .
Cit requested open the file containing the numéer of poums/echo to - ) \
C shift the echo i m time ( refer to gHASCOR FOR) - . a
c Y; : "
1 . —CONTINUE ‘ —— . -~
i ~TYPE ¢ ‘Open the ﬂle contalnrng shift and phase corrections', o
*@dch ezlho (YorN) -
,~READS1000 SHI ‘ .
|F(SHIF NE.'Y‘ AND.SHIF. NE.N' ) GOTO 1 - .‘
IF(SHIF.EQY)THEN .
.OPEN(UNIT=8,FILE«TSTEVEN. ASPECT]SHlFTS REC‘ STATUS-'OLD'
1 FORM='UNFORMATTED'ERR=931) -
) READ(8) NSHIFT,NMULT ) ‘ o
: CLOSE(UNIT-S) SR R
: END IF JRN . R ‘ .
Cprocess NECHO echos from the dumdum file. = - . ’,' '
c : . r R ‘
DONE 1; NECHO o P o Lo T . m
C Zero virtual array T, L o o f%\-
C hd . - ’ . ) . ) ‘ i :.\_,‘ .
' DOI=1,512 SRS ‘ A
‘ ZTEMPR(IWOO Co S L fL L
., . ENDm* v ,..“ ! . . . s \\ . E
Y07 DO12J=1N g - o n ‘
" DO10 l=1,NFL Pe T T
10 ZMAT(! J)-CMPLX(OOOO) Qo E | . .
12 - OONTINUE - crn e T
B 0¥ . . ‘ T e

[N

277 .



f
NFR-NFREQ®B4 | . - “ "
, NPHHA<NPHASE/2. : . o
. ' NFRHA=NFREQ/2 ‘ o )
' NFLHA=NFLGR :
B M_BLOCK= (NE - 1 )'NFR+ 3 '
“ M_BSTEP = NFR NECHO A
i c ‘
* DO 20 JJ=A NPHASE
v M BLOCKOLD.M BLOCK
IF(NPHASE.EQ.NFLG) THEN
‘ JPH=MN ‘ ‘ ' -
. ELSE. - t . -
ol JPH=JMNFLHA- NPHHA : .
ENDIF - ‘ R o
- c o . T
DO 18 KK-1 NFR ’ \
REAp (4M_ BLOCK.ERR-QSO) BUFFI ~—
Lo DO141=1,128
14 BUFFR()=REALBUFF) - 1 Convert from INT*4 to REAL"4
C ‘
' DO161=164 - ‘ ! Stuft freq data into cols .
{ IFR=((KK-1)"64)+1 I starting at 1 + NFLHA - NPHHA
: ‘ . ZMAT(IFR, JPH)-BUFFC(I) AR
s 16. CON'HNUE
18 CONTINUE
L M_BLOCK = M BLOCKOLD+ M_ BSTEP
e 20 OONTINUE e \
c . i . .
C Now; ifthe numbar of shifts for the time data / echo has been read in
. C then shift the frequencytime data by the indicated.shift for that echo
[ C ) : ) : '
IF(SHIF.EQ.Y") THEN
.’ C . - i
. (VI
« CAt thls pomt we have the echo data in the array ZMAT
C
C Now let's look.at the middle +:1.scanin that |mage
G.

C copy It into the real and lmaglnary arrays used in the’ FFT
- C
C for every loop this data array may need to be shitted n points N

ERT C right or left. This shift need be-a’ loglcal shift ; .
e ‘ |
C - 123 4 . NFLG-t NFLG ‘
Cie +--+-—+-o--+ ~+ 4t
Cc HIr. 111 7 rightlogical shift
o] S i e e s 4
€ Aip > > o -0 L
] c ,\ ‘ . ‘ . : . ‘,. . ,',. ' A -
. C | R - o
.C. + e 4 e _
o ‘ ! ’
- C The varlable ISHIFT Indicates tha dlrectton and number of pomts to ;
B ] hltt the timedata: - y Lt
C L ISHIFT-anegative intager then shift. Ieft .‘ R
C T maposiive’,” * right S
(J/




o g shift the points as indicated by ISHIFT

4

ISHIFT = NSHIFT(NE). -, L

IE(ISHIFT.NE.0) THEN :
~ IF(ISHIFT.LT.0) THEN - ishift teft . __
DO 1= 1,-1*ISHIET_ ol '
DO W«1,NPHASE , . - -
IF(NPHASE EQ.NFLG) THEN.

JPH-W |
" ELSE -/
JPHalJ+NFLHA- NEHHA s

END IF /
ZTEMP = ZMAT(IUPH) /.-
DO !l = 1,NFLG-1 ‘

- END DO

ZMAT(NFLG JPH) ZTEMP

ENDDO /
END DO

ELSE . Ishift right

DOt=1, ISHIFT
. DO W=, NPHASE
_IF(NPHASE EQ. NFLG) THEN
PH=M /
SE /
JPH-JJ+NFLHA NPHHA :
END IF b/ ‘
ZTEMP = ZMAT(NFLG JPH)

ZMAT{ILIPH) - ZMA‘Tyn_.JPH)'

0000

DO Il = NFLG2,-1

ZMAy(n JPH) = ZMAT(II -1,JPH)

__ENDDO /.
ZMAT(1 ,JPH) ZTEMP
ENDDO v
ENDDO -/
ENDIF® / S

- ENDF _ -
 ENDIF /

7

put the columdis iny ) the MSP o

- CALL MSATT(0,0)
CALL MSCLR
CALL/ENBDMA
APBASE='400000'X
WFLGB=8'NFLG
DO J=1,NFLG

CALL WAIT(0)
DON=1,256

* ZTEMPC(ll) = ZMAT(IiJ)
END DO

./ cal VPU'f(ZTEMPH(1)APADDR4NFLG'2) :
"/ ENDDO |

/C check the samplmg techmque
(o]

‘ IF(SAMPLE EQQ) THEN

VAR ¢ IR
- Cnegate every other complex pomt in the a;ray-

INDEX=8°2"

©' . NPONTS= NFREQ'NFREQIZ E

APADDR-APBASE+(J-1) NFLG8‘ -
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R
f
’ g .

APADDR APBASE + 8 -
‘ " CALL CVNEG( APADDR; INDEX, APADDR INDEX NPOINTS )
. C " .
C and do a real fold about the x axls )

c
INCAD =4 - ~ 1INCREMENT PER ROW (BYTES/POINT)
NPNTS = NFREQ*2 . |NUMBER OF REAL POINTS
ATAB1 = APBASE ‘
. ATAB2 = APBASE + INCADY PNTS/2-1). -
<. \ATAB3#= APBASE + INCAD* NPNTS/2 .
“ATAB4 = APBASE+INCAD'(NPNTS 1)
NQUFR« NPNTS/4 |
~ NCNT12=NFREQ
-+ NCNT34 =« NFREQ |
* INDEX = NFREQ‘B

DOI=1,N '
CALLVS P(ATAB1 INDEX,AJAB2, INDEX NCNT12)
: ~ ..CALL VSWAP(ATABS INDEX.A AB4 INDEX NCNT34) '
‘c -
ATAB1 ~ATAB14+INCAD g :
ATAB2 = ATAB2-INCAD . ' oo
~ ATAB3 « ATAB3 + INCAD k . '
ATAB4 = ATAB4-INCAD .\
. ENDDO ~ . | ‘
ENDIF ' .
C-Perform 2dft T , ‘ ‘ ‘ e r
C < ,

.

- CALL WAIT(1) ,
‘ IF(SAMPLE.EQ.M’) THEN

c g .
C do a 2d complex fft

C . . .." I ‘r"'

CALL CZFFT(APBASE 8.NFLG, +1)
' ELSE ‘
C ' ' . ¢
C do a real fit by columns :

C - |
NFLG8 = NFLG " 8 ,
DOJ = 1,NFLG .
~ APADDR=APBASE+(J-1)"NFLG8
. CALLRFFT(APADDR, 8,NFLG, +1)
- ENDDO

~ INDEX=8 - .
INDX1 = NFREQ* INDEX
CINCAD=INDEX o o
. DOJ=1,NFIG -
. —APADDR=APBASE + (J-1)'INCAD -
CALL CFFT( APADDR)INDX1, NFLG, +1)
END DO ER A
ENDIF '

o}
G oomplex fit it by rows
C

oo

do corroctlons here
. ‘ >

%

iféequemnal samplmg oorrect for s;gn change here

IF(SAMPLE EQ 'Q') THEN

-0 000

s



L ENDDO-

. . IPalNFLHA

C multiply eVery.Other column by -1,
c

CALL WAIT(2)’ :
INDEX = NFREQ"8 * 2
NPOINTS = NFREQ/2

.

DOJ = 1,NFREQ "

APADDR = APBASE + (J-1)°8

[ - CALL CVNEG( APADDR INDEX, APADDR INDEX NPOINTS)

: ENDDO ..
A END IF

o}

C reorder the phase terms

c
| ,  CALL WAIT(%
: 'NCNT12 - NFREQ'2

'ATAB1 = APBASE

_ATAB2 = APBASE + NFLGB’NFREOIZ

“INDEX =4 |
. DOJ = 1,NFREQR2

ATAB1 = ATAB1 + NFLG8
ATAB2 = A A82 + NFLGS8'

CALL WAIT(2)

INDEX = 8

‘ NPOINTS = NFREQ*NFREQ
€  APADDR=APBASE

CALL CVNEG( APADDR,'INDEX, APADDR, INDEX, NPOINTS)

" ENDVF

v~ ENDIF -

o

CALL VSWAP(ATAB1, INDEX ATAB2, INDEK NCNT12)

4

Copy array frbm afray processor

CALLWAIT(2) -

' DO 32J=1,NFLG

. APADDBaAPBASE+(J-1)"NFLG8
- . CALLV

' CALL VEEY(ZTEMPR(1), APADDR; 4, NFLG'2)

‘DOl = 1,256
ZMATN) = ZTEMPC(II) .

T2 OQNTINUE

C ‘ : -en
~ C Detach from array processor |

‘C "
- ‘ CALLWAma)
'CALLMSDET .

C
‘C Reorder frequency and phase terms

G
' IF(SAMPLE EQ.M) 'ﬂ'IEN
DO 36 J=1,NFLG. ‘
DO 34 1=1,NFLHA -

" COUM-ZMATUY R

1 Reorder frequency terms._

81



A | 282

ZMAT(J,1)=ZMAT(J.IP) - i
ZMAT(J.IP)-COUM. : ,
34 CONTINUE .
C
LI 0035 N1 NFLHA | and flip about x axls
’ ‘ IP=aNFLG+1-1 ‘ '
. CDUM=ZMAT(J,) ‘ ‘ ..
‘ ZMAT(J,1)=ZMAT(),IP) _ e
- ~ ZMATY,IP)=CDUM . :
35 CONTINUE at ‘ .
36 CONTINUE ‘ T
: END IF ‘ ‘ ‘ ,
» T L L LR R e S .
C
C save this echo on disk ( unformatted ) .
. c
WRITE(7) ZMAT
Cnroenserinnmssammensasim e anamnnanane s ssantnne s s annnenn L
(tctmammsecmmmmmesamammmeamesassoasnssssnasasAsamsAsaansasaasen /
‘ ENDDO *
- . CLOSE (UNIT=4)
CLOSE (UNIT=7) ) .
c : . .
~RETURN \ K ,
1000 , FORMAT(A) _ . , . :
C- ' : : .o '
C ERRORS : ‘
C: ) Co
980  CONTINUE ‘ o
TYPE *,' Error opening raw data file, Bye bye...." + : Co
. STOP
931- CONTINUE .
TYPE °. Error opening shifts file, Bye bye....." '
STOP :
END - ‘
. C . , ‘
Clo..0.............'........Q.QOQ....‘l.‘..:....l.....'Q“.C.'..'..O‘.Q..
C
C ' WAITFIN
‘ Lo . A
& 17-AUG-83 )
C MARTIN HOERRMANN -
C BRUKER MEDIZINTECHNIK GMBH
c 7512 nﬂems*remn F.D. -~
¢ -
Cc SUBROUTINE WAIT(IH) 1o type error-messages if MSP works bad,
. C
C....0‘....'.':.:‘.'..........'.'.'...".'0..Q."'.'.Q."ll.."...'.'."t'. ,
C E : N -
. . C EDlTﬂ o PDP -2 VAX ' 11-MAY-84 .
- C e ‘ ' " "
C Dr. Richard Hboper .
- & Cross Cancer Institute , . _ ,
G Edmonton, Abberta, CANADA .
g...b"'....."'-"..".".'.'.........'C..."0.'..'.".'..."."...0.'.‘
. C ’ ! ‘ ) ,
L K SUBBOU'HNE WAIT(III)
c . G&u IERARR(9)
B 1 MSWAIT(IERR ICODE) -

(IERRNE.1) RETURN INO ERRORIF 1 L



10

20! -.

102
103
108

106

107 -

»IF(lCODE.NE.O.AND.lCODE.NE,S.AND,ICODE.NE.B,ANDJCODE.NE.?)
1 GOTO 20 T .
CALL ERRINF(ICODE,IERARR) IGet error-information
WRITE(6,10) ICODE (IERARR({J),J=1,9)
FORMAT( *** MSP-ERROR ***/
*IERR - 15/
*NAN-C =',014/
‘U-C =014/ 1
'0-C OV
‘1C =014/
*NAN-T =',014/
- 'UT SO
‘O-T =0
LT =014/
*ERRT ',014)
{Return too, it FPP-error
WRITE(6,102) I IERR,ICODE - IPRINT MSP ERROR CODE
FORMAT( WAIT> |IERR,CODE="317) *
IF(ICODE.EQ.0) WRITE(6,103)
FORMAT( bad.data?)
IF(ICODE.EQ.5) WRITE(6,105)
FQRMAT( lllegal MSP-memory access?’)
IF(ICODE.EQ.6) WRITE(6,106)
FORMAT(' MSP-unibus error’)
IF(ICODE.EQ.7) WR{IR6,107)
FORMAT(' MSP overheated?’)
RETURN ‘
END

\

- O ONOUMHEWN -
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Appendix M

7 The image generation program IMGMAKE.

WMWWWWW

OO00O0O00 O

PROGRAM IMGMAKE

Steven Knudsen 20-May-85
10-102 Clinical Sciences Bldg

Original source; Rick Hooper, W W Cross Cancer Institute

C This program allows for the production of real, imaginary, phase’
C and modulus images depending on the parameter chosen at fun time,

WWWWWMHXWWCC
cceecoccecee ' .

C

C

"~—IMPLICIT INTEGER"4 (I-N) \

LOGICAL*1 MATTYP,INNAM(60) ACCNAME15), TMPNAM(60)

"CHARACTER"32 ANSWER

CHARACTER*1 SAMPLE, ANS, PREPROC

INTEGER"4 BUFF(128),N_BLOCK M_BLOCK,NECHO

COMMON /BB/ BUFF,N_BLOCK,M_BLOCK,SAMPLE NECHO
COMMON /CC/ NFLG, NBLOCK NFREQ,NPHASE,MATTYP,ANSWER

C set up default file for raw data 1q be in

C

C

100
C

DATA ACCNAM/T.'S, T, E" 'V EVN,VAV'S,
1 PUECT.Y
DATA ANS/N |

TYPE 100
FORMAT('0"* IMAGE CONSTRUCTION FROM RAW DATA FILE **')

* .

C Read file names

Cc

1
102
3

104

TYPE 102 ‘ - '
FORMAT(1X,/,$Enter input file name: )
DO 3 [=1,60 : h

" TMPNAM(l)=0

ACCEPT 104, TMPNAM
FORMAT(60A1)
IF(TMPNAM(1).EQ." ) STOP

IFLG=0- ‘ , . ‘
IF(TMPNAM(I).EQ.T.OR TMPNAM(1).EQ."") FLGa-1
CONTINUE : .

‘ IF(IFLG.NE.O) THEN

DOS 1=1,60 ' _
INNAM(I)-TMPNAM(I) : o : L

ELSE ~

DO 71,15
INNAM(I)-ACCNAM(D
DO 91=16,60
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'
.
} .

-~

IM=l-15 ‘ .
9 INNAM())=TMPNAM(IM) o
END IF | Id
TYPE 111,INNAM’ o
" 111 FORMAT( ',60A)
DO 10 1=60,1,-1 ot .
IF(INNAM()).NE.' ') GO TO 14 ' ‘ '
10 INNAM(1)=0
14 . TYPE 106
106 FORMAT(1X,/,'$Enter number of frequendy points (64 ' ,
1 '128 or 256): ')
ACCEPT *,NFREQ F/ . ,
. IF(NFHEQ NE.64 AND NFREQ.NE, 128 AND.NFREQ.NE 256)
1 GOTO 14 -
C ~
16 TYPE 107 -~ v
107" . FORMAT(1X/."SEntef Humber of phase points (64, ",
1 '128.0r 256): ) ,
ACCEPT *,NPHASE :
IF(NPHASE.NE.64. AND, NPHASE, NE 128.AND, NPHASE NE.256)
1 GOTO16 )
c .
18 TYPE 108 . 0
108 FORMAT(1X/ *‘$Enter number of ,echos(1. 4, B8,16): )
ACCEPT *,NECHO ‘
IF(NECHO.LE.0.0R.NECHO.GT.16) GOTO 18 ‘
C ) f .
IF(NPHASE.GT.NFREQ) GO TO 910 .
NFLG=NFREQ v
. IF(NFLG.EQ.64) THEN.
- NBLOCK=16
MATTYP='4'
IF(NFLG.EQ.128) THEN .
OCKa=64
P='6'
-—-\ .
NBLOCK=256¢ .
MATTYP.'8'
ENDIF
C .
C Enter study parameters
c
Cc
205 CONTINUE
‘ CALL STUDAT | Input study paramelers
Cc
C Read .RAW file (unit = 7) into virtual array one echo at a time.
C Calculate the mode of image desired and convert to INTEGER"2, -
C then write to output file (unit = 2).
C Finally, close all files. ’
Cc . -~
~ CALL CALC(INNAM)
. C -
o
200 OONﬂNUE
_ TYPE *,'Further processing on this file ? (Y or N}’ ° '
ACCEPT201ANS .
201 FORMAT(A)
IF(ANS.NE."Y",AND.ANS.NE."N') GOTO 200
IF(ANS.EQ.'N") THEN
TYPE 118
118 FORMAT('0"** Reconsuucnon Completed! ***N

GOTO1 .
ELSE '



. C \ \
““.. DO10le1631 . !
“eo. OUTNAM()=0 . .

“ [}

GO TO 205
END IF

C | 2

C Error routines . -

C e

900  TYPE'DO02

902 FORMAT('0** ERROR ** Unable to open input image file')
CLOSE (UNIT«1)

. STOP _

C ) ‘ .

910 TYPE 912

912 FORMAT('0** ERROR ** The number of frequency points *

1 . 'must be greater than '/,13x,” . .

2 ‘or equal to thé nymber of phase pointsl /)

. CLOSE (UNIT=1)

STOP RN

END X o ‘ E ,
o) ‘ . ' ’
C o

SUBROUTINE OUTOPN( NE )
c . \
C This subroutine gets up the output file parameters (name, -

C size, etc.), opens the file, and write the mmal
C administrative blocks,
o]
LOGICAL*1 BUFFL(512) )
INTEGER"2 BUFF(256).
LOGICAL*1 PNAM(16),PNUM(14),ORGAN(10), VIEW(7) STDATE(9)

LOGICAL"1 OUTFNU(2),MATTYP OUTNAM(31), COMMA,SPACE EOS ‘

* CHARACTER*32 ANSWER
BYTE ANS(32)
EQUIVALENCE ( ANSWER, ANS(1) )
EQUIVALENCE (BUFF{1),BUFFL(1))
COMMON /AA/ PNAM,PNUM ORGAN, VIEW,STDATE, OUTFNU
COMMON /BB/ BUFF .
COMMON /CC/ NFLG,NBLOCK,NFREQ,NPHASE, MATTYP, ANSWER
DATA OUTNAM/T,'S', T, E' V" /EV NI MVAY,
’ 'G''E"'S"T,16°0/
DATA COMMA,SPACE,EOS."," *,"200/ , .
C Setup file name . _ o ~

-

10 CONTNUE . ' *

C » . : .

"J=0 !
=16 ‘ -
' DO 14 K-T 8 f
12 Jmlel
IFJ.GT.16) GOTO 16- .
’ JF((PNAM(J).GE.'A" AND.PNAM(V).LE."Z').OR. _—
¢ (PNAM(J).GE.'0".AND.PNAM(J).LE. '9 )) THEN
IOU";TNAP\G(l)-F'NAM(J)
ml+1
GOTO 14 . TN
END IF
GOTO 12

~

<14 CONTINUE

16 . OUTNAM()s"" .
OUTNAM{i+ )X’ .

<A . —_—

-~
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/‘/ . . - ‘ ' )
’ O&TNAM(NZ)-OUTFNUU) - _ -
OUTNAM(1-3)=OUTFNU(2)+NE : oo T
. OUTNAM(I+4)=0 ‘ )
c » ‘ ’
'C Openoutputfile, = ",
c

OPEN (UNIT=2,FILE~OUTNAM,TYPE=NEW ACCESS="DIRECT,
1 RECL=128,INITIALSIZE=NBLOGK+6,ERR=910)
C , . .
" C Setup and write header block Le .
C , R ’ . ‘;\ .
DO 20 1=1,256 * ; A - e
20 BUFF()=0 . VI , | w
BUFF(1)=1 ~
BUFF(2)=NBLOCK+6
BUFFL(7)=MATTYP-"60 _— L
BUFF(6)=1 o . ‘ o \ -~
BUFF(7)=1 T
BUFF(9)3
BUFF(10)=4 , , :
BUFF(19)=7 . ‘ ‘ t
" BUFF(20)=1 o ' '

¥4
~~

DO 22J=1,16 ‘ ‘ ot he
KeJ+l o ° i s
22 BUFFL(K)=PNAM(J) : , _ \
'BUFFL(193)=COMMA o : ' .
BUFFL(194)=SPACE
=194
DO 24'J=1,14 : -
Ked4 o /
24 BUFFL(K)=PNUM(J) ‘
_ BUFFL(209)=COMMA Co .
BUFFL(210)=SPACE - =
'-210 4 !
D026 J=1,10
K+l . ¢ 1
26 BUFFL(K)=ORGAN(J) : , :
‘ UFFL(221)=COMMA +
UFFL(222)=SPAQE : L .
=222 - . s . -
DO 28 Ja1,7 ‘ : ' ‘
KmJ+! - . .
28 . BUFFL(K)=VIEW(
"7 . BUFFL(230)=COMMA
S BUFFL(231)=SPA
BUFFL(232)='lr :
BUFFL(233)='S' , - ' o
. DO 30K=234,236 . S
30 BUFFL(K)=SPACE .
BUFFL(237)="1' o . , ‘
: BUFFL(238)="" ) » -
> . BUFFL(239)=MATTYP o :
_* BUFFL(240)=COMMA Co
BUFFL(241)=SPACE
¢ =241 . . \ ‘ .
DO 32J=1,9 - ) ~ ' Y
Kmd+l > : P :
32 - BUFFL(K)=STDATE(J) o o . '
BUFFL(251)=COMMA \ o
. BUFFL(252)=SPACE ' ‘ .
BUFFL(253)="" * - .. : o - o
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" BUFFL(254)=X"
BUFFL(255)=OUTFNU(1) : ‘ ‘
BUFFL(ZSG)-OU‘IFNU(Z) . ; v
C . .

’ WRITE (21, ERR-QSS)BUFF co | o .

k C Open dummy GAMMA- 11 header file, mo)dlfy\qnd write to
- C admlnlstratlon block .

C } :
TYPE *'* ‘
TYPE *, Echo number,NE ' : . _ o
TYPE *, “u ‘ . : o )
IF(NFLG NE.256) THEN ‘
OPEN (UNIT+3 FILE={STEVEN.ASPECT]DUMDUM.XXX', TYPE=" OLD,
1 s ACCESS~'DIRECT,RECL=128,ERR=920) ,
'ELSE
OPEN (UNIT=3 FI&.E-‘[STEVEN ASPECT)DUMDUM.256" TYPE='OLD", (
1 « ACCESS="DIRECT, RECL-128 ERR-920)
- ENDIF

READ (3'1,ERR=970) BUFF .
"+ CLOSE (UNIiT=3) . .- ! Close dummmy header file
'+ BUFFL(243)=MATTYP o , -
Do BUFF(QB)-NBLbCK ‘

=1 '
- DO40 J.1 1‘6 ‘
. Kal+d
40 BUEEL (K)=PNAM(J)
BUFFL(18)=EOS . : ‘ .
D0 42 K=19,23 - .
42 BUFFL(K)= \ .
© BUFFL(24)=1 | \
1=24 - ‘ : |
: DO 44 Ju1,14 , ) : ' .
- Kal+) [ '
a4 BUFFL(K)-PNUM(J) »
BUFFL(39)=EOS ‘.
BUFFL(96)=1 K ,
1=96 .
DO 46 J=1, 10 : .
- Kaled - ‘ S
46 BUFFL(K)-ORGAN(J) '

. BUFFL(107)=EOS N : ‘ )
BUFFL(108)=0 R . : : .
BUFFL(109)=0- . S ‘ v ..
* BUFFL(110)a1 i _ R
=110 , o . e
DO 48Ua1,7 AU : ~ | ‘ ‘
Kulsd : : , o ‘ ‘ ‘

48 BUFFL(K)-VIEW(J) : ‘ . . o o
BUFFL(118)=EOS : ‘ ‘ o
. BUFFL(119)=0 , ;
BUFFL(S3)=1 - - L , o - .

. I=83

. DO50Jx1,8 -
o Kelwd L C - .
50 . BUFFL(K)-STDATE(J) ' T : e ’ -
o BUFFL(62)-EOS ’ o _ :
o WRITE (2'2 EHR-965) BUFF , )
g Write four (4) blank comment blocks

e
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000 00

- C

C [

DO 52 |=1,256

' BUFF({)=0
 WRITE (2'3,ERR=965) BUFF

WRITE (2'4,ERR=965) BUFF
WRITE (2'5,ERR=965) BUFF,
WARITE (2'6,ERR965) BUFF

RETURN

C Error routines '

c

910

912
920
C .

965
967

970
972

* 1000.

Cc
- 999

'’

X FORMAT(

TYP&91

FORMAT('O" ERROR Unable to open output image file")

GOTO 899
TYPE 867

FORMAT(' O'QRROR * Error wrmng output image file’)

GQTO 999
TYPE 972

L X

FORMAT(0"* ERROR . Er(or reading file DUMDUM. XXX

GOTO 999
FORMAT(A) ——

CLOSE (UNIT=1)
CLOSE (UNIT=2) .
CLOSE (UNIT=3) -
CLOSE (UNIT=4)

sToP ‘

END

SUBROUTINE STUDAT

IMPLlCIT INTEGER"4 (I-N)-

CHARACTER"28 PRPNAM, PHPNUM PRORGA, PRVIEW PRSTUD PROUTF
LOGICAL*1 PNAM(16),PNUM(14),ORGAN(10), VIEW(7),STDATE(9)

LOGICAL" T OUTFNU(2),ANS

1

This subroutine is used 1o enter study or patient information.

?MMON /AA/ PNAM,PNUM, ORGAN VIEW,STDATE,OUTFNU

PRPNAMI‘Study or patient name:
DATA PRPNUM/Study or patient number:..'/ -
DATA PRORGA/Organ: .

DATA PRVIEW/View.
DATA PRSTUD/Study date:

.0/

.I,

E

’

7

DATA PROUTFI'Output file number (##): 7/

/ o] Input mmal data

TYPE 100

FORMAT($',A26)
FORMAT(16A1) -

" TYPE 102,PRPNAM

ACCEPT 103,PNAM
CALL LOWUPP(PNAM)
TYPE 102,PRPNUM.

. ACCEPT 103,PNUM -
- CALL LOWUPP(PNUM)
~ TYPE 102,PRORGA

; X
Ll
N b

FORMAT(‘OINPUT THE FOLLOWING STUDY DOCUMENTATION ')

e

Lo

-

2
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)

b

"3

110

c

c
10

104
105 -

12
106

107

108"

AN
)

)

2o

S,
" ACCEPT 103,0RGAN '
CALL LOWUPP(ORGAN).
. TYPE 102,PRVIEW
ACCEPT 103,VIEW
- CALL LOWUPP(VIEW)
TYPE 102,PRSTUD |
ACCEPT 103,STDATE
'CALL LOWUPP(STDATE)
'STDATE(9)=""

"TYPE 102,PROUTF

" ACCEPT 103, OUTFNU

" CALL LOWUPP(OQUTFNU)

 IFOUTFNU(1).LT."60.0R OUTFNU(1) GT. '71)THEN ,

OUTFNU(1)=0'
OUTFNU(2)=0'
END IF

IF(OUTFNU(2).LT."60.0R. OUTFNU(Z) GT. -71 ) THEN

OUTFNU(2J=OUTFNU(1)
OUTFNU(1)=0'
. END IF

C Verify input and correct any errors\

TYPE 104

~FORMAT(1X,///,OVERIFY THE FOLLOWING STUDY PARAMETERS /) '

FORMAT(Uj 1A4,1A26,16A1)

"+ TYPE 105,'(f) "PRPNAM,PNAM
TYPE 105,'(2) ", PRPNUM,PNUM
TYPE 105.(3) ,PRORGA, ORGAN

TYPE 105,'(4) ",PRVIEW,VIEW

'TYPE 105,'5)',PRSTUD,STDATE |
~TYPE 105(8) ;PROUTF,OUTFNU-

TYPE 106
. FORMAT(1X/4,'$

- -ACCEPT 103,ANS
CALL LOWUPP(ANS) -

Any errors (Y or N)? )

1F(ANS.NE."V*. AND.ANS.NE'N') GO TO 12

IF(ANS.EQ.N') THEN
TYPE 107 .
FORMAT(2X) -
RETURN .

"ENDF '

TYPE 108

FORMAT(1X / '$Wh|ch lihe do you wnsh to oorrect? )
. ACCEPT 110,LINE | : )

FORMAT(I8) -
 IFLINE.EQ.1) THEN .-
TYPE 102,PRPNAM -
" ACCEPT 103,PNAM -

. CALL LOWUPP(PNAM)

-ELSE IF(LINE.EQ.2) THEN

TYPE 102,PRPNUM
~ ACCEPT 103PNUM. ~
" GALL LOWUPP(PNUM)
©ELSE IF(LINE.EQ.3) THEN .
TYPE102PRORGA .

ACCEPT 103,0RGAN *

- CALL LOWUPP(ORGAN)

ELSE IF(LINE.EQ.4) THEN

TYPE 102 PRVIEW
" ACCEPT 103,VIEW

. CALLLOWUPP(VIEW)

,) ‘

“

P

| Necessary for compatibility with
| GAMMA-11
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ELSE IF(LINE.EQ.5) THEN ‘ , '
TYPE 102,PRSTUD - g . .
ACCEPT 103,STDATE . :
CALL LOWUPP(STDATE)‘ ',
STDA'IE(Q)- * Necessary for compatibility with
1 GAMMA-11
ELSE IF(LINE. EQ 6) THEN
TYPE 102,PROUTF
ACCEPT 103, OUTFNU . '
, CALL LOWUPP(OUTFNU) ’ ‘ -
IF(OUTFNU(1).LT."60.0R.OUTFNU(1). GT “71) THEN oo Co
OUTFNU(1)-'0
OUTFNU(2)«'0’
END IF.
: IF(OUTFNU(2).LT."60.0R.OUTFNU(2). GT "71) THEN : '
) ‘ OUTFNU(Z)-OUTFNU(1) ‘
o OUTFNU(1)="0" .
END IF ‘ , ~
END IF ‘ ‘
GOTO 10 o o
END , : ' : ' .

WWZWWWWWWCCCCCCC

o c“ \

_ SUBROUTINE LOWUPP(DUM)
C
C This subroutine converts a strlng of lower case characters to upper
¢ C case.
C , '
' IMPLICIT INT’EGER'4 ) K
: LOGICAL'1 DuMm(ie) - ‘ L ‘ , !
C : .
DO 10 11,16 . :
* IF(DUM()). GE."141.AND. DUM(I) LE. 172) DUM(I)-DUM(I) ‘40 e - ‘
10 CONTINUE ' ' o
RETURN ‘ ‘ . oo
END . . ‘ o '
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLCCCCCCCCCecceeccce
C - CoL e ' L.
‘ SUBROUTlNE CALC(ISTR|NG) S oo L o .
C ‘ . . B ) v »

C Read raw processed data file (unit = 7) into virtual array.:

"~ C-Convert to INTEGER*2, process by real, imaginary , phase
C or modulus then write 1o output ﬁle (unll =2)..

* C Finally, close aII files. ‘

C

“IMPLICIT INTEGER'4 (| N)
LOGICAL*1 MATTYP,ISTRING(60)
INTEGER'2 BUFFW(256),IWDUM, TEMPBUF(256, 256)

o ~ INTEGER*4 BUFFI(126),APBASE,APADDR, ATAB1 LATAB2, ATAea ATAB4
s 1. NECHOBUFF(128) e ‘ ‘ ‘
- . REAL*4 BUFFR(128) > :

‘ , COMPLEX*8 BUFFC(64), ZMAT(256 256) CDUM 22MAT(256 256)

v a .COMPLEX ZTEMPC(256) ‘

~ .. REALZTEMPR(512) -

' " CHARACTER'32 ANSWER
BYTEANS(32) = .
BYTENAME(60) . -~ PR

: CHARACTER'GONSTRING IR :

. EQUIVALENCE (NSTRING,NAME(1)). - .~ .~ ' .

: EQUIVALENCE(ANSWER ANS(1)) - P A



IF(ANS{1).EQ."M) ANSWER = 'MODULUS' - .
C Open afile 10 ‘contain the complex arrays; 1 array per echo
(o} : r
Y DO l= 1 60
IF(NAME().EQ."") IPERIOD = | ,
, ENDDO o, o
" NAME(IPERIOD+1) = R | T | .
< NAME(IPERIOD+2) = ‘A" o ) .
~ NAME(IPERIOD+3) = W™ ! ’ : '
.. TYPE*, IN CALC. NAME = NSTRING : e
‘ .OPEN( UNIT-? FILE-NAME FORM-'UNFORMATTED STATUS;-'OLD ERR-QOO) -
: C process for NECHO echos: ’ '
Gl
~ " DONE=1,NECHO
'€ Zero virtual array |
- DOl=1512
- ZTEMPR()=00 Sl
-~ "ENDDO " R
Y DO12J=1NFLG e
. DO 10 1=1,NFLG - B
<10 ZMAT(IJ)-(OOOO) S, o
S792 L CONTINU - e
. gget the currqnt och'o'

\ 'C

| C
SC

Al

'CHARACTER*1 SAMPLE, MODE, ALREADY -

C a
. C
EOUNALENCE (ZTEMPC(1), ZTEMPR(1 )
‘ EOUIVALENCE (BUFFI(1 ), BUFFW(1) BUFFR(1) BUFFC(1 )
O ' \
C
COMMON /BB/ BUFF,N_BLOCK,M_BLOCK, SAMPLE NECHO,ALREADY
o COMMON /CC/ NFLG,NBLOCK, NFREQ NPHASE MATTYP, ANSWER o
c , N .
C copy parameter passed o
C R ' ’ : A
. DO l=1,60 o o '
NAME(l) = lSTRING(I) '
ENDDO r
C

C get proccessing mode

. 100 © TYPE *,’Enter the!ype of |mage you want to see;’

TYPE *"

‘ TYPE °, : R for R(EALY

.-~ IYPE ',' Hor (IMAGINARY)’
“TYPE*/ P or P(HASE)
TYPE*; .- r M(ODULUSY
TYPE *,*
'READ(S,1000) ANSWER

IF(ANS(1).NE.'R".AND.ANS(1).NE_'I' .AND.

1 ANS(1),NE.'"P.AND. ANS(1) NE. M)THEN ) o ‘ »
TYPE *,™**** Error in input. Try agam .. . ' L

END IF : ) Lo

IF(ANS(1).EQR") ANSWER = ‘REAL" c

IF(ANS(1).EQ.T) ANSWER = IMAGINARY

IF(ANS(1).EQ.'P)) ANSWER = PHASE'
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READ(7) vZMAT

' NFR=NFREQ/84. B ce
. NPHHA=NPHASE/2 :

.. NFRHA=NFREQR2

.. NFLHA=NFLGR

C . .
XMAX = -1.E28 : S
XMIN - 1E28 . » - '

o ) A |

,C process the lmage as indicated in ANSWER

"¢

IF(ANSWER EQ. 'REAL - . DTHEN .
DO J=1,NFLG , ‘ . C
DO =1 ,NFLG ‘ : ‘ o ‘
TEMP . REAL( ZMAT(I g)
(TEMP GT.XMAX) XMAX=TEMP \
IF(TEMP.LT.XMIN) XMIN=-TEMP '
ZMAT(1J) = CMPLX( TEMP, 0.0 ) ‘ St
ENDDO |
END DO
ELSEIF(ANSWER.EQ. IMAGIN - )THEN
DO J=1,NFLG ; ‘
DO l=1,NFLG
" TEMP = AIMAG( ZMAT(I 9) '
IF(TEMP.GT.XMAX) XMAX=TEMP Lo T
IF(TEMP.LT.XMIN) XMiN=TEMP
ZMAT(l,J) = CMPLX( TEMP 00)
END DO
ENDDO - ‘ , ‘
ELSEIF(ANSWER.EQ-MODULUS ,' .)THEN
DO J=1,NFLG S
DOI=1 NFLG . : : ' A
TEMP = CABS( ZMAT(1.J)) ©°  1find the modulus
_ IF(TEMP.GT.XMAX) XMAX=TEMP ‘ , .
IF(TEMP.LT XMIN) XMIN=TEMP ‘
. ZMAT(Y) = CMPLX( TEMP,00) ST !
. ENDDO . ‘
ENDDO : » ' ,
ELSEIF(ANSWER.EQ.PHASE . C ') THEN'
Pl ='3.1415926 - ‘
DO J=1,NFLG

.

 IF(CABS(ZMAT(I J)).LT.1000.0) THEN
. ZMAT(1,J) = CMPLX( 0.0,0.0)
ELSE |
TEMP1 = REAL(ZMAT(1J))

" IF(TEMP1.LE.1.£-20, AND TEMP1.GE -1 E-20) TEMP1-1 0E-20

S . TEMP2 = AIMAG( ZMAT(IJ)) ,
' o . TEMP = ATAN( TEMP2/TEMP1 ) - Mind the phase angle
\F(TEMP1.LT.0.0.AND.TEMP2.LT.0.0) TEMP=TEMP-PI - ‘
‘ IF(TEMP1.LT.0.0.AND.TEMP2.GT.0.0) TEMP-TEMP+PI
- ZMAT(lJ) = CMPLX( TEMP; 00) ‘
END IF .
END DO - , B ‘ S
. ENDDO ° o o -
END IF - : ‘ ‘ "o

oo . -

IFANSWEREQPHASE =~ - )THEN -
U XMAX=3.1415926 - . . L
e T T XMIN = -1XMAX
. ENDIF
TYPE* 'XMIN- XMIN XMAx.. XMAX

“DOLINFAG . N -
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CON32.32767. ‘
XNORM-CON32/(XMAX XMlN) . . ‘ S
TYPE 111,XNORM ' ‘ : -
111 FORMAT(‘ONormaIlzatlon factor = 'E12.5) " ‘ ‘ :
DO J=1,NFLG Ty , ‘ ‘
DO I=1,NFLG o
TEMPBUF(IJ)-INT((REAL(ZMAT(I - XMIN) XNORM) ' ‘ L
" ENDDO ‘ -
END DO ‘ ' o g
Cc o
c . . o
C Write data to output buffer, converting to INTEGER*2. .
C in the process, then write to output file,
C \
 CALL, OUTOPN( NE) ‘
: 'IREC=8 | Dusk block counter .
' DO J=1,NFLG ‘ ‘ \ .
‘ DO I=NFLG,1,-1 L S . .
o ICNT=ICNT+1 : ‘ ‘
S BUFFW(ICNT)=TEMPBUF(1,J)
" IF(ICNT.EQ.256) THEN B
IREC=IREC+1 . -
" WRITE (2'|REC,ERR=965) BUFFW
ICNT=0 ) ,
- ‘ ENDIF I o
a " ENDDO : o ‘ ‘
ENDDO - 4 i
CLOSE(2) ‘ ; ‘
END DO

; " CLOSE(7) .
, " RETURN o \ ‘
1000 FORMAT(A) C : — !
¢ o <
c ‘
C Error routines _
o]
' 965 TYPE967 -
967 , FORMAT('O" ERROR - Error wrmng output |mage ﬂle)
GOTO 999 . . ,
900 TYPE 982 . - -
982 FORMAT(0™ ERROR **Error readmghle DUMDUM TP1) . o T
.. GOTO999 . o
999 CLQSE(UNIT-1) o Co o S
: - CLOSE(UNIT=2) .~ . = o S N : !
. CLOSE (UNIT=3) ‘ Y , s
CLOSE (UNIT-4)°,
STOP :
END -
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Appendix N

The region of interest analysis program PHASME

o e

cceeee

SUBROUTINEiGRINEND Y o
c |
C Subroutine to release the GRINNELL

C

- INTEGER'2 GR BUFF(1024) GR_LEN, CHNMSK OVLMSK MON AR
. COMMON /GRBUFR/GR _| LEN,GR_ BUFF ,
DATAGR_LEN/1024/
INTEGER'4 IERR

Y

C L . N
C Call GRSEND o refease VO channel to GRINNELL

CALL GRSEND
c ‘ ,
C Call GRELEASE to release GRINNELL display channet
(o]

CALL GREkEASE(MON}
. R
v EN '

§

' @ \ N "
SUBROUTINE PREP CURSOR ‘

. Setup the cursor unit to the gnnnall i. e, clear the
cursor unn

INTEGER'ZX cuns<4) Y CURS(4) ENTER(4),F1(4).F2(4)°
OOMMON /FLAGS/X CURSY CURS ENTEB F1F2 -

read the cursor back onee to clear the ENTER ﬂag

B ENTER(1) o e

Make siire cursor 1 is turned on. -

DO WHILE (ENTER(1) EQ 0) !llllll'l!!!IIHIll!llll!lllllllll!!ll!l!l

WRITE(6,500) .
‘CALL GRQWT(1 STATUS)

' CALL GRQRD(1,1,X_CURS(1).Y_ cunsmem'en(:) F1(1).F21))
. CALL GRQRD(1.2.X_CURS(2).Y_CURS(2),ENTER(2),F1(2),F2(2))

CALL GRQRD(1,3,X_CURS(3),Y-CURS(3),ENTER(3),F1(3),F2(3))

CALL GRQRD(1,4,X_CURS(4),Y_CURS(4),ENTER(4), F1(4) F2(4)) -

ENDDO ll!llllll!lllll!!!l!!l!!!lllll!ll!!!llll!!lllll!llllllll!!l! L
Cc SR

‘e Make sure both function ﬂags are turned off
t DO WHILE (F1(1).NE. OOR F2(1) NE 0) “lllllll!lllllll!l!l!llllll'!l

wnrna(s 501),

205
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b dau‘enowm STATUS)
oag QRD(1:1,X_CURS(1),Y_ CURS(1)ENTER(1)F1(1) F2(1))
whoRD(1.2.X_CURS(2).Y_CURS(2),ENTER(2),F1(2).F2(2))
CALEL GRQRD(1,3 X_CURS(3).Y_CURS(3),ENTER(3).F1(3).F2(3))
CALL GRQRD(1,4.X_CURS(4),Y_CURS(4),ENTER(4),F 1(4). F2(4)) .
END DO I TR TR g

c
RETURN.
500 FORMAT(/,' TURN ON CURSOR 1 AND HIT ENTER FLAG))
501 FOQRMAT(/, TURN OFF BOTH FUNCTION FLAGS AND HIT ENTER FLAG'))
END” .
SUBROUTINE CURSOR_MARK '
Cc Y
CA routlne to detine an area on the screen enclosed by a rectangle:
C The user defineg one coner of the box and then, using the track ball ‘
C unit, moves the cursor fo a position on the screen where the opposite : . .
C corner of the box is to be. At each movement of the cursor the previously
C drawn box is erased and a new box as deflned by the new cursor posltlon !
C is drawn ?n;ns stead.

a5
-

3

C
. INTEGER"2 X CURS(4) Y_CURS(4).ENTER(4), Fi). F2(4)
CHARACTER"1 ANSWER B
c
A INTEGER"2 IMGBUF(65536) GR_BUFF(1024), GR LEN, CHNMSK OVLMSK
1 MON, SUBMSK, LINE(20), BCKGND, REPMOD, N(16),REALBF(65536)
!NTEGER‘A IERR, X, Y, ROW, COL, LOWER, UPPER, X_INC, Y_INC, .
1 LENGTH, DBL_W. DBL_H, ZERO C, XSTART, YSTART TOP, BOTTOM,
-2 BOXES(ZO 4),YEND, XEND
ind C ) Ay, . o N 7 .
LOGICAL SWITCH Caem s ﬂ ‘
c '
~ COMMON/GRBUFR/GR_LEN, GR_BUFF ‘ &
COMMON/GRVARY CHNMSK, OVLMSK, SUBMSK, MON - L
COMMON/ARRAY/ REALBF,IMGBUF, SWITCH, ROW COL, LOWER UPPER
COMMON/BOX/BOXES .
COMMON /FLAGS/X_CURS.Y CURS ENTER,F1 F2
- DATA GR_ LENI1024/ BCKGND/0/, ZERO_C/1/, SUBMSK/600X, OVLMSK/600°X/
¢ _
C Clear array that will contam the box coordinates -
C » ‘
DOJ=-14 : '
DOI=1,20 R .
BOXES(LJ) « 0 N - i ' *
ENDDO \ : .
ENDDO S~
/ ¢
NBOX_NUMBER =1 !
c . e
C Gets coordinates of cursor from grinnell.
300  CONTINUE - : |
. C
_ CUser moves cumor 1 to deslréd position, turns on either function ﬂag
’ C and hits enteg :
c R
ST RMe0T :
ﬁ FZ(? -D - . -
: , ” v ) o
. . o L WRF!F . '
PR LGRFER(OVLMSK.OVLMSK.O) |Erase overlay channel
L . S N
& & -



C
Cc

C

C now we have the four points defmlng the box so save them in BOXES

Cc

400

s .

DO WHILE (F1(1).EQ.0.AND.F2(1).EQ.0)' IHIMINIHINMHLNIN

CALL GRQWT(1,STATUS)
CALL GRQRD(1,1,X_CURS(1),Y_CURS(1) ENTER(1),F1(1),F2(1)) .

CALL GRQRD(1,3,X_CURS(3),Y_CURS(3),ENTER(3),F1(3),F2(3))

[
|
CALL GRQRD(1,2,X_CURS(2).Y_CURS(2).ENTER(2)F1(2),F2(2)) ! ’
| |
(

CALL GRQRD(1.4.X_CURS(4).Y_CURS(4) ENTER(4) F1(4)F2(4)
END DO I TR TR

_ NOLDX = X_CURS(1)
' NOLDY = Y_CURS(1) .. /
NXPOINT = X_CURS(1)
NYPOINT = Y_CURS(1)

C now monitor the cursor position and draw a box Interactively

WRITE(6,503)
WRITE(6,504)
F1(1)=0
F2(1)=0

DO WHILE (F1(1).EQ.0.AND.F2(1).EQ.0) fliHinpnnpimntl,

CALL GRQWT(1 STATUS) 9
CALL GRQRD(1,1,X_CURS(1).Y_GURS(1) ENTER(1).F1(1).F2(1)) |
IF(X_CURS(1).NE.NOLDX.OR.Y_CURS(1).NE.NOLDY) THEN !

CALL GRFER(OVLMSK OVLMSK,0)  IErase overlay channe! | P
ENDIF P
NOLDX = X CURS(1) ' , '

!
NOLDY « Y_CURS(1) l
XSTART = NXPOINT IDraw the box |
YSTART = NYPOINT ‘ b
XEND = X_CURS(1) . {

YEND = YSTART !

CALL GRFVC(OVLMSK, SUBMSK BEKGND,ZERO_C xsmm YSTART XEND,YEND)!
XSTART.= XEND ,

YEND = Y_CURS(1) / |

CALL GRFVC(OVLMSK,SUBMSK, BCKGND ZERO_CXSTART, YSTART XEND YEND)'
XEND = NXPOINT
YSTART = YEND
CALL GRFVC(OVLMSK, SUBMSK, BCKGND,ZERO_C XSTART, YSTAHT XEND.YEND)!
XSTART = XEND , .

YEND « NYPOINT o |

CALL GRFVC(OVLMSK,SUBMSK BCKGND,ZERO_C XSTART,YSTART,XEND,YEND)!
CALL GRSBFD |

ZAREA = ABS((NYPOINT-Y_CURS(1))2)"ABS((NXPOINT-X_CURS(1))/2) !
|

TYPE* Cﬁrrent area = ",ZABEA
END DO II!HIlll!|lIlll!!l!!ll!I..!!!!ll!!l'l!l”!'!'!!!'II!H!HH

BOXES(NBOX_NUMBER 1= NYPOINT

' 'BOXES(NBOX_NUMBER,2) = NXPOINT
BOXES(NBOX_NUMBER,3) = Y_CURS(1)

BOXES(NBOX_NUMBER,4) = X_lef(ﬁ

IF(NBOX_NUMBER.GE.20) RETUR
TYPE*,"'

TYPE*, » Area of this box is = ,ZAREA
TYPE *, Sk

TYPE®, o Happy with this box 7"
READ(S 1000) ANSWER:

" " IF(ANSWER.NE.Y') GOTO 300

TYPE *, Anotherbox (YorN ) 7

* CONTINUE

READ(5,1000) ANSWER

IF(ANSWER.NE.'Y". AND ANSWER.NE."N') GOTO 400
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a

IF(ANSWER.EQ."Y") THEN ' , ‘
TYPE *,' Same procedure as before .
NBOX_| NUMBER = NBOX_NUMBER « 1
GOTO 300 "
END IF Y
RETURN , . ,
C
502 FORMAT(/ Position cursor 1 at the top left point of the area’
‘ 1/ of interest, Turn on either function flag, and hit the'
2 JENTERflag) .
503 FORMATY(/, Turn oft the function flags’) K
504 FORMAT(I‘ Now use tha track ball WITH TRACK SWITCH ON to define’ -

1 1'the boxoverthe area of interest, When happy turn on a'
.2 J'tunction flag and hit enter.’)
c ‘ .
1000 FORMAT(A)
END -

k WWW}WWCMWC
r

SUBROUTINE DRAW_BOX

A subroutine to draw a box about\a selected area on the GRINNELL

Up to 20 such areas may be defined. These areas are stored in an array

as follows ( assuming the user starts with the top teft corner and
proceed to the bottom r|ght otherwise this is just academic ), .

INTEGER'4 BOXES( 20, 4)

BOXES(1,1) = top most vertical point
BOXES(1,2) = left most horizontal point
BOXES(1,3) = bottom vertical point

BOXES(1,4) = right horizontal point

(oXeloleloNoNoXoNoXoNoRoXoNeoNo! O

INTEGER"2 IMGBUF(65536), GR_BUFF(1024), GR_LEN, CHNMISK, OVLMSK

1 MON, SUBMSK, LINE(20); BCKGND, REPMOD, N(16), REALBF(65536)
- INTEGER'4 IERR. X, Y, ROW, COL, LOWER, UPPER, X_INC, Y_INC, '
1 LENGTH, DBL_W, DBL_H, ZERO_C, XSTART, YSTART, TOP, BOTTOM | e

‘ 2 BOXES(20 4)
- LOGICAL SWITCH

COMMON/GRBUFR/ GR_LEN, GR_BUFF -
COMMON/GRVARY CHNMSK, OVLMSK, SUBMSK, MON —~ ~
COMMON/ARRAY/ REALBF IMGBUF, SWITCH, ROW, COL, LOWER, UPPER
COMMON/BOX/ BOXES
DATA GR_LEN/1024/

-

~ CALL PREP_CURSOR
_ CALL CURSOR_MARK
RETURN-
. END.

c
c
c " SUBROUTINE DRAW(X, Y, MODE) o .
C A subroutine to place the image on the’GRINNELL
cC. :

INTEG BUF(65536) GR_BUFF(1024), GR_LEN, CHNMSK, OVLMSK : ' '

R



1 MON, SUBMSK, LINE(20), BCKGND, REPMOD, N(16). REALBF(65536)
INTEGER'4 IERR, X, Y, ROW, COL, LOWER, UPPER, X_INC, Y_INC,
1 LENGTH, DBL_W, DQL_H, ZERO_C, XSTART, Y. ART, TOP, BOTTOM,

| 2 MODE |
C ; 3
[ . LOGICAL SWITCH
o | ‘ .
COMMON/GRBUFR/ GR_LEN, GR "BUFF
COMMON/GRVARV CHNMSK, OVLMSK, SUBMSK, MON
" COMMON/ARRAY/ REALBF, IMGBUF, SWITCH ROW, COL, LOWER, UPPER
- DATA GR_LEN/1024/
c

C Check mode switch. lf equalto 1, then sklp the allocation and setup
C of the Grinnel!
Cc
IF(MODE.EQ.2) GOTO 50

C
C Allocate a GRINNELL display channel (monitor) to this process MON
Cissetto 0 to request an interactive channel allocation
C

MON=0 .

CALL GRSHARE(CHNMSK OVLMSK MON)

i (MON.LT,0) STOP
C
C I the color channel was assigned, change the default overlay channel
C mask from '200°X (blue overlay channel only) to 'EO0’X (blue,green and
C white overlay channels) so that all overlay channels may be erased

IF (OVLMSK.EQ.200'X) OVLMSK-'EOO’X

- 299

Cc
CCall GRSINI to assign a channel to the GRlNNELL
CALL GRSINI
o]
CALL GRFER(CHNMSK,FFX,0) IErase display channel
CALL GRFER(OVLMSK,OVLMSK,0) iErase oyerlay channel
C .
WMHWC@WWW
C . » '
50 CONTINUE
Cc .
C Set constants for GRINNELL calls
! LENGTH 'ROW
" ZERO_CaT ) :
X_INC=1 ' ,
Y_INC=0 _ !
* DBLHs=O0
. DBL W0
! NYSTEP = 1
. IF(ROW.LE.256. AND COL LE. 256) THEN
" DBL_He=1
‘ DBL_W- 1
NYSTEP = 2
X INCe2
END IF
t XSTART= X
© YSTART = Y

Now cycle through the image buffer using the row and col defmmons
to set the size of the imago produoed -

DO 100J = 1, COL o R
Ka(J-1)ROW+1
CALL GRWDW(IMGBUF(K) XSTART YSTART.X_ INC.Y_INC.LENGTH,

000 é ‘

-



c

" C Thls subroutine finds the range ( mln max ) of points

300

"1 DBL_W,DBL_H,CHNMSK ZERO_C)

YSTART = Yﬁ‘TART + NYSTEP

100 CONTINUE ’ !
o CALL GRSBFD )
C ) ‘ .
RETURN y d
' END . ‘ ' : o ‘
" BCCCCCCCCCCCCCCC ~CCCCCOCC CCCOCCC ~SCCCOCC
c - . . : ' ‘
SUBROUTINE REPLACE PIX( )
C-
C Routine to replaee a pjxel with a white ( 255 ) pixel to mark it as
C counted. '
c .

INTEGER"2 IMGBUF(65536) GR_BUFF(1024), GR_LEN, CHNMSK, OVLMSK’

1 MON, SUBMSK, LINE(20), BCKGND, REPMOD, N(16), DATA, REALBF(65536)

INTEGER"4 IERR, X, Y, ROW, COL, LOWER, UPPER, X_ INC, Y_INC,
1 LENGTH, DBL_W, DBL_H, ZERO_C. XSTART, YSTART, Il J

~ LOGICAL SWITCH

COMMON/GRBUFR/GR_LEN, GR_BUFF -

COMMON/GRVARI CHNMSK, OVLMSK, SUBMSK, MON s -
COMMON/ARRAY/ REALBF,IMGBUF, SWITCH, ROW, COL LOWER, UPPER
DATAGR_ LEN/1024/ ,

C ‘
C get coordinates of point to white out
¢ '
XSTART = i : .
YSTART = WJ ,
C o ) N i — . }\
C constants for GRINNELL
o] . ‘ . )
' LENGTH = 1
X_INC = 1 et
Y_INC=aO
DBL_W=0 *. : ‘ . , ‘
DBL_H=0 ) ‘ . ‘ . "y
ZERO_Cw1 , N K
DATA = 255 oot
Cc \ ‘
C white it on the GRINNELL

" CALLGRWDW( DATA, XSTART YSTART X_INC,Y_INC,LENGTH,DBL_| H
1 DBL_W,CHNMSK, ZERO C) - ‘ o

SUBROUTINE SCALE

. C In an image data file of delta format and scales the entlre

C image array {IMGBUF).

™\

INTEGER'4 MAX, MIN ROW, COL, K, J, |, LOWER UPPER ‘)



I

INTEGER'2 IMGBUF(65536) REALBF(65536)

REAL SCALE_FAC L ‘
LOGICAL SWITCH . X - /
COMMON/ARRAY/ REALBF, IMGBUF SWITCH, ROW, COL LOWER, UPPER" '

Cc , .
MAX = -99999 : '
MIN = 99999

.+ DO 10J=1,COL ‘ .

v DO 10 1=1,ROW , ’ ,

Cc P y

C calculate image pixel position in the buffer

C B . h ‘ \
Ka(J-1)ROW+I
IF(IMGBUF(K).GT.MAX) MAX=IMGBUF(K) :
IF(IMGBUF(K).LT.MIN) MIN-IMGﬁUF(K) N

10 OONTINUE ' .

(: . :

C now scale the entlre buﬂer to values between 0 and 255 .

(o] . e
SCALE FAC = 255.0 / ( MAX - MIN ) ‘ . l
K =« ROW * COL
0620 1=1K
IMGBUF(I)-lMGBUF(|) SCALE_ FAC

20 CONTINUE' ) . ‘
RETURN , . "
END

1
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Program PHASME - D S

Author Steven Knudsen, NMR Group
U of A Hospital

last edit 15/05/86

OOOOOOOO,’E)

C Thls proqram may be used to dlsplay images in DELTA format ( as 1rom

" C the Cross Center ) on the Dept. of Applied Scuence in Medicine's

C GRINNELL lmaglng system. . .
(o]

~ C luse the Grinnell track ball to mark the area of mtefaéﬂor a phase
* C measurement. The {iser must input the size of that area and the number

C of images in the sequence. These images-are’ assumed to have the suffix_
C X01 through to Xxx where xx are the number of images in the sequence.

: C(eg MONK X01, MONK.X02, MONK.X03, MONK X04, etc.”) . -

C The areas are assumed to be rectangth therefore the user inputs the

- C height and width of the area. This is done usmg the track balk unit to
- C defme a rectangle.

Cc

C DELTA format images found in the following sizes

C Block.(512bytes ) . -, Description of contents
- C ; T e - -

c 1. .p - .+ . headerblock-contains . . -
C o . .image descriptors and ;o =
C . constants' - B

C. : ‘

2 ~administrative block

e

L



expansion storage ( opt )
commeht block . i
image data - sizes
32 X 32 byte . -4
32 X 32 word
64 X 64 byte
64 X 64 word
128 X 128 byte
128 X 128 word
256 X 256 byte - A
256 X 256 word

~

C Note that only the word formats are currently transfated by

C this progr
CC(X;C ) .o oo . p'
S .

C Set up Variables and constants

INTEGER'2 IMGBUF(65536) BUF256(256) REALBF(65536)
C
INTEGER'Z-X CURS(4) Y ' CURS(4),ENTER(4),F1(4),F2(4)
' INTEGER*4 |IERR, BLKREAD, |, J, 1B, B, ROW, COL. LOWER, UPPER
LOGICAL SWITCH, POINT, EVEN ODD
COMMON/ARRAY/ REALBF,IMGBUF, SWITCH, ROW, COL, LOWER, UPPER
COMMON /FLAGS/X_CURS,Y_CURS, ENTER F1,F2
DATA GR_| LEN/1024/ Co .
c 4
INTEGER'2 GR BUFF(1024) GR_| LEN CHNMSK OVLMSK
. "1 MON, SUBMSK
C N
g Constants in the ttrst block of the header

' INTEGER'Z FILTYP,: TOTBLK PROCFLG, IMGTYP, IISPAC |SOFLG
1 MAXIMG, EXPSIZ, COMOFF, COMSIZ; LOCBLK, LPBFLG, COLTBK,
2 COLFLG, TEXTBK, TXTFLG, OVRLBK, OVLFLG, IMAGBK, IMGFLG
3 OVLMAP(4), IMGMAP(64), IMAGEBLK(256) - -
INTEGER"4 UMMY(128) BOXES(20,4), ECHO INTENS(20 64), NUM_FILES

_ CHARACTER'64 FILENAME, PRINTFILE

. BYTE FILE(64), PFILE(64)

' CHARAC'IER'1 ANSWER HARD_ SOFT ' S

C. - r
e LOGICALEND S I . o
c : .

EQUIVALENCE( FILENAME, FILE(1)) - oy
- EQUIVALENCE(PRINTFILE, PFILE(1)) ~ ~~ = @ = ;
' COMMON/GRBUFR/ GR_LEN, GR :BUFF ~ | SR
.+ . COMMONGRVARY CHNMSK, OVLMSK, SUBMSK, MON -
" COMMON/BOX/ BOXES

COMMON/EGHO/ ECHO | INTENS UM FrES
DATAGR_LENft024/ o

G
C lnltlallze the BOXES and the ECHO INTENS arrays

"G
3 DOJ 14 - ,r ‘
DO1=1,20 - . o o \ o
: BOXES(IJ) 0 e e
. ENDDO. - L - Ct
" DOJ=1,64. S C A . :
- ml- .20 -_b\ . ’ ) ‘." K
. " ECHO INTENS(IJ) o : T
"ENDDO™ vy I S .
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END DO" I
C Get image filename and open file for unformatted rdads
Cc o ‘
' DO =164 "
FILE() ="'
PFILE() ="' o . :
END DO \ ‘ ‘ * N
TYPE *, ‘Enter the filename of the first |mag~ in the series’
READ(S 600) FILENAME '
Cc

C find the suffix oi the flle

T ‘
END FALSE. .. - '
ICOLON =0 o .- ‘

“IPERIOD = -1 * : o - ‘
DO 1=64,1,-1 ‘ i
IF(FILE().NE. AND(NOT END))THEN :

END = .TRUE.
IEND = |
END IF , '
IF(FILE(1).EQ."") THEN ' . -
C IPERIOD =1 =~ - o
o ENDIF R : SR
3 IF(FILE()).EQ."") THEN - e
ICOLON = | ‘ . - :
END IF o . , .
END DO ' o :
IF(IPERIOD.LA&.1) GOTO 1oo1 : .

" DOJ=1,IEND - . S S
K«ICOLON+J = =~ ' ‘ - ;
PFILE(J) = FILE(K) ‘ ‘
END DO g

PFILE(IPERIOD+1- ICOLON) -
PFILE(IPERIOD+2-ICOLON) = ‘R’
PFILE(IPERIOD+3-ICOLON) = T
C Open a print out file for the data
o]

" TYPE*,"’ .
TYPE °, *"* Printout file is: * PRINTFlLE
. TYPE", e
N OPEN(UNIT-7 FILE-PRINTFILE s;l' ATUS-'NEW FORM-'FORMATTED)
Cc
C get the number of flles m the series
(o]
10 CONTINUE :
TYPE *,'Enter the number of files in the senes
- ACCEPT* JNUM_FILES ..
IF(NUM_ FILES GT.100.0R. NUM FILES. LT1)THEN Lo '
© TYPE™,”*** ERROR. NUM_FILES="NUM_FILES, too Iarge or small‘
- GOoTOt- . ¢ . )
, ENDIF. v . & -
o) ) o .
C check lf images made wnh hard 180 or soft. 180 ] soft the phase eneodmg .
." C will be the same for each echo... therefore no need 1o flip the even echos
C about the: frequency axis - ‘ ‘

HARDSOFI'-'?j <
DOWHIL§(HARD SOFT.NE.H.AND. HARD SOF!' NE 'S") SR .
" . H(ard) or S(oft) 180 pulses . s
‘ READ(SBOO)HARD SOFT = T,
ENDDO Co S RS o



—_f____—...-————u— .

i, ©

. C now loop for the rutber of files in the series °
- ‘

C'open the current flle

eXoXel
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IMODE = 1. R L.
. POINT~TRUE. ' ‘ : .
: - EVEN_ODD « TRUE. 1 Odd numbered echo In series
DO IFILES = 1, NUM_FILES

e
‘ OPEN( UNIT.10 FILE-FILENAME STATUS-Q__D FORM=' UNFORMATTED\
1  ERR=1001) ' .

“TYPE®,'* . .

TYPE* 'The currenttlle is: FILENAME

TYPE*'"

c.

c
C and in the output file
o]
WRITE(7, 700) FILENAME
700 FORMAT(‘ J.! The file'is: ",32A)

C
Cc read In image constants and descnptors

Cc «
. READ(10) FILTYP, TOTBLK“PROCFLG IMGTYP, IISPAC, ISOFLG
1 MAXIMG, EXPSI|Z, COMOFF, COMSIZ, LOCBLK, LPBFLG, COLTBK;,’
2 COLFLG, TEXTBK, TXTFLG, OVRLBK, OVLFLG, IMAGBK; IMGFLG,
3 OVLMAP, IMGMAP, IMGMAP, IMGMAP, OVLMAP, OVLMAP, OVLMAP,
. 4 OVLMAP; OVLMAP, OVLMAP, OVLMAP, OVLMAP, OVLMAP, OVLMAP

First block has been read so read five remamlng blqcks

READ(10) DUMMY

READ(10) DUMMY - .~ , ‘ p
READ(10) DUMMY ‘ L o
READ(10) DUMMY . \ -
READ(10) DUMMY [ - C

c

- C Determlne whlch image size we are working with- ,...

IF(IMG'IYP EQ. 2 THEN | \ A ‘
-4 L -

ROW-32
- COL=32 - ' ‘ o
ELSE IF(IMGTYP. EQ 4) THEN - K ~
BLKREAD - 16 =
ROW = 64 e e
COL- . o . ' Y '
: ELSE IF(IMGTYP EQ. 6) THEN — . ‘ _ ‘
. BLKREAD=B4 S
 COL=128 s B . » o
.ELSE IF(IMGTYP EQ. 8) THEN [ S Co-
~ BLKREAD =256 R o . e
S ROW=256 0 SR ‘
I COLa256. |- . , Lo \ : o - |
ENDIF -0 . o - A S T
TYPE'" ) ' : , . : . . L “

‘ -_' ‘TYPE"Imageis ROW X COL
.. G
Cand In the output ﬂle (

TYPE



e

o

r
IF(POINT) THEN . |
WRITE(7,701) ROW,COL - . ‘ . o

701 FORMAT(' Image is ‘4, X M) ' ‘ o

END IF | . \ S |
C read in the image data from the file
C N . n

* DO 1000 B=1,BLKREAD .
'READ(10) BUF256
DO 900 1=1,256

B=(B-1)2564+1
. .IMGBUF(IB) BUF256(I)
900 CONTINUE
1000  CONTINUE : : . ‘
' DO ICOPY « 1,65536 ! » -~
. REALBF(IOOPY) - IMGBUF-(IOOPY) , ‘ ]
. END DO o , S
C " ' L ' | . \
+ C close the file . .
C ! ! . . 1
CLOSE(10) : : ’
C .
g now check to see if the |mage shou|d be reversed about the 1requency axis ,
IF(: NOT EVEN_ ODD AND. HARD SOFT. EQ ‘H ) THEN
DO JY = 1,COL
DO IX =1, ROWR-1
IFUIPX = ROW - IX .
Ka(JY-1)ROW+IX '
- KFLIP = (JY - 1)ROW+IFLIPX
IDUM = IMGBUFIK)
IMGBUF(K) IMGBUF( KFLIP ).
IMGBUF({ KFLIP ) - IDUM
ENDDO
- END DO
END IF

®y

now scale the image to pixel,velues between 0 and 255
. 1 . .
CALL SCALE ' S N | .

NoXoXe)

dlsplay the image on the GRINNELL (MODE = 1 means setup GRINNELL )
CALL DRAW( 0, 0, IMODE ) '

check for input of coords . . . . L. ‘ :
GFPONTTHEN © . -t s
getreglonsofinterest o L -

CALL DRAW _| BOX. . ‘ : .
—_— WRITE(7501) ' S ' N .
501 FORMAT{(/ BOX#lAREA |AVERAGE INTENSITY | CALC PHASE')
. WRITE@ZS02 . ..o
‘502 . FORMAT (== i Al % N

‘ ENDIF Lo - s B
Ccalculate the average plxel va!ue in the areaof mterest e . : L
e L . L ==

' IBOX1 ~ L ' IR e
NDATA = BOXES( IBOX 1) A
DOWHILE(NDATANEO) T

ooo’ooo-ooo




XSTART = BOXES(IBOX,2)/2 r '
XEND = BOXES(IBOX,A)/Z ‘ . . o
YSTART = BOXES(IBOX,1)R2

" YEND = BOXES(IBOX 3)/2 . .
NXSTEP = 1 , ' ‘ ‘ : '
NYSTEP = 1 .o
IF(XSTART GT.XEND) NXSTEP - ~1
IF(YSTART.GT.YEND) NYSTEP
AREA=00 - -
SUM=00

o]

C see if the image Is reversed. if 80 then read the info from the box

C from the ‘other haH of the image l.e. reverse the read procedure
Cc

L IF( NOT EVEN.__¢ ODD.AND. HARD__ SOFT EQ H)THEN
ot DO JY = YSTART,YEND, NYSTEP
‘ DO IX =« ROW-XSTART, ROW-XEND -1*NXSTEP
Ke(JY-1)ROW4+IX
SUM = SUM + REALBF(K) . o o
AREA = AREA + 1.0 . ’ ’
DXTEMP = ROW - IX ' ‘
CALL REPLACE PD(( IXTEMP'Z JY‘2)
END DO .
© ENDDO ) b
ELSE o .
DO JY = YSTART,YEND,NYSTEP
DO IX =« XSTART XEND,NXSTEP -
Ke (JY.-1)ROW +IX
. SUM = SUM.+ REALBF(K)
AREA « AREA + 1.0
CALL REPLACE_PIX(1X"2, JY‘2)
ENDDO
ENDDO -
ENDIF -
AVERAGE = SUM/AREA
PHASE = (32767./2. - AVERAGE)/32767 -360
CALLGRSBFD
TYPE *, BOX # = *,1BOX
TYPE *,' AREA = ' AREA ‘
TYPE *, . AVERAGE PIXEL VALUE - AVERAGE
. TYPE®, » AVERAGE PHASE - PHASE
c —_ R |
C and in the output flle ' o —_—

C
- WRITE(7, 702) IBOX, AREA AVERAGE PHASE :

L0702 FORMAT(I7| G115, G1476X| G147)

c
A o

C
"Cand wri;e data 10 echo intensw storage array .
ECHO INTENS(IBOX IFILES) AVERAGE
c increment the box number |
C o
’ lBOX-IBOX+1 Lo
NDATA= BOXES(IBOX. 1 )
- END'DO B
E\)EN oDD - NOT. EVEN ooo : ,,‘

. C now set up the- next in the senes to be processed

IF(FJI;E(IPERIODR!) EQ. 's)mfn Fo
'FILE(IPERIOD+2) £ FILEGPERIOD:2) + 1
FILE(PERIODIS) =0 i |




ELSE
FILE(IPERIOD+3) = FILE(IPERIOD+3) +1
ENDIF
c
c -
IMODE = 2
POINT & FALSE. | - =
END DO .
C ‘ ' |
‘ CALL GRINEND
C ! .
1. STOP

1001 CONTINUE
TYPE *****ERROR; Bad file or menarhe Try again
. STOP ‘

C“ - I
600  FORMAT(A)
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