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AT RAC

The n~xv1~qwnw4\ ctNME dmaging created o great o exo ntemoens
withigg tHe medn tal vumwunlfyf Yw}rit cttere sl o nen - invasye
tmaging moda ity possessing a marked sensrtaivity to
alterations vﬁ the molaale proton envirenment 1o tissues, Th

suggestion to employ NMRE \Plﬂui!lq both to visualize spatially

-
and to guaant ity lTang Wle/ came oo atter 1t ainitial
! ‘ N

clintcal tyrala. Such o technyqgque w ool andee b o ove

advnntdjOMUC: the medasareretas 3re nen=1ncasive and non -
destructive, do not require indicator tracors, are
independent ot ventilation-pertfusion dicstributions, and may

™~

-
The encourasing results from several preliminary in-

be performed repeatavely.
v{lrw Studles warranted an attempt to seriously evaluate the
potent;al of NMR imaging to pulmonary medicine, and in
pafticular to the investigation of lung water,
The initial stage of this evaluation comprised the

“ devetsepment of obtihal RF pulse sequences and respifato;y—
Gated data acquisition pP®cedures for obtaiﬁing qua]ity fn-
vivo imageg of both the normal and the edematous lung. N
Moreover, it was desired that these images would be of
'sufficient quality to enable the measurement .of in-vivo
tissue magnetization relaxation times T and T,, both of

which provide an index of tissue proton mobility.

-y-



T o S ol this” project concerned the

Feve b et fo antitative techknique, that would permint
L4

t e foterporal alterations in the volume,

Hatire, anp o dictritation of oleic acid-induced pulmonary

cdema an experimental animals., This technique was
L4
cotab-lishog an oan elaborate series of tissue-phantom

CXpeerramen? and then applied to two series of in-vivo
peloonary edema tnvestigations. One of these ., latter
cxperiment sl o series terminated with the initial observation

of odema within the acquilred 1mages, while the other series

tollowed the course of the induced edema over 4-5 hours.
B «

Unanti(é%ivv imaging data were then correlated with post-
Y ‘
mortem lung wator\analy%es.

;

\
Thd invest y Ve blndings clearly demonstrated that
T~
NMR iméging r;prvﬂvnts,a worthy addition to both clinical
and investigative pulmﬁnary‘medipipe. This imaginag modality
consistently éxhihired an acute sensitivity fo_alterarions
in lung:water volume, nature, and distribution. Indeed, its
attributes were such that, foffthe s tudy andAdiggnosis of

pulmonary edema, NMR imaging may represent a more sensiltive

and reliable analytical tool than is currentiy available.
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ARD The Adult Respiratory bistress Syndrore

boeal The time-varying local magnetic fileld at a
Wierticular nouclear site
-

Bit) a time-varylng 1'151<;ra(‘ti<‘ tield \

By the externally-applied static magnetic flceld

LB the- magnitude of the static magnetic fleld

’ inhomogene ity ’

_l_‘] ) the oscillating, or rotating, magnetic tield
ascociated with the applied radiofrequency
pulse excitatiion

B the eftte ctive magnetic tield

S ft :

I the magnetic tield associated with the

g Lo . . . .
application ot a llnear magnetic-field
Gradient /

CPMG the Cart-Purcell=-Mciboom=G11l1l pul=e excitat fon

Sequen Ce
]

D the gaw (ilﬁtuftim) Tmnsfant, measufed in
mlb minote 5 mmba.

}_: ) t)ﬂ‘)l‘(}’/

»

O the change 1n energy e

£

By the energy of Interaction

emf an electromotive force

EVLW . the extra-vascular lung water

Fq the imaginary portion of the NMR signal,
created during the process of complex Fourier
transformation

Fr the real portion of the NMR signal, created
during the process of complex Fourier
transformation

FID a free-induction decay,

F;0, the inspiratory fraction of oxygen )
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‘. g linear maanetic=tield gradient positioned
Along the direction r

-3 )
h the Planck constant, 6.63 x 10 34 joule-scecond
Hix hemoaglobin
1 a unit vector -
- *
] the nuclear-spin quantum number
/o . o ‘ . A -
I K //‘ the inversion-recovery pulse excitation sequence
] ’ ( a unit vector,
Jla) the spectral density function of the angular

treqgquency

b aounit o vecotaor >
’

p . . -27 .

K the I‘Ult/.({ldllrl constant, 1.38 x 10 joule
molecule 5 °K

KI ~ the tiltratianp coefficient of -a solute, measured
in ml ‘minute ' mmHag. o

m(r) an element al maqrmtiza\tion component along the
direction r

M the macrosceplc magnetization vector

MHz megahert z

MSF the multiple spin-echo pulse excitation sequence

no the nuclear population in the lower energy
state

nB - the nuclear population in the higﬁpr energy state

Ph., Py the partial pressures of a gas

Py the pulmonary arterial hydrostatic pressure .

Paiv the .alveolar fluid hydrostatic pressure

Paw the airway pressure

Py the blood protein content within a lung tissue
sample .

Pe the pulmonary capillary hydrostatic pressﬁre
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Pt tte pulmonary hematocrit correction tactor,
reaquilred when using using systemic bhlood
samples as a reterence for pulmonary blood
hemoglobhlin measurement s

Py the interstitial fluild hydrostatic pressuare
P()Z . the partial pressure ot oxygen gas
\

‘i the pulmonary capillary transmural pressure

S
Uk) the tédtal blood mass within a lung tissuce sample
Uy the dry lung tissue mass
* . . .
Oy the net fluld filtration across &ho alveolan

eplithelium, measoréd in ml hour

Ot the hemoglobin mass within a lung tissue sample
Otd the total dry lung tissue mass
Owl the total wet lunj tissue mass
NPSD quadrature plase-sensitive detect ion
Ry the rate of ‘u»m:itudingl magnetizat ion
relaxat ion
R2 the rate of transverse magnetization relaxation
RF radiof requency
ROT a region of 1nterest
SG the specific gravity
SR the saturation-recovery pulse excitation sequence
S/N . " the signal-to-noise ratio
u!
t, the time duration of the applied RF magnetic
field
T i)the surface tension of a fluid v
ii)Tesla

)

T, the longitudinal, or spin-lattice, magnetization
relaxation time constant

T, the transverse, or spin-spin’, magnetization

relaxation time constant
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reconstruct 1on

. . . -1
gas tlow, measured in units of volume time

the “lood water volume within a lung tissue
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the wet-to-dry ratio tor a lung tissue sample

4
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»
a4 Adelta funct ion
the maanitnde of an angle, measured in degreis

the nuclear magnetic moment

the linewlidth at 50% maximum amplitude of a
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the pulmonary capillary osmotic pressure
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’
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Lo INIRODICIION:

The major impetus for investigating fluld exchange in
the lung 1= predomlinently the clinical importance ot
pulmonary edema. Not only does the severe form of intra-

3 .

alveolar pulmonary edema interfere with alveolar gas

.

exchange, but its constituent fluid content, when combined
with air, torms a duratble foam that pronouncely attects both
overail ventilation and its distribution throughout the
various lung regions,

It is now recognized that clinica?! pulmonary edema is a
lat¢ manitfestation in a larqv'numhér of different discase
[3r<u:v¥§n)s. This tindin; established the need to focus
special attention on the early stages of pulmonary Pdvq;,
when excess lung fluid is essentially restricted to the
interstitial tissues and consequently .(he process is mosdt
often clinically silent,

Today, techniques commonly employed to diagnose
pulmonary edema all exhibit limitations in either‘the degree

of sensitivity to increases in lung. water content, or in the
sl

i 3
1
1

abilityuto distinquish the early stages of pulmonary edema
from other respiratory disease processes. These include\
roentgenography, x-ray c uter tomograbhy, measurements of
boﬁh pulmonary function and gas exchange, and indicator-
dilution techniques. Thus, it must be concluded that)the

clinical detection of early lung edema is not possible.
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amt the 1’1;3.:‘1:@""- Coveral o preliminary investigat lon:e

-
ER, 1,28, 6 =0t 70 e ettt ing the ‘ﬁp;\l icability of NMi

technigues too e oSy ot Tung water, a \truly In-vivoe
quantitication o Sescription of pulmonary edema with KMy

. N

has yet to e procenmt ey

his is principally due to the

vum‘i‘);exity of NV amaring and to the technical difticulties

associated witl the obtainment of reliableﬂtitativv

¥

information from the 1In-vivo lung.
&

This 550519 describes the application of NMR technigues

.

to the in-vivo investigation of lung fluid exchange 1in

experimental animals. The project itself is divided into two

, -

main sections:




PV T e e oot ot opt il radhie st e quenoy gl
P Nt Loy e e e e .11)?1 tesplratory-oat oed
&
Gdat oo o rtion procedures tor generating gualaty

Tir- v ive 1ma e o both the normal and the cdemat ou

S0 The oo taby lrahment ot o quantitative technigue (ton
Getermiprng both the lTonagirtudinal and tranaver o
tron relasnation Intieoes, and proton densaty

ctothe n vav lar ) thiat would permit the

}

Acc et ot ters or el alterations an the volame,

At are, an o ddretraatararon ot olere o acitdi-indaced

The abvove soctarons arce desoribed ar chapters 3-6
Chapter 2.1 prowvides a review to the anatomy and physiology
Of the respiratory systen, the histology of the alveolar-

capillary membrane, the intluential tactors of lung fluid

exchange, current methods for clinically measuring lung

-

water content, and the pathological changes established by

g

certain disease processes which eventually lead to pulmonary

edema. Also described are the experimental animal models

.
')
that have been devised to produce pulmonary edema, and which

have been employed in the studies outlined in this thesis.
Chapter 2.2 presents the principals of NMR imaging that are

germane to this discussion, while chapter 2.3 briefly
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Ao the posoanle goals or obgjectives tor tuture
cnfeavosr s withan this area, and relates the applicabality

ot the deve ot Gaant itat ive NME O techntque to o the cliniceal



Prov D NG AN P MONARY D VASCDE Al Sy e

JolUl AN OVERV I EW:

The cardine!l tunction of the human lungs s to exchange
qases. In o oso o doing, oxygen 1s oallowed to dittuse from the
atmosphere 1ntoe the blood and carbon dioxide 1s allowed to
diftuse troem the blood. ITn terms of 1ts principal functional
anatomy, the luang may be thought ot as comprising touot
components: the conduc® ing atrways, the alveolar ducts, the
alveolar-capillary memirane, and the blood vessele,

The condactin: atrwiys conslst of a series of branching
tubes, or \‘HH«N:i\tC, which bhecome increasingly narrower ,
shorter, and m re num roagc as they penctrate decper into the
1ung: These comprise the trachea, the right and lett main
bronchi, the lobar bronchil, the segmental bronchi, ant
finally the terminal bronchinles. The conducting alrways,
including the portion between the ngrxes and trachea, take no
part in gas exchange and as such constitute the anatomical
dead space, whose volume under normal conditions is
approximately 150 milliliters(ml) in humans.

The terminal bronchioles divide 1nto the respiratory
bronchioles which may possess occassional alveoli, small
polygonal-shaped air sacs averaging 75-300 micrometers(um)
in diameter, which represent the site for gas exchange.

However, it is only in the following segment, the alveolar
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! P oo, toacther with thelir large number,
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FIGURE 2.1.1: A graphical representation of the rapid
increase in total cross-sectional area of the airways
within the respiratory zone of the human lungs.



Alr travels through the conducting atrtways, until the
level ot the terminal bronchioles, essentially throuah bulk
tlow. Reyond this point, the forward velocity ot the air
becomes quite small, as a result. of the enormousg increase in
Cross—scottonal arca occurring at the level of the alveolar
ducta, Diftusion rapidly becomes the predominant mode of
flow within the respiratory zone. Fick's law of dittucion
states that mevement ot a gas across a membhrane 1S
proportional to the cross-sectional area of the membrane and

Inversely proportional to its thidkness:

/T [N, §1
as S (AT (b =k (2.1.1)
where V 1% gas tlow, measured in volume per unit time, A

Jas
1s the cross-sectional area of the membrane, and T 1s the
membrane thickness., D 1s the ditfusion constant of the gas
in question, measured in ml x minute—] X mmHg—l, and (Pl—PQ)
is the difference in partial pressure of the gas across the
membrane, measured 1In mmHg. The membrane across which oxygen
[ 4
must diffuse to reach the blood is exceedingly thin, less
than 0.5 micrometer(um), and has a total cross-sectional
”
area of between 50 and 100 square meters. Consequently, the
rate of diffusion for gases such as oxygen within the
e ) . . A .
respiratory zone is so rapid that differences 1in gas

concentrations are virtually abolished within one second

(71).



Thee joalmonary blood vessels also torm a series of
Yranchaan gt e boeainning with the pulmonary arteries,
continuing throuah the extensive capillary network, and then
terminat ing with the pulmonary veins, The capillaries form a
dense netwoerth within the walls ot the alveoli, completely
enveloping the latter structure. With thelr small
diametoer (10 o, o1 ust large enough for an erythrocyte to

pass through) ant extremely short length, this capillary

. ~
neetwork 1s o virttual sheet ot blood contained within the
alveolar wall, an extremely efticient arrangement tor gas
exchange. Indeod, although cach erythrocyte spends about 1.0
second 1n the capallary network, it will traverse perhaps
two or three alveoli, such that virtually complete \

cquilibration ot oxy soen and carbon dioxide is obtained

between alveol.s aoao and the capillary blood(71).

L}
2.1.2 THE ALVEOLAL FPUITHELTUM: -

T
The alveoli are polygonal-shaped air sacs, averaging

75-300 um in diameter, which consist of an epithelium lined

by a dual layer of lipoproteins.

\
The epithelium is composed of two-varieties of cellsx

Type 1 and Type II(granular epithelial). Type I cells do no
divide but, owing to their large size, constitute 95% of the

alveolar surface. Type II cells, which make up the remaining

nAartinn Af +tha alwvanlar corfana A~ A1 91 AA anA in fart are



e Treved to v g e to o both Type Toand Type T cellasroy,
Type I1 coells are metaboelically active and synthesive
surtactant, of Qv?xx(*ls a major component 1s the phospholjpad
dipalmitoyl lecithin{71). Surtactant is a remarkable
coffpound, vitally 1mportant to the normal operational
mechanics of the lung, andd 1s present in the outermost
lipoprotein layer covering the alveolar epithelium,

( The underlying lipoprotein layer is a high-molecular
welght, saline-f1spersable complex, rich in ph(w,«:phmlip;d‘;
(961, Fron_this, throuah some form of surface action, the
outermost lipoprotein layear is fashioned. This latten
insoluble layer, while being only some S0 angstroms(A)
thick, posscegses the vital compound surtactant. Surtactant
greatly reduces the surtace tension of the tluid lining th-
alvecoYi, making 1ntlation of the alveoll remarkably easy.
For example, in a normal healthy lung, a breath ot
approximately 500 ml reqguires a disteﬂlng pressure of less
than 3.0 cm HoO(71). 1n certain pathological conditions, for
example the Adult Respiratory Distress Syndrome(ARDsS) and
the later stages of the fat embolism syndrome, this outer
alveolar lipoprotein lining is either defective or damaged,
resulting in collapse of £he alveoli. The ensuing reduction
in the respiratory zone's cross-sectional area consequently
presents severe deleterious conseguences for subsequent gas
exchange. Thus, the ramifications of comprehending the

underlying mechanisms for these two disease states are
¥

obvious.

A



SO B AL ORARSCALTEIARY MEMBEANI ;

\

The alveonlar-capillary membrane consists of two
lipoprotern layers(the outer of which Cerains surfactant),
rru: alveolar epithelium and tfn* capillary endothel iun}
together with their basement membranes, and the ihterstitial
space. Farly pulmonary investigators(19) believed t%at
lfqu1d tron” the capillarie; readily entered the alveoli, to
he later reabsorbed into the interstitium and 1?mphdtics at
the broncho-alveolar junction. Today, there exists

-

anatomical and physiological evidence that such 1s not -the
case. Murpuvor, the permeability of the capillary
endothelium has been demonstrated to exceed that of the
alveolar epithelium. 1n fact, it appears that not only is
the normal alveolar epithellium eftectively impermeable to
macromolecules, but that it also possesses a very low
perméahility to small solutes such as electrolytess (67).

\

Transport across the alveolar-c¢apillary membrane may be
described Qy the following equations derived from the
Starling relationship:

Fluid transport across the capillary endothelium:

a
»



Flute transport across the alveolatr epithelyure:
%
y,o+ K T e R
\1 hI[(}lf t [ ( 1t

alv fatv

bl

whetr e a)r 1< the net fluld tiltration, measured 1n ml pen
hour, and Ey 1w the frltratiop coefticient of then solute in

quest ion, measured Inomlox mqu‘] X hmur—l. P‘—Vif

representstthe hydrostatic pressure difterence between the

capillary ard the interstitum, while Pig=Payy tepresents
. (RN
that between the¥inteorstitium and the alveolat tluid, and

Je Is the retlective coecttiricient ftor the solute s, measured

X hmur_l. LT vyt tepresents the oncotice

in ml x mmHg;_l

pressure ditference between the ccapitllary and interstitium,

while g represents that between the Interstitiom

-

“alwv
.

and the alveolar tluid. tnder normal conditilons, Of 1
essentially e,

Solut; diftusion 13 dependent on mnlacular welght
lipid solubility and the stzyctural characteristics of the
alveolar-capillary membrane. Thus the reflective coefficient
may vary from l(a perfect semi-permeable membrane) to O(an
extremely leaky membrane). Large osmotic pressure qgradients
across the alveolar epithelium for low molecular weight
solutes such as €a+ and Cl1~ are indeed possible. An active
transport mechanism would represent an ideal method to
adjust the osmotic pressure gradient and has, in fact, been

documented(31). Despite.-the remarkable qualities of dthe

alveolar epithelium it is unfortunately extremely delicate.



b oes g be, an peare o the epithelium is easily litted
frove thae Lneder Iyinr trosue, suqggest ing that 1t cannot

withatant ato significant pressure difterential directed
- ¥
towar othee alveoloas (51, . )
-

Fhe complex geometry and architecture ot the alveoli
. . ! o
Give risc to a naturael tendency for fluid to enter from the

Currounding interstitium, The surtace tension at the

alveclar airr-liquid intertace exerts a force tending to draw

tlutd 1nto the alveolar lurmen. An alveolus' polygonal shape

<

torm, o series ot planes with sharp corners at the adjacent

edges where the tluiag radius can be as small as 0.5 um and

the assoctiates torce drawing tluid into the alveoll as great
as 300 mmbGid4s) . However, there exists a multitude of

protective mechanisse o oppose excessive entry of flutd

into the alveoli. The surface tension and conseqguently the

tluid-drawing torce can he effectively reduced by N

surfactant. Noevertheless, some fluid does in fact enter intao
~d

the alveolar lumen, although the exact pathway and mechanism
is unknown(f7). Regardless of how it enters the alveoli, .
this fluid may combine with the surfactant to form an

effective force oppdéing further entry of fluid. The minute

EE
amount of alweolar fluid which collects at the corners of

N

the polygon may form a dome, convex to the airway lumen.

From the Laplace relationship for two interacting surfaces:

P = (4 x T)/R - (2.1.3)



where Pole the pesnltant pressure, T ois the surtace tension
extstent within the alveonlar tluid, and R is the dome
radius, this may resualt in the establishment of a
consideratble force which would tend to drive tlurd out ot
the alveoli(29). In addition, the lymphatic vessels, present
In the Interstitium of the alvew»iar—&%n\illary membrane
network, can etfect ively Increase thelr ftluld conductance by
Jlo-told(6s), thus establishing an extensive operational
?
margin ot satety. Conscaquently, drastic increases in the
hydrostat ic ’oncotic pressure differential may be CH?TiHHdlly

experienced before the lymphatics' drainage capabilities are

~

exceeded,

However, 1(1 certain pathological condit i(wf% {most
notably, increased permeability pulmonary edema) tluid
filtration out of the capillaries may increase to such an

extent that fluid accumulates too rapidly within the

interstitium to be removed completely. The accumulatdniy
R ,

fluid will then expand the interstitium’s loose connectiye

tissue, which has been.shown to be easily distended at low
pressares(9,25), forming a peribroncho-vascular cuff.
Evengually the increased hydrostatic pressure in the
interstitium Mmay equal or exceed the effective pressure in
.

the alveoli. Consequently, the accumulated liquid will beqgin
to- overflow intg the air spaceg, extensively reducing ghe
gffective cross-sectional area available for gas exchange.

This alveolar flooding has been shown to cemmence when the

ex;ravascuiar lung water (EVLW) content, at FRC, increases by
: Y
]



JO=-30 (670, such o voelues of EVIEW would represent extensive

proalmonary o otenma,

2.1.4. THE PUIMONARY CIRCULATION AND ITS HEMODYNAMICS:

As discusacd 1n section 2.1.1, the pulmonary vascular
systvﬁ begins at the main pulmonary artery, which recéives
mixe:d venous Dlood trom the heart's right ventricle. This
artery then bhranches srum‘essivély in a fashion very simivlax‘
to that of the alrways, and tollows the course of the
bronchi down to the primary lobules of ;the lung until the
terminal bronchioles, Reyond this point, these vessels

divide extensively to establish the pulmonary capillary bed

which ll:s predoranant ly within the walls of the alveoli.
Indeed, so extenz1ve 1s the capillary‘bed's mesh-like
construction that many invgséigative physiologists consider
it.more correct t. describe it as a virtual sheet of flowing

.blood. Followin, the capillary bed, the now-oxygenated blood
passes into small pulmonary veins which run between
individual lung lobules., Eventually these veins terminate in

the large pulmonary veins, which then continue directly into
the left atrium, °

4
Hydrostatic pressures within the pulmonary circulation
A )
are remargably low. The mean pressure in the main pulmonary
artery is typically 15 mmHg. However, there is considerable

.

fluctuation in this hemodynamic.parameter throhghout the

~ . .



cardlac oycle. systolic pressures commonly approach 25 mmHo

whereas those associated with diastole are ~8 mmHg. Thus,
bBlood tlow 1s highly pulsatile {hrmugh the pulmonary
circulatiyn, a characteristic which manifests important
consequences when attempting to acquire multiple spin-echo
images ot the in-vivo lung without cardiac-cycle
S)ﬂwclnwwniztui(ﬂatta acquisition{(sece chapter 3). The walls of
the pulmonary artt*ry are quite thin and contain little
s

smooth muscle, In contrast to arterial walls of the systemic
circulation. Thus, the pulmonary artery is exceedingly
pliant and resistance 1s therefore relatively low. Pressure
within the pulmonary capillaries is not khown exact ly,
although i{ must lie somewhere between that of the main
pulmonagy artery and the left atrium, However therce is
eyidence 'which suggests that a large proportion of the
préSsure chanje occurring in the pulmonary vasculature is
assocjated with the capillary bed. Thus the distribution of

.
pressures is considerably more symmetrical than 1s that of
the systemfc circulation.

The pulmonary capillaries receive ]ittle.support from
the‘thin iayer of epithelial cells lining the alveoli. These
vessels are hence liable to collapse, depending on the
difference in bressure within and around them, commonly
described as the transmural pressure(Pth. Occaéionaily,
the effeétive pressure around the capillaries is decreased

by. the surface tension created by the alveoli's fluid

lining, producing an enlargement of their dimensions. More,

.
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FIGURE 2.1.2: A diagrammatic representation of the
structural relationship between an alveolus and both
its alveoldr and extra-alveolar pulmonary blood vesselsn



The tornmer coategory, consisting of the capillaries and bhoth
small arterto e and veding, bsoaintluenced primarily by b oy
A
The lTatter (.\lIQH]k‘ly, which includes the pulmonary artetries
and velns, 10 subject to the chavacteristics ot the lung
patenchyma and theretore pu.;:r;oss:or: the more complex
bhehhaviour. The very larage vessels ot the pulmonatry
vasculature, situated neat the hilum, ar. entirely outside
the tung and it intluences, and are thererore subject to
the pressures within the thoracic cage.

Althouh the normal pulmonaty vascular resistance s
comparat ively low, 1t can become even smaller in magnitude
as hydrostat ic pressures in the constituent vessels
increase. There aro tw mecharisas rtesponsible for thia

phenomencn: cajpillary recruitment and distension ot the

»

pulmonary capiliariecc. "nder normal tunctional conditions,
~

not all capillaries are open. However with increased
hydrostatic pressures, the dapillaries which were initially
closed, now become patent and are “"recruited” into the
population actively transporting blood by the alveoli.
Consequently the overall vascular resistance is greatly
diminished. Althougl the exact mechanism of this beliaviour
is unknown, several hypotheses have been proposed. 5Some
investigators believe that differences in vessecl geometry,
which produce preferential channels for blood flow, may be
the causative agent. Ho&ever, others maintain that a

critical opening pressure must be exceeded before any of

these "recruited" capillaries conduct blood. Pulmonary



ap oy ey e Vo o outr v i\rmthVin;\nt ly at eloevat od
Varooulagr croeccares, an' o thus s typiva]ly not the major
Cormponent o Jowerning vascolar resistance, Nevertheleas,
the condothelial wall ot the pulmonary capillaries is thin
and very plrable . two characteristics which undoubtably
contribute ta the obserced distention,

It atdition to the above, pulmonary circulat ion
hemodynamios ate similarily responstive to alt(*lath:n.\‘ in
Jung vedurme . Increasced lung volumes distend and increase the
Calihre of extra-alveaolar vessels, whereas decreased volumes
constrict these vessels, thus contributing to an elevated
vascular resistance. The response of alveolar vessels to
changjes In lung voelume tends to contrast with that of the
extra-alveolar vescols, With increased lung volume, Py
increases, the alveolar walls are stretched and the
associated alvealar vessels become stretched and narrowed.
Such behaviour 1s far more influential in determining
overall pulmoenary vascular resistance, as this hemodynamic

parameter tends to continually Increase with enlargened

lung volumes. R

2.1.5. THE NORMAI PULMONARY BLOOD FLOW DISTRIBUTION:

There exists a considerable deqree of inequality in the
regional pulmonary blood flow. When in the upright position,

blood flow continually decreases from the bottom lung



LEI.OOD FLOW —o

FIGUKE 1.3 The distiibution, of pulmonary blood tlow in th
human lune under noreal conditions. The relative magpnitade:,

of the alveolar air pressures C F o) and the pulmonarv. vascula
pressures (F and P) tor cach Tof the various zones arc also
provided. Hl(‘d}IXAl['M “on the riyft depicts the tncrease in blood
flow exprrienced as one progresses from Zone 1 to Zone 3 of the
verticallv-positioned human luny.

¢

This phenomenon has been descfiqu in detail by West and his
colleagues(70). Zone 1, which represnts the most apical ldng
regions, 1s an aréa where the pulmonary arterial
preséure(Pa) is below that of P,,,. Therefore capillaries
are collapsed and blood flow is zero. Such a zone does not
readilyApresent itself under normal conditions, as Pa is’
usually sufficient to raise blood io,this region, especially

during systole. However, clinical interventions such as



hilgh

Stace e o vert i lation ray well ancreasce B

vl Loy credte the required clrcumstances. Since Zone 1,
111t existe, represcnts an oarea that 1s ounperfused, it

>
conctitutes the alveolar dead space, barther down the lung,
boobegans o ex o eed Py due te the influence of gravity on
the hy droctat e pressare within the involved vessels.
However, as by renmains greater in maanitude relative to
the prescure in the pulmonary velns(bo), flow 1s determined
by the relative ditterence between Pooand Py . This 1Is the

predomipant chatacterist e of Zone 2. As one progresses down

this zone, b oocontainucily Increases, while P remains
essentially constant., Thus, the driving pressure for flow in
this zone steadily 1ncrements and initilates both capillary
recruttment and eventually capillary distention, both of
which scerve to i reane blood tlow. In the basal regions of

the lung, increass=in: hydrostatic pressures elevate both P

uch that flow is determined by the

e

: ' ahove o
and b, a Ve IOI?,

relative ditterence between Pooand Pg. The driving pressure
within the vesscle is sufficiently large that capillary
distention is the predominant mechanism for increasing flow.
Indeed, intricate measurements have revealed that capillary
dimensions are greater in Zone 3 than either of the above
two zones(71). In addition, further recruitment of pulmonary
—
capikggries may contribute to the further enhancement of

flow distribution.



Howover , this pattern ot blosd tlow distribution 1o
greatly altered by pestition. When in the supine position,

t hee k‘l:md tlow too the anatomical lung apex dramatically
increases whille that ot the anatomical base remains
virtually unaltered. This produces a considerably more
unitorm distribution than that of the upright position.
However, while In the supine position, blood ftlow along the
posterior-anterior axis ot the lung does exhibit a gravity-
dependent distritution. The magnitude of this dependency 14
chietly determined by the vertical height of the Tung
established along the posterior—-anterior axis., Thus, blood
tlow would he consitderatly more influenced within the 1ung
base, where this dimenc1on 1s maximal,

Gravity is able to manifest the intluences outlined
above by either increesing or decreasing the hydrostatic
pressures in the pulmenary vessels. It one considers the
pulmonary vascular system, in the upright position, as a
Conginuous columrn of blood, the alterations in hydrostatic
pressure between'api(‘al and basal regions approaches 30 cm
H,0, or 23 mmHg. This represents a considerable pressure
differential for such a low press‘ure/low resistance system
as the pulmonary vasculature.

Although the resistance of the pulmonary vasculature
is, under normal conditions, quite low, it is markedly
responsive to changes of alveolar gas P02 and may readily
alter the existent blood flow distribution pattern. The

mechanism for this involves contraction of the smooth muscle



Dot owrt b the walle of the small arterioles in the

bypovio recion. This response persists in exclised dsolated

Tung tisoue and thus does not require CNS involvement . Fven
»

excised pulmonary artery segments have been shown to

actively constrict if the environment 1s made sufticiently

.
hypoxic, Interestingly, if the lung tissue is perfused with
blooa ot an clevated b oo, exposure to hypoxtic environments
2
continues to ollcit this same response. Exposure to low
{
may ,cause cells in the perivascular tissue to

alveola b

<

release a vasoconstrictor molecule., Regardless of its exact
mechanisn, this- vasoconstriction re-directs blood away trom
the hypoxic reaions of the lung, thus minimizing the adverse

ettects on subseguent gas exchange.,
1 Pt -

2.1.6. RLOOD FLOW DISTRIBUTION IN PULMONARY FDEMA:

In the early stages of pulmonary edema, as fluid beqgins
to accumulate in the interstitial space, Pim decreases, thus
producing restricted blood flow to the particular lung .

. (
region invoelved, One may intuitively expect that such
restriction would aid to re-direct blood flow away from
edematous lung regions. However, Naimark et al.(55) have
shown that gross edema is required before any significant
shift in regional blood flow distribution actually occurs.

This has been confirmed with both histological and

physiological data by Muir et al.(53), who demonstrated that



Ploodd tlow 15 altered only when alveolar edema hao torme b

Thus, it would appear that accumnlation ot tluid in
't

¥
.
K3

interstitial tissues presents Tittle,r 1f any, stagniticant
intluence on pulmonary Hhlood tlow distribution.

The substitution of tluld pressure tor gas pressure
within alveoli could theoretically decreast bPypooof the
alveolar vessels and theretore increase local vascular
resistance. It is aleo pms;r;\il)l(* to envision that the
alveolar cotlapse, subcegquent to their ftlooding, produces
local reduction 1n the lung volume, resulting 1n the '/
constriction ot the extra-alveolar vessels, However, 1t has
been reported {hat such regiceonaltzed atelectasis does not
produce signiticant alterations in pulmonary blood tlow(54).
Therefore, 1t appears reasonable to conclude that 1t s the
alvéolar fluid cutt corponent of ailrspace edema which 1s the

predominant intluence for increasing vascular resistance,

« -

and thereby limiting further local bhblood flow. Such a
mechanism provides efficient control for re-directing blood
perfusion away from lung regions that are no longer well
ventilated. Adequate gas exchange 1s thus ensured until
comparatively late in the evolution of pulmonary edema.
Indeed, rapid deterioration of gas exchange‘may correctly be

assumed to indicate fluid accumulation in' both the alveoli

and the immediately adjacent airways.

,
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Increa-od permeahility pulmonary edema is characterized
clinically and experimentally by an increase in lung lymph
and PVIw prfotein content, both of which contain plasma
prrotoelng at Acentrations higher than expected for the
- known driving pressurees. This form of pulmonary odémn 1s the
most  commonly sceen 1n the olintcal Svt%ing(%ﬂ), an
ub&wrvutliwzuwfi vrobably due to the wide variety ol agents
that may Ioduce 1 trauma, hacterial endotoxins, shock,

\

mi1ctoembolism, smobe and tume inhalation, radiation, and

various drugs(heroin, salicylates, etc.). Many of these

agents produce, either directly or indirectly, damage to the

alVveolar-capillary membrane manifested as gap formation,
P cwelling, sloughing, and cell death(50).
In increased permeability pulmonary edema an elevated
filtration rate(&r) occurs at any driving pressure. The
associated protein concentrations{usually exceeding 70% of

the plasma level) acPH&s the membrane are sufficiently

altered to markedly reduce the effectiveness of the normal

oncotic feedback control. Thus_two prinicpal mechanisms *
protecting the alveoli from edema have failed, either ‘
partially or completely, Consequently, increased
permeability pulmonary edema is characterized giﬂfudden ’

. . . . o
onset and rapid progression{67), resulting in a reduced

‘i'vital capacity, deter?oration of ventilation-perfusjon

ratios, and an\increase in the alveolar-arterial oxygen



L3

tenasi1on dittoerence.s Fab b to recOanlrze the catly stages ot

this pathological conditionyuray lead to a continuous

.

downhiill course(65)., ervvax,\mvaaurrn[takvn Tater to

- /
amellorate a patient's condit lon 59x41 as mechanical

ventilation with an elevatoed o, may further damage the

-

alveolar epithelium and thus inadvertently contribute to

continued deterioration in pulmonary tunction(69).

2. 1.H THE ADULT RESUIRATORY DISTRESS SYNDROME(ARDS)

' ARDS 1s one of many conditions that manitest sSevere

Injury to the alveolar-capillary membrane, It s

characterized by marked pulmbnary parenchymal inf lammation
)

and itncreased permeability m} the alveolar-capillary
e L
membrane, both ot which leal to severe hypoxemia and
widespread infiltrates. Mortality from ARDS is high, ranging
from 20 to 83%(20), and resuliys from either projressive
respiratory failure or associated multi-system disecasc.
This pathological condition may be described as

progressing through several phases(20), each more serious

than that which preceded:

\
l)profound dyspnea and tachypnea,. normal roentgenogram

Al

B
]

2)increased cyanosis, hypoxemia, minor roentgenogram

changes

-



s)rec; ot ator s tatlure, profound hypoxemia, decreased

Sy
Oy

Vlat g, i\\l ttuse bilateral 1nfiltrates

4)scvere hypoxemia unresponsive to O, therapy,

-

metabol e and respiratory avidosis"\

Visualtizotion of AphY yla conventional dlagnostic lmaging s

'

only possible in the later stages of the disecase, when the

patient's condition ie severely compromised. The development

~

ot an iMaging modality that would permit wisualization of
the ecarly stage 1s clear iy warranted.,

One ot he pargort ive components in the etiology of
Ly ‘

. ¢ . .
ARDS 1s detirciafy "or damaged surfactant, and 1ts 1nvolvement
Ty J

i
is supported by Bav.eral pieces of circumstantial evidence

(200, Firstly, ther- exigpts a similarity between the half-
lite ot surtactant and the latent period between lung injury
and the clinteal anlreqtations of ARDS. This would suygyest

that the Type 11 cells are damaged in some forms of ARDS

relatively early 1in the course of the disease, after which

.
»

their production of surfactant is markedly reduced.
Secondly, the reduced lung compliance so prevalent in ARDS
could certainly be associated with the loss of free or

\

intracellular surfactant. Finally, surfactant that has been
~

removed from ARDS patients by endobronchial lavage has been

found to be abnormal, both structurally and functionally.

Given the above observations, it is not altogether

surprising that an expérimental model of ARDS was developed



1N FOR0A3Y) whose principal characteristics are surtactant
deticiency with sinultancous damage to the alveolm

-
epitheliun and 1ts associated structures. Tt was a variation
of this technique, inttially desceribed as in-vive bilateral
lung lavage, that served as the model tor pulmonary edema in

the preliminary NMk imaging experiments described in this

thestis(see section 3.2.2).

2,19 THE BSLLATERAL LN LAVAGE MODEL_OF _ARDS:

{

The experimental mode]l described by Lachmann and co-
workers{(39) closely recembles ARDS In terms of arterial
blood gas tensions, pulmonary mechanics, and morphological
éhangcs as observed with both light and electron-microsocpy.
By varying the number ot individual lavages pertormed on the
experimental a&imal, it is possible to alter the sceverity of
the pulmonaty function disturbance. Moreover, strictly
following the lavarge protocol, as ocutlined h?low, haﬁ}bvvn
reported to result in a reproducible &tatus{(40).

The bilateral lunyg lavage is performed with
physiological saline(35 ml/kg body weight), heated to 37°C..
The dosage employed corresponds to 80-80% total lung
capacity, or the lung volume at 35 cm sz transpulmonary
pressure. The lavége, of 20 seconds durati$n, is repeated
approximately 10 times, each separated by an interval of 5

minutes. The principal effects induced by the lavage are a



petrc e T ancparatory maximal volume, a reduced PRO,

boypoxemt o, and edemag

2
. W\
In order tqﬁvvaldato the application of NMR imaging to

the detection and quantification of pulmonary edema, a
variant form of the in-vivo bilateral lung lavage model,
descorihed above, was emp loyed, A lavage fluid of 0.IN HC1,
approximitely iso-osmotic with hOQy fluids at 290 mOsm./kqg

Hyﬁ(ur 1.315% gm NACl/500 ml of solution), replaced the

physiological saline used by Lachmann et al. Thus, this
moditied lavage model more closely resembled inflammatory

pneumonitis, especlially as induced by the aspiration of

. - \ v .
gastric contents, This condltlong-frequgqfly observed 1in the
\\lenical sctting, shares more characteristics 'with ARDS than

would perhaps be intuitively expected(73). Isolated areas of

atelectasis become ‘present within minutes of the initial

insult. Later examination reveals edema,  hemorrhage, and
A

\

areas of epithelial degeneration, all of onse severity 1s
A%
predominantiy influenced by the volume and distribution of

N
S

the "aspirate".

Despite approximating certain ARDS characterist 85, the
bilateral lung lavag del does possess some diédvantéges.
The continual mechanical“ventilation with an %ievated F105,
esiential for maintaining the survival of the experimental
animal, may aggravate the initial epithelial lesions iﬁguced
by the lavage(33). Therefore, it has been emphasized(402
that arterial blood gas te;;ions be continually - monitored

throughout the post-lavage period to provide an index of the



experimental aniﬁal's respiratory status, In addition,
contrary to other reports, 1 have found that the lavaqge
model i1s both highly dynamic and unstable. These latter
characteristics prevent the acqguisition of reliable in—viv&
tissue magnetization relaxation times (T, and T2)' 6r an
index of in—v;vo tissue _proton mobility, of any one staqge in
the patho-physiological process. Thus it was decided, that
tor the purposes of the experiments concerning lung water
quantification and description, to employ the much more
stable oleic acid model of increased permeability pulmonary
edema. This model produces lesions and patho-physiological
changes that are virtually identical with those of the fat

embolism syndrome(18).

2.1.10 THE FAT EMROLISM SYNDROME:

Fat. embolism is a clinical entity frequently obsecrved
with the fracture of the long bones, orthopedic
manipulation, hyperlipemia, and diabetes(27). This condition.
may prove to be a Qriﬁcipal‘cause of increased patient
morbidity and death in cases involving mechanical trauma and
its ensuing shock. Although its pathogenesis is hedged in
controversy, and an ‘effective single treatment ig
unfortunatelyglacking, the diagnosis of fat embolism can be

made with both\confidence.and assurance(58).



i ! Lt the ol ] t rmo oo At ol 1
Cre e b e et e o the indktral o 2 A honr e o e
0 . ' " L
torme 1t oy, v treguent Iy deacrabed aa g Latent o rend™

Althoaesh 1 torm Implier gquicssence or Inactivity, this i
Cortarndy o net the case, tor o1t ds during this perarod that
the oo Iy Chanpes  baroaght o ahaoat by bae cembol iasm ocour (57 .
Dy sprvea, hem o rahaagie petechlae, arnd dAd!dhxlv tall 1n
Dlood hemo gl i content are the dinitial, clearly
Ldlnoernal b cyeatores ot pathological condition, When
tat emte b o s enonst te oco lude arterioles and
caprllaries o peas TR Dlood, they are raptdly and
etticient iy tiitered Yy the lungs(le), Indeed, 1t has bheen
obcerved that v Sl gl pataents displaying class

symptame ot tat emt flaen, the lung 1S the only oroan whiioh

posaesses emh tat (47, it ortunately, this revratkable
tiltration process recnlte in adverse eftects to nwrm;l Turng
structure and tunction, evidenced by a progressive downhill
course in the patient's condition. At autopsy, the lungs are
engorged'with whole blood, tregquently weighing 2 to 3 times
their normal weight. This finding suggests intra-alveolar
hemorrhage and histological examinations of such tissue have
revealeé numerous areas of completely disintegrated alveolar
structure(57). Consequently, it has been proposed that there
’
are two phases to the pathogenesis of fat embolism: t He
mechani’cal obstruction of the smaller vessels in the

pulmonary vasculature, and the hydrolysis gf the emboli's

neutral fats to free fatty acids which then chemically

-



tnter o bowit o thie by vesaoe s endothelram . 1t 10 thas

socondoary o or chemieal, phase tPmt‘{unx*.vrmlmw alvealoan
Structare o lVYt‘\illx‘e‘fu the Tite-threatening intta-alvealan
hemorthage s o addition to the above, pulmonary embol fan,
through 1t mechanteal obhstruction of the pulmonary
vacsculature, attect s the hlood tlow uv«‘ullln«i within the
pulimonary vascular bhoed o Conseguently, drastic alterat taone
ensae 1an boeth the Tocal hemodynamien and cardiac function,

Oleto acid represdénts over 60% of the free ftatty acad
ool tound an wammala (2 0 Intravenous Inject ion ot small
dosages recsulte an both aeute and chronioe pulmonary lesions
that are virtually 1denticeal to those ot the fat emboliam
syndrome {(1s 0 Thue, the admainiotration ot dlele acid to
experimental animals hac bhecome a pwpu]dr‘r'mdwl with which
to study both the patho-anatomical lesions and patho-
physiological chanaes consedquent to this synidrome. A bey

" A

constituent of the latter category is increased perneabirlity

pulmonary edema,

2.1.11 OLEIC ACID-INDUCED PULMONARY FEDEMA:

The embolic pathology 1nduced by the intravenous
»

injection of oleic acid is characterized by a reliable and
reproducible dose dependency. This fact was considered in
designing the experimental model described later in this

*

thesis{see section 5.2.2). One of the principal



Py oo e 1ot ot NN Vi g the n-l.\t‘l\wly lonag «oan
Piver rogatre b Generate hiagh-gual ity dIn-vivo pmages,
The o e et hienest tarther by the ancorporation of
resprratary-agated d@ié acquisition. Thus it became apparent
that 1n crder to aogqurte suttircent f\;lMR data to relilably
Guant ity and decorabe pulmonary edema, the experimental
antmals' survival!l woenld have to be assured tor o at least
Several hoare 4= gtter the administration ot olelce acid,
Extenaorve hastaloiocal examinations of the pathology
Hn&n«wilw e dos g o ot oledle ac1d(0.045 and 0,09 am Tk,
or 0L0n ant 001 ol bad bave been pertormed by Derks and
Jacobovit e =eerb o 1) Ihese Tnvestigators emnployed dosages
suftiroient ly s bt permit survival of tﬂn experimental
animala tor a oot at e period of time, Examination of
the tesaltaing peo o Tane tissye was then carried out at
Var lous times over o 3% hour Interval, with both lightAand

clectron-microsce; v . The tollowing was obsersved with light-

Microscopy:

171 hour: 1rrecelarly distributed edematous areas;

alveolar capillaries are ditfusely congyested

2)2~3 hours: edema and capillary congestion are more
severe; polymorphonucleocytes have infiltrated the

alveolar septae; intravascular fat emboli ’



PV e i sre s b macroephiaaes have anta bty ates

the perivasootar connect ive trsasue

4Y6-10 hours: maximal congestion, edema, hemorvrhaqge,
\

and septal necrosts

.

H5) 24 heut s above observations have decreased In
Sever Tty rermarning mivmn‘\ 1s prominent in the
perivarcular o areas, mactophages exlst 1n zones of

G ler oo

6Y 4 hours: oo ot Tecioansg are ancreasingly leas severe

The followin: was observed with electron-microscopy:

1)1 hour: capillaries ohstructed with recent thrombi
formed ot fibrin, platelets, and cell debris;
endothelial and Type Il cells are necrotic and

separated from their basal membranes; alveolar septal

connective tissue 1s edematous

2)2 hours: erythrophagocytosis and

polymorphonucleocytes are in the pulmonary vessels



04 b caprllary obstruction hat disappear ed;
cn e ltal o celle o show cytoplasmic modifications;
Lt oo pinocytot 1o vacoules are present, as well as

myclin=like tigures and lipid droplets
Y

4)6-4% hour: above observations persist; Type 11

colle are normal

The atm of stadies involving oleic acid=-induced
pathology 1. not to o simulate the clinical fat embaolism
syndrome, but to obecrve the development of pulmonary patho-
anatomical lesitons and patho-physiological. changes which
tollow the adrinistration of tree fatty écids. The
cytotoxicity of free fatty acids is proportional to their
degree ot unsaturation, and hence, their chemical

]

activity(57). Their site of action has been localized to the
intercellular junction, where it has long been kndwn that
cohesion between cells is dependent upon the action of
calcium ions(61). However, free fatty acids possess a
pronounced atfinity for calcium ions and quickly immobilize

lem, resulting in a loss of interceliular tohesion and
onsequent disruption of the alveolar-capillary
membrane(35). This sets in motion a virtual cascade of
pathology including surfactant inhibition, edema,

hemorrhage, and eventually alveolar collapse(58). The

. . L. . Y L4
outcome of this is a marked diminution of oxygen transfer.



It hacs been demonstrated that this resultant hypoxemia may
Teduce 1000 tatality within five hours of an Intravenouns
oleic acid 1n)ection as small as 0,075 ml 7kag, o1 ~0,067
gm/kg(2). Thus the lIncorporation of mechanical ventilation
and 5 om H,0 positive end-expiratory pressure is essentilal
for maintaining oxperimental animal survival after the
inject 1on “'? fl'r:‘o fatty acids, both at the aforement toned

and larger dosaqges.

2.1 12 THE MEASTRENENTD OF FVEW CONTENT:

The accurate measurement of EVEW In a clinical scetting
is a ditticult endeavour. From a theoretical standpoint, one
must be ab'le to determine the fluld component of the bLlood,
which may constitute up to 65Y of the total lung weilght(21),
and subtract this value from the total lung water content.
Tais necessitates determination of the pulmonary hematocrit.
The pulmonary blood distribution, and consequently the
pulmonary hemotocrit, throughout the lung is unfortunately
non-uniform, varying principally along a gravity-dependent
axis. Thus, the patient's position must always be considered
during any such measurement. Moreover, the pulmonary
hematocrit has beén shown to be significantly different than
that of the peripheral circulation(21,41,60), dictating
localized hemotocrit determinations, or apprépriate

Y

corrective measures when employing peripheral blood samples.



»\-lrrwu;‘ tw . 1attavascular markers would be ideal, one
{1 fhe plaseo component and one for the erythrocytes, in
Coancn of dncreascd permeablility edema, the plasma marker may
casily Give erroncous results(66), as these are invariably
Dound to plasm: proteins such as albumin. The traditionally

Chosen erythrocyte marker is hemoglobin(Hb), although

> 1 51

radiolsotope tracers such as Chrumium( (Cr’") have equally
been employed over the past two decades. Untortunately,
there 15 some controversy within the literature regarding
the accuracy of the Hb marker., It has been proposed(66) that

during analysas of dr

y homogenized lung tissue, Hb in the
supernatant may prove to be artefactually concentrated due

to the exclusion of Hb trom the water present within the

wllet. Consegquently, an overestimation of blood volume
I . i Y

51

would result. In addition, although Hb and Cr

have been
tound to give comparable determinations of blood volume in
normal lungs, such has not heen the case for hemorrhagic
oledic acid-induced edematous lunygs, where d13crepéncies
between the two erythrocyte markers may approach 30%(66).
Conversely, Julieniand co-workers(34) compared Hb and Cr51
as intravascular markers under normal conditions, high-
pressure edema, and increased permeability edemé, and found
no difference befween the two methods 'in all three groups.
Investigators have also described spatial distributions
of the pulmonary hematoérit varying along a dorsal—veniral

axis of the 'lung(21) while employing Hb as an erythrocyte

marker. However, such studies examined the lung following



exsanguinat iton, and after it had been frozen with dry-ice
(-79°C.) 1n a prone position. Freezing with dry-ice
posscesses several advantages: no perivascular cutting,

alveoclar tlooding, or any other regional lung water

’
/

disturbances(21).- 0t course, there can be no denying that
the lung 1s in fact damaged by such a process, as it
exhibits large arcas ot extravasated blood and grossly
distorted histology. More germane to the a!h(»vv discussion 71«
the tact that this method ot treczing is relatively slow,
such that the treezing ot large intact lungs requlre 24-44
hours for completion. During this time, blood scttles to the
more gravity-dependent regions of the lung, especially when
vessel capacitance has becn increased by exsangulnation.
Consequently, diftferences between measurements ot reqgional
pulmonary hemotocrit, and thus blond vr.>lumo, would 1n such
circumstances be expected to chiefly reflect post-mortem
conditions and not those existent in-vivo. The work of Baille
et al.(3) supports this hypothesis.

Assessment of lung mechanics has been traditionally
employed for detecting the presence of excess fluid within
lung tissues. Unfortunatley, this methodology has thus far
failed tc provide a reliable manner for detecting the
initial stages of this pathological condition, as
perceivable alterations in lung mechanics are present only
in patients which exhibit roentgenographic and ausculatory

characteristics of late pulmonary edema. Moreover, this

technique is incapable of providing any quantitative



et et et expat tngy edema tluid,

Alterataon 1n alvecolar gas efchange similarily occur
with the oncet of luana edema. However , these are not o at all
ﬁpvwi}iv to this discase process and are consequently of
limited use.

Single ana maltapte indicator-dilution techniques have

w -
been deve loped whicoh involve markers or tracers that are
non—exchan jable with alveolar gas. These are intravascularly
Injected and thorr concentration measured, either 1n the
pulmonary Allvrldl’HIM>d or, 1t they are y-ray emitting, by
appropriate «wternal probes or Cameras. The simplicity ot
these techniques, trom bhoth a mathematical and experimental
viewpoint, has continuet to attract interest. Despite
considerable refainesont over the past two decades, these

2

meas e oments of lung water have however proved
{

techniques!'

tfrustrating. tThus, these procedures rema¥n more:
investigative tools than clinical ones.

In more practical terms, further limitations preventing

'
~

accurate clinical measurements of EVIW include a host of

complicated equipment and maneouvers at the bedside.

Consequently, non-invasive diagnostic imaging becomes an
. (e ¥

attractive alternative with which to assess pulmonary edema.

However, there are considerable limitations to currently

.

available methodologies.
Thoracic roentgenography is most often relied on
clinically for the detection and assessment of pulmonary

edema, although the inability to quantify radiographic

-



tindings crccitioant 1y reduces the efthrciency ot this
techarque. Tt has been estimated that at least a 30y change

In EVIW 1« n*quirx-d-lth"')\)rw detect ton via roentgenodraphy i
achleved(6hY 0 As 911(‘?1; one may well question whether this
techniqgue 1o capable of dirtinguishing between vasiculan
congestion, atelectasis, and bonat ide edema.

Computerized tomography (CF), while possessing betten
spatial localizat ion capabilities than roentgenography,
determines . 1mage contrast by ditterences in spatial density.
Thus 1t too reqguires pronounced changes In BEVIW to prove of
clinitcal beneti1t. In aogdition, T cannot distinquish between
extravascular and intx;a\uaw‘/tjlnx Jung water without the
administration ot appropriate intravascular markers.

With these technical lTimitations, and the above
described theoretical and practical considerations, 1t is
not surprising that, at a 1980 convention workshop devoted
to the clinical measurement of EVILW, it was stated: "current
methods tor measuring lung water content in man are limited,
by both methodological and population variances, to
accuracies and sensitivities of about 20-30%"(66). It is
clear that, although this level of sensitivity'is adequat e
to measure extensive pulmonary edema, it represents a
serious limitation for the detection of early interstitial
fluid accumulatién. Therefore, the development of an imaging
modality capable of both spatially visualizing and

gquantifying the early alterations of EVLW content associate®

with disease is clearly warranted. -
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271 BRSO NMIC THEDRY ;
The phenomenon of Nuclear Magnetic Resonance (NMR) 1s a
consequence of all o atomic nuclel presenting ;onstituonts
(protons and neutrons) with magnet ic properties. More,
1mp~1tnn{ly, there are many nuclear species in which these
constituents are unpaelired, Such bodies thercetore possess
both a nuclear magnet ic moment and a spin ar;q(llar momentum.
These two quantites are related, one to another, in such a

tashion as to form a descriptive parameter, the gyromagnetic

ratio, which 15 unique tor each nuclear species:

. . -

w I {h/27n)] (2.2.1)

1}
—

where u is the nuclear magnetic moment, 1 1s the nuclear

10" 34

spin gquantum number, h i1s Planck's constant(6.63 x

.

joule-sec), and y is the gyromagnetic ‘ratio, expressed in
radians seconds ! Tesla~l.

When placed within an externally-applied magnetic
tield, By, the spin angular momentum induces such nuclei to
precess about the axis of By as they experience the torque
ok By acting on their spin magnetic homent. This phenomenon

is analogous to a top, with its angular momentum existing

along its spinning axis, preceséing about the Earth's

40



Adtationsl Pielde Furtherooore, gquantum mechanics dictates
that the o ontation of the oo loear spin magnet 1 moment ,

L S R Y guent 1z d.

Y-

FIGCURE J.20t: Jhe possible oritentattons that mav be
taken by the magnet o moments ot g nucleus with |
1/2 when placed 1o an externallv=applicd mapnct i

1101(1, 1‘1().

The number of allowed orientations is 2I + 1. For example,

s

since Hl has an I value of 1/2, ‘its ﬁﬁclear spins‘are thus
regtficted to two orientations. The components of the
magnetic moment parallel to the angular momentum vector
[I(I—l)]l/2 cannot be measured as they are not collinear
with By. Instead, these components exist at some discrete
’aggie such that theygprecess about By on tﬁeKSUrfac§ of a
Hﬁﬁggne, with its axis either parallel or anti-parallel to thé

externally-applied magnetic field(sce Fig. 2.2.1). The

energy difference between these two orientations is:



Slnce the energy exchange bot\:ugvn the nuclear spin

system and the external Onvirmnmonq is a thermally balanced
w»he-rmmmmn, the spin populations follow a Boltzmann
distribution. When By o 1s small in magnitude, such as that of
the carth(0.5 x IU_4T), the enerqgy dissipated by molecular
rotation and/or tumbling 1s sufticient to induce transitions
trom one energy state to another. Under such conditions,
Maxwe l l-Boltzmann statistics dictate that the population
ditterence hetween nuelel in these two states is small,
though certainly discernable. However, if BO is of
appreciable magnitude, 2.35T, & significant excess number ot
nualel will align parallel to the field. By 1s, in this ‘
case, sutficiently large that transitions from one enerqy
state to another are not so easily induced as described
above, and thus a smal! majority of nuclei will reside in

the lower energy state, parallel to Bg- As the population

ratio of these two states is dependent on thé absolute

temperature and BO' it follows that: -

(na/nﬁ) e_AE/kT = e_Y(h/zn)(BO/kT) (2.2.3)

-

R are the population of nuclei in the lower

and upper energy states respectively, k is the Boltzmann

where na and n

constant (1.38 x 10~23 joule molecule™ ! °K.), and T is the

absolute temperature(see Fig. 2.2.2).



A sin e mode]l suageste that traneitions from one

Ccocergy state to another wmay be indgced tf sutficient cenergy
1s received to catisfy the g

froecuency condition and, in

so doing, reverse the orilentat ion of

li.
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FIGURE 2.2.2: The population distribution of nuclear
magnet 1o moments positioned parallel and anti-parallel
to the orientation of an externallv-applied mapnetic

field, B, o, where W o= w()/zﬂ’

This can be stated as:

AE = (h/2n)w0 (2.2.4)

where wy 1s the angular precessional frequency of the
nuclear spin magnetic moment (see Eq. 2.2.6 and Fig. 2.2.3).
This suggests that such transitions can be bfbught about
»through\applicatﬂon of electromagnetic irradiation of

angular frequency wgs such that from equations 2.2.2 and

2.2.4:

(h/2n)w0 = y(h/2%)By (2.2.5)
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ditterent raagncetic environments, For nuclel commonly
1nvest lgated with LWVMR O te niques‘, Wi exists between zero to
several hun dped hertz z), in magnetic filelds of

t)';vn.111§ avallable cpectroscopy and 1maging systems, and

thus talls int . the radiosave portion of Yhe electromagnet ic

apectrum,
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t IGURE 2.2.3: The respective energies of the two orienta-
tions outlined 1in FIGURE 2.2.2 for a nucleus with I = 1/2
expressed as a function of the externally-applied magnetic
field, BU
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caqullibhritoume T oo interactlons are neglected, th?/‘ change

Iin M with 1orpect to time can be  oxpresoed as:

FIGURE 2.2.4A: The macroscoplc magnetization vector, M
(denoted by the large arrow polnting upwards along the
Z-axlis of the laboratory frame).

FIGURE 2.2.4B: The effect upon thils magnetization vector
by an RF pulse of sufficient duration to re-orient M per-
pendicular to the Z'-axis of the rotating frame.



LAY Mox (i) (20007

Pon NMb oo dment gt pon, 1t s the behavioor ot thoas
et oscoplc magnet 1zt 1on vector that one 15 primarily
concetne o with, b th g one ftorcibly rotates it by applying
Approprlate oloectromagnet too a1 radliatton and as it precesses
and rtelaxes back towarde thermal equilibriuam,

Althouah o complete description ot such NMR phenomena
Pecpi e t M ("”\Iv;(\')’[ﬂl'l‘f ot qll{iﬂttl'ﬂ mw(‘lmni(‘ﬁ, certain

’

anpects ot thrs descrarption can be understood adequately and
clearly o terme ot clasarcal physics. Consequently, the
tollowing diccusttoa will contaln a mixture of the two; that
. 13
chosen 1tn any one 1nstance will be dependent upon which

‘[\‘\'I‘J"‘\ t?n- .‘-II'\'*I!'I , [N mert e h(‘l ‘fUl, \i(‘turt‘ ()t W?ldf iq
b t }
)

t't'll\\; dewor et

2.7.2 THE ROTATING FRAME OF REFERENCE:

A major problem in attempting to visualize the motion
ot the ?ffﬁgscopic magnetization vecto; in a static magnetic
field existing in the laQoratory frame of r8ference) is thaf
all perturbations towards or away from the B, axis are '
superimposed on the rapid Larmor precession itself. However,

the effect of the static field may be removed by working

within a co-ordinate system precessing about By at an



ancalar troegaency oL In this rotating trame of teteroence,
the noclear spine widll not appear toe precess at o all, bt
tather 0 remarn st ationaty. Conseguent ly, the
transtormation t v the rotat ing frame greatly simplifies the
cverall understapding, of the NMR experiment .

The mathemat teal argument tor the rotating frame i< b
follows, The mactoscopie magnetization vector is o oa tunct ion

ot time, M{t), and can be thought ot as belng sepatatoed intao

component s along the riaght ~handed certesitan co-ordinat e

SRR L JMy(t) t kM () (72.7.1)
whe re 1, l, and Fogre orthogonal unit vectors ot the
laboratory trame which can, at most, rotatce with an '
instantaneous angalar veloolty oo

O
0 RN S S ST A S WX, 2‘,5,/“ = w x k (72.7.9)

The time Yerivative of M(t) in the laboratory frame 1<:

dM/dt d6M /At + M b1/ 6L 4 lﬁMy/ht

&+ MEJ/EE 4 KOM /bt 4 M K/

«
"

A6M /bt + JOM /Bt + kM, /ht

+lw x (1M,

+ iﬂy + Eﬁzﬂ

= &M/6t) + (w x M) (2.2.10)

where 6M/6t represents the time rate of change for ﬂ_with



Yoo, et the co-or anate Sy tem 1, 1 and k.

Whoen consader o the rotating trame of reference, one

Mmoo conc o from bga.s 20207 and 202010, that:

M ‘1t + (t‘ X M) = 2’1 X (\}_1“)

MOt = Mox v (R - wy) (2.2.11")
where the term 1n parentheses may be thought of as
representing the offective magnetic flield, Begge This
reveals that, 1n the rotating frame, M will precess about
Bogy at an anqular trequency equal to yR f¢- Such a
situation 1< exactly analogous to the precession of M about
R within the laboratory frame, Thus, at the Larmor
trequency, the precession ot the rotating frame is 1a the
same sense and oat o the saime rate as that of the macroscopic
magnetization vector, Hence:

wo= myBgk (2.2.12)
In such a situation, B f£f = 0, 6M/&6t = 0, and M remains

2
stationary with respect to the orthogonal unit vectors i, j,

and k. Finally, these above three unit vectors rotate at wp

with respect to the laboratory frame of reference.



DL THE EEEFECT OF RFOTATING MAGNET O

FLELDS

As described In o section 20201, transitions between the

two permitted encrgy states, when 1 = 172, may be induced hy

applying an oscilltating, or rotat 1ngy magnet ic tield of
angular treqgquency o, that satisties equation 2.72.4.
This applied magnetic tireld, produced by electro-
magnetic trradiation, 1s defined by:
L 4

Bit) - }.2“](‘)(‘()".‘ wt (2.7.1 %)

and is described as having two components, each of amplitude

Hl.w)rw of these rotates 1n a clockwise fashion, the other
counter-clockwise., This situation 1s equivalent to the
splitting of plane-polarized light into lett and right-
handed ;ixX‘u1ar/1y—;xw1dr'iz<ui components. The two component:

ot B, may be stated as:

Belockwise Bp(icos wt - jsin wt)

B Hl(_i_‘OS wt + Jsin wt) (2.2.14)

cunter-clockwise
The clockwise component will thus rotate in the same sense
as the nuclear spins' precession, while the counter-
clockwise component will rotate in the opposite sense. At

may be” ignored

’

the Larmor frequency, we Bcounter—clockwise

since its overall effect is negligibhle. Moreover, since

and B differ only in their

Bclo‘ckwise counter-clockwise



Garectaon G ottt ror, thert 1s o no loss in completeness 1n

o e ine cnly one component ot R(t). Theretore the
applredrotatancs magnet 1o tield can be ‘described as:
My Ct) = ROlcos wt - gsin wt) (2.2.15)

I combilnlng U](t) and the observation that M, in
thermal cquilita tam points along the k axis (fif) = }*(Lfl) '
i

cauation Joo07 bhecomes within the laboratory ftrame:

AT S M ox AT [B, o+ BL(U)]) (2.2.16)

The above topresonts the eqgquation ot motion tor the
macroscople magne tivat ton vector within the laboratory frame
ot reterence,

When one constders the rotating frawme, and arbitrarily

posltions By alor thee X7 axis, equaiion‘b.2.l6 becomes:
)'ﬁ;/, t = ﬂ '\ [L( woo- Y’B() ) . + _l_YH] ]
- (2.2.17)

Mox YBegg

where:

t
Begg = k(Bg - w/v) + iBy- \ (2.2.18)
The macroscopic magnetization vector will prece€ss in a

cone of half-angle 6 about Begg(see Fig. 2.2.5) at an

S



anqular froeguency \!1‘.11, whie b o 0 T bt pedd s

J(Hy - e/ ) (7.2.14)

>y
PIGURE 202059 The cttoctive HM}'I)\‘[i& ticld, B ¢
. . . e
and the precesston of the manetizatilon vector
M oabout 1t, within the rotating trame of reterence.

The equality of the Larmor frequency and the angular
resonance frequency of the B; field is analogous to other
resonance phenomena for which the "driving™ frequency is
equal to a characteristic frequéncy of the system in
question.

t If the resonance condition is exactly met,i.e.

WeE = Wg then Eeff = iBl. Bl will now exert a torque on the

-

macroscopic magnetization and will perturb it away from its
initial position parallel to Bp. The magnetization will now

precess in a plane perpendicular t» the B; direction. The



/
/

R T ot the magnetization precesses i
R {
! oot ! taoa of  the H] fre14
(o yByt
LIS T
where ot 1o the duaration of the B 1 field. Following
i lreatayon o s ]‘-1 ticld of duration t , the X7-Y
'\

««n"\iu'lll'llt HI‘ the

J.0.6) 15 deroribed ll)':

.= MOSin wt
X -~y

'z
-

-
FIGURE 2.2.6A: The application of a B
as manifested through the application
with time duration t, .

FIGURE 2.2.6B: The resultant effect of this applied B
field upon the magnetization vector M

magnetic field
of an RF pulse,

(2.2.20)

t he

-

total recultant magnetization(sce Fig.

~



R I PHUOPTON OF THE LDR SN

In the abcence ot any extoernally-applicd H] Jield and

”

Its conscquent perturbation ot the nuelooat spins, the

NUCTear SpPIns proece s ohount Beoat thetr chatacter ot ic

()
TLoarmoer freqgquency. At any o ent o dn time, the net corgponent

of moeroscoplc magnetication in o any direction within the Ny
pl(mé of the laboratory tirome is small. Theretore, little

NMR signal is detected in a circumforential receiver coil,
which has to be oriented poerpendicular to the diyection ot
Bp- As described préviously, an externally-applied Ry tield,
in the fmrm‘of an ¢ [)11130, will tilt the net nuclear ’
magnetization away from the Z-axis, through an angle 0,

towards the XY plane of the labdratory frame or the X7 -y°

plane of "the rotating frame of reterence{sce Fig. 2.2.7a).

FIGURE 2.2.7A: The effect of the applied B | ficld in tilt-
ing the net nuclear magnetizatio‘away from the Z'-axis of
the rotating frame.

FIGL'.RE 2.2.7B: The X'Y' components of magnetization, produced
as a result of the applied B 1 field, ratating about @he 4 -
axis with angular frequency ~Wwy.

» 7
¢



booll owisng the tormination of this RE pulse, the nuclear.

-

cpane will o experienco only the eftects of By and thus will
continue to precess about dts axis. However, a net component
ot magnetization, M . has now been created in the X-Y

Xy e

planc sce big. 2,270 I so doing, a voltage or _
clectromotive toracCemt), oscillating at wQy will be induced
in the above des rfibed receiver coll, in complete analogy to
an clectrical gendrator . The magnitude of this emf is
dictated by Faraday's law of magnetic induction, which
states that the emt Iin a circult is proportional to the rate
at which the wuh;n;*ti<‘ tlux changes through the circuit. Thus
the amplitude ot this induced emt is proportional to MX*y .
Hence the NMR signal induced in a receiver g£oil, oriented

around the sample along the Z-axis of the laboratbvbry frame,

will Increase tor lﬂn:}r t , achieving a maximum for @ =
{a
—
n/2, whereg sinot = 1, The application of such

electromagnetic itrradiation is described as a n/2 or 90°

radio—trequency(kk) pulse. With further increase in tw r M

will precess through increasingly larger angles relative to
By- The acquired NMR signal will continually decrease,

achieving zero for a n or 180° RF pulse, where sinwt = 0.

’

. / - ’ . .
Under ideal circumstances, the constituent magnetic

~

moments of the net magnetization would continue to rotate
4

about EO in a coherent fashion and Mx-y would retain its
4

initial amplitude, or that existing at the termination ofthe

RF pulse. However, in more realistic situations, the

N

constituent magnet{c moments begin to dephase due to the
. | .



cttects of 1nhomjencities gwf the “l) ti1eld, and to tranve: ae

magnetizatiton relaxat 1on processes(see section 2.2.5),

Conscguent ly Mx—y decreases with time atter the termination
[ ]
of the Kb pulse, thus producing a continually diminishing
emt . This decaying emt signal is a free precession signal
A

and, owing to 1ts decay in the absence of any By eftects, i«

described as a free induction decay(FID). (47
()

In most Instances, the NMR signal is detected 'in
quadrature: the signal and reference channel inputs, the
latter of which 1s phase shifted by 90° relative to the

former, are passedto two nominatlly i1dentical phase

sensitive detectors with the outputs being amplified,

.

digitized, and stored in memopry blocks as real- and 1maqginary
components of the FID. Signal components above and bhelow @)
are spread over a ftinite band about wy in the ftrequency

domain. This band As shifted and centered about 2<.>() and 0

,
I

radians Secon.d"_l by multiplying the acquired signal by a
retference frequency wg. This 1s subsequently passed through
a low-pass filter to retain only those components centered
about 0 rad.ians second_l(m - 0). Aftelr the real and
imaginary components of the FID are analyéed via the process
of complex Fsz;ié? transformation, they may be resolved into
its real and imaginary components in a frequency spectrum
centered at w = O. This is the origin about which any signal
may be detected . at either +Aw ér -Aw. The above techniqgue is

termed Quadrature Phase Sensitive Detection (QPSD).



e the Cien reference channel and the acquired
Jeoar c1anal are Otten times not at the same frequency,
b Poerveed FID is commonly 1n the form of a beat pattern

¢ ot ponding to the difference in frequencies between the

Conbr e terenee ¢l oanel o and that of the acquired nuclear

s

Ponal(oce Fig. 20208 0) 0 Thijs NMR siagnal initially exists

wothon the tisee G 0 n. However, by use of Fourier
transtorrmetion, a freqoency spectrum may be derived from the
»

aoyquired FID woveform. The obtained frequency spectrum is

typically a bell-<shaped curve in fluid, single species

systems, whose actual shape 1Is dependent upon the exact
the decay(see Fig. 2.2.8b). For example, an

natyre of

exponential FID in time will give rise to a Lorentzian shape

of the frequency spectrum,

_ FIGURE 2.2.8A: An FID waveform.

« FIGURE 2.2.8B: The frequency spectrum, following Fourier
transformation, derived from the FID waveform depicted in

FIGURE 2.2.84A.



2.2.5 THE RBLOCH FEQUATIONS:
R AL X DR AL A

’
a
When the magnitude of the interactions between

neighbouring nuclel are dominant, the duration of the
corresponding FID is very short and the practical
requirements of NMR imaging become severe. Therefore, an
analytical techniqgue such as NMR imaging proves optimal
under conditions where the effective nuclear interactions
are weak and the m,w]ui.r'pd FI1bs are appreciably long and
typically exponential in character. These are“#he exlsting
conditions for the majority of NMR's biomedical
applications. In situations such as these, the behaviour of
the resultant nuclear rnag;rwt‘izat'ionéimay he described by a
phenomenological model outlined in }\]‘.946 by Felix Rloch.

This model 1s a set of simple equations derived from
phenomenological arquments, proposed for the description of
the magnetic properties of nuclei éithin externally=agplied
magnetic flelds. Moreover, for the liq%i? systems associated
with the biomedical applications of NMR,.these equations
have, in most dgﬁes, provided a correct quantitative
description of the phenoménafs detailed behaviour.

fhe first portion 6f the model proposed by Blkoch
assumes that the motion of the macroscopic magnetization,
within a static, homﬁgeneous magnetic field, may be
superimposed on the motion of the free spin mgbnetization

/
and expressed as:



Whier, e o pdere  the recavery ot thermal m;ull}l»r [RETAN :\f&»-y

an Rt it pertuarbotion, the t i bowing Muct bheoassuamed:

Iy e rate b recovery, which can be oxproessed as
dx ot e preportional to o the anitial displacement

tr o thermal o cegoilabr tums By analoagy, this may be
I'd

A RO - N(UY] : (2.70.00

whoer Xy e ?“rww] cquilibrium vatue of 0
*

4
varlab e xfto .

Pal

ZYone would thercefore anticjipate M/ heing established
AN Cor

Accordling to:

. ~1M7’dt = (M6'~ Mz}/Tl t2.2.24)

¢

where T is the time constant for tne longitudinal”
+

B ] l
recovery of M which has an equilibrium, value of M.

- 2 '
3)Since the thermal equilibrium value of the
»transverse maghetization is Zero, it decays at a rate
- . ) -~ s

*fdescribed by:
LI . . L)

. N v



whie 1 oo the tame concstant tor the transyve oo

Te-daanatt Lo, ot M and Mo
,\ Y

ntn g the torgue app b red by the magnet g
tield on M owith an expoonent ital relaxation ot the Ny
comnpeonenta M ooant MY and the dJengaitudinal recovery ot the
N o component o one s obtadh e the Blooch eqgquatton an the

Taborat oyt e
SRERE MOoX i o- Mo oe N T M oMb (2.0 260

Whero 1, 5, ant boare unat o ove ctor oo The above cguat 1o oy
Do stateo 1n terme  ob  pta oo compenent o, ex et T o long
"~
the X, Y, and / axco. Dhurin; NMEP Imaginag, 1K owill comarst of
H(), Hlft Y,oand H}(x,y,f), the last representing the magnet po
t1eld created by linear gradients. At this poi®t 1ot as
Taccept on falth that throughoot KE excitation the int luence
¢ L 4
ot isg may bhe minimized(see scection 2.2.10 ftor a detalled
description), whereas between RE pulses R](t) is zero, Thus,
there are at least two {Vrmats of the Bloch equation
applicable to NMR imaging. The two formats are that

corresponding to a time-dependent B and that‘correspmnding

to a time-independent B. x



/

‘/
it bl terme arte added to the abhoav
el e AN s ey e the efte st ot phenomena s such
E ttae 1 v o withln oo linear gradient, but these pemaln
cuts b thes scope of thie discussion. More lmportantly, onc

it alway bear oanomind the limited validity ot the Bloch

. L
foor the-re Ao Dumerous Instances where 1ts governing

et |-,

A campt T and conditrons are not applicable

J

JLU 6 MACIV LU AT IO R E LAY ATTON PROCESSES

L3

The 1oetaorn of ™Mt thermal equilibrium is termed the

. [}
goaan=lattice, o longitudinal, magnetization relaxation. The

\

\
term spin-lattice relaxation refers to the fact that eneray
tecelved during BE opulse exclitation 1s, atter terminat 1on ot
that pulse, cventually lost through interactions of the
~—t

nuciear spins with therr surroundings, collectively labelled
the "lattice”. However, for the purposes of this discussion
we will reter to this phenomenon as the longitudinal
relaxation since the return of M to thermal equilibrium

results in a corresponding recovery of the magnetization

N
parallel tc By, termed M, . The return of the nuclear spins
to thermal equilibrium often, but not always, describes an

exponential function.

The recovery of M, may be stated as:

[dM,(t)/dt] = k{My = M, (t)] : (%.2.27)
- .

(N



whier o b e o constant o Thars Teads to the tollowing asolut 1o
when the recovery proecodes trom the terminat ton ol g 909 Ry

pulse, o when Mot (I

v

Moty ML ee MY
< . U

It the return of the nuclear spins to thermal equilibriam

Indecd tollowe an exponenttral tunction, then k omay &

derived o terma of g characterietic time constant 'I'l, 1.,

|-

'11tk‘ , such tha*: i '

-t /1

Moft) - M D= 1) (2,000

¥
All mechanisf® tor longitudinal relaxation involve
thernal motiron 1nducing o modulation of the magnet ic
Interaction associated with the nuclear spins., When
modulated, this magneti1c interaction, lwhi(‘h may be
Interpreted in terms ot a local magnetic fioid(hl”vﬂl),

glves rise to a time-varying magnetic field at each nuclean

N
-

site. Upon Fourier trarsformation, there is‘found a
component of this time-varying field at (. It is this
component which induces transitionssbetween the individual
nuélear energy states and, in so doing, establishes the
process of magnetizat;on relaxation.

Energy conservation is observed throughout the entire

NMR phenomendn, as the enérgy received by the nuclear spins

during'RF excitation is, following the termination of the RF

LY



..

e e e et e (h@ ﬁuvlvdr spin system and the
Carroandin g thermal o eneragy bathe This thermal enerqgy bath is
always ver, cloce to thermal equilibrium because of it
ot thermal capacity. Thus, there are more molecular

met 1ons exisStin: at o lower energy state, able to receive

cnetgy trom the nuclear spins, than there are those existing
<

at highet cner gy otates capable of supplying it to the
Invoelved noclea:r spina. Magnetic interactions between the

nuclear sprne anet the qrroundings therefore tend tooact

as net "relaxcers", rather than "exciters", of the particular
Spin system dn ques o,

[t one conalde:rs a pair ot nuclear spins, infinitely
tar apart tros cact otbher and then brought together to a
normal internucica:r Jdostance within a molecule, one ohtalns
an energy of i:ut'r<a“1<w1(ﬁl) that is a C(ﬁzstarﬂ for a
.particular molecular arrangement. It this By is time-
dopendén? then it will be distributed in both freqguency and
time when the 1nviived spins are induced to move randomly
with respect to on another., This freqguency dependence of

’

density, J(w), and is influential 1in determining Tl‘l at the
Larmor frequency for a particular nucleus. pnfortunately,

the calculation of J(w) is extremely complex, as molecular

motion is difficult to describe exactly. Such motion is not

.

Y"completely random, and may even be anisotropic, due to

interactions between atoms and molecules. J(w) may be

i

escribed for a statiopary random process with an

the power spectrum of the motion is termed the speétral .
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t1 ]l o clation tunctyon g
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|G A O DR S S (2.0
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wher o U the « rreclatrton tine and clhoractericesythe
tnvolved 5ol by oty Soch o dercription accunies that
vhen cuch wole el o b on, he" it ot atio nal oot

translaticnal, cocurss very rapidly, 1 1< chort, and whon
¢

)

\ N

the molecnlor oot ton 1 low, 1 1s long. Thus, for a grven

IC,

{

pressure, and torperature, J(w) may be considered anoa

constant tor cmall values ot w ,and then trails #ff

: . -7 ' -
proportional to o« = tor large values of «lsee Fint,e 3.2.9),.

3

> ' ’ ”
FIGURE 2.2.9: The spcct‘ral density function, J(W), ‘
represented as a function of angular frequency W,

for Tl magnetization relaxaticn processcs.



Teapetatare 1o antluential an determining the shape of

the curve o J0e), buat not the arca under 1t, hence

Jlo b, remalns constant o At low tvmpvrdturvs, JOo)Y will
appeal restricted to the lower values of w, yet Wwill spread
out over g ocontinually increasing range of angular
trequencies as temperature Increases. Since dipole-dipole
Interactions can Induce transitions at t!)t}' “ and 2(%), 1t
tollwos that:

r

W R[.T(m()) + J(2r.\0)] (2.2.31)

where W ois the total transition probability per unit time.

-1

Moreover , since W 1] , then:

Lt one were to sample J(w) at a specitic w, e.g. at wg(or
the Larmor' Yrequency) Tl_l wou 1d échieve a maximum at a
particular.tzmperature(see Fig. 2.2.10). This corfesponds go
the temperature at,whicg the J(w) contrigution, at the
Lérmog-frequency, is maximal. It is thus during this
condition, when wpt. = 0.62(or ~1), that-the relaxa£ion
procesées:will be more efficient.}Under these conditions the
‘ftunés in" with the system's resonance
frequency-at this temperature. For biomedicalAapplications,

3 i .
‘molecular motion

.

-

one 1is primarily concerned with fluid systems and hence

' - wy



R b hirs corrtesponds to the hiah

)

¢

Relaxation Time

WoTe= 1

o fL.. 1. N 1 ,,1,.._]"
100" 107" 107° 10°* 10°% 107! 10

Corr«*_\fc,flbn Time T (s)

-fF t

FIGURE 2.2 100 A depiction of the relationship between

the proton lonpitudinal relasation time ll and  the

corretation time, T
€

Spin-spin, or transverse, magnetization relaxation is a
process which 1nvolves the magnetization within the XY planc

ot the laboratory frame, or Mxy‘ In coptrast to longitudinal

relaxation, transverse relaxation is, often times, not

adequately described as a single exponential function. This

is commonly attributed to compartmentalization effects, or
AN

situations in which the nuclei possessing different values

’

of 1. dre physically separated. Moreovem, Te for the various

¢
g -

compartments in these situations is appreciably long

-

—

relatave to the rate of_tranéverse relaxation(Rz). !.

Consequently, T. may influence Ry to such an extent that the

acquired FID waveform may be resolved into either a nuﬁQQr



of crtterent expe nentral functtons or Into non-exponent ial

(voop. Giaus o rtan) ftunctions,
The transverse relaxation process involves the

Interaction of nerghbouring nuclel, without any exchange of

acqgulred ener gy, with the surrounding environment . When this

process ra o complete, and thermal equilibrium is achieved,

0. Thus, upon termination ot the applied RF pulse, the

-

Mo -
Xy

return to thermal eqguilibrtum may be expressed: .

[dey(t)/dtl = —k(Mxy) (2.2.33)

whoere ko1s g constant . Itk 1s defined 1n terms of a

t
characterlistio relaxatlon time constant TZ, l.e. k:Tz_l,

.
then the solut lwvthJf the above eqgquation is:

In the i1deal case, the transverse magnetization within

the rotating frame, Mx'—y" would remain static and of

constant amplitude. However, 1in realistic situations a more

complex scenerio exists. The ingividual local magnetic

LY

fieldS(blocai) that the nuclei experience, vary appreciably

from}one nuclear site to another. This may be described a
' : . -

L

L}

Bexperienced =By £ Pygeal

- . =

which gives rise to the relationship:

L - <
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(‘(\.11

In terme of the macroscople moagnet Toat ton, the Tmportant

poitnt to be concluded from the above obcervations is o that
N
the dTodividual noclear magnetie sovent s will not h PP
N

at the e o value ot s Tocal vaanetie fields o whioh
-
teet ol o co P’v“ will drntace nocledl under thear intlucnce to

process at oan angular frequency greater than wg,” while local
fi-lis which oppose By will induce nuclel to precess oloe
than wg. This \«:’ill cafse the individual nuclear wmagnetic
mosients within the rotating framne*to (1('[)5(1.“)(’, or "ftan out”,
one from another, The end result 1s that the resultant

continually decays, as does the magnitude of the
X -y . -
.

induced emt acquired in the receirver cotl{see Fig. 2.2.11).

¢

FIGURE 2.2.11: A representation of the fjephavsfng of
the indiyidual nuclear magnetic moments, together
with the resultant decay of M_, , , immediately

following the application of * 2”7 90° RF pulsc.



Accur gt o megnnreement  of T
A I . P,

depenasilng on

long, 100 r—ec, then

the establishment ot

the dephaning ot the

1te actus

various

nuclear

may prove ditticult,

11 magnitude. If 1t i1s appreciably

B inhomogenceit ies contribute to

0 may

values, thUs enhancing

hlmval

spins within the transverse

Y 4
plane. Transverse relaxation in the presence ot By and B,
inhomogencities, 1n addition to the above sample-related
hl(N\il processes, may be characterized by the time constant
* . .

T, . However, the application of RE pulse excitation

»
sequences, may be tailored to successtully minimize the
adverse ettects ot Booand B inhomogeneities and

’ >

consequent ly maximize the sample-related T, processes.

Herce, the etfbet: ot

- )

both B, and B, inhom()genoitieL"“arv

*

considered reversihle, while those consequent to molecular

. b}
processes within the

11‘['0\/(‘1‘%1{)1(—*.

It/Tz‘reprtu(ntﬂ

»

exponenttal decay resulting from transverse

tollowing observation

peak linewidth:

= (AmO/Z) = n(AVl/z)

invest lgated sample are considered

-

the time constant describing fhe Mxy

relaxétion, the -

may be made concerning the resonance

3

(2.2:37)

»

» .

where dwp is the spread Of angulér frequencies for the

in the transverse plane,

nuclear magnetic moments'dephasing
and Avy s, s the full linewidth at

the resultant resonance peak. Thus

.

50% maximum amplitude of

one ﬁay conclude that T, -

[
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FLICERY 200012 dhe aelationship between tlge tioe constant
for the depharine ot the transverse mapneticat oo component s
b 1' (depioted in A), and the lTinewidth of the associated

protog resonance peak (deploted in B) .

} ‘

/
Finally, T,”! is found to be dependent upon both w, and
‘ Y 2 _ : 0.

- T .
tc’in a similar fashion. to Tf‘l. However, there is one

7

“important distinction. Tzfl‘i% more influencedAby‘the’ }”

- component of the spectral density at w=0(see Fig.
2.2.13).This prqxidesrTz with a considerably greater
,senéiti%§ty.to §10Qer ﬁolecular_motidnsf P - e

L ] . .

~
>
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2.2.7 THE TWO-SITE RAPID EXCHANGE MODEL OF RELAXATION:

-

+ The previous-séction outlined relaxation processes from
essentially a theoretical standpoint. Our distussion will
now elaborate on ‘these processes as they occur within living
tiésugs, in addition to the model most commoni}iemployed to

_explain

s

their behaviour unde® such circumstances. ﬁ/f
\
e

If P; denotes the fraction of)water present in t

-

phase and Ti describes a general relaxation time, then ¥®or

the slow,exchangé situation(Ti<< lifetime,ih the ith phase):



A )
M) Eri.f‘”'x (2.2.300°
=1

«

where M(t) tvepresents a normalized magnetization. Fach phase
thus relaxes iﬂndvponm,t ly with a characteristic time
® “ .
constant T, . Such a situation exists in the presence ot
e
compartmentalilzation, where involved nuclei are -';-)hysivallyv‘

barred from ditfusing between the viorious regions present.

-

o~ For the case ot raﬁid €¢xchange(T;>> litetime inathe ith
e,‘ phase) : )
- N -
. MOt) = ef-t/ E (P, /Ti)] (2.2.39) @
‘ 121
. e ™
In such a case the whole system relaxes with g : \
characteristic time (‘gmt ant T, described by: ‘ s
- BB ’ n. ) . L gy
’ B S y o
/ . T = Z(Pi/Ti) v (202,800
/ 1= 1 .

Most analyses of relaxation data acqguired from 1ivinrj‘

[y

tissues assurﬁes'that wafeg protons, by far the.most
influential nuclear specles ifi dete;mi'ning the magnitude of
the obtained proton NMR signal,.exist inutwo diffj

' phases denoted "bound" and "free"féee Fig.'?m5.14f;lfﬁ%
majotitQ(xDO%) of such.protqng are considered‘aS'being in
the free state and éxhibit'NMR pfopa&ties sipilarAto those

of water posséssing an appropriate concentration .of cellular
N .
. . he - ( » . : - -
salts. The remaining fraction is thought of a$ .being bound

v N 1
-

to the surface of macromolecules. However, the exact

a

»
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dvri#nitlmn of "bound” varies with the particular model unden
consideration. It may be” that the water protor&sr are rigidly
and irg()tationally bound ()f, on the other hand, that they
are capable ot restricted, possibly anig-«ot ropic, motion. The. =
principal evidence for the existence of these two phases for,
water protons lies in the obsegvation that cooling of
tissues below the freezing point of water results in
fgrmation of ice from only part of the total cell water
«38). This component has been identified directly with the
bound phase(4), although such an assignment is certainly not
universal among researchers. The magnetic interaction that

leads to the relaxation processes is dipolar in origin,

although other interaction mechanisms have been suggested,.



T ol e e e contoers bound tes macromolecunlas
| i N *

Cao, b o exahianie, and anisottopy of blmvil(ln)' The

.

Lated coarrelat Ton trmes, pxnrmwvd to explain the

-

Gt aine ! rplaxation data, tall into three cateqgorlies:

-

- N~
IVtree phase, 1Pf:"1U'12 SeC,
~9 - .
Y bongnd }‘hnx\\o‘, 1 : 10 -10 8 SeC., X |
/ (b \
_ _t
Ve xchange time, Lt -10 6—10 > gec.
-
]
It hac beon g cortanoen ohservation in biomedical
Appdloat ons oy NMi techniques that relatively minor(<10%)

4
chunqsn I tivsue water content can elicit dramatic

alterations 1n Tl( looy )Y . Such tindings are indeed
tonn1stent with the atove described two-site-rapla-exchan e
1 ' ‘ ical
model for water proton behaviour. In blomedica
[ -

¢

s

applications, s where one is chietly concerned with liguid
HY??“m“ existing at  300°K., a water proton samples both

\d
environments during its characteristic relaxation time. This

may be stated as:

. ‘ R - P_R., + P,R (2.2.41)
lobg aal b"bl

where R 1is equéi to Tl_l

» and P, and P, are the proportions
of water existing in the free and bound phases respectively.
In such systems, Ry, and Ry, may be two orders of magnitude

apart. Therefore, subtle reciprocal alterations in the two

values of P would indeed generate large changes in R, be'
obs
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. . '
‘{i\ﬁ“?-"f“w‘x\'k“ tho soome, phenomenaon tor T,, althoungh tog

3 v
JUE: %, . . . . .
«1}1% cremnt reasonass When In the treoe phase, motion ic iy,
and averadgliag ot the Xpenitenced h\l.}‘\‘dl very good,
‘ ) \ /

Conscaquent Iy, T i lengthy. Alternatively, when nucled are
¢

in the bound phase their motion is signiticantly slower  anid

<

the averagelng of the exper ienced blﬂ(‘al. 1s relatively poor.,
Hence, under wuoh ('ix\'umr*anv(‘s‘, '1‘2 tends to \h‘im\\!‘unl ly
shorten. This may be expressed in the tollowing

relationshiy:

o RN R U

a0 a/ by (2.2.42)

where Roo1s equal to T,
Since watoer prescent within living tissues 1s, in natuare
and In terms of jts associated NMR parameters, an

essentially dilute solution of water and the appropriate

cellular salts, it may prove beneficial to consider the
behaviour ot protons existent within such an environment and
-~

-

the reasons behind this hehaviour. In dilute solutions the
majority of the water present acts as a pure liquid, while
the remainder associéte5~with the solute., The deyree of this
association is dependent upon tne sulute's concentration.,
Most solute moiecules will possess a hydration "sheath", a
layer of water perhaps several molecules thick and which is
loosely bound to the solute's surface. This sheath is

principally held in position both by electrostatic forces,

consequent to #he high 'dipole moment of the water molecule,



L S

arcb ey eyt ogen bandtin g conseguent to the numerous proton

"y

shoncr and o rcceptar sites. The water molecules present within
e . . . . »
the hydiration cheath mey actually exisY in a highly packed

artangerment, whose freedom of motlon 1s constrained by the
- P L
attraction to the solute m<>l(>v1:lf"fs -surtace. However, such

watcr molecales cannot be regarded as existing in a rigid
Lattioe structure. The solute molecule may be thought of as

possessing virtually no water within its internal

construction. In addition tn attracting water molecules to
Cony

1ts surtace, 1t may also subject such molecules to a variety

ot ditterent environments created by the constituents of its
numer ous branches o1 eide—chainﬂf For example, 1f the solute
Is a protein molecule, then dittering environments couldy
certainly be created by the compenent amino-acids. Tonic
reaglons and polar groups would prove attractive to water
molecules. It 1 1s a measure of the time between periods of
C R . )
molecular mur‘pn then, with the presence of such polar
groupf; T would increase for the involved protons, and
hence \local relaxation times would shorten. Alternatively,

hydrophobic regions would prove much less attractive, .*%us

decreasing 1. and lengthening the associated relaxation

' » ' v
times.

Both tﬁe exact nagure and concentration of a solution
influence that solution's proton relaxation times. An in-
vitro protein solution will represent a fairly viscous gel
for 0-3 gm. H,0/gm. protein, énd the corresponding .

relationship between water content and T, 1s approximately



Py b ver, 1t there exie ts MRogm, IRJ)/qvu protein, the
Tate jooves to he corpletely dioasolved, and the n%}un‘(ﬂ
the 1o latiorchip between water content  and 'Yl changoes,
It roactions betwaen different water protons in a
¥

arlate o viedin colatiron can be described as o poa ensing o

abhle, and related, oo ponent s (see Fig. 2.2.15):

a)scter jnrotons exchanging with protein protons
>
\ Dlvater protons tightly bound to the proteln surface’

¢)water jrotons Joosnely bound to the protein molecule

d)woter protons existing in the bulk liquid water

FIGURE 2.2.15: A highly diagragmatic representation of
the various arrangements of water protons (A, B, C, and
D) close to the surface of a large protein molecule.



¥

P bian e o crdn and o spln encr gy can occur inand between

all thee components, <o it Tls perhaps understandable that

there <t Jacks a model to adeqguately explein relaxation
processes ton even thie simplest of examples for biomedical

systema. There is considérabile controversy over the degree
-

ot intluence of macromolecules on the co-existent water

protons. Some rescarchers believe that there 1s indeed

- -
sufticient intluence to suggest that all water residing |
within Yiving colls 1s structured(45), while others maintain
that macromolecules only oligitﬁsuch effects over a distance
ot one to twh water molecule diameteré. There 1is evidence
for the former argumgnt. This includes the observation that
cells appea® capatle of mediatling against concentration
ettects brought about by partial dehydration, thﬁs
preventing significant alteration in cellular reaction
;ateq. Structuring of a substantial proportion of the
cellular wate% could produce this behaviour. Thus, in

. »
summary, the complexity of living systems tends to suggest

3

thz{/somc degree of water structuring must exist within

living, functional cells.

’
2.2.8 SPIN ECHOES:

It has been rélated’previously(see section 2.2.6) that

the characteristic relaxation time describing the decay of

: 0 )
in the presence of B; field inhomogeneities is

[} ~
" . /
s
-

Mxy 2

{

7



N
represente d by < This may o related to the decay 0w
. Ny
elicited by trreversible molecular processes, within tiho
Invest rgat el ““Hx*lt‘, an tollows:
L%
1)_1* T -y y(OAR,, £ ARG (2 13
e /) () l’ -
*

It tollows that 1t 2By was to bhoe continually minimized, 1.

would 1ncrease ur:til 1t eve'ytlmll\_' equaled T,. Tt By
_ _ A
lnh””‘“‘,l(’_”“ifit‘-% woere to ;»rw‘.«w%n:«xtf*, little valuable
Information cofncerning sample-related tranaverse relaxat oo
-W()uld be provided by the FID, Exgeriments designed to
pinimize thr,duloterimgq cftects ot AR, were dnitially
deve loped by Hahn(2-6) and .*1)3— he~ome known as spin—‘(*(‘!:‘m
techniques. They are tounded on the a.qt;um;)tion that /7B, 1
essentially constant In both time and space, |

Following the application of a 90° Rt pulse along the
X-axis of the laboratory frame, the effected nuvlva} sping
will be tipped into the XY plane. If AB, is substantial in
magnitude, these spin§‘will rapidly dephase within the XY
plane, resulting iniﬁ rapid loss of both Mxy Qnd the
consequent emf induced in the receiver coil. However, ifsat
a time t later a 180° RF pulse 1is applied about the Xraxis,
each one of these spin isochromats will Qe rotated 180°
along the X-axis. Any magnetization along the 2 direction
will be simply inverted to the -7 direction and thus be of

no consequence. ﬂithin the Xy piane, those spins precessing

" .
ahead of the average by a certain amount will, after the



/””K\
O TR ol hebiiod the oo cge by this sane anount .,

, S postrally preceonang slower then the averase by
g L sntowitll, following the x‘vf{'whs/sing(180°) RE
porloe, he Pooend o ot lth- (:\u-r'.\u;c by the came amount. Thus,
threoor =N Do hroooofs o will, at oa time 21, rephase along the
Yoooas ot e Lo a et et isation called a spin "echo" ,’
g coe sty vl give rise tooa reaorowth of the induced
cvint (e s g 20720160,

Zl 2/ 2/
P Lt=”c =TT/ Y B, t=27T

3} .

FICURE 2.2.16: The nahn spin-echo pulse excitation sequence:

A) dephasing ot the transverse fagnetization components
tollowing the 907 Ri pulse ,

B) the application ¥ a 180° RF pulse at t = T, and the
resultant phase inversion

C) the rephasing of the transverse components at 't = T+ W/ ¥ B,

D) the generation of the spin-echo at t = 2T N

[a = average transverse magnetization compdhents, f = faster

than average magnetization components, and s = slower than
average transverse magnetization components ) .

The etho occurs at 21 since the time required for rephasing

the involved spin isochromats equals that needed to dephase

them to the extent possessed immediately prior to the 180°
: : . _
RF pulsge.. If no sample~re1a§ed transverge relaxation occurs

-+

. P )



4

during the time interval 20 then the spin echo wibl}un“u“-

the ddentical! amplitude as the initial M signal. However,

Xy

1t dephasing of the spin isochrolmats does indeed ocogr as o
. ' .

result of transverse relaxation processes, this eftect on

A1xy cannet be removed nor miniplzed by the retocussing

properties of the 180° RE pulse due to the random nature of

these sample-related processes. Therefore the observed spin-

. . - /
echo amplitude will diminish by e 21'T2. .

It is a simple extrapolation of the above that enalbles

Hy \

one to discriminate anainst short values of TZ.
lengthening the time interval 1, a lesser number of spine.
codntained within a stord T, sample will retocuss tollowing
the 180°‘Rr pulse, as their dephasing has now largely beon
due to irreversitle 14%\00%5(%3 and not those created by By,
inhomogeneitios. Conscegquently, only the spins u{ sample
areas possessing relat ively longer values of To will underqgo
refocussing,-and thds it will he these which eventidally
rephase to genératv a spin echo.

It is possible to apply the 180° refocussing pulsc
along the Y:axis of the laboratory frame and to hence
rephase the spins along this axis, such that the achieved
spin echo will possess the same sign(t) as the original FID,

The above techniques prove important in the Spployment;
of spin-echo iﬁages to determipe T,. Attaching additional
180° RF pulses to the simple 90°-t-180° sequence results in

a spin-echo train, which was devised by Carr and Purcell

(7)(see Fig. 2.2.17). The obtained spin-echo amplitude will



-

Loyt ional to e Z. In practice,
3

oo oo resnalt oan underestimation of the T, actually

~1thin an davestdgated sample. This is due to B

-~

tnle o senc it ies amd the conasequent imperfections in‘tho
Pt~y looe s one nethod of compensdating for the‘?g? cffects
S
B 3 &9 ) €D
’<.' \"
i .,/2) Fl (TT)X,  EcHO¥1

& o €& D
(r) EcHof2 (X

SRR

FIGURL .2.17: The Carr=Purcell spin-echo RE pulse excitation

= sequence .y Note that becausc both the 907 and the 1800'RF pulses

are applicd alorny the N'-axis, the orlentation of the individual
‘ l >

spin cchovs will alternate between the -v' and the +v' axes.

to alternate the phase of the individual 180° RF pulses
™~
180°({see Fig. 2.2,18).
53

Do

(w/2), F LY )-x' ECHO“l

\ :
XS5 @ @ =)
@ ECHOW2 (1r)_ "

FIGURE 2.2.18: The Carr-Purcell® spin-echo RF pulse excitation
sequence with 180° phase alternation.for each of the individual

180° RF refocussing pulses.
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[his creates the se juence:

™~

GOO{+x) - 1 —[180°(+x) - ¢ - 180°(-x))"

where n is the number of rePetitions for the 180° phasc-
shitt (?yclcf incorporated tor the refocussing REF pulse.

Frrors in pulse length are thuﬁ cancelled on alternate spin =
echoes. A slight:ly simpler and more common modification to
the CP p\u.lse "Sw;nermv 1s that of Meilboom and Gi111(49)Y, 1n
this instance, all the employed 180° RF pulses are phasc-
shifted 90° with rcs;)‘w‘t to the initial 9()°‘RF pulse,
resulting {Q the famillar CPMG sequence:

.

NUCEex) = 0 =180  (vy) = < —1RO° (=y) )"

In so doing, all obtained spin-echoes will now form along
the axis of B; for the 180° RF pulses, regardless of tip

. angle imperfections in the refocussing pulses(sece Fiq.

2.2.19). | ' -

Pl inhomogeheities.produce.errors in the measurement of
T, when such measurements are acquired with a spin-echo
train, or multiple spin-echo, techniques . Unfortuantely,

the more significant of these cannot be removed through use

of the above pulse sequences. ‘ _ . '

¢

Elaboration concerning the multiple spin-echo pulse

(
sequences employed for the imaging and

°
relaxometryinvestigations described in this thesis, is



poroviaded o cectione 4,2 and HLU2,

~an

R
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Plorri 22019 The Carr-turcell-Meiboom=Gill _spin—cclm\}{}‘
pulse excltation sequence. Note that because the individual
IROT RE retocussing pulses are phase shifted by 909 with
respect to the iditial Y0° RE pulse, all spin echoes form

alony the v asis,

2.2.9 2DFT IMAGE RECONSTRUCTION:

The fundamental objective in.NMR imaging is to
spatially encode the individual nuclear signals. This is
accomplished through use of well-defined magnetic field
gradients which describe a spatiaf variation in the
amplitude, but not the direction, 55 an applied magnetic
field. The most common of these employed in NMR imaging mey
be described by a linear function. One example has the
gradient centered at the or1g1n of the laboratory frame's
co- ordlnate system. Increaslngimagnltude of the gradient

field is then added to, or subtracted from, the main

externally-applied field By, as one travels farther out



aleng the grattient axis. These gradients ost‘a?ﬂish different
spatial locatsions possessing diffement .amplitud("s of the
applied magnetic field, and therefore ensure that the
rosonance'fg;quency of the involved nuclear spins varies in
a controlled mamr ‘from one spatial location to another.
Although 1t 15 possible to perform NMR imaging in thrq‘
dimeﬁsions, it 1s much more conmuzltr)first define a plance,
or "slice", of knéwn thickness through the sample(see
section 2.2.10) and,rﬁcn to encode for spatial
identification within this two-dimensional slice. When such
. a 4 \
a technigue is employed, the gradients Wlso play a crucial
role 1in 'the iniltial definitionA of the 1maging slice desired,
The imposition of a linear gradient G, onto a static
magnetic field B, divides the sample into elemental slices
berpéndicular to the gradient direction r, with each slice
at a distance r from the origin possessing its own resonance

condition defined bhy:

r

Following the termination.of an RF pulse, any magnetization

"mponent normal to the Z-axis of the laboratory frame will

precess aroung this axis at w,

appropriately located receiver coil, at this sémﬁe frequency.
In selecting from the overall emf components at discrete

frequency intervals,~ankd then analysing their respective

amplitudes, one obtains a measure of the resonating nuclei

w, = y(By £ G 1) (2.2.44)

and thus induce an emf, in an’
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FICURE 2.2.20: The measurement of nuclear density at different
locations, and hence angular frequencies, along the direction
of a lincar marnetic-field gradient.
©
'3

Spatial encoding via two-dimensjional Fourier
Lo . .
transformation (2DFT) (s a technique which owes its

inception to the work of Ku%ar, welti, and Ernst(37). Two
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n two

Fourier transtorm (2DFT) imaging. Data acqulsition

occurs trom t o= 0 unt 1l t

=N -1
X

into the NMR signal by dictating the magnetization rotation

1 4
frequencies of the rotating frame and therefore determine

the oscillation frequency

of the emf acquired during data



! R [ Generate the complete NMio datg ot
i . y \ -
‘/
ety e b e manpdled, cach corresponding tooa
St terent o0 Tee broins abount these sceguential varitations in

oot o specttic o value, one may "step” eoither the magnitude

“yhAﬁP 1o the thime interval over which 1t is active,
between the 1ndividual Flbha,

Consrder two elemental samples positioned
acymetrically within the XY plane at locations 1 and ii(«see
b Z.R./f). We %Jll asasume that imaging slice detinit ion
B et e pideviously, thus enabling us to concentrate on
the cvolation of the magnetilzation. As the magnetizat 1on
the sample at i will

e L TR R 4 N .
deve o under the ant luence ot “phdﬁo'

contrrbute o coponent precessing about the Z-axis o atoan

anagular troeagaen

y (5 . Y . (2.2-4%)

where ¥V o represents the position of sample 1 along the axis-

ot the phasc-encoding gradient, assumed here to be the Y
axis of the laboratory frame. If this magnetization
component has ¢;(0) = 0 at t = 0, then at t = ty:

" ¢i(ty) = YGphqse' Y, ° ty (2.2.46)

The period of influence governed by G g Will start with:

rea



Thicknces

e . ' Yol
PLOVRD 000700 A ropresentation of twe elemental maynctrsat on

oand T, poroaticneg at =5y and N =Y Pespoectve Ty ¢
Lo I 11

in the laboratory frame. G 4 will imposc a different

precessional frequency on the magnetization acquired from

the sample at position i, described by:

X (2.2.48)

wij = YGread * Xj

where x. represents the position of the sampie i along the

1

axis of the read gradient, assumed in this instance as the

X-axis of the laboratory frame. The components of the

.

}
magnetization within the rotating frame then become:



\ K

Noot o (t-t ) : (2.2.494)

X (t-t ) S0 40t

Similar expresslons tor oa aﬂﬂut”s magnet izat ion component s
of the ratating ftrame, positioned at 11, may be obtained by

X 5 pUeTIe ey ) . ; > . ; O
exchianging {F!t quene e y ( I‘h(“;‘) Yl and  y( read Xl for

-

Y Y and ooy Xop o respectively in the above

“phusw 1) ro 11
caquat rtons.,
During the NME experiment, OPSDH of the acquired nuclear ,
Slignal at the central resonance freguency, we=yhg, will
produce two FID wavef srms, vnrrespondinq to component sums
ot the 1 and 11 magnetization, as described by the above
cyquat tons, Corplex Fourier transtormation of these two BID
wavetorms, with respect to (t-t ), will produce frequency-

Y

domain components at bhoth ty and fii(See Fig. 2.2.23). The

-

tndividual components, within the rotating frame, may be

detined as: ‘ .
xcnwponont = mxi + mxii = Fpg (2.2.50a)
Ycomponent = Myt "yii F1 (2.2.50b)
and the total.signal may be defined as: ‘\\\\
F = Fp + iF; (2.2.51)

where the relative magnitudes of Fp and F; will be governed

by. ¢4 and_@ii at time (t-ty) = 0, A second Fourier
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image reconstruction(2DFT)

' this time with tespect to ot
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FIGURE 2.2.23:
11. and fii
two ditferent FID wavetorms, with respect to t-t
. y

/

denaity (cee

up

will give e
1ol

into imagoe-

two-dimensional

The trequency-domaln components, both at
, after a complex Fourler transformation of

—

This technique\of two-dimensional Fourier transform

is considerably 1

s artifact

prone than are projection reconstruction technigues, . but

nevertheless cannot be successfully used where short

acquisition intervals(<50 msec) are demanded. Under such

circumstances, projection -reconstruction may provide

.
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FIGURE 2.2.24: A two dimensional data array following
a sccond complew tourier transformation of the same
two FID wavetorrs, as described im FIGURE 2.2.24, with

respect to t\. . t

2.2.10 SLICE DEFINITION AND SELECTIVE RF EXCITATION:

The incorporation of 2DFT into NMR data acquisition

p

procedures involves “the definition of an imaging slice such

that all nuclei within this region are selectively excited



.

without the perturbation of nedlghbouring nuclei on either

\
stde ot the slice, One can achieve this by encoding either g
unigue or bimited bandwidth of resonance .frv,uo‘nuivs‘ into
the slice region with a lincar magnetic ficld gradient.
Then, by 1ncorporating this bandwidth into that ot the
applied RF excitation pulse, one can selectively excite
nuclel within this slice. Although a guide to the shape of
the selectively-excited region may be obtained by
considering the Fourier t ra:wsf<>rn1/ (sr‘ frequency-domain
spectrum, of the employed kb waveform, a better appreciation
ot the process is obtained by examining how tﬁv individual
magnetizétiwn CwmpunH&}Q in the sample are affected by the
RE pulse.

Durinj Rt ex-itation, the individual magnet izat ion
components will precess in the rotating frame around vaf/’
which is comprised of the time-varying By field and a static
component 1n the direction of By, or blr), where }l(x')=(1r LI N

ﬁﬁeft may, 1in the presence of a magnetic field gradient, be

described by a slightly modified form of equation 2.2.18:
Begf = k(B + G r ~ w/y) + iR (2.2.52)

When the applied RF excitation is in the form of an intense

1]

square pulse, i.e. B;>>b(r) for all r, then Bogg(r) By for
all r. Consequently, all components m(r) of the total
magnetization M will rotate in the Z°-Y” plane of the

rotating frame and, on termination of a 90° RF pulse, will



all bre parcdiel to the =Y axis. Thus one obhserves:
e ﬂly(l’) - —‘m()(l')
y mx(r) = 0 \
mz(r) = 0
L 3

and ¢(r) ot the resultant XY magnetization, mxy(r), relative

to the Y-axis, 1s zero. The net result 1s that all nuclei in

* \

the sample are equally excited and thus precess at an
anqular freqguency described by equatilon 2,2.44.
1

It the Intensity of the applied RF excitation is

reduced, 1.e. Uxﬂl-xb(r)max, then.Hefr 1s no longer the same

tor all vatues of r. The magnetization of those nuclei 1in
the lineat j(ddlvnt‘anf r=0 will still behave in the samc
manner, 1.¢. as they di1d for the position Qhere Begg(r)=ny,
and they will continue to be rotated into the XY plane.
However, at the extremes of r, where b(r)>>R1, Reff will
exist along the Z-axis and huclei in these regions will
experience liftle movement in the magnetization away from

the Z-axis. Hence, at the termination of the RF'pulse, one

observes:

mx(r) ~0
my(rl ~0

mz(r) ~m0(r)

where the determining factor for the actual magnitude of

-

(OB
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FIGURE 2.2.25: The varilous elemental magnetizat lon components

and phase distribution tollowing the application of a wide
bandwidth-rectangular 90° RF pulse.

v

It is an-additional requirement of selective excitation
that the bounéaries of the involved region are as sharp as
'possible, and that the relative phase of adjacent
ﬁagnetizat}on components ao not prevent observation of the
NMR signal. In the boundary region where B;~b(r) and Befg 1s

parallel neither to the X nor the Z-axis, all magnetization



.

cnponente will, in goeneral, be tinite at the completion of
anintense square FEopalse. The initial phase of mxy(g) 1s
drotributed over Z2n o and thus the resultant signal will bhe
N

small in magynitude. The vartation with offset frequency of
but?'m (r) and mx(r) bhears a very_closo resemblance to the
xv&l and 1mayglnary portions of the Fourier transform, or
trequency spectrum, of the excitatory RE pulse., One might
thvmvtufv conclude “that, in exciting nuclei with a time-~
domain wavetorm whose I:vquvﬁty spectrhm hras a sharp cut-
ott, the oexcited slice ot nuclei will exhibit Similarﬁ
attributes, One such time-domain envelope is a sinc
tunction(sin x/x) where, tor the purposes of suppressina the
"wings" of this tunction(which is theoretically infinite in
time), 1t 1= multiplied by a Gausslan envelope. The acquired
trequency~domain spectrun will be the ConQolution of a
rectangle with the narrower Gaussian function(see Fig.
2.2.26). Despite the ensuing frequency spectrum possessing
slightly sloping boungaries; excitation withlsuch a
modulated RF waveform will produce a wel\fdefined slice, the
edges of which will exhibit a finite width.

Having so shaped the excitatory RF waveform, it is

additionally necessary to overcomé the phase distribution

which exists, at the end of the applied RF pulse, for the

magnetization components within the XY plane. Fortunately,

this phase angle is a fairly linear function of the

frequency offset. A reversal of the gradient after the

i
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FICURE 2020260 A representation of the tarlored excitation

tunction of a4 sinc RE pulse (left), topether with its .

assoclated trequencv-domain envelope (righto.

termination of the kKb puloe will conscquently induce the
individual magnetization components to rephase(see Fig.

2.2.27). A retocusscd signal will then occur at some time

-;*..__-_
|

: time
- ‘ ' \
&

Slice R ‘

Defining J Gz :

Gradient | time
4 —P—
}1———’C — s [

_Gz

FIGURE 2.2.27: An NMR slice-defintng pulsed magnetic—field
gradient sequence together with an appropriately tailored
RF pulse.



Parter, dejpendin, on the gradient strength and the intensity

»

of the RbE pualee, This retocussed signal derives solely from
the selectively-excited SI{FQ. 1t is therefore possible to
observe the nuclear spins in that slice by incorporating
~alternating macgnetic-field gradients and selective RF
excitation, the latter in the form of weak, carefully
modulated kb wavetorms. However, due to téF interaction of
Bott with the oftf-resonance nuclear spins, pulse angles
greater than 90° r&sult 1n non-unitform distripytions ot spin
excitation, both within and away from the desired slice,
This must be corrected tor, 1f quantitative NMR parameters

are sought while employing totally-selective excitation

techniques.,

O
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L THEL APPLICATTON

OF NMEIMAGING O CLINTCAL MEDICINE:

) A_BRIFE HISTORICAL PFRSPECTIVE

In 1946, bot!, telix Bloch and E.M. pPurcell

independently published(5,58) the tirst description ot NMR

»
and magnet ization relaxation, as observed in ordinary
matter. The impact of their work was both immediate and
pronounced. The phenomenen of NMR has since been detected in
nearly all the magnetic nuclel contained within the periodic
table and ln all torm=s of matter(l). In addition, later
experimental work has led to the discovery of the fine,
detailed structure of the NMP phenomenon, which arises fron
both chemical shitts and spin;spin couplings. Thinwdiscmvvry
established NMi as an Invaluable analytical teol, such that
a chemical, or biochemical, laboratory is no longer
considered propevly equipped without a high resolution NME
spectrometer. Consequently, yhereas the initial applications
of NMR were primarily restricted to physics and physical
chemistry, to8ay they have extended to a wide variety of
disciplines, ranging from archeology to medicine.

One of the firskviiomedicalﬁapplications of NMR to
attract international attention gccurred in 1971 at the
State University of New York in Brooklyn, where Raymohd
Damadian was iﬂvestigating the magnetization relaxation
behaviour of water in bacterial cells as a function of the

intracellular concentration of Na+ and K+(12). It had been

-
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A G e ot thie antracellular concoent oot v
! R I R oy e altered o an cancerons tairssues . Dhamad o
extoen et thio carlbrer studies an the hope ot demonst rat 1ng

Cancetr s oo e Aul("f.iT'I\\H.‘w 1 the magnetization telaxatl pon
procescen s Tt owas Tater touand that the magnetizat ion
telaxatton times ot coertaln tumor:s in rats were andecd
lengthoned an relatron ta those ot normal tissues(l )
although trhas tinding was certatnly not universally
Supipcortteds Newvertheles o o the ability  to discriminat e betweon
canceroas and nermalo s aaes <~r5’- the basis ot relaxat ion
Pames proved w0 e an g that Damadian turther extended

v

thic work, - humans, "nfortunately, thease later studiles

s

doevedled thar the abaove discoriminat ion was certainly not  the

convisatent, clear -cat ohenomenon that ftg was originaily
i . v }

thought too reprecent . Nevertheless, the ecanly ploneering
resalts of Darmadian attracted 1nternational attent lon
towards tuture bro-medical applications ot NMk.

In 1973, at the state University of New York in Stony

‘g L. . .
Hrook, Paul lLauterbur explored the poszty of generat ing

spatial images derived from NMR principl‘g’;(42). .Initially
describédgas zeugmatography(from Greek, meaning "that which
joins toggther"), this proposed imaging modality involved
computer reconstruction from projections. The first such
image, generated from four projections, depicted two water-
filled capillary tubes. Although the image proved to possess

rather poor spatial resglution, it represented the beginning

for all NMR imaging techniques in use today.



e et e e by Tmage ot 0 bt bongy e ol Chre ey (o

AINRTUY WoU i teet o P TO Gt b e Univer 1ty ot ALier e,
lhand Cde D Twenty - tave progect tona obtartned over oo onee
it s L ome we e emprloved to generate longitudinal,
ot sl Tattaree, relaxatton data which were then ranked on oo
LO-ont caolour ~coded soeales It 1977, oDhamadian achicved
Success with o an amaging met hodolaogy ent it l(‘Ti treld taocuaang
NME, or FONAL, and Toter published images of a 1ive rat with
an amrplanted tumor{1a) and ot o normal human chest (19 . At
this tame, the FONAR XYoohnrgque sampled the desiroed tyaone
redlen onse ot bt g tirme , an <~\<?xmm‘ly time—consumtng
procedarc s Bowever popescarchers at the University of
Nottinghar, tonagland were meanwhile employing o bine aoan

method 1o which ol pointe along a projected Tine wer o

sampled saomultane sustyr Planoar tmages wero then compd bed
. RN i
3

-

progress=sing througth the sampdle an one line incremente, Thia
proved to be consaderably more time etticient than FONAR':
point-scan technigue, Initial images generated by the
lniversity of Nottingham's line scan method were publiahiod
Y i |

in 1978(47). Another liniversity of Nottingham research qgroup
developed a variant form of this line scan method, employing

L ’ i Y

alternating perpendicular magnetic-field gradients to select

a line within the specimen. Not only did this simplify the

L]
.

imaging procedure, but as well, solved many of the

. r . . - -
resolution problems inherent in the earlier line scan

imaging methods. Preliminary images of the wrist and

-

torearm(30), generated by this later method, were

Too



b et | bl we s 1RHO by ama e of thie human
Vora el A

Saance byt g 1 the most abuandant element in tisaue.,
AN o ser e appropritate nueleat Hi\ln quantum number,

the i‘l\r!t\!l(”l) tesorenents the preterential nucleus tor NMR
Imaging, baoth an the above described preliminary

achievements gt today s diagnost 1o usage, Although some

" . . . .
tnitral stepes have bheen taken in developing imaging methods
§ “ AR 3 .
Dasest on l . p ., Nuo , and p l, the relatively lower

tlnsue concent: ot rons ot these nuclel present apprecialle
practical Trmit st o such as a lowered sensitivity to
alterations 1o the ruclelr’'s environment, diminished signal-~
to-norse rat rols o andoa poorer anatomical resolution.,
Since in H 17 e much of the NMR o signal derives trom
the proton In waetor, 1t 1s theoretically possible to galn
clinically usctyl antormation regarding pathological
conditions in which er1ther the water content s altered or
where the intra and or inter-molecular binding of the proton
1s difterent ftrom the normal situation. Thus, although N
. ‘ ] «
pathology has traditionally been regarded in anatomical

terms, analysis hy NMR techniques may permit discrmination

of normal and disecased tissues in chemical-physiological

~
<

terms. This represents an attractive attribute for a non-
invasive diagnostic imaging modality, for most physicians
would agree that chemical or physiological alterations in

diseased tissues precede those manifested through anatomy.

1]

re



P ) THE Al ;.I,,“:f\,[, Lo erONME TMAGTING T THE OUANT TR CANTA 0N

‘A'\v,“. Dt sOVITRTTON of THING WATER: A LTTHERATURE REVTEW

%

The tacts that the application of NMR to the
quantitircation and descoraiptior of lung water 1o g

comparatively recent development

~

, and that there oxiat
numerous techoace! ditticulties associated with such an

' L
application, has greatly rtestricted the size of both thee
experiment o and clintoal literature. Thus, it 1s quite
possable to present thrs literature in total, to discuoe
what has been aocomplished, and to elaborate on what st
need be o accor ) Lrsher 1 tuture investigations.,

The rescearcher s whoe anitially proposed employing NMi
techniques to detoot and gquant ity lung water were Lauter!ban
(43) and hie gGraduaste student, J.A. Frank(23) in 1977, They
examined the relationship between the in-vivo longitudinal
relaxation of exci1sed lun; tissue and the water content oo

-
the lung tissue, as calculated from a wet to dry ratio(w/l),
The resulting linear relationship was sufficiently

reproducible that Lauterbur and Frank concluded that it may

be feasible to employ such an application of NMR within a .

clinical setting. However, it was to he several years hefore

other investigatofs were to follow on this suggestion.
In 1982, Hayes et al.(28) used a line scan imaging
methodology(three perpendicular magnetic-field gradients

within a static field of 0.94T) to detect and quantify lung

foe
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wort et o The Nuﬁntif\rdtlmn procedure was developed with oo
Cutogmdoped colutione of Ho0 and D,o(H,0/Dh,0 = 100, 75, 50,

“;X\jﬁ“) wh]&h woere imaged and later analysed for signal
lnt«JE\ty. Since Do should not produce an NMR signal at the
Ii/(v resonance frequency, it was [W?QQ()H(N’ that these imaqes
wol varupl1ﬂh a relationship between H, O content and NMR
Slgnal antensity. Signal intensity values for all images
were normalized to o that of t£o 100% H,0 solution. Imaging
was then performed on either the lungs of intact dead

Y
animals or on isolated lungs, In both of which saline had
been previously anstilled via the central atrway. Ry
selecting such imaging specimens, the need for intorpeorating
respiratory-gated data acquisition procedures was avoided.
Image signal intensity was then compared to the wet lungs'

.

H2H content , calculated frorm W/D values normalized for the
dry lung weight. Pesults obtained with the normalized signal
intensities of the H,0/D,0 phantoms correlated well with the
actual phantom H,O content and provided confidence for the

\ in-vitro lung measurements., In addition, when lung sam%ﬁe
welight was extrapolated to correspond to zero NMR signal
intensity, the predicted sample weight represented 98% of
the actual in-vitro dry lung sample weight.

Despite the acquisition of encouraging preliminary
results, these studies are unfortuantely inconclusive.
Proton density alone is unable to differentiate between v

areas of increased signal intensity as caused by

atelectasis, infection, tumor, passive congestion, and



pulm o nary coeva. The acqgulsition of longitudinal on
transverse relaxation information will aid in disclosing the
actual causce tor the Increasced signal intensity. Moreover,
L}

the calculation of lung water content by simple W/D values
will include the blood tluid component, and will thus tend
to overestimate the extravascular lung water(EVIW) content .
Plasma or erythrocyte markers would enable a correction tot
the 1nclusion ot hlood water., )

Skalina and co-workers(64) performed a more detailed

. . . . il

Investiligation concerning the ettect ot Increased

,/'
permeability pulmonary edema on proton Npk/rolaxatinn times,

Edema was produced by an intravenous {hjection(ﬁﬂ mg kg and
100 mg/kqg) of alloxan, an oxidized product of uric acid,
whereas control animals received Onlyran intravenous
injection of saline. Fats were mechanically ventilated with
a tidal volume of 8-10 ml, delivered at 60-80
breaths/minute, and .with 0-5 cm H,0 end-expiratory pressure.
After sutticient time had elapsedl to allow a uniform edema
distribution, the animals were sacrificed and Tl and Tz
calculated from in-vitro lung samples at 0.12T and with an
inversion-recovery and CPMG pulse sequence regpectively.
Relaxation times were found to be linearly related with
blood-free lung water measurements. As a result, these
authors proposed the use of relaxation times to distinguish

between different causes of increased signal intensity

common to all forms of lung edema.

1O,
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Thie drcestigation represents an excellent preliminary
arsesament o of NMP's capability to detect alterations in
EVIW. The authors successtully related changes fn lung. water
content with those ot relaxation times, although no mention
was made concerning the number ot data points used (6
express the individual relaxation times. In addition,
h;mugluhin was employed to assess blood water volume, thus
resulting in more relilable determinations of EVLW.

Cutillo et al.(11) extended the ecarlier work of Hayes
and co-workers(28), 1n producing Tz—woiqhted images of
excised, unpertuscd rat lungs which were coﬁtinually
intlated with humidified air‘to 20 om H,O transpulmonary
pressure, Thesce mthiﬁllrenu‘ﬂ(ﬁi were carried out at 6.94T with
a line scan imaging technigue. Unfortunately, the transverse
magnetizat ion decay was estimated from only two data points
and the in-vitro lung sample W/D values were not corrected
fcw’ndood tluid volume. Nevertheless, significant
correlation(r=0.91) was observed between thesé parameters.

This same 1nvestigation group was responsiltype for the
description of a tissue-related irreversible transverse
magnetization decay phenomenon(52) which produces unusually
short T, when‘observed in images of either excised 1unés or
of the lungs within a living experime&tal animal. A similar
NMR phenomenon was observed in a slurry of 5 um alumina
particles in H,0, which suggested that extensive air—HZO
interfaces may act as a source of spatially-dépendent\

magnetic field inhomogeneities. This f}pding led to th



development ot o subtraction 1mage methodology which
tncorporated both symmet ric(90°-tau-180°-tau-spin echo) and
asymmetr1e(90%-tau-180°-tau"-spin echo) pulse sequences.,
Variable magnetic field gradients were used to aid in the
refocussing of the transverse magnetization components such
that spin echoes were produced at various times(tau or tau’)
after the 180° RF retocussing pulse. The subtraction imaqges
were acquired for both live and dead rats viith o1 without

oleic acid-induced pulmonary edema and were reconstructed as

tollows:

NMR symmetric signal
.

These subtraction 1mages were found to compliment
conventional NMR images and provided additional 1ntormation

concerning regional lung inflation.

However, the authors did not address the validity of

-

these findings, for spatially-dependent magnetic field
inhomogeneities are dependent upon two factors: the static
magnetic field itself and the tissue's suseptihility to that
field. Neither of these is appreciably altered by lung

inflation. Consequently, one must question whether or not
N AN
this observation is related to the usage of a two-point fit

for T,. It would be worthwhile to examine this phenomenon in
¥

a detailed analytical fashion, perhaps with multiple spin-

A

echoes.

1O
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v bavt, Carroll and co-workers(8) presented the first

application ot NMik imaging to the detection of lung water in

humans. Noermal human volunteers were studied both in the
supine and prone position in a 0.5T whole-body imaging

system. Single spin-echo Images were acquired at various

>

repetition times(1,.) with combined respiratory and cardiac-

[ 4 i

gated daty acquisition. Although cardiac gating

substantially reduced heart motion artefacts, enhanced

signal 1ntensity trom slowly flowing blood masked the lungs'

normal EVIW sign.:l hy approximately 44%. However, acquired

images d{d reveal a gravity-dependent gradient ot signal
intcnsity within the lung(extreme spatial variations
averaged 238128%) . This investigation also examined the
influence of elevating the pulmonary hydrostatic pressure,
in sheep, on the NME Image signal intensity. The elevated

hydrnstatic pressures were produced by the inflation of a

le¢t-atrial ballon, atter which the anaesthetized animals

were intubated an. maintained with high-frequency

ventilation(100 breaths/minute, Piw = 75-80 cm H20). When

. e . 1 13 ;/
employing such a mode of mechanical ventilation,” chest wall

excursions are minimal, thus reducing the necessity for
respiratory gating. The elevated hydrostatic pressures
sufficiently increased EVLW content to elevate the NMR

signal intensity'by approximately 600% over the normal
. . -~

condition. This observation was most pronounced within the

gravity-dependent portions of the lung. Prior to imaging,

all experimemtal animals underwent a multiple-indicator

107
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dJitutron exaninat ion{where triated Hoo, C %=urea, 107 -
L

9] - -0
—erythrocytes are injected into the juagqulat

albumin, and Cr
veln as a bolus, and are then rapidly retrieved in
sequentilal samples trom the aorta) in order to ascertain the
normal lung water content, After intlation of the lett-
atrial balloon and subseguent imaging, this examinat ion wu;:
repeated. The elevation of pulmonary hydrostatic pressures
increased EVIW by 30-83» in all animals.

Despite the acquisition of good quality spin-c¢cho s
images, changes 1n EVIW were assessed in terms of  image
signal Intensity. It lLas been related previously that, hy
itselt, proton density i¢ unable to distinguish between

’
numerous pathophysiclagtreal conditions and as such is
inconclusive,

The tirst succesctual attempt to measure the
l()ngi‘t‘OTﬂnal relaxation time(T)) ot in-vivo edematous lung
tissue was made by Wexler et al.(72) in 1985. Increascd
permeability pulmonary edema was induced in dogs with‘
endobronchial salilne lavage(15 ml/kqg). The animals were
mechanically ventilated (O,/halothane), although
respiratory-gated data acquisition was not employed. The
authors defended this decision with the argument that a
cylindrical phantom containing MnCl,, moviné through the
imaging plane along a perpendicular axis, produced only a 3%
deviation in the calculated T;. However, the validity of

such a phantom in representing the actual respiratory motion

of an experimental animal was not addressed. T, was also



calculbated with only two single spin-echo images, each

acquired atoa ditferent T,. The experimental animals were

~ .
Tmaged cat 0015T 10 a whole-body imaging system, with Ty ot

the edematous lung regions calculated in a fashion identical
to that of the Mn(‘l2 phantom. Atter completion ot the lung
imaging, the experimental animals were sacrificed and
approximately 20 tissue ;samples taken from each lung, with
emphasis being made on the edematous regions. These were
then analysed 1n a 0.25T spectrometer tor both T, and T,,
which were ;alculatcd from 32-point saturation recovery and
Hahn technigques respectively., Filnally, in-vivo T
measurements from the acquired images were related to EVILW,
acquired trom the samples via the usual W/D measurements,
without correction for blood fluid volume. The correlation

coetticlient was only 0.7, which may well be related to the

particular analytical techniques employed.

o

~&

Later 1n 1985, Schmidt et al. undertook a seriés of
investigations designed essentially along more practical
lines. Their initial study(62) sought to determine the
capability of NMR to differentiate between increased a
permeability and hydrostatic pﬁlmonary edema. Increased
permeability edema was induced in rats by intravenous
injection of Qleié acid(0.05 -1.0 ml/kg), wheréas
hydrostatic edema was induced by a continuous intravenous
infusion of saline delivered at a rate of 0.7—2.0 ml/minute.
Iméging was then performed sixty'minutes later at 0.35T Q;gh

.2 single spin echo technique at five different. imaging slice

¢
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locations within the edematous lungs. The animals were then
sacrificed and the iunq% removed en bloc. ITn-vitro
spectrometric analysis ot andividual lung tissue samples ton
Ty and T, was carried out at 0.25T with 32-point saturation
recovery and Hahn spin-echo techniqgues respectively. Results
were cwr‘rvlat%d with EVIW, as calculated trom W/D
measuremc.ntﬁ, without correction for blood tluid volume. The
acquired images were analysed for signal intensity alone.
Although both experimental models produced an extensive
increase in lung-image signal intensity, tﬂét ot hydrostatic
edema was more centrally distributed throughout the lung.,
Sbectromotric analysis ot the lung tissue samples revealed a
similérity of 11 in both forms of edema, but a ﬁhnrtur Ty n
the-hydroératic variety. Image signal intensity pertaining

to hydrostatic edema was alsqg observed to change less for o

yiven change in EVLW than that of increased pégmé%hility
edema.

A later study by thfs same group(63) assessed the
influence of Gadolinium-DTPA(G-DTPA) upoﬁ*the relationship
of image signal intensity and lung water content. G-DTPA was
administired in two dosages(0.05 and 0.1 mM/kg) five minutes
prior to imaging, one each to separate portions of the
experiméntal animal(rat) population. All animals had
previgusly received an intravenous injection of oleic
acid(0.05-0.1 ml/Rg) to induce increased permeability
pulmonary edema. The presence of G-DTPA produced an easily

4
observable increase in signal intensity in images of short



U

T, (0.5 seconag) depicting pulmonary edema. However, the
Increase 1o signal intensity observed in edema images
acquired with G-DTPA and with a short Tgr, did not exceed
that acquired in the absence of G-DTPA and with a long
Tp(2.0 scconds). G-DTPA was thus revealed to distribute
rapidly i1nto pulmonary edema, permit improved sensitivity at
shorter pulse sequence T, and Significant]y decrease total
scan time,

The investigations discussed above constitute the
expeérimental literature pertaining to the application of NMR
techniques to the quantification and Yescription of lung
water. There exist a number of research abstracts, yet the
majority ot these describe the pilot Stﬁdies to the
aforement ioned endeavours. There.also exists a number of
technical articles relat™ng to the development of pulse
sequgnceé, respiratory-gated data acquisition procedures,
data post—processing techniques that propose to abolish the
need for fespiratory gating, and mechanical high-frequency
ventilators that maintain experimental animals with a
minimum of chest wall excursions. However related these may
be to NMR imaging of the in-vivo lung, they at most
represent an associated an interesting sidelight not
particularly germane to this review, and consequently will
not Se further discussed. For the purposes of this
literature review there remains only the discussion of two

investigations from Aberdeen, Scotland, that dealt

principally with the imaging of human subjects.



The tirst of these, by Johnston and co-workers(33),
assessed the ability of NMR imaging to detect pulmonary
pathologlies 1n human lungs excised at autopsy. The intact
exclised lungs of ten females(ag®d 62-77) were intubated and
Inflated with intermittent positive-pressure pentilatiﬁn
which maintained the lungs at full inflation throughout the
imaying prucghure. The lungé were positioned within a
Perspex model of the thorax, in order to support them in
thelr natural contiguration, and then imaged at 0.087T with

.

the spin-warp pulse seqguence. The acquired images, made

approximately 32 hours after death, and the resultant

’
]

gquantitative datal{proton density and Ty) were compared with

.

both the specimens
Althou%h edemétous luny tissue appeared more dense than
normal lung tissue in all proton density iTages, there was
no differentiation possible between inflammatory edema and
that resqlting from c;rdiac failure. Pulmonary infarcts
similarily presented elevated signal intensities and were
frequgqtly surrounded by a relatively less dense zone of
edema. Most surprising however, was the observation that

-

differences in T, between normal, edematous, and infarcted
luhg tissue did not reach significance. This may be due, at
leastkpartially, to tge prolonged elapsed time({32 hours)
between death and imaging of the lung tissue. It has been
previousiy demonstrated(69) that such an interval would, in
itself, produce deviations of the longitudinal relaxation

»

from that observed in-vivo in the same tissue.

macroscopic and microscoplc appearances,
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YoM i eanan ot al (04, who o employed the soame
CLOP T ama sy oy tes g spin-warp pulase sequence (genet ot g
Solely proton dersorty 1magen) to o measute the *otal EVIW o
noermal human voluntoers . Six andividuals(average age 32) ?
Can the cupane position, vwmqvnvinq with the lung
dplocts et proegree tng 1n 2 omoincrement s to the level ot
the draophragym. A bt the of VUSO4—dmpvd H,O was positioned 1n
cachoot o the ﬁvquvﬂt14l tmaging plancs, to act as a standar.d.
The decstred Tuna-trelba were out lined an dll.avquixvd T
Aas the regron ot anterest(kol), with FVIW for each 1tmaging

rors relatironships between the proton

sliroe caleculat oo
denspty ot the st aacardt and the ROT. Total EVIW was then
ascertained by ot cateunlation procedure summated over oall
lmaalng sliroe- . .
This quantir st ive teckhnique, when later verified.in a
study Invoelving exporimental animals, produced a 309
undercst 1mat 10on  the actual EVLW, as determined trom W/D
N » :
measuremente, The -uthors proposed that the extgnﬁﬁVe air -
¢ \
. R ) ' [
H,O 1ntertace pheneomenon described by Morris et al.(52), may
have artefactually produced shorter longitudinal relaxation,
and thus created artefactually low values of proton density
-~
within the in-vivo lung. However, one will remember that
Lfis interface phenomenon pertained to an effect on the
tfansverse relaxation only. In addition, these authors

related changes in lung water to only one NMR parameter,

proton density, and assessed actual EVLW from‘W/D

}
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PRED TMINARY 1N~\'_I\f(““NM}\' IMAGTING FXPERIMENTS

3.1 INTRODUCTION: >

Recent investigations concerninag the application ot
Nuclear Magnetic Resonance Imaging(NMRI) to pulmonary
pathophysiology have revealed the remarkable sensitivity ot

this new 1magling modallity to Jung water conteént

v
-

(2,4,11,12,14). Q‘Rvs,ulfh‘ from these carly studies suggest the
tuture employment of NMRI both to visuallze spatially and tuo
quant ity lung water. In ()r'«k;r to attain these object ivv.s:,
images free of noise and artefacts must be consistently
acquired, from which reliable in-vivo calculations of proton
density(p) and tissue relaxation times T, and T, may b
made . However, 1in using methodologies predominant on
contemporary clinical NMR] systems these two objectives may
be exclusive. Thus the acquisition of high quality images
"does not necessarily infer valid in-vivo tissue relaxation
times.

It is indicative of the magnitude of the technical
difficulties associated with the acquisition of both quality
images and reliable quantitative informaticn, that the -t
majority of pulmonary NMRI investigatio&s detect changes in

»

A version of this chapter has been published.
Phillips, D.M., Lunt, J.A., Man, S.F.P., and
Allen, P.S. 1987. Mag. Res. Imaging 5:137-147.

i
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Paneg water content with Image-plxcel intensities{(2,11), two

potnt caleulations of dn-vivo T and T,(14), or In-vitro T

-

arndd i measurencents(4,11,12). These experiments led to the

Vs
deve lopment 3{ a methodology for rOSpira(kTy—gafed data
acqulsition that provides high-quality multiple gpin—
ccho(MSE) wmages ot the lung, but which utilizes a radio-
trequency (FE) pulse scequence Compéising selective ?F pulses

and spin condititoning. Although selective RF pulses were

tound to produce optimal results in terms of image guality,

£
Care must be exerclsed when quantitative parameters are
derived -t rom suph Image s, Selective RFE inversion or
- AACNEN -
L R ‘
rvforussiga.&#JSeﬁ produce spatial distributions of both the
‘N‘)

tip angle anduthv phase of the transverse magnetization,
which give risc to deviations of the measyred rela“ti<:?
indices‘frnm the relaxation tﬂm;;vﬁnch are meaningful on an
absolute scale(™NR,10). In contemporary clinical NMRI
systems, the use ot non-sclective RF inversion or
refocussing pulses is not at all common due to their
substantial power requirements. In the light of this, it is
unfortunate that most published reborts concerning the
application of NMRI to experimental pulmonary edéma do not
address the question of how meaningful are the measured
relaxatiqn indices which they contain,

In addition to oﬁtlining a methodology for acquiring
high-quality in-vivo MSE images of the lung in both the

normal and the edematous state, this chapter also explores

alternative strategies using non-selective refocussing



pulses and spin conditioning and compares thein reliability
tor providing either good quality images or accurate

quantitative relaxation measurement s.

3.2 EXPERIMENTAL :

This investigation was Hvided into two parts. The
first consisted of an NMR imagiéq study of an animal model
ot pulmonary edema, using respiratory-gated RF ;nx];(*
sequences, with the transverse relaxation time calculated
from MSE images® The second part gomprised an in depth study
of a stationary phantom which compared transverge relaxation
indices obtailned from MSE images of the phantom, using the
same RF pulse sequences as used in the animal model, with L
measurements obtained fr vm an in-vitro ana}ysis of the

x

phantom constituents.

3.2.1 Imaging System and RF Sequences:

’

NMR images of both the experimental animal and the

stationary phantom were acquired at 2.35T in a 40 cm bore

E}

magnet and using a Brucker CXP spedtrometer(Bruker
Spectrospin, Karlsruhe, West Germany). Gradient strengths of

3.5 mT m~ 1 resulted in a slice thickness of approximately 3

g

mm and an in-plane spatial resolution of 1.72 mm by 0.86-mm’

W

for a 128x256 raw.data matrix interpolated to a 256x256
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Tnhomogene il es over a total imaging volume representative

ot an experimental animal have been measured at 10% and 7

LY -

ppm respectively. All images described are of the MSE type,
Qencrated by a sclective 90° RF pulse followed, after a
delay period(T /72) of 13 milliseconds(ms), by a train of

cither four selective or four non-selective 180° RF pulses

-~

separated by T . Data acquisition employed phase-cycled
signal averaging. The sequence repetition period(Tg) was 1.0
second(s) for the imaging g( the normal lung and 1.5 s for
the 1maging ot the vdvmaruusxlung.zT®tal scan times for a
rQSpiraLory—gatnd‘imaqw were réspectively 15 minutes and 20

minutes when repeoetition intervals of 1.0 s and 1.5 were

N
h \

employed,
Three dittercent RbE pulse sequen@es were developed for

comparison purposcs, all of which made.allowance for
N Ny

\
N

R
respiratory gating(see Fig. 3.2.1). Two 0of the sequences
provided for spin conditioning(5), one did not. Spin
conditioning is a process whereby a.pseudo nuclear g&in

steady étafe‘is established with continual excitation by RF

-~

pulse sequences separated by ‘a constant Tr. Hawever, data

) +
acquisition for image formation occurs only during a pre-

IS
&

selected portion of the respiratory cycle. The first RF

puisé séqubnce,sgimﬂlated the nuclear spin system only
during data écquisitﬁon, thus establishing ;elatiQely long
periods of RF pulse quiescénce. Of the two RF pulée
seqguences incorporaé}ng spin conditioning a difference .in

¢
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FIGURE 3.2.1: The three different respiratory-gated RF
pulse excitation sequences developed for the preliminary
in-vivo NMR imaging experiments:

A) no spin conditioning, a selective 90° RF pulse, and
four non-selective 180° RF pulses

B) spin conditioning, a selective 90° RF pulse, and four
non-selective 180° RF pulses '

C) spin conditioning, a selective 90° RF pulse, and four
selective 180° RF pulses

1.6



Pl ot are ot thear 1YY BE palaes was tested s one cmp boyed
g e oot THOY retoruncsarng pulae, the other g non

, .
PR IR A o0 Tt e ln i»()l‘\l‘. This lTatten type ot [rO©
pulac wac alao used within the tirst pulse sequence where

Splnooconditioning wan not oemployedo The three pulse

Seguencess may therefore bhe abbreviated as tollowe:

NN NOo Sk IN CONDITEONT NG SELECTIVE 90° NON-SELECTIVE 180°
SCSN: SPIN CONDTTTONTNG SEFIEFCTIVE 90° 7 NON=SHELFCTIVE 80"

SUSS T SN CONDITTONT NG SHEIRCTIVE 90° 7 SELECTIVE Jx0v

ol :11 ‘,"l!'7”‘”“?1’,f,“,","”":

$.002 Imaalng ot o O

Praoor to amaan g, an adult mongrel cat (approx, 4 kg
thdy welght) was sedatred with an 1ntra-muscular injection ot
xylazinv hydrochloritde (202 mg/kg). Atropine sulphate (0,03
my. / kg) was combined 1n this Injection to prevent
Vhypvrsecrerlnn within the airfways., After approximately five
minutes, the animal was anaesthetized with an intra-muscular
injection of ketamine hydrochloride(20 mg/kg), followed by
repeated injections(10 mg/kg) as deemed necessary. A

tracheostomy was performed and a 4 mm ID cannula introduced
L

.

into the central airway. The animal was then placed supine

within a plexiglass tray, constructed especially for

accomodating animals in a superconducting magnet bhore. The

-

animal was ventilated with an Ohio anaesthesia ventilator



PN o e o, Madhiaom s W consan)) at o o trdal o velume o
Giprtoxntmateds 30 mboandd gt tate of approximately g
Proathe mrnate.@Thro partienlar type of ventailator allow:.
tor passaave expartrtat ton, o characteristio essential tor oar
method ot recprratory gated data acqursition.s A precsar e
pott o on the central gairtway cannula was connected via plact
tubaang te o precssure transducer (model noy 102877, St atham
Instrus CoL, Oxnard, Calirfornlia) which generated the contral
alxwuy prrecoout e '1@nu!(%dw) tor the electironloe agatang
clrtount (*f¢ Ajprjpretndr o)

Resprratory gatang

1
:

of the NMR spectrometor was achreved
by means ot tr e signal o whiltch rose trom zero to SOV and
S dIsalie b the Speectometer atter b had passed o

AW

threshold of approxtmately S0 millivolts, The diaatide

trlgger leve |

s

merintalned throaghout the reapiratory
cycle created Py the ventilator, Atter the completion of the
Insplratory portlon ot the resplratory cycle, a delay time
window ot .75 ¢ was established to ensure the rvtﬁln ot the
lungs to thelr resting position prior to switching oft the
disable trigqger 1n order to facilitate data acquisition.
Data acquilsition for image tormation occurred during end-
expiration, or when the disable trigger was absent, a period
of time lasting ~1.5-2.0 seconds. Because of its inherengly
longer data acquisition period as compared to that achieved

by a sinusoidally driven ventilator pump, passive expiration

was desired.

-~



e oo Linent g

conda ity
Wl t

Pulmernar sy odema

cnddot

racheal Tavage (s
twice to ensure only
completiton ot hoth 1o
Iinterval: AR R e N
over the tollowin: th

value ot 1,4

boyond o

comdrt Tor owon bodb hrave

cedemat ous loangg re 1o

lengthened the tot .l

resiplratory gating ., -

Al wae tmaged Inatially 1o the

cnowirth o all three MSE pulse sequences,

hen bilaterally produced with an

ml7hg) ot 0.1 Normal HClU pertormed

moderate edema formation. Following the
~

vages, Imaging was then repeat ed at

nutes with all three RE pulse sequences

ree hours. Although increasing 'I'R

Sotor o amaging ot the edemat ous

tnoreased the sitagnal intensity from the

s, 1t would also have drastically

scan time when cogbined with

Ince endotracheal lavage 1s a dynamic

model ot pulmonary cdema, the signal intensities generat ing
the dtmage will be averages ot the accumulating edema fluid

taken over the scan period. The longer the total scan time,
the greater the change in the lunyg tissue's water content in
such a dynamic model, ani the poorer will he the pfecision

of the images' serial representation of the dynamic proceés.
Thus, it was decided to only moderately increase the TR when

imaging the edematous

total stan time.

state in order to maintain a practical

1.y



*.f.( Phiant o ctady:

In the stuady ot the statitonary phantom, 1mages wer o
.

acqulted with the same three pulse sequences as were used
betore and the trdnsverse relaxation indices derived from
these were compated with Ty values obtained trom in-vitro
measurement s ot the phantom constituents. From the images
the quantitative paranmcters(transverse relaxation indices)
were determined by a locally developed region ot interest
(RO sottware routine, Care was oxercised to ensure that
the defined ROTs possceased the same size and lnv:tlmn within
call the amaces acguired with all of the difterent pulse
sequences. The area det ined by aﬁ FOT was typically 1RO
pixels and t<\u‘;haq with an 1maging slice thickness ot 3 mm,
this represents an approximate volume ot 0,43 em L The decay
of the signal intensity from the given ROT throughout the
MSE traln was analysed by means of an egponcntial Curve -

fitting routine and the transverse relaxation index

evaluated.

To obtain the transverse r laxation time, s of the
phantom constitutents, the Carr-Purcell-Meiboom-Gill(CPMG)
pulse sequence was employed, incorporating wide bandwidth
rectangular 180° pulses separated by 32 ms and administered
by means of a sinusoidal coil large enough to ensure a .
uniform RF field throughout the sample. Three Tp values were
selected for this aspect of the investigation: 1.0 s and 1.5

s for comparison with imaging sequences and 15.0 s for

130



et eing the ottect ot allowing complete recovery of the

i
Lot udinal magnet 1zat 1on .-
The phantom was composed ot TX—IHU(Ui] Centre Resecatroh
Inc., lLatayette, {ouisianna), an organic hydrate which, when
]

mixed 1n oa 1710 voncentration with tap water, produces a
homogeneous rubber—-lTike conststency that closely resembles
the complex dielectric properties of human tissues(6). The
(11(\&Lr‘t Fie constant ot the resultant v<nn;u{s ition can be
varivd over a wide range by altering the TX-150/tap water
concentration, whilebthe conductivity can be C(\llt rolled by
the salinity of the Tx=150 material itselt. 1t was for these
characteristics, together with the closer correspondance of
the proton molecular metion of the tissue §ifuatimn, that
this material was chosen over the usual aqueous solutions of
paramagnet 1¢ lons. This phaptom, carefully fashioned to
possess a near}y identical tilling factor as the
anaesthetized experimental animal, was positioned within the
same circumscribing RF coil as employed for the in-vivo
animal experiments and subsequently imaged both under
conditions which simulated spin conditioning(SCSN and SCSS
pulse sequences) and under those which did not (NSN pulse

quence). To further reproduce the conditions of the in-
vivo animal experiments, respiratory-gated data acquisition
was incorporated throughout. In this instance, the
mechanical ventilator was made to inflate a collapsible

rubber balloon with an identical tidal volume and

A
ventilatory rate as used for the anaesthetized experimental

.



animal. A jpressure port, o situated at o the neck ot the
balloon, was agqaln connected via plastic tubing to the
transducer whitoh generated the pressure signal tor the

clectronie gating circulrt .

3.3, RESULIS: -

3.3 dmaging ol o cat Model of Pulmmna[X Edema s

Proton lmices ot the prc~ed0matmu§ condltion are
presented In Figo. 3.3.0-3.3.4, Fach ot these tigures
illustrates the spaan-echo images produced by one or other of
the RE pulse sequences enployed in this investigation.
Although the fir<: echo of each MSE train produced by the
three contrastin: pulse sequences may be Conside(vd to be of
acceptable guality, 1t 1s in the later echoes that the
benefits of the sclective 180° pulse in the SCSS pulse
sequence become apparent. The later spin echoes produced by
the other two pulse seqguences contain extensive artefacts
along the phase-encoding direction. Indeed, these artefacts
are such that any transverse relaxation measurement derived
from such images would be of doubtful validity. Consequently
no such calculation was attempted from the lung images

acquired with either the SCSN or the NSN pulse sequences. In

comparing the MSE images acquired with both the SCSS and



SOSN e lse e uencea 1t would seem that these extensive
artetacts along the phase-encoding dirvvt&on are primarily
acsociated with use of non-selective 180° RF retocussing
pulses. Images acquired with the SCSN and NSN pulse
sequences appear to be equally poor. Thus although not every
possible permutation ot spin conditioning, non-selective
180° RFb r’v!\m(‘uﬂﬁin] pulses, and selective 180° RFE
reftocussing pulses was investigated, the results obtained
suggest that as tar as qualitative spin echo image
appearance 1s concerned, the pruce\ss of spin conditioning
alone is of little consequence., Spin conditioning is

A N . :
cxpected to be dimportant when qguantitative conclusions are
drawn. In the SCss ¢a<se, all tour spin echoes produced are
ot good quality, although a noticeable decline in the
Stgnal /noise ratico is apparent with progression through the
MSE train(see Fig. 3.3.2). This decline 1s moreover, above
and beyond that which would normally be expected from the
exponential decay of signal intensity due to spin-spin

interactions. o

The same qualitative observations were made of the
images depicting the edematous condition. The later echo
images acquired with the SCSN and NSN pulse sequences were
as poor for the edematous state as they were for those for
the normal state. Hence their quality does not warrant
display. Nevertheless, the rapid increase of sigenl
inéensity from lung regions as théy become increasingly more

edematous is immediately apparent in the depicted image,
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FIGURE 3.3.1 ( A ) and ( B )
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' N _
JIGURE 3.3.1: Four MSE images of the upper thorat of a cat, without
pulmonary edema, acquired with the SCSS pulse excitation sequence
(TR=1.0 s). On the previous page, ( A ) has Te=26 ms and ( B ) has Te=
52 ms. On this page, the upper image has Te=78 ms and the lower image P
has Te=104 ms. . ’
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FIGURE 3.3.2: Two spin-echo images from a sequence of four MSE imapecs of
the upper thorax of a cat, without pulmonary edema, acquired with the
SCSN“pulse excitation sequence(TR=1.0 s). In the ubper image Te=Z6 me,
and in the lower image Te=78 ms. Note the extensive artefacts present

along the phase-encoding axis in the later spin-echo image. ’



FIGURE 3.3.3: Two spin-echo images from a sequence of four MSE images
ot the upper thorax of a cat, without pulmonary edema, acquired with
the NSN pulse excitgtion sequence(TR=1.0 s). In the upper image Te= 26
ms and 1n the lower'image Te=104 ms. As in FIGURE 3.3.2, note the ex-
tensive artetacts present along the phase-encoding axis in the later
spin-echo image.

-
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[ ]
FIGURE 3.3.4: One spin-echo image from a seq'uen('c' of four MSE imapes
the thorax of a cat, with pulmonary edema, acquired with the Seoo gl

excitation sequence(TR=1.0 s). In this imape Te 26 me. The S o 10
slhice employed in this {igure is not identical to that o v an 1o o
previous figures.



' ’ - 139

acguired withiin 30 minutes of the bilateral endotracheal
lavage(sec Flg. 3.3.5). The consequent increase in the
caleulated protan transverse relaxation index from these

l)reqiuns contirms the previously reported sensitivity of NMRI

in detecting this pathophysiological condition .
. » . ~ “
(2,4,11,12,14). Quantitative parameters froQ'all the imagiling
3 T
sgquences are presented in Table 3.3.1.

»

o

ks -

3.3.2 Phantom Study: . . m

. - - Y

t It 1s clear from_ the* results of %pe study of the
. T &

statjonary phantom, that the priqgipal disadvantages of the

\

R¥ pulse sequences. possessing non-selective 180° RF Rulses,
! A b

clearly apply to the if-vivo condition only. When the

. ‘;\
subject” of 1maging is a stationary phantom laékingkblood

5

flow, all three of the RF pulse sequences investigated are
) &

capable of producing MSE images of acceptabl@-Qualitstee
. N '

Fig. 3.3:6).>Indeed, in these circumstances, the‘imagingoRF

*

pulse sequences incorpota;ing non-seléctive 180° pulses

€
o

produce an gého train with a $ubst§ntially prolonged decay

time relative to that produced while incorporating selective
180° pulses. The data presented in Table ¥.3.2 iists the

-

quantitative parameters of the phantom as derived from the

’

images and from the in-vitro relaxation measurements. These *

data confirm whét,mighf have been expected, namely that the

imaging pulse sequences utilizing non-selective 180° pulses
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FIGURE 3.3.5 ( A') and ( B )



e
qn('

N

R

B

)

"ﬁ\

14

LRl 3.3.95: Later spin-echo images of a stationary phantom tpom sc-
nees ot tour MSE images produced by the three different RE pulse

1tation sequences(TR=1.0 s):
on the previous page,

a4 second spin=echo 1mage, Te=952 ms, acquired with the SCSS pualse
excltation sequence.

a thard spin-e¢cho 1mage, Te=78 ms, acquired with the SCSN pulse
exXvitdtion sequence. Note the absence of any ‘artefacts along‘itl‘m
phase-encoding axis(compare with the later spin-echo image of
FIGURE 3.3.2Y,

tn this page,
a fourth spin-eche image, Te=104 ms, acquired with the NSN pulse
excitation sequence. Note again the absence of any artefacts along
the phase-encoding axis(compare with the later spin-echo ¥page of ™
FIGURE 3.3.3). .
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produce transverse o relaxatiton andices essentially tdent 1eal

to the T, values of the reterence 1n-vitio measur ement .

.

tn comparing the 1mages of the phantom acquited with
all ot the pulse Segquences cmployed, 1t s appatent that the
absence ot spin conditioning i1s ditticult to discern through
tmage quality alone. However, when comparing the validity ot
the quantitative parameters derived trom the SCSN and NSN
sw]uvni‘o 1mages{(sec Table 3.3.2) the absence ot spin

-

condlitioning 1s clearly apparent .

3.4 DISCHUSSTON:
This 1nvesticgation was undertaken in order to deve Top
an optimal Rb pul<e sequence and data .»‘n‘\quis;itimn procedure
4 .

for acqulring 1n-vivoe MSE images of both the normal and

edematous luny. Furthermore, it was desired that these dat g
would be of sufticient guality to enable spatially dependant
measurements to be made of an in-vivo transverse relaxation
index which would have validity on an absolute scale of T,H.
From the results oﬁ this investigation, it appears that for

"

the purposes of obtaining quality in-vivo MSE/ﬁmaqes the
"
inclusion of respiratory gating, of spin conditioning, and

of totally selective RF pulses is advantageous. The physical

reasons for this are not en ely obvious and the following
justification is therefore provided.

Respiratory gating was incorporated into the data



Al e e oco dure to accomodat e the substantial

resparatory metion ot the cat. In the abfence of gating this
motrors would produce crgnifrcant ghosting patterns along the
phasc-cencoding direction of the image dur ing the relatively
Leng scan tames required tor NMRIL Although techniques ot
mathemat 1cally manipolating either the time or the f requency
domanrn data have been developéd to overcome this
ghosting(l,3,13) they frequently demand several guest ionable
assamptions, namely, 1) the thorax may be represented by a
homogeneous, cylinirical phantom, 2) respiratory motion may
be represented by thy movement ot such a phantom in one
single dimension, 31 excursions of the thoracic cage during
respiration may be adequately described assuming a constant
velocity and 4) the respdiratory oscillation pattern femains
virtually unchan:c throughout an entire 8 to 15 minute da}a
acquisition. we theretore chose not to rely on such
mathematical manipulations,

Followin: the incorporation ot respiratory gating into
the data acquisition procedure, long periods of RF pulse
quiescence are established which necessitate the inclusiop
of spin conditioning into that procedure. Although the
requirement of spin conditioning in the presence of

- :
respiratory gating has been previously established(5), a
mechanism describing how, in the absence of spin
.
conditioning, syétematic errors in T, calculations could

arise has hitherto been lackingﬁin the clinical NMRI .

literature. Spin conditioning creates a constant Tp for RF



1ty

eXxcitation coch that A pocudo steady state is established
whereby receiver docoe otfsets and (1I'Tl'f<‘l(‘tl"ldl free induct ion
decay (FID) si1gnals resulting trom impertect refocussing
pulses are essentially the same tor each excitation. Ry
alternating the phase ot the seletive 90° RE pulse, the
summat ion ot these crror terms reduces to zero when the
constitutent averages arce added. Thus the perceived spin
echo Intensity, and any suhbsequent calculation of relaxation
indices, 1s governed by the spin echo amplitude alone. In
contrast however, the absence of spin conditioning would
glve rise to a highly variable Ty which produces long
periods ot RF pulse quicscence, as well as periods of

frequent exclitation. Because of this variable T the erro

K’
signals described above may vary hetween sSUucCcessive averages
and desplte phase alternation of the selective 90° RE pulsc,
the summed error term will not be completely reduced to zero
and will therefore enter into the calculation of spin echo
signal intensity. In such a situation, as spin echo
amplitude decreases, the perceived signal intensity will
appear to decay at a rate different from that which is
actually the‘case:7Thus erroneous measurement of relaxation
indices would be expected.

This phenomenon is best illustrated by the quantitative

results of the stationary phantom study(see'Taﬁle 3.3.2).

&
The above mechanism is consistent with the observation of
—
longer transverse relaxation indices determined from the .

gated RF pulse sequence lacking spin conditioning(NSN) than



Drageo trom ae sgences that  dncorporate 1t (SCsSN and

In adiiit1on to the inclusion ot gating and spin
cun(ijtimni-rm,_ i'topulse equences comprising totally
selective kE pulses provided optimal lung images <\1‘- both the
normal and mh-nmt(}u‘; states. The need for selective pulses
atrrses o vthe' large volumetric-blood-flow rate that occurs
in the _lurr;.&.. The lTungs are the only organs in the body that
receive the entilre cardlac output, this being a combinat ion

-
ot blood supply for their own nutritive and metabolic needs
and that intended tor gas exchange within the alveoli. Thus
during data acquisition there i1s a tremendous volume of
blood moving through the imaging plane in a highly pulratile
manner .

Non-sclective RE pulses excite the nuclear spin system
throughout the entire volume of the RF coil. However this RF
pulse excitation is not entirely uniform throughout this

L4

volume, as it would be }n the i1deal case, but instead is
spatially distributed for several reasons. The imperfec(
nature of a non-selective 180° RF refocussing pulse will
therefore create small but finite Xf magnetization
components of differing amplitudes throughout the volume of
the RF coil outside the slice defined by the selective 90°
pulse. When such RF pulses are used in the presence of flow
perpendicular to the imaging plane, nucleaszpiné in the

flowing liquid outside of the imaging plane will be excited

by any of the 180° pulses in the MSE train. In addition,



components ot the FID created by the impertect 1809 pulse

may appear in the spin echo acquisition window. However, in
contrast to typical Cl.ini«‘al pulse’ sequences, the necessary
retdeussing required tollowing the simultaneous application

ot a setective 90° pulse and is provided atter the

\

non-ﬁélvctivc 180° pulse in the gradient pulse schemes

slice’

assn/iated with both the SCSN o and NSN imaging pulse
sequences{(sce Figt 3.3.1A de B)l. This refocussing gradient
>
pulse rapidly dephasces the artefactual FID created by
impertections of the non-selective 180° pulse. Conscaquent ly,
such artefacts are suhstanti;Tf} reduced for the first spin
écho. Majumdar et al.(9) have recently described the
application of balanced gradients before and afte:r {hv odd
180° RF pulses as a more complete solution to this same
problem.

Flow phantom experiments carried out in our laboratory
with liquids flowing normal to thé imaging plane, have
clearly demonstrated that the phase alternation procedure
enables acceptable images to be obtained with pulse
sequences incorporating nop-selective pulses, provided that
the flow is laminar(see Fig. 3.4.1). With laminar flow, the
RF excitation will produce §batial distributions of
magnetization that are virtually identical for each of the
constitutent averages« If the flow is pulsatile however, and
synchronized NMR data aéquisition is not emplpyed, different
magnetizatiion distributions will he generated at positions

within the flow yessel for each of the constituent averaqges.
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FIGURE 3.4.1: Later spin-echo images from sequences of four MSE

tapes produced by the SCSN pulse excitation sequence, depicting a

tlow phantom. A U-shaped glass tube was positioned within a larye flask
containing O.1M CuSO, and a transverse section imaged. The small di-
ameter tube “in the upper right is a stationary marker denoting the
posttion of the in-flow tube immediately adjacent to it. The linear
tlow rate was 10 ml/s in all cases.

AY a third spin-cecho image, Te=78 ms, of laminar flow

B) a third spin-cecho image, Te=78 ms, of pulsatile flow



e
In addition, successive phase shitts induced by tluid
flowing alona the gradient are dirregqular tor each of the
averages. This will create Yrregularities in the phase ot
transverse magnetizat ion components that tend to distupt the
net signatl obsecrved during the retocussing ot the lated
echoes. Moreover, phase alternation ot the selective 90° Rt
pulse will no longer minimize the deleterious eftects ot FID
components from the impertect 180° pulse, which appear in
the spin echo acquisition window. Thus with pulsatile flow
and non-synchronized data acquisition, these sources of
error will combgne to produce extensive artefacts along the
[hase-encoding direction, resultism in the progressively
less acceptable quality ot the later spin echoes. However,
1t data acquisition were to he synchronized with this
pulsatile flow, these sources of error should be
substantially reduced, and consequently allow the employment
of non-selective 180° refocussing pulses.

By means of entirely 'selective RF pulses, the nuclear -
spins within the tlowing blood wili not under ideal
circumstances be excited until they enter thex}maging plane..
Thus the problem of creating XY magnetization components
within the fléwing blood outside of the imaging plane is >
substantially reduced. The acquired signal data will still
however be perturbed a mini‘l amount due to the nuclear
spins within the flowing blcod entering or leaving the

¢ 9

imaging slice.

¢

»
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Noatwith=tanding the Improvenents In image quality

aftorded by the 1nclusion of respiratory gating, spin
conditionin, and entirely selective RE pulses, the use of
sclective [MO® pulses in an MSE sequence gives rise to its
own problems It the Sequence is intended to disclose
meaningtul qgquantitative i1ntormation as well. The problems
arise first from the 1nability to completely realhign the
distributed-phase transverse-magnetization components
produced during, the sclective pulse and secondly from the
power spectrum of the RE excitation magnetic field which is
non-uniform across the bandwidth of the defined slice, thus
causing a distribution of tip angles across the slice
thickr;css._.Tn?.vph and co-workers(7), even after optimally

shaping a sing ‘Iunctiur?}swle)ct'ive RF pulse and its By field,

demonstrated that only near the center of a 1.0 c¢m thick

imaging slice are the nuclear spins rotated through a full

180°. Over the remain'ﬂg portions of the slice nuclear spin

rotation may hot, even a\pproximate to this value. The

resultant transverse magnetization for the entire

©

selectively excited sfice is thus a composfte of the

different individual values existing between the slice

-

boundaries. Measurements of transverse relaxation indices
incorporating selective 180® pulses therefore refléct§tbe
B + r -

existence of transverse magnetization "phase distributions

+
4 £

and _do not qften corréspohd to T2 determinations made in-
vitro with uniform B, fields(7,8,10). This observation is

confirmed .in our -work by the diffetrences in the 7T,

b N .
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.
measurenent s made of the stationary phantom with the various
In-vive RE pulse sequences and ot the phantom's mms‘titm‘ntf%
A L 4

with the in-vitro CPMG sequence(see Table 3.3.2). The
imaging pulse sequence utilizing non-selective 180° pulses
ahdispin conditioning produces T, values essentially

itdent ical to those of the reference in-vitro measunnmw?y
technigque(the correlation coefficient of the exponential
curve titting rnutin: wasntypiC$lly 0.99). The non-selective
180° pulses 1wwnhuw‘1nurh m&re reliable results since they
atfect all spins ot the stationary phantom identically,

provided spatial nhn-unitormities of the By field arc

negligible. Consequently, the nuclear spins containod within

. » ) _
the 1maging plarce, as defined by the much more_ efticient
- - . . > .
selective 90° pul&vd will be uniformly rotated and echo

a -~

refocussing wil'l v optimal.

@

® In~gpe case of tho.stationary phantbm, quality MSH
- . B N ) - Py . N ) ‘
images may bhe thaiqcﬁiwith,a pulse sequence capable of

a
hd

providing franSVcrge relaxation indices pbsSessing validity
LA ' : 1 :
on an Jbéolyte scale of Tzthhe moré-succgssive quality echo
oiﬁ?;eszof thefbhantnm-gne possésses, the g%eéfe: the .
confidéﬂce}in the ;afidiﬁy oggthese‘igdices. anortuﬁafely
- . . . L) ’

- s

E}

L3 ’ ' < " : ® - - . ’
in the in-vivo condition this is not the case. Although.-the
v . B % . . . C- . S
employment of geléctive BF pulseS»pFovides quélity MSE,
. 'Y - N
.images of sthe in

- o

. . N - - k3 * ‘
-vivo lyng, valid transverse relaxation_ .

indirces*cannot be expécted from. images .90 écquifed”iunder'

& " Q a 1 N .. E .
such circumstanc¢es the acquisition of guality MSE images and
’ B o ) [ ] ° . , , R © X

' ¢ £ & . - 13 ' ¢ i ' . l.
val%d quantitative 1ﬁ¥ormaglon‘appeax exclusive., - “. i
. A . . e .- R ’ ; '

¢ +



The power requirements needed to generate anything but

selective ki pulses on contemrporary clinical NMRI systehs »

arc prohibitively. large.. It has been suggested previously

that the use of selective 180° pulses in NMR imaging will
, .
. . 4
presen?t scerious problems when quantitative information is
# : - . '

duSired(;,R,lo). The resylts obtained confirm these

<
P

suggestions. Thus it may be concluded that although

selective 1HO? pulses provide excellent results in MSE image
quality ot the ]ung,‘duv caution should be exercised when
relat ing NMRI qguantitative parameters that have been

acquired with such methodologies,
}
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},‘H"\\ FOMOENT R PN T AN P S PART TUHMENT OF A OUANT T PA T TV

a
NME PP OHNTOUE b ok THE S MEASEREMENT OF 0 LUNG WA PR

AL INTRODECTT LN s

The development ot g completely in-vivo quant it ative

techntlogoe was desaired tor determinling 'I‘l, T and  proton

2!
Jens ity o) that won P ettt the assessment ot toempor ol
alteratyions 1na the tlurd volume, natute, and distribut Ton o
olele acid-induced palmonary edemalr Tt o was g specitice

Intent gon to employ neitther teterence nor calibhrataon tlard
vialis o as these are sabject totechnlioeal Timitationss,
Foremost arton s theo s the dnabarlity o Tirguid solut pone ot
simudate simopdtanconsly the relative and the abusolate o
changes ot taissae 1 and 1, prodaced by diicreased waten
density,

The qguantitat tve imaging technique waw’HOVvlmpvd with o
series of organic hydrate gel phantom ex;w~rinun1rq."Fh1ﬂ
incorporated a multiple spin-echo(MSE) pulse excitation
sequence to provide T, indices, and a saturation recovery
{SR) RF pulse excitation sequence to provide both T indices
and an index of . Quantitative NMR imaging{(NMRI) parameters

so obtained were verified by in-vitro spectrometric NMR

A version of this chapter has been submitted for
publication. Phillips, D.M., Allen, P.S., and Man,
S.F.P. 1987. J. Agpl. Physiol.
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caonat ituent o,

&
Pt oartunately, the gquant itat ive dmaging technique,

RSN ot he phant om e e

developad o the phantom experiments to be described i
thic chapter, Jdid not prove as successful as was desired.
NME image crgnal antensities acquired both with the SR and
MoE pulse excitation sequences consistently displayed an
lnverse relationchip with the phantom gels' water densities,

tmental tinding was vnnt'zdry to what was

-

This expoe
ant loapatede In additron, there was always an appreciable
dittoerence between the absalute T valug tor a phantom gel
solutron ot any given water density and a sample ot in-vive
Tlun; tirsaue proscesslng g nearly 1dent ical watetr density. The
Int layence of theae shorteorings, in regagds to the
applicabil 1ty ot the (’l*\'f‘.l(‘}u‘(i quantitative imaqirm

technrque, will be addressed In greater detail later in this

chapt er{scee section 4,.4),

4.2 EXPERIMENTAL :

\

4.2.1 General Outline:

N

The phantoms were composed of TX-150(0il Centre

Reseérch,-Lafayette, Louisianna), an organic hydrate wﬁich,

when Fomblned with distilled water(d-H2O), produces a
\ .
| . . N .
homoggneous gel possessing ddelectric properties thyt
/
I\ -



tesenbhbe these ot human tirasues (Y0 The gel's dielectyric

Const ant me evvartod by adttering the TN 1S 7d-10

concentration, whaile the eolectrical conductivity may be

.

controlle! by the salinity of the TX-150 material, 1t was

»

tor these characteristics, as well as tor the closer
correspondance too tinsae proton molecular motion, that thie
materlal was chosen over the more common  agqueous r{;»lut rons

ot paramaanet i, 1o

Nioee drfteront =150 7"d=-H,0 gel solutilons woere
4) J

manutacturel with the t L1 wing concentratipns, by weight:
L7bos, 1z, 003, 16, b8, 1710, 1712, 1714} and 1716, These

particular copcent g ions werte selected for the tollowing
A

reasons. All o e abtove phantom gel solutions pocssessed o

density of ~1 g o Hoepace(2) . Therefore, the

correspondin g water dencaty values for the above phantom gel

solutions were O v, 067, 0.8, .36, 0,89, 0,91, 0,92, 0,943,

!

and 0.94 gm of 5,0 ' ot space. Pilot studies concerning

<

in-vivo edematous lun; tissue revealed that localized .
edematous regions exhrihiting appreciable NMR signal weore
markedly atelectatic and possessed a density ot bhetween 0.8

and 1.0 gm of wet lung tissue/cm3 of space. Moreover, normal

‘degassed, or completely atelectatic, lung tissue would not

3

be expected to poss®ss a water density <0.6 gm H,0/cm” of

A

space, while markedly edematous lung tissue would not be

3

expected to exhibit a gater density >0.95 gm HyO/cm™ of

space. Hence, this range of expected lung tissue water
density vglues was therefore effectively approximated by
: ‘ -
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that ot the celected phantom ol aclutions. kach qel
solution wae o made anew on t he day of experimentation.
Constirtuent: ot the desired gel solutions were placed in a

250 mb Pyrex beaker and mixed with a magnetic stir-bar tor
I minutes., Completed el ;mlutimns were then ecach inserted
I andavidual 12 cm-plastic test tubes{(2.7 cm 1D}, tightly
sealed with o twist cap to prevent dehydration. Care was
taken to avold ailr pockets in the filled test tubes. The
test tubes, groupoed t(n;vtlavx\ as a bundle whose voluae
Japproximated the t1lling factor of an experimental animal in
the RE Coll, were thern positioned In the magnet bore which
was continually warmed by means of a heated air source so as
.
to approximate boiy temperature (37i1°(.).-8tatic magnet ic¢
tield shimming to 0.7 ppim (70 Hz) ower the entire sampie
volume was carried out. The gel solutions were then imaged
with gated forms of the MSE and SR sequences. Gating, Iin
this instance, was achieved by inflating a collapsible

rubber balloon with the same mechanical ventilator as

employed for the in-vivo studies, operating at -a similar

tidal volume and ventilatory rate. A pressure port, situated -
at the balloon's neck, was linked via plastic tubing to a
pressu;é transducer which generated the.trigger siénal for
thevelectronic gating circuit.

Spectrometric analysis of the individual phantom
constﬁguents was undertaken immediately afterwards. The '

desired test tube was emptied of its gel, which had by this

time acquired the shape of its container. The position of

L} .



the Tmaging slice was determined and a ::;nnplé‘ removedd t o om
1ts center. This sample was placed in a dry ultra-centrituge
vial which was then centrally inscerted within a solenoidal
RE coll large enough to ensure a uniform RE magnet 1¢ tield |,
Hl, throughout the sample. To obtain the transver se
relaxat ion time, '1‘2, the Camr-Purcell-Meiboom=Gill (CPMa)
pulse sequence was employed. This used 16 wide-bandwidth
rectangular 180° RE pulses separated by 32 ms. The
longitudinal relaxation time, Ty was acquired with an
Inversion-recovery(IF) pulse sequence, using an {nitial
wide-bandwidth rectangular 180° RE pulse f()ll()uvd? after o
: -

variable delay perimd('[‘l), by a single similarly wide-band
| ) , h

90° RF pulsec. Ten ditterent Ty values were used for these g
experiments, ranging from TOO ms to 15 s. Throughout this
time,.all unanalysed -1 solutions remained in their
individual test tubes 1n a heated environment (37°C.).

.

Phantom experiments, for each of the variables studied, were
. ‘ .

repeated on five separate occasions. All experimentation,

both NMRI and subsequent spectrometric analysis, on any one

occasion was completed within 4 hours of the gels' initial

composition.
>

4.2.2 Spin.Conditioning and Verification of NMRI Parameters:‘

v . .

\

In a respiratory-gated data acqulisition procedure, long

periods of RF pulse gquiessence are created which necessitate

LI

. ! C A . .

| o\
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the dnclacron of spin condititoning into that procedur e, It
W been deseribed(see Chapter 3) how respiratory gating, in

the absence ot spin conditioning, produces errors in T and

T, evaluat lons,

However, the RE pulsces of our lmaging sequences(sec
Fig. 4.2.1) do not excite identical vgltnnes for bott
portions of the respiratory cycle. This is a consequence of

| (

an inability to pulse t he magnetic-field gradients whenever
the rquivwr is disabled, Since data acquisition is desired
during end-expiration, it is during this time only that RF
puises are vpmplod with magnetic-fleld gradients. During the
rcma&pinq portion of the respiratory cycle, RF excitation
must occur 1n the absence of magnetic field gradients. nder
thege conditions the bandwidth of the selective RFE
pulses(~500 Hz) would, Yogvthef with the By Tnhomogeneity,
produce an eftective imaging slice of 12 cm(26 cm from the

magnet center;. Thus, in any gated imaging experiment, the

RF puldes will excite proton spins in a slice whose

4

-,

thickness changes periodically between 12 cm and 3 mm.
Because of this, it was imperative to determine if the._
changes in slice width would result in errors in the
measurement of relaxa}ion indices. To establish khat it did
not; all gel solutions were imaged both with gated and non-

gated forms of the MSE(Tp=2 s) and SR(Tg=10.5, 8.4, 6.3,

.

4.2, and 2.1 s)'sequehces using non-selective 180° RE
- » .

bulses(see Fig. 4.2.1A).

’

'Réspiratory-gated data acquisitionQQrocedures are more

~
.



Spin-conditioning
(Duning breathing) .

Data AQuisition
(During end expiration)

[} . .
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FIGURE 4.2.1: The two imaging RF pulse excitation sequences
- employed tor the phantom experiments:
A) spin conditioning, a selective 907 RF pulsce, and tour
non-selective 180° RF pulses >

B) spin conditioning, a selective 90 RF pulse, and tour
selective 180° RF pulses

? s
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trame concamin g than ungated procedures because ot the tim.e

lost during the inspiratory portion of the respiratory

. . @
cycles In order to contaln the time for gated procedures
within practical limits, steps are oftten taken to minimize

the T, values employed bhetween each application of the RE

<

pulse sequence. Such a limitation can ledd to incomplete

I

.

relaxation of one or other or both of the longitudinal and
the transverse magnetization, resulting in Systematﬁr errors
In the measarement ot these relaxation indices. Tt was
theretore lmperative to contirm that the Ty values
invnrpgrat«d 1nt<»tru~(uQ<w1 pulse sequences used Iin this
Study.did not introduce serious errors in the iIn-vivo
estimates of longitudinal and transverse relaxation indices.
) ‘

In order to verilty that serious errors did not arise from
this source, NMRI ;ﬂlant<mxrm-dsurcnﬁehts were compared with
spectrometric determinations of T, and T, for thé phantom
gel constituents. Moreover, thg values of Ty and T,
determined spectrometrically for the gel constituents

. .

provide such assurance, when used ih conjunction with the

following simple equations:

4 4.2.1) Mo M, e /Ty , for the decay of the N

transverse magnetization,

- 4.2.2) M o Mo(l—e-TR/Tl) » for the recovery

from zero of the longitudinal magnetization,

163
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s e e
d.2.30 M e M‘\)fl—v 'k 11)(' t'IA’ , tor the Lecovery

from zevo of the observed magnetization with
the employed SR O1maging pulse sequence,
and
/T
4.2.4) M= M, (1=20 1), tor the recovery ot
the longitodinal magnetization trom complete
inver sion

-

where M ois the proton magnetization at a given time, My s
* \

the thermal equilibriun proton magnetization, Tk is the
pulse scguence repetitdon time, t in BEgs. 4.2.] and 4.2.3
Is the tink:- between the 90° RE pulse and the first 180° R

retfocussing-pulse, and 1 in bEqg. 4.2.4 1s the variable time
3
1

delay, T;, between p\w dR80° RE tnversion pulse and the *

toll(»winé 9U¢ Rt ,/fmlse../’\s an example, for the most dilute
v

gel constituent with the longest relaxation times, the T, of
2.0 s used -in the MSH p\115(=.sequence allows a 98¢ decay of
the transverse magnetization(see Eh. 4.2.1). Thus, the
shortest T, employed with the SR pulse sequepcé (2.1 s) also

enables. 98% decay Jdf the transverse magnetization of this

L3
- .

most dilute phantom gel solution. The- 1onger T of_the.most

/ .

diluée phantom gel limits the ‘recovery of the longitudinal
fmagnetizatiﬁn to only 90% of.ﬁo, with the longest of "the
five Tp values(10.5 s) employéd with the SR’ pulse -
sequgpce(see,éq. 4.2.2). However, this minor limitation,

when used in the spin-conditioned mode, will lead to a
h -
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. .
. ’ . >

modification of the intercept and therefore to_an
i3 . 4
underebkt imation of the ¢ rue My but will]l not atfect the
. : [} . ’ \
Slope &f the relaxation curve and therefore thewrelaxation

\

index (1)) obtained from it. Longitudinal relaxation for all
. 4
&

4 | . . . [y
phantom el solutions was measured with the "IR pulse ) .

. ‘ ‘ .
scequence. The lengest Tpovalue employed, 15 3, woudld thus
ensure 90 Y regoverys of M()(S(’Q Fg. 4.2.4).

L) s

o«

4.2.3 Correction tor Select ive RE Excitation:

et I P IO SR R S SR >

3

The necessity tor usimg s€lective ]180° RF inSes for
» - L s ’
NMR] of the thorax, 1n the absence of cardiac
5
synchronization, bas been explained previously(see Chapter
.o .

3). Since both the MSE and SR imaging sequences employ
. - .

Selecfiye 180° R}’pgfsfs for pfoducing-the proton 'spin-echo,
appropriate ;ercl?ions must be A made if»the resultant ipéges .
are to provide gquantitative relaxation information. This is
because Selegtivg>rwfopussing pulses will fail t8-rea}ign
completely the distributed-phase Erangqerse—magnetizétion
components, since the RF power .spectrum is hon-uniform .

across the bandwidth of the.defined slice- and #e&cause the

-

reseonance condition is not exactly satisfied throughout the

-

slice,

)
In the absence of a satisfactory mathemati®al

-

v
.

description of proton spin dynamics hnder our particular .

experimental conditions, ic was necessary to provide an
= *

<
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e@pir‘ical Calibration of the in-vivo longitudinal and
transverse felagatiog . iddices using the spectrometrically
. B - i ’
o ' ) . 3 - , a .
wderived T, and I', ot- thesvarious gel solutions. The indices

?
-

were detrived from images generated both with non-sclect jve
« L R . - ..
3 | .
and selective 180° RF pulses and then compared with the
~ i ) . ‘
. appropriagte spectrometric measurements. To verify these
N : .

"&m()m—bascﬂ empirical relafionships for in-vivo studies)
: . . . - \ : . JRER

various tissues(muscle, brain, liver, and subcutanetus fat) .

- t o, .
were, imdged 1n-vivo as described above and the two sets of . ;
~ ." ~.. . ’ : ) L3 “ -
T, and T, indices tofpared. - . : o
R £ hd o ] . - %
< . .

-

4.2.4 The Water henstt /Integrated Si}t_}'nal Intensity
a7 10N . __,,__-JX_,. B B R &

b

. ~ L
» -

- An index of p was obtained from plots of longitedinal

o

relaxation derived from the SR sequences and then modified

e

to provide the *integrated signal inten'si_t‘y for  the eimployed

ROI volume. Provided the proton relgxation behaviour of a

gel solution remain®d constant, larder ROI volumes would
‘ -
include larger amounts of: water and hehk;e give rise to - -

° greater integrated signal intensities. A relationship was
. e

thu&establis‘}%e.d between the phantam ge'l water density and
> ‘ A . .

., i

integrated signal intensity. Under- suqh‘ideél -Ci_rcums"tan'ces,

- : »A . N i ot . ' \d y
‘this correlation of a single NMRI parameter with water

s
-

density wguld be sufficient to characterize any observed
- y N .

i , * + . L

[

-pulmonayy edema. o o —

l6o '
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Hmwvvf:, tbmpdra]‘chanuvs in . the nature of the edema
flutd are also commgnly mhserved..When the nature changes,
alterations In proton r«*ld.xa;'i()n behaviour will effect the
QOI volume-inteqrated sigﬁal Intensity in a manner
independent ot that frum chamrges iﬁ the ROI volume, Th?s is
because the recovery curve during the selected TR'value§ of
the ﬁb scequence will now différ’froﬁ‘that observcd‘prio; to
the changes 1n the 'water proton environment. Knowledge of Ty

and T, iﬁdices will facilitate the ﬁnterpfetatioa of

alterations 1in integrated signal jntenéity'butywill not

easily reveal the extént.to whiqh Eaeh:individﬁal relaxation -
: : L PN

“process has inflyenced this parameﬂer: In reviewing the in-

Dy

vitro T, values both of edematous lung tissue and of
vaﬁﬁous pulmonary fluids (3,5-7), one may conclude that T,
is not tﬁo most sensitive NMR parameter for discrihinating
. bétween different pulmonary edema exudates. However, the
results obtained from both these phantom experiments and the
in~vivo animal experiments which followed, clearly -
dembﬁstrated %hgt T, is by far.a more discrgminating NMR.
parameter tﬁaﬁ T,. This observation has regently been

-

: confirmed with T; and TZ %palyses of varioﬁéiboncetiiﬁtiénst
"of in-vitro protein solutions(l). Nevertheless, with ca;gful ‘
selection of the Tp values to be 2d in the SR sequenbé,\it |
wasvpossible to minimize t%e influence of the slightly -
incomplete transverse decay on the integrated sigpal

3 intensity obtained with a 5—iﬁage SR -sequence of any one * -

phantdom gel solution. This is because‘TZ can thus be made a



q

constant component o in the signal intensitites obtained for

cach of the rnnstiti’nr iﬁ}gos of the SR sequence. However,
- . . ‘.a
asn the employed SR plilse sequenee produces images
¥ e .
manitesting T, weighting(see bqg. 4.2.3), and because T, &

[

changed with i1ncreasced phantom gel water density, the

“~

alterations in ifAtegrated signal intensity, ip cases where

ROT volume was constant, were then éreated by chgngus in
hoth the longitudinal and transverse relaxation and p. Tt -
was intended that an empirical relationship would be

established between phantom-gel water density and the
. , - . , ) o S
Intejrated signal.intensity based on this argumertt. -
In a separatc experiment, a]l>gel solutions were &paged
. . . -
ﬁ . '1 P,
with the SR sequencd usinq the same T values as in ‘the’
N\ , -

—————

NMR[,%tudy concerie with the verlflcatlon of tho NMR]T

pWﬁntom T, 1ndicog._ThP_integrated signal intensity was ’

calculated for eac! Jel solution using identical ROI

~ N Fs

volumes. As one would not expect a water density <0.6 gm

H2O/cm3 of space in any form of degéssed or atelectatic lung

tissue, the phantom gel solution possessing thj

&

density value(solution l/2),was'ge1ect9d'as‘the paééﬁine for
determlnlng.the inf luence Qf 1ncreased water density on ROI
volume-integrated- 51gnar 1nten51ty, The cbrrespond;ng
alteratlons in 1ntegrated 51gna1 intensity, pr?duceﬁ by the

dlfferences ‘in phantOm gei water den51ty, were khen ;
~ .

determlned for each case and an empirlca} relationship

N -

established betweeén phantom gel water density and integrated

signal intensity.. An,ideﬁtical set “of all gel solutions was

- N\ .
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Phen apoaged v et re and thene same var sablos roe gt od,
However, 1n thas anastance, twelve dittorent patras ot RO
1 . ‘ N
Volumnes wero employed tor thie caleoulat 1on U‘f the change in
tintegrated Sragnal intensity wr(h Increased phantom gel wat o
-

densaty s The averasge tor all twelve ROD volume palrs, in

additieon to the ascoctated aimits of uncertainty, was then

Caloulated, ITn oo doing, the 111{1\1.(‘11”» <-~I ROT volume, and
thus a larger narber of water protlons, on the ditterence >
Petween the antegrated signal intensitiles ot any two
ditterent phantor 3o m\l)u?‘irorm could be accounted for, Any
Yemainin g pertion ot the ditterence between the two

\

Integrated <danal intencities could thereotore be asci ned to
. |
bot h 'I"1 andg T cttecte, combiined with o gnoIncreasod
) 3

I

P R B \
4.3, RESHITS: \

hY

The ettects an the nmeasured relaxation rates of
including resplratory-gating and Sl;ln conditioning 1n the
data acquisition procedures &re summarized 1n Tables 4.3.1-
4.3.2 and Figs. 4.3.1-4.3.2. -

When selective 180° RF pulses are used in the MSE pulse

sequence, the T2 indices(see R2" in Table 4.3.1) markedly

.

ufderestimate the actual T, values. Moreover, the degree of
this .underestimation is dependent upon the water content of

the phantom gel;



expressed per NMR imaging pixel, is presented in Table 4.3.3

.

o tud i aa relaxat 1on Mo s ement w of tthphan%mw
cle are parcaented 1 Table 403020 The \].n(l(i S—1imaqge SR
Suuence us tngoa single pon-sclect ive 180° RE refocussingg
pulae Gave rise to 'Yl indices In V{’ry reasonable agrecement
N

with the spectrometrically-determined phantom gel T,

valucs(see Fig, 4.3.2). The mInor underest imation ot 'I']

[ 4
Sassoctated with o the more dilute phantom gels did not exceed

Loy ot the spectrometrically-determined values. The S-image

AW equence, wherTused 10 conjunction wioon gating and a

single selective retocussing 180° RE pulse(see Rl” in Table

4.3.2) produced an o underestijamtion of the spectrométrically-

»
determined L valuet, the degree of which was essentiadly

constant A 1ndependent of the phantom gel) at 29-95%,
Tl and IZ 1ndices of ip-vivo animal tissues obtained

’ .
trom both the <k oand MUk Imaglng. Sequences were compared to

-

the empirical relationships provided in bFigs. 4.3.1 and ==

-

4.3.2. T] and T fndicwq, when measSured with selective

?

refovusang pulses, were of the same magnitude relative to

those medsured with mon-select lve refocussing pulses for

both in-vivo tissues and phantom gel solutions. This finding

thus increased the degree of confidence in the ability to
correct for the effects of selective refocussing pulses.

The signal intensity asymptote of the phantom gels,

and Fig. 4.3.3. As one would expect, altering the ROI volume

within any one phantom gel solution did not appreciably
. . .
effect the measurement .of this NMR parameter.

| /0
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TABLE G530 FUTIMATE OF STGNAT  INTENSTEY ASYME O

FOR PHANTOM o] &

hantom Ged }‘Pmntgm\(;}-l Saanal o Intenoaty Notmalsedt
N
Concentration Hoo Densaty Asympt ot e Asympt ot o
FIN=1507d-H,01  (gm H,0 ‘ml) -
A
171.% (. & 67000 1.00
o

172 O.67 66000 (,an

174 (GRS RS 64000 (.96

* }

176 : U.H6 63000 0.95

1/8 0.8 60000 0,90

1/10 0.91 57000 0.86

1/12 0.92 52000 0.78
’ ) .
1/14 0.93 . 48000 \ 0.73

1/16 0.94 ' 41000 0.62
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Tarld o d o od s THE PHANTOM GHFL WATER DENSTTY

INTEGRATED S TONATL INTENSTTY FKLAT[UNRHIP

AWater Denstity of SAlptegrated Signatl
Phant om Cels trom Normalized to

" . * .

Basoel e Raseline

m 0L 0.01
u:w! (LU4
)

S | 0,06

.o leU
o.ar 0.15

0,32 0.22

} 0.33 .0.28

0.34 .39

*Baseline = 0.6 gm H20/cm3 of space
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The relationship between changes in phantom el wat e
JdJensaity ana antegrated signal intensity s ‘presented in
Table 4.3.4 and Prg. 4.3.4 and represents the proposed means
tor quantitying in-vivo pulmonary edema. The associated
limits of uncertainty tor determining the integrated signal

_ N
intensitices would not exceed those pertaining to the
measurement of thee si1gnal intensity asymptote “imaging pixel,

These limits were 23% of the calculated value for the signal

int(—-nsity asynptote{gee Table 4.3.3). ' Co- '

4.4 DISCUSSTON:

~

The results (vhtainmi»Lﬁedrly demonstrate that exciting
-
-proton spins within an NMRI slice whose thickness
periodically changes between 12 cm and 3 mm does not produce
Sidificant errors in the measurcment of either Tl‘nr T,
indices. There is no doubt that some effect does exi;t, Hbut
its magnitude wouldsappear to be within the limits of
uncertainty of the NMR experiment.

The studies concerning the phantom gels' transverse
magnetization decay revealed that the greater the T, nf the
phantom.gel, the greater was the underestimation of the
transverse rgl@xation,’when derived from -images acquired
with the MSE pulse seguence eqploying selgqtive 180° RF v

refocussing pulses. The longer the transverse magnetization

decay, the longer the echo train will persist and the



N : 180
Gqreater will be the cummulative eftect of the Selejtin
retocussing pulses' inability to completely realign the

=~

dlstrihutvg—phaav transverse mignetizagioh. The need for a
calibration curve, when interpretating T, indices acquired
with selective refocussing pulsés, is graphically
illustrated by Fig. 4.3.1.

The underestimation of the more diluwg phantom gels)
longitudinal relaxatign, as derived from the SR pulse

'

sequence employing a single non-selective 180° RF
retocussing pulse, is principally due to the Ty values of.
the SR séquence all:winJ only 1ncomplete recovery of the
longitudinal magnetization for, the more dilute gel
solutions. The ract/ﬁhat, when using the SR pulse sequenceé
Incorporating a single selective 180° RF refocussing pulse,
the underestimation of the phantoin geis' longitudinal
relaxation was independent of phantom gel water content
results from‘using only a single selegtive 180; pUlse.'This
contrasts with the cummulative effects of successive
selective refocussing pulses used to determipe phantom gel
T, indices from images. Anéther benefit of employing only
single spin-echo %mages to derive Tlvindices is the
improvment in both S/N and'exponentigl curve fitting, which
in turh give rise to a smaller measurement error.

Measurements’of phantom gel signal intensity
asymptote/NMR imag;ng pixél refle;t a decrease with

increasing phantom gel water denéity. This is contrary to

what one.would expect from the mathematical model commonly

Y
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used to desceribe the single spin-echo SR pulse sequence(4):

where TR 1s the pulgdrepetition time and t is the time
intervél between thf 90° RF pulse and the single 180° RFE
refocussing pulse. From this model, NMR signal intensity
wouTd be expected to }ncrease with increasing water densit¢
éince the . ROT volumes used for the more dilute gel solutions
contain more mobile water protons than do ideﬁtical ROT
volumes used tor the more concentrated gel g@lutions.
Increasing phantom gel water density also affects the
acquired signal intensity hy increasing the T, of the
associated gel solution. Thus, although the more dilute gel
solutions contain more mobile protons within a given ROI
volume, the fixed Tp values of the SR sequence inhibit the
recovery of the 1ongitudinal magnetization of the more
dilute gel solutions and thus li@it the acquisition of NMR
signal. However, the influence og the increased p and, more
importantly, the longer T, values associéted with the mQre‘

dilute gel solutions should exceed this T; effect and

establish an increasing signal intensity asymptote with

»

incr®ased phanfom gel water density. Nevertheless, this
-phenomenon_gg aecreasing signal’ intensity with increasing
wates density was consisténtly obse;ved throﬁghout all the
phantom experiments in addition to all the in-vivo animal

experiments which followed. One must therefore conclude

“
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[y EN AV D00 OFANT T ETOATTON  AND UYUVHIPleN O

G b AT INDE U D PHEMONARY  FDEMA WITH NMER [MAUIN&
. . . e

N

S INT RO Lo

Noro Lo Mae 10 Reswonance Imaging (NMREIDY, with 1te

Marhed oot ovrty to o alterations of the mobile proton

CHOVIY onmento o taeaes  represent s g potential o analytic too]
tor the non-pnva o -‘?‘My ot pulmonary cdema, Despite
several o paelre s ctbadies that have successtul ly

cotrelated dun g Wt content of excised tissue with in-
Vit wator et s relaxatton time measurementa(4,9,27-
24,.27) there vt s tely remainas a pAucIty of In-vive
datas This e e 0 the numer s techrical difticulties
associated with ot raining reliable quantitative NMRI
patameters fros U ga-vive lumy. Moreover, since the NMp
Stgnal 1s antlue ot by proton density(e), and both
lnnqitudlnal(Tl‘ AN transverﬁe(Tz) relaxation, single
parameter correiations with lung water content do not
represent a How;l<°w pigture of pulmonary edema. Remember
from Chapter ?.2 that both T, and T, provide an index of
proton mobili{y and that proton density provides an index of
the number of protons/unit volume. A more complete

understanding of pulmonary edema would thus arise from, the

A version of this chapter has been submitted for-
publication. Phillips, D.M., Allen, P.S., and Man,
S.F.P. 1987. J. Appl. Physiol.
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Gt b b b the NMBE gl Inta 1t 'l‘l, ‘ll,, and
connpreonent o, gt cbhaerving the :\A‘val.\tl«m ot cach to change-.
1o lung water content

The caccesstal rmaging technigque described in Chapt et 3
waso coupled to respiratory-gated data acquisition procedor os
and applied 1 two series of din-vivo pulmonary (#:’\m.l
Pnvestigat tone s one ot these experimental series ended at
the onset ot obnervalle edema within the acquired imaqges,
while the cocond b vwed the course ot the induced doma
over 4-5 hours o In o bhoth lnstances, quantitative Imaging dat g

.

vtemortem lung water analyses.,

s

Werb e Corre ot i

The recnlte obtarned demonpnatrated NMRLD Tt be remarkably

sensitive 1o detecr ing temporal chanaes In the volume,

Aature, At distrihor o of anduced pulmonary edema,

Drl EXPRRIMINIAL:

5.2.1 Imagingy Systemr and RE Pulse Sequences:

&

All NMR data were acquired at 2.35 Tesla(T) in a 40 cm
bore magnet and employing a modified KBruker CXP spectrometer

(Bruker Spectrospin, Karlsruhe, West Germany). Slice

1

gradient strengths of 3.5 mT m~ resulted in an imaging

slice thickness of approximately 3.0 mm and arf in-plane

spatial resolution of 1.72 mm by 0.86 mm for 128x256 raw

P .



Gt oty anterpolated taoa 25%6x25%6 pixel image matrix,
The tnhomo jencat tes ot the RE magnet 1o tield, Hl, and the
Stat 1o magnet 1o e ld, HU’ Over an lmaging volume
representat ive ot an experlmental animal (cat}, have been
measured ar 10 and 7 parts per million (ppm) reSpectively.

Proton transverse relaxation indices from the

. L4

experimental animals were obtained from 1mages generat e;i
with an Mst pulse sequence(see Fig, 5.2.1). This consisted
ot a selective 90° Rt pulse tollowed, after a delay period

(‘T /72 ot 13 millisecondsims), by a train of four selective

1807 R pulses separated by Te. The need tor using selective

180O® RF pulses within an MSE sequence, for in-vivo thoracic
NME] in the absence of cardiac-cycle-synchronized data
acqulsition, has been Jdescribed previously({see Chapter 3).
However, the use of selective refocussing pulses
necessitates appropriate corrective measures if meaningful
T, 1ntormation is to be obtained(see section 4.2.2).

The relaxation itndices of the longitudinal
magnetization were derived from a 5-image SR puise sequence
Fach image was acqqired with a selective 90° RF pulse
followed, after 13 ms, by a single selective 180° RF pulse.
Five different sequence repetition times(TR) were used to
complete the SR experiment, the values chosen depended upon
the subject métter imaged. The receiver attenuation was

adjusted for the loagest Tp and then maintained throughout

the entire five-image sequence. Although the SR sequence i%

really a single spin-echo sequence, images acquired at
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[ Xebe

At ter ot IL valueas will relate Tl information so long as
the shortest 'l'}‘, crployed al l()wﬁ‘: complete transverse decay.
Data acquisition both for the MSE and SR imaging pulse

Sequences Incorporat ed phaso—aitvrnated signal averaqging,

\
with two averages obtained tor each of the phase-encoding

qrudivnt steps. From the pldt of longitudinal magnetizZation
tecovery, Jderived trom the S-image SR sequence, an index
of ¢+ was provided by the asymptote of signal intensity per
imaging plixel, This signal intensity asymptote value was
then multiplied t»& the reglon of interest (ROI) volume in
order to provide the total integrated signal intensities
trom the POls. In analysing the images, care was taken to
ensure that within one recovery sequence the defined ROIs
possessed 1dentical size and location. The ROI signal
intensity was then corrected for background noise, which is
located predominantly along the phase-encoding axis. The
decay ot the noise—co;recte@ signal intensity, within a
given ROI throughout any imaginy sequence, was analysed by
means of an exponential curve-fitting routine and the
appropriate relaxation inde% evaluated. The volume defined
. .
by an ROI, in all in-vivo imaging sequences, never exceeded
0.57 cm3. From the information outlinea earlier concerning
the degree of inhomogeneity ih both Bor and B over the
entire volume of an experimental animal, .one may conclude

that over a 0.57 cm> volume both By and B, were(essentially

uniform. .

"
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The two serles of an-vive studies involved adylt cats
and were concdrned with tollowing the temporal changes in
the volume, nature, and distribution of pulmonary edema as
induced k»y‘thv intravenous injection of oleic acid.

All experimental animals were initially scedated with an
intramuscular Injection of xylazine hydrochloride(Rompun,
2.2 mg. kg). Atropine sulphate(0.03 mg/kqg) was combined in

: “

this Injection to prevent hypersecretion within the airways.
\ .
Atter approximately tive minutes, the animals were
anaesthetized with an intr.—‘?mus(‘ular' injection ot kt‘tami_n/
hydrochloride (Rogarsetic, 20 mg/kg), followed by rvp(’atmi..
injections(10 m\;’k“‘;) when necessary. A tr.a("he(z.qr()rﬁy was
pertormed and (‘1‘4 mn 1D cannula introducéd into the central
airway. A polyethylene catheter was placed_ within the common
caroftid artery for monitoring arterial blood gas tensions
throughout the course of the experiment. A similar cathete:
was passed, via the external jugular vein, to the right
atrium, AThe .animals were then placed supine in a plexiglass
tray, constructed for accommodating animals in the imaging
magnet bore. The animals were mechanically wventilated
(Harvard Apparatus Co., South Naﬁiék, Mass.) wi?h room. air,
at a tidal volume of 30 ml, and at a rafe of 12
breaths/minute. A pneumotachoéraph (no. 18522, Statham

Instru. Co.), positioned immediately distal to the

ventilator's outflow port, was connected via plastic tubing



[
tor o daitter et 1al proessure transducer(no. PMISE, Statham
Instru. Coo) which generated the respiratory cycle pressure
Slgnal tor the electrontic gating clrceuit. The gating circuit
generated a ot riqgﬂ?r signal which rose from zero to 5
volts (V) and so disabled the spectrometer after the pressure
stgnal had passed a threshold of ~5.0 mV. The disable
tququ was maintained throughout the respiﬁatwry cycle
created by the ventilator, After the complegion of fﬁe

-

respiratory cycle, a delay time window of 0.75 seconds(s)
was established to ensure the return of the lungs to their
funct tonal re%i&ual capacity volume, prior to lowering the
disable trigger tor Nata acquisition.

sExperimental animals ot serles A(7 animals, mean body
welght = 4 Eg) were first imaged 1n tﬁe normal condition
with the resiiratmry—gat;d MSE sequence operating with a Th
ot 1.0 s. Tﬂo imaging slice was positioned at the upper lung
lobes in order that cardiac-motion artefacts would be ahsent
from subseguent images. Oleic acid(0.075 ml/kg) was then
injected via the external jugular catheter and NMRI repeated
with the MSE pulse sequence operating at a Tx of 1.5 s.
Immediately afterwards, the fiQe—image éR sequence wés
initiated. The *T, values chosen for the in-vivo experiments
were 2.5, 2.0, 1.25, 0.75, and 6.35 s. These vaiues ensured
at least a 90% decay of'ﬁhe transverse magnetization forf
tissue protons posséSsingﬂa T, of up to 148 ms, and a
minimum of)90% recoveryrof the londitudinal magnetization

v

for tissue protons possessing a Ty of up to 1.064 s(see

'
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Ssectlon 4070000 These relaxation ranges were anticipatoed
from o review of relaxation data on edematous lung tissue
(3,4,9,22-24,27). Morcover, atter considering the extra time
required tor gating, these TR values represent the practical
limits of 1maging the relatively dynamic process of oleic

A
acid-induced pulmonary edema. Acquisition of one MSE and one

.
tive-1mage Sk scequence required nearly two hnu}s and
constituted a complete NMRI parameter dataset. As a
consequence ol the extended data acquisition tima, the
Images represcnt averages ot edematous tissue parameters
over the time reguired to complete a dataset. The tirst
dataset servei as bascline for assessing the subsequent .

temporal chan e 1 pulmonarysedema volume, nature, and

distribution.

# -
Prior to eob lmage, routine checks were made on the Wi

4

coll tuning, the <himming, and the RFP pulse power. Static
magnetic field «timaing was always undertaken to 0.7 ppm
(70 Hz) over the volume of the cat within the RF coil.
Artertial blood sar; les were withdrawn at the end of MSH
imaging oflthe normal lung, and both prior to and following
the fiQé-image Sk seguence of the edemateous fhng. ' .
Measurement of atterial blood gas tensions éhd hemoglobin
(Hb) was performed immediately. A second NMRI dataset was
then acquired ié an idgntical'fashion to the first. Images
weré analyged for T, and T, indices, p , and ROI volume as
degailed previbusly.aA two-way analysis of variance was

performed, the statistical significance of the acquired F

19



ratio berng assessed as por, 05, NMRD parameters were
cxamined tor ditterences between the ventral and dorsal
(gravity-dependent) portion of any one lung, Jetween
1dent ical portions mf‘()pp()ﬁit,t“ lungs in the same animal, and
between 1dentical lung reqgions of the two experimental
‘! > ) B
Ser les oy
j

A/ the end of the study the animals were sacriticed
with a lethal dose of sr»dium;pentoharhit{)l(Nvmbutal, 100
my/kag). While remaining in the plexiglass tray and in the

-~ - * -

tdentical supline position, the imaging slice was tirst
marked over the thorax, and then the animals were placed.
within an insul_at;ui container of pelleted dry-ice(-79°C.).
The container was sealed and the process of whole—l‘wxﬂr
freezing allowed to continue for 48 hours.

Animals ot scerie< B(3 animals, mean body wei<<ht = 3.5
Kg) were imaged in the normal condition as performed for
those of series A, Aftor checking the NMRI slice position,
oleic acid (0.075 ml/kg) was injected and imaging repeated.
HQwever, in this series, NMRI te;minated at the initial
obserJa%ion of edema. This corresponded closQ\y to the‘NMRI
parameter baseline established for series A, and typiéally
followed the completion of one MSE sequence. The animals
were then sacrificed and immediately placed in the dry—icé
container. The NMRI slice was then marked and the container
sealed for 48 hours. The chief purpose for series B was to

establish tRe extravascular-lung water(EVLW) content in the

imaged lung tissue at a»q}me corresponding to the NMRI

)
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paseline. These values then provided the FVLW baseline tor
agsessing subsequent changes in lung water content. The
single T, Index obtained tor this series served as a

consistency check.,

.

De2.2 Post-Mortenm Analysis ot EVLW: \

O

The intact - frozen thorax of each animal was sect ioned
with a band-saw to represent the imaging slice employed
during the in-vivo studies. The limitations of this
technique restricted the hminimum section thickness to 5 mm.
Since the NMRI slice was only 3 mm thick, an artefactual
difference hetween th(‘ EVIW measurements conducted via NMRI
and via the post-mortem technique may have been intraduced.,
LLunj tissue within each %ection was first divided into
ventral and dorsal, right and left lung regions. All grossly
edematous regions(ed§sily discernable in the frozen section
as clearly defined, hemorrhagic areas) were then .removed
£fom these lung divisions and analysed separatley. Very good

spatial correlation was consistently demonstrated between

the location.of these edematous regions as presented both in
the frozen lung sections and the corresponding NMR imag®es.
All lung tissue was first weighed and then dryed ;t 25°C., to
constant weight. Tﬁe-wet—to~dry ratio(w/p) was calculated

separately for the grossly edematous regions as well as for

all remaining tissue within each lung section. These W/D

a

141



1y

values were then conhined such that a W/ was ohtainod tor
both the ventral and dorsal lung divisions of each entire
Lung section. Fach dryed lung tissue sample was then placed
in a glass vial', a saline aliquot of known volume(S ml)
added, and the sample uniformily homogenized. Resultant
samples were centrifuged at 2500 rpm (~1350 g) for 45
minutes and examined via a diode array spectrophotometer
(no. B451A, Hewlett-Packard, Avondale, Penn.) €or HbL
absorption at 540 nm. Edemat ous regtons and all surrounding
tfssge within each lung section were separately analysed for
EVLW content, incorporating the techniques both of Pearce et
al.(19) and Hemingway(12). Results obtained were combined
and then expressed for both the ventral and dorsal lung
divisions ot each entire lung section.

Total blood mass(()b) was calculated from:
O = ([Hb]/IHb] ) x O x (86} /SGy) x PHct (5.2.1)

where [Hb]h and {Hb]b represent the homogenate and blood HDb -
Céncentrations, measured in gm/ml, respectively. Ow1 is the

wet lung mass in grams, SGy, and SG, are the specific gravity

of the blo?d(l.OSZ) and the homogenate(1.027) respeétively,i
and PHct ig the pulmonary hematocrit correction factor

(1.055) established as an appropriate correction, by both

Pearce et al.(19) and Rappaport(21), whén using systemic

blood samples as a reference for pulmonary blooq Hb. Blood

water volume(wb) was determined from: ‘ -



W, ,“@Hb S (l/[Hb]b) X SG) x PHet (5.2.2)
where Oy represents the Hh mass, in grams, contained within
the homogenate. Blood protein content (Py) was calculated

using:
> . Py,o= 0,07 g/l x Ouyp x (1/1HDb] ) (5.2.3)
Dry lunyg tissue xmms((ﬂ(”) may therefore be expressed as:
Vg1 = Ovg - (Pb_ + Oy, (5.2.4)

where (_))\d represents the total dry lung mass, measured in
grams. Wet lunyg mass {0 q) tollows as: &

O 0, + 04, *+ EVLW (5.2.5)

wl

~

Rearranyging terms permits the relationship:

QEVLW = OWI - (Ob + Odl) (5.2.6)
Division of the EVLW by Sth enables its expression in ml.
Measurements of lung mple EVLW and W/D for both
series A and B animals were examined via a two-way analysis
of variance, the statistical significance of the acquired F

ratio being assessed as p<0.05. Differences in the

measurements outlined above were evaluated between ventral

1o,
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%«14-::1 teal Jungg tesptons of the two expoerimental seortes, Ag

FVIiW measarements of sertes Bolung samples represented oot

line, temporal changes In PULW, as assesseod by the above

5.’ poest-morter technigue, woere compared to values predicted by
-
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S.3.0 In=Vvaive Animal Pxperiment s;

Artertal blood gas tensions M all expeor imental
. b

N ~

animals are presented 1n Table S.3.1. Control 'measurement s,
tor both sceries, undertaken 2()‘2‘3 minutes after the start of
mechanical ventilation, indicate hyperventilation.
Measurements coincident with early and later pulmonary
e(ﬁ*f;\a, performed at 30 minutes and 2 hourWer t he
Injection of oleic acid respectively, refle(’fé‘ the
progressivé degradation of alveolar gas exchange in the
presence ot ®creased lung water. No active intervention was

undertaken to prevent the onset of both respiratory failure

and the resultant metabolic acidosis. Final measurements for

. I

series A and B were performed 4-5 and 1.5-2 hours following}

oleic acid i1njection respectively.
4



The dae Bolm v lume,  cot tesponding to the edemat oo
tuny toqgiens b ser e N antmale, dfv presented in Tabhle
SLdLs e sance the noraal lung i devord ot NMROsignal o in the
Lites, these RO daimensions provide an index ot the volume
tor each anamal ' cdematous regtons. The acquisition ot in
e T oand oowi bl proviade aomore complete and accurato
determinat Ton of FUIW,  as asscessod by NME] . In the trrst
NMET datanet, Sohourss atter oledic acid ingectaitbn, there
wete no o stagnltireant ditterences In o volume between the

cdenmat ous regrono o 00, whether In the same or an the

Oppostte Dangs o T taitlally, edema became appatrent inoan
vasentirally unit. o st aibution. However, such a uniform
distribution war ot Seen In the second NMET dataset,
obtalned at A-7 e atter oledle achid ingjection. This

second dataser reccaled crgnificantly greater edemat ouas,

volumes within t'v dejpendent regioas of both Lungs (pew 06

More dmportant Iy, «demat us ROD volumes(see Table S,03.2) of
ventral lung rea1r one did not change appreciably over the
course of the ex;poriment (H~0.05%), whereas those ot the
dorsal lung recions 1ncereased by a highly significant
extent (p<0.01).
A first spin-echo image of the normal condition,
generated by the gated MSE sequence, is displayed in Fiqg.

”

5.9.1 and shows the lack of NMR signal from the lung as
a

previously mentioned. Fig. 5.3.2 represents a first spin-
echo image depicting the initial edematous condition. Both

the scattered distribution and uniform nature of the edema



Pl ot oy rtees s ke oo froan thie et e dmane SR
IR PR cove rase oo ederna characteristicos virtually
pdentacatl e thece b crved an the Inttial MUSE sequence.,

However , thee <0 wegqnence from the second dataset, Fig.
So3.4, drspdayedt temporal chages an both reglional edema
dristrabet o on oand 1[ Indices, The edema distribution had
become more oxtentive 1n dependent luhq reglons and the
«Pmun‘hﬂé”f longirtudinal relaxation indices wwrw‘invxuasvd.

Foong it udiinagl

relaxation indices of serles A are
presented an Talade S03030 Ay observed when discussing the
Fol volune data, *he first NMRID dataset showed no
‘A .
stgniticant ~dittrence bhetween the Tl indices ot any two
regions(p0.0%) , whether 1n the same or 1n opposite lundg:s.
The second NMYD aat acet however, while presehting
cftect tvely eqgun! L tndtices for identical regions of
oppostte lungs(p 0005, revealed a highly significant
N

difference bhetweaon 11 indleces of ventral and dorsal lung
regions{ps@.01). There were also highly significant
ditterences hetd:sn the R indices of any one region over
the course ot seriles A experiments(p<0.0l), reflecting

. - - . . - '\
temporal alterations 1n regional T indices. Ventral lung

regions presented a decrease in T, indices(maximum decrease

= 34%) over the course of all series A experiments, whereas

dependent lunyg regions displayed an increase in T
indices(maximum increase = 56%) over the same time perigqd.
Transverse relaxation indices of series A are presented

in Table 5.3.4. Regional differences in these indices, both

XN



FIGURE S,

pulmonany

3.

of tour MSEoamaies depicting the upper lunyg lobes of a cat, withoot

o FThe tirse spin-ccho image, Te=26 ms, from a scquend.

(‘d('m.l .
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pReley

The first spin-echo image, Te=26 ms, “from a sequence

JlOERE L
cbotorr M oamapes depicting the initial edematous condition in Lhe
sirper oo Tobew ot g cat. This image was acquired approximately 2
et tor the antravenous injection of oleic acid(0.075 ml/kg). The

Peartarl - imape SRosequence revealed essentially identical informa-

ey,



4
FIGURE 5.3.3: The first image of a S-image SR sequence, TR=2.05 +, o
picting the later ¢dematous condition in the upper lung lobes ot th
same experimental animal as is shown in
avquired approximately 4 hours after the intravenous injection ot
olete acid(0.075 ml/kg). The later MSE imaging scquenc e revealod
essentially tdentical intormation, althouph the deyrec of ey ional

variation in I did not equal that ot 'Il.

FICURE 5.3.2. This lwmapye wa-

RO4
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andd tor oppoaite lungs in all NMRI datasets,

Poa the same
were not o signitircant ly large(p>0.05). Although over the
course of the vxpwtimbnt; xugimnal T, indices followed the
Same tremnd as o the L indil‘os, the changes in these T,
Iindices never achieved signiticance (p>0.05). The T, indices
of lung regions in series B experiments displayéd the same
unltorm dirstribution as those ()bS(n'vexi.in the temporally-
equivalent tirst NMRI dataset of series A experiments.
Finally, the NMR signal intensity asymptote was
calculated tor the ROTs arhiitknerw multiplied by the ROI
volume to provide the total integrated ROT signal intensity,
and thus an 1ndex of ¢, ftor this same volume. Application

|\
ot the relationship between water density and integrated

EVIW to be made in those regions where a simultaneous change
had occurred in edema volume and both Ty and T, indices, In
2 ot the 13 experimental animals, edematous lung ;egions
observed within the NMR images were difficult to partition
into ventral and dorsal lung region components that would

* .
accurately correspond to the excised edematous lung fissue
samples.‘ln these cases, all edematous regions of the
afflicted lung were combined to produce a post-mortem EVLW

measurement for the entire lung section and then compared to

a correspondingly combined value predicted:by the NMRI.

}

signal intensity(see section 4.2.3) enabled a measurement of



TABLE o301 ARTERIAL BLOOD GAS TENSTONS
Serles Time oOf p())“ peo, pH
Measurement (mm Hyg.) (mm Hqg.)
Control 34 t+ 7 24 + 4 7.5 ¢ 0.1
50 Minut ed 66 t 7/ 30 ¢ 9 7.4 2 0.1
A I3
- N '
2 Hours Y 60 t 8 33 & 9 7.3 2 0.1
4-5 Hours 48 t 6 39 + 8 7.0 ¢ 0,1
~
e
Control 84 1t 3 26 t 2 7.5 & 0.1
B 30 Minutes 69 t 1 29 t 1 7.4 ¢ 0.1
1.5~2 Hours 61 + 3 31 £ 1 7.3 ¢ 0.1
L4
. ~
R ¥
A\

Measurement *times, other than control, are expressed as

the time elasped since the injection of oleic acid
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TARIE S .3.2: REUGION OF INTHREST [ROT] VOLUMES

FOF SERTES A EXPERIMENTS

Cat Ventral Letft Dorsal Lett  Ventral Right Dorsal Right
Ny, Vo lume: vo lume Vo lume Vo lume

3 3

) ((‘m;), (cm )

(¢ 5 ) ( (fmi

e e AL e

First Dataset {(1.5-2 Hours after oleic acid)

1 0.086 0.115 0.134 0.311 =
2 0.191 - 0.151 0.117 0.100
3 0.237 0.405 C 0,115 0.134
4 (y.2492 0.144 A 0.173 0.1658
5 0,352 0.310 0.273 0.272
6 0.263 0.182 ©0.193 0.139
7 0.182 0.124 0.229 0.110
\

second Dataset (4-5 Hours after oleic acid)

I 0.141 0.134 0.275 } 0.554
2 0.287 0.280 0.193 0.153
3 0.106 ‘ 0.513 0.344 0.359
-4 0.169 0.182 0.100 0.090
5 0.186 -0.514 | 0.209 0.405
6 0.153 0.301 - 0.100 0.258
7 ©0.124 0.342 0.327 o 0.337



TARLE

Cat

HL.3.3:

Ventra

]

LONGETUHDINAL RETANRTTON TIME [ 1] INDICES (sec)

Lett

I nedex

S e e e e e e

Filrst

N

Second

bat ase

t

Dataset (4-5

0.89

0.77

OF

-

Dorsa

[n

Hours

0.92
1.04

0.92

Hours

SERITES

I Lett

dex

atter

atter

oleic

A EXPERIMENTS

Ventral Right
Index
olelqg acid)
1.0 0.2
1.2 0.1
0.9 0.1
(.92 ().()44
1.07 0.01
0.90 0.03
0.91 0.09
acid)
0.7 0.1
0.90 0.03
0.88 0.05
0.71 0.02
0.86 0.07
0.66 0.02
0.83 0.08

Dot s.al

I ndex

0.9

(.96

0.94

0.97

0.90

Riqght

0.7
0.04

0.04

0.08
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et

N .

First

Second

206
S804 TRANGSVERSE RELAXATION TIME [41‘21 INDICES(msec )

OF SERIFS A EXPERIMENTS

Ventral lett borsal left Ventral Right Dorsal Right

[ nddex Index Index Index
A
Datas et (leS=" Hours a¥fter oleic acid)

77 1 3 T ot 4 79 ¢+ 5 76 + 4
74 t 3 71 t 1 78 &+ 9 78 £ 05
79 2 4% . 78+ 5 80 £ 9 83 t 6
U SN 74 0t 3 76 4 5 78 & 05
75 ¢ 6 76 t 6 74 t+ 4 78 7
79 + 4 21 2 6 79 2 5 80 t 6
80 ¢ 5 79 5 81 £ 6 .81 ¢ 5

Dataset (4-5 Hours after oleic acid)

-
74 1 5 78 t+ 4 79 &+ 7 80 + 6 A
76 ¥7 75 1 4 82 z 8 86 + 6
75 + 6 85 = 4 76 + 4 85 % 8
69 ¢+ 3 79 & 5 ’ 70 + 4 85 £ 6
71 ¢ 4 82 = 5 72 ¢ 3 81 = 5
75 = 5 86 27 77 + 6 . 85 % 6

76 t+ 4 85 + 6 79 £ S 87(7/\



HedlZ2 Post=Mortem Measurements of FVEW:

Table S0305 presents P oath the post-mortem gravimetric
W/D and EVIW measutements _fur both the ventral and dorsal
lung tissue samples corresponding tor the 1mage slices ot
series A and B oexperiments. Although in series A there was
consitderable variation in both W/D an‘d EVIW values from one
lung sample to anotht;l, detinite trends were established.
Samples trom dependent lung regions possessed consistently
greater W/b values than those from non-dependent regions,
althou(gh this was more pronounced tor ‘the lett lung(p<0.01)
than for the right(p<0.05). Series B lung samples displayed
these same general trends, but these trends never achieved
significance(p0.05%) . For these laboratories, lung W/D

. v

values for normal cats are 2/1-3/1. Thus, one may conclude
that the oleic acid(0.075% ml/kqg) br()duced a degree gt edema

. -
ranging from moderate to extensive.

The EVLW measurements of bhoth series display the same

. .

trends as the W/D measurements. Dependent 1um€ regions of
series A possessed significantly greater amounts of EVLW
(b(0.0S) than non-dependent }‘egions, although the degree of
differencé was never so great as for the W/D values from the
same regions. The EVLW values for ser}es B were essentially
uniform throughout(no significant difference, p>0.05). In
addition, they clearly reflect a less edematous condition.

ROI wet lung tissue density was calculated by d\;iding

the wet lung tissue mass, after appropriate correction for 4



N )
208

the discrepancy betwaen the thicknesses of the frozen lung
sections and the NMRI slice, by the ROI volume. Edematous
KOole ot the ventral lung displayed a wet lunb tissue density
ranging between 0,803 and 0,985 gm/cm3 of space,’ whereas
those ot the dorsal lung dislayed a temporal increase in wet
lung tissue density from 0.813 to ~1.0 gm/cm3 of space. As
normal aerated cat lungs present a wet lung tissue density
of ~0.133 qm/cm3 of space, one may conclude that the observed
edematous Rols contained markedly atelectatic lung tissue
possessing an elevated tissue water content. With the above
data and the W'D tor these same edematoui ROIs, it 1is
possible to calculate the corresponding wet lung tissue
water densities. The edematous ROIs of the ventral 1ung>
dispiayed a water density ranging between 0.623 and 0.764 gm
~H2()/cm2 of space, whereas those of the dorsal lung displayed
a temporal increase in water density from 0.691 to 0.875 gm
Hz()/cm3 of space. The range of ventral lung tissue water
‘dens;ty is approximated guite well by the difference in
water density between phantom gel solutions 1/1.5(0.6 gm
Hzo/cm3 of space) and 1/4(0.8 gm HZO/cm3). The temporal
increase in dorsal lqng tissue water density was represented
equally well by the éiffereﬁbe in water density between
: 3 -

phantom gel solution 1/2(0.67 gm H,0/cm”) and 1/8(0.89 gm
Hzo/cm3),(see section 4.2.1).

EVLW measurements for series A samples are presented

with the corresponding NMRI-predicted values ih Table 5.3.6

and Fig. 5.3.4. Although NMRI reflected the trends seen in
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TARIE S.0305: POST-MORTHEM ENTIRE LUNG TISSUE SAMPLE

WET TO DRY RATIO AND EVIW(mI)

Cat Ventral left horsal lLett /s Ventral Ph]ht Dorsal Right

No . W/ D BEVIW W/ RVIW W/D EVILW W/ EVIW

W

Serles A

1 3.6 0.48 4.5 0.83 2.3 0.33 2.4 0.73
2 4.4 0,30 5.3 0.35 4.8 0,37 5.1 0.44
3 . 5.3 0.36 5.9 0.53 S.7 1.00 5.9 1.02
A4 5.6  0.23 5.7 0.22 5.9 0.60 6.7 0.70
5 3.9 0.24 4.0 0.68 3.3 0.41 3.5 0.64
6 4.6 0,22 4.9 0.45 4.7 0.33 ° 5.6 0.3
7 5.3 0.60 5.7 1.04 5.1 0.50 5.2 0.58

Serlies B

1 3.2 0.32 2.9 0.33 3.3 0.32 3.2 0.33
2 3.4 0.29 3.8 0.29 3.5 0.30 4,0 0.32
3 3.4 0.33 3.7 0.33 3.2 0.32 3.4 0.33
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Thi <tady woar undertaken to evaluate an In-vivo

'

quantitat ivee NMED tecohnaigue for the assessment of temporal
changes 1o the voelume, nature, andd dastribution of oleic
actd-Indocedt palmonary edemas It was the chief objective to
explolt the three NM}\‘I-parmxwtur@(l‘l, '1‘2, and ), to obhtain-
more than one cincle correlation with lung water
characteristics,. 1t was also 1 particular intention not to

1
rely upon reference or calibration fluld vials because of
the technical limitations which they introduce and which
were discussed 1n section 4.1.

The toremost concern was whether or not T1 and T,
indices derived trom respiraiory-gated images, would be
reasonable approximations of the spectrometrically
determined Tl;gﬁﬁ T,. The phantom study revealed that the
gated pulse sequences do indeed provide acceptable indices
of proton relaxation times(see section 4.3).

The normal lling was not used as the NMRI baseline
because of the very low signal-to-noise ratio(S/N) obtained

Ve
from normal lung* tissue when it is imaged without cardiac-

cycle-synchronization. Moreover, it is possible that certain



NME amager ot the normad Tung, appearing o in o the Titeoatare,
whilch do poassess an apparent gravity-dependent distribuat 1on
ot s1onal o oantensoity, de not, necessartly retlect o aravaty-
dependent Tung water daistribut ion. Such an apparent
distribution ot the very weak signal intensity could equally
retlect the back;rouand nolse variat iton alunq\ the phase-
encoding direction, since the phase-encoding qgradiont in
many clinical NMR scanners 1s orlented along the gravity-
dependent axin (1o top to bottom) when observing transver so
1ma jes o g supine patient or experimental animal. When
corrected tor norse along this axis, my images present the
normal lun; as belin; virtually devoid of NMP signal.
Ther=tore, the NMRD parametor baseline was chosen to be when
edeina was tirst observed,

*

Measurements of relaxation indices over time enable an
assessment to be made of the temporal changes in the nature
ot the pulmonary edema exudate. For example, changes of the
edematous proton environment, itnduced through changes in
protein concentration, coagulation of extravasated blood,
and accumulation of intekstitial fluid can be discerned. Th»
relaxation indices and ROI volume-integrated signal
intensity values then allow one to differentiate alterations
in edema volume from those in edema exudate natﬁre.

The significant difference between the W/D values of
ventral and dorsal series A lung regions is suggestive of

/’

post-mortem drainage of extravasated blnod and EVLW

occurring within the interstitial tissues. This conclusion



woro bt rmiatee b G ter consider tng the WD measurement s fop
Seriec Bolung samplestases Table 5.3.5), which corresponded
to an cariler stage of the induced pathophysiology. Series R

samples did not daisplay signiticant gravity-dependent wW/D
values, as lecs time was avallable tor the extravasation of
Dlood constituentc, In oaddition, as the entire vertical
drimension of gl remaged Tung dnhos was «<1.75% ¢cm, pulmonary
pertusion presanres throughout the different regions ot any
one  dmage!t larg 1obe would reflect only a small degree of
qravlty—d@pwndwnry. Conseqgquently, althoutjh there was likely
some post-merter 1ot oavascular drainage to dependent lung
reaions in both normal o and mildly-edematous lung tissue
(sertes B), thi- It +inage does not appear to have produced
signiticant giavity-aependent values for either W/D or EVLW
measurements (<o Talle 5.3.5, series B lung samples).

The underestira*ion of EVLW made by the NMRI
quantification technlqgue is due principally to the NMéI—
predicted EVIW vaiues bheing derived from SR imaging
sequences, which r-quired 1.5-2 hours for completion.
Throughout this time, progressive changes in edema volume
continually occurred. Consequently, the acquired T, images
and the integrated signal intensity values, together with
their assopciated . values, represent underestimations of the
actual edematous condition at the end of the imaging

sequence. In addition, regional differences in EVLW content

.
¢

would most certainly continue to be established throughout

the early portion of the whole-body freezing. Consequently,



divcrepancies betwoeon 1egional FVIW ao Indicated in the NMi

.

lmages and in the post-mortem lung st r1one would be Pikely .
y
Finally, the 1naft luence of ’II chanjes upon the signal
Intensity asymptote may not have been identical tor both the
phantom el solutions and the in-vivo lung tissue. The
change 1o lung tissue water density over the course of
series A experlment s was well represented by the ditterence
In water density between the phantom gel solutions 1/2 (0,67
am H‘)()/cmi\ and 178 (0. rv gn H.)()/(‘mi). Moreover, the
baseline tor these changes in wator density wasovery similoan
In both instances, 0,/9 (gin }{2(%’(‘1!1% tor lung tissue and 0,67
gm Hz()/cm2 for the phantoras, A 50% increase in Ty was
experienced In mnoving trom phantom gel solution 172 ('1‘]:2.41
s) to solution 1.« ('11:4.6;’ s), whereas a 42 increase in 'I‘]
(from an average of 0.97 to 1.38 5) was experienced with the
in-viva lung fissue in undergolng an essentially identical
‘increase in water density. However, in absolute terms, the
valu‘és of Ty tor the in-vivo lungy tissue and the
corresponding phantom gels differed by a factor of  2.5.
Thus in each case, dissimilar degrees of influence may have
been exhibited by the changes in T, upon the corresponding
change in the signal intensity asymptote. Nevertheless, t
comparability of the NMRI predictions and the post-mortem
EVLW measurements suggests that although dissimilar degrees
of influence by T, may have been present in the phantom and

the in-vivo experiments, the consequences of this

dissimilarity are not excessively disadvantageous. Under



vehocarcun tances, the water density-integrated signal
Intern ity relationship would appear to represent a good
methodology tor assessing temporal changes in the volume ot

In-vivo EVIW,

The NMETD results bore an excellent correlation yith the
post-mortemn ti’n«iinr;&:. The pulmonary edema was i1nitially
presented anoan unitorm tashion, both 1n the distribution
and 1n the nature ot the tlutd exudate. Such findings are
not only corroborated by our post-mortem FVILW measurement s
(seo Table 50305, series R), but also by other physioloqgical
and histological data. For example, Hedlund et al.(10,11)
perceived with compute tomoyraphy that the pattern of oleic
acid(0.05 ml ’kg)induced-edema was initially uniform

throughout both -tungs. These authors believed this to be due

oD . . . .
to the fow specitile gravity of oleic acid, which would

~

direct the resultant fat emboli to higher bifurcation
branches of the pulmonary vasculatutre. Although preferential
redistribution of pulmonary blood flow was not induced by
the oleic acid; observed lesipns were oftentimes manifested

throughout the lung contrary to the pre-existent blood flow

[ 4 v

distributioh. Identical observations in blood flow patterns
have been made both by Ali and Wood(1l) and by Montaner et
al.(18). These investigators, at 2 hours after oleic acid
infusion(0.08 ml/kg), found decreases in the regional blood
flow, but no cHange in its distribution with respect to lung
height. Moreover, their EVLW measurements, after correction

for blood water volume, did not display gravity dependency.

Jle



These tindings are virtually identical to the series BOFVIW
determinations, made at the ,same time relative to oleic acid
intusion, and In lung regilons where perfusion pressures arc
most  likely to be nearly unttform. It has been suagested(10)
that oleilc acid-induced damage to the pulmonary capillarvy
endotheliun occurs within the first pass ot oleic acid
through the lung, but that accumulation ot EVIW in thesco
damaged arcas occurs more slowly. The uniformity of the
cdematouas volunes of the carly NMRI dataset, acquired 2
hours atter injection ot oleic acid, would support this
hypothests({sece Table 5.3.2). Although not presented, the ROI
volumes of edematous lung regions for series B displayed the
same uniformity as obscerved in the first series A NMRI
dataset .

Both Ty and T, indices also suggest a uniformity in the
Iinitial nature of the edema fluid exudate., Histological
studies, with both light and electron microscopy(5), have
revealed that in this same time frame(2-3 hours after oleic
acid infusion) there is no evidence to suggest regional
differences in the water proton environment. Thus during
this time frame, although edema and capillary congestion are
marked, potential proton-binding sites such as fibrin,
platelets, and cell debris are not preferentially
distributed throughout the various lung regions.

. T, )

The later series A NMRI dataset, acquired ~4-5 hours

after injection of oleic acid, reveals that significant

temporal changes occurred in the induced edema. These
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chan jos corgtlse tegional ditterences both in edema volume
andd exadate nature, Ventral lung edemetous ROT volumes did
not appreciably alter throughout the course of series A
experiments, Indlcat ing a containment of the edema fluid.
This 1 Sudgestive ot dl\/\f\mlal‘ tlooding. Several
Investigators(h,18,26,29) have proposed the alvm‘)l'us as the
nm]mr‘ stte tor EVIW accumulation in oleic acid-induced
cdema. The rapid and continual deterioration ot the arterial
<
blood gas tensiogs in these animals(see Table 5.3.1) is
compatible with t?)i§pr(>pmsiti(>n. Such a condition wofild
precipitate alveolar instability and collapse, thus
significantly reducing the surface area available for gas
exchange. Moreover, if edema was confined to the
interstitium, alveolar gas exchange would be less affected,
as qrossly 1mpaired oxygen diftusion is not a consequence of
an 1ncreased interstitial thickness(17, 18).

Nevertheless, 1t is surprising that the ventral lun{g
edematous ROI volume« did not increase during the series A
experiments. However, upper lung region Ty indices were
found to decrease with time consistently, indicating a %
decrease in water proton mobility within the associated
edema exudate. Hemorrhaging into the alveolar cuffs is known
to be induced by oleic acid(5,13,14,18), with subsequent
leakage of fibrinogen, to later form fibrin, into the
airspace. Jones et al.(13) demonstrateq that fluroescein

o ; 3
’isothiocyanate-—dextran leaked from the blood into adjacent

alveoli to a far greater degree in oleic acid lesions than



1 other mode s of pulmonary edema. However, this was
eventually checked, indicating some IIH.‘.’H\*% ot hemostasia
catter the natial olele acigd damage. Dvorak et oal.(6) have
shown that extravascular coagulation can be initiated by
large microvascular leaks. The above reported accounts ot
tubrin deposition, both on the alveolar surface and within
the alveolar ni.rspau*, wou ld sm';\;vst that this is indeed
occurring In oleic acid=1induced pathology. Clinical studies
have also shown dissexninat ing coagulation as one ot the

prime aggravating tactors in patients with pulmonary edema

QA

consceqguent to tatty acid embolization(15). Histological
investigations of temporal changes in oleic acid-induced
pathology(5) have revealed that, in addition to the
componénts ot the hemostasis mechanism discussed above,
alveolar exudate posscases continually increasing amounts of
.protein., This 1s consistent with a decrease in the T index
with time.

In contrast, dorsal region edematous ROT volumes and 'I’l -
indipes both increased with time In series A expvrlmvnts(sév
Tables 5.3.2 and 5.3.3). The increase 1in edematous RO
volume in the dorsal luny region is indicative of either a
gravity-dependent distribution of later edema fluid or of
interstitial edema which later redistributes itself toward
dependent lung regions. The hemostasis mechanisms discussed
above must be occg}ring throughout all regions injured by

the infused oleic acid. However, the later NMRI parameters

indicate, at least within the more dependent regions, that
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accural gt bon cf edems Plutd may be o mediated through ot her
prerthweyas One exam; le of such other pathways wouid be  a
gravity-dependent course through the interstitial spaces,
Untgrtunately there have been tew studies, into oleic acid-
1nduced pulmonary. edema, undertaken wer a t}he scale
comparable to the sccond NMkD dataset. Consequently, there
1 J1ttle evidnoe cither to contirm nr>dény the later
experiment ol fiwdtings. Derks and Jacobgvitz—Derks(S) have
teported that, although alveotar flooding is the principal

~
S1ter for edemas ao dmalation in this model, interstitial P

tlutd Is also mhavvaf. Moreover, once such edema has
formed, 1t« vaq#glxamAins virtually constant over the

i\ Yumsteq et al.(29) have described a

tollowing 12
pressure-dependent pathway existing for interstitial edema

formation subseguent to increased pulmonary capillary

i
permeability., It <u-h conditions were present in the sepies

A animals, tempwraf\rhanjes in the volume distribution of
Interstitial edem. would be influenced by gravity.’Thus,
Interstitial edern induced soon after oleic acid injection
may have slowly yet continually redistributed towards
depéndent lung regions throughout series A experiments. Such
edema fluid would not be influenced by the hemostasis
mechanism digéussed above, water protons within its fluid
volume would remain mobilg and with gradual accumulation of
EVLW increase the proton T, indices of the dependent lung
tissue. Such a process may have begun in the later stages of

the first NMRI dataset. However, the data acquisition
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procedures would prevent this process from being obscerved
unt il the later dataset, The two tacts that first,
Interstitial edema 1s relatively minor in oleic acid-induced

pneumopathy and second, that 1ts volume is small relative to

that ot alveolar edema, may help to explain the later
N I }

int luence ot such edema fluid redistribution on the T
indices. Complete redistribution of this interstitial cedemy
volume may have been required before significant changes
were obscrved an the T, indices. Thesc data emphasize the
inadequacy of correlating lung water content with a singloe
NMR paramcter, tor a constant edema fluld volume may indeced
contain within i1t, signiticant changes in relaxation
indices. As a technical addendum, the significantly
increased T indices trom dependent lung regions which were
recorded 1n the later NMPI dataset, are most probahly still
underestimates of the actual A’l‘1 values(sec section 4.2.1).
The apparent insensitivity of T, to alterations in the
exudate nature was not altogether an expected finding. From
.
studies on protein solutions(2), and from the phantom
study(see Tables 4.3.1 and 4.3.2), transverse relaxation
appears éo be more sensitive to changes in wqter
concentration. It is possible that the apparent

insensitivity of T, which was observed is due to the

transverse decay acquiring a bi-exponential nature over the

-
.

time course of series A experiments, possibly as a result of
the development of two water compartments. The decrease in

spin-echo amplitude, in all léter‘T2 méésuremenls, displayed



\
\

\
\

a close reeemlilance to bi-exponential decay. However, with

. A . . .
only four spin-—echoeshbeling employed to derive T, 1ndices,
A

A ) .
the data 1s insuttficient to be unequivocal over two co-

exlstent exponential decay rates. If bil-exponential
transverse decay was indeed present, a mono-exponential
curve-fjitting routine would underestimate the longer T,
index of the more fluid compartment. The fact that T
indices did not” exhibit this behaviour does not conflict
with this hypothesis, Since T, is much longer than T,, rapid
exchange between the two compartments could average the

\,

longitudinal relaxation. |
-
AY

Future technical improvements that give rise to a
greater number of data points for détermining the T, iqdex
may enable the clear observation of bi—exponegtiality in the
magnetization decay. Partitioning into the respgctive fast
and slow components may provide informatiﬁn on Qﬁe

A\
ATY .
constituents of a given edema fluid and thei% relative

temporal changes. One step towards this objec%ive.wbuld be
the use of cardiac cycle-synchronization, which would ‘in
turn enable nbn—selectiye 180° refocussing pulses to be
employed in an MSE sequence. This would improve S/N and
provide a greater number of spin—echo images witg-which to
deterﬁine T, indices. It is important however, to ehsufe
\
that thi entire echo train can still be regarded as a single
: '
time‘ppint of the cérdiqs cycle. Moreover, the validity'of

relating co-existent edema constituents with bi-exponential

magnetization decay remains to be determined, and indeed may

ro



not be as simply related as it has been suagested,
Hemoglonin was chosen as the erythrocyte marker in the
determination of lung tissue FVILW for important technical
reasons. Although Chrnmium(trsl)—lahelled erythrmcftos have
been employed for decades as markers of a tissue's red cell
pool, their employment 1n NMR related studies leads to
ditticulties. When sodium chromate(Na,CrO,) is added to
erythrocytes, it penetrates the cell membrane and the

L. . : . . +
chromium ion 13 reduced trom diamagnetic Cr 6 to .

paramagnet ic (r+3, which binds with high affinity to the Hb
molecule(28). In concentrations of 0.1-10 mM, paramagnetic
Cr+3 can thus be bound to erythrocytes in sufficient
gquantities to produce significant decrgases hoth in T, and
T,(Xalues of a cell's water prutons(7). Consequ?ntly,
indices of relaxation in vascularized tissue will be altered
when the bhloodivolume contains as little as 10% CrSI— .
labelled erythrécytes. Therefore Hb was employed, as
measured in a systemic blood sample, and a pulmonary
hematocrit correction factor to determine blood water
volumes present within the lung tissue samples. Sucg
procedures have been verified(12,19,21) as héing
sufficiently valid to support the objectives of this study.
Although‘%pectrometric analysis both of "whole bléod and

" various Hb solutions have revealed that Hb is the chief
determinant of blood proton gelaxation timés(16,20), I

assumed that small concentration increases in extravasated

Hb would produce little influence on the T, and T, indices
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However, Tribathi et al.(2%) have

Pepoerted that cpectrometrically determined I/FI and ]/T;
e 1o tor o 1o mebag change in arterial bloodt oxygen
tenotlon. Such o chiange, however, 1s well within the Timite
of crror o the relaxation 1ndex measudrement s,

This <tuty desonstrates that, not only 1s NMiL o
sensltive meth ot ot menitorin: temporal changes 1n EVIW
content o but o that 1t Can also separate the intra and
extravascular lang water volumes. NMRI proved capable ot
both detecting a 107 change in EVIW and indicat ing
alterations in the nature of such edema fluid volumes.
Notwithstanding these attractive attributes, NMRI

unfortunately manifested definite practical limitations for

the clinical applicability of the quantitative technique.

However,

5

temporal changes

pulmonary edema clearly warrant further studies

area.

the demonstrated sensitivity of NMRI

in the volume,

in assessing

nature, and distribution of
in this
]
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The application of NMR 1maging to both the
tnvest igat tve rescarch and diagnosis ot pulmonary edema
mantfect e great pﬂ{vntidl f ot 1nvxvas%ng the knowledge ot
this pathoephysiologreal condition, and 1ts reliable
diagnostis. Indecd, the results presented In chapter 5(scce
sectirons 503 and 5040 demenstrate that NMR Imagling may

4

Indircate the occurrence ot pathological changes that have
hitherto been discernat¥te only through histological and

<

invasive physiological exarminations,
s .

Untortunately, the acqulsition ot such analytical
tindinags 1s @ most €1frivu1t endeavour, Continuafl
respivatory motion, a very low S/N from lung tissue, and an
appreciable magnitude ot highly-pulsatile pulmonary blood
flow all owntrihurg‘tw significantly degrade the quality of
images obtained from the in-vivo lung. Correctivé and/or
compensatorg methodﬁ, intended to lessen or remove the
influences of the abﬁve constituents, must be incorporated
into the data acquisition procedures if meaningful
quantitative information is to be realized. Moreover, as
dis sed in chapter 3, the possession of such information
is not a natural consequence to the generation of quality
NMR images. Depending ubon the data acquisition procedure
'employed, image quality and the subsequent measurement of
accurate NMR parameters may indeed be exclusive. a

)
/
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Althouh the phenomenon ot a «i«w"r‘\..if;inq ROT volume-
Inteqrated sranal antensity with increasing water density
was consistent ly observed throughout both the phantom and
In-vivo experiments, the inability to account for thies
behaviour and to accurately describe 1t through a

mathemat real mode ]l warrants cont inued development ot the
proposed lung water qgquantitication technigue., The results ot
this project indicate that a relationship between wator
density andg Rol volume-integrated signal intensity can
Indeed he eatablished. The preliminary results obtained trom
the in-viv, experiment<f{cscce Table $.3.6) are encouraging in
this reqgard. However, a mathemat ical model should become a
principal obgjective of tuture investigative endeavours “in
this area.

The longitudinal relaxat ion behaviour of edematous lung
tissue 1s such that one may anticipate T, vadues of at Teast
1.0 second. Thus, the accurate mcasuremvng ot ’I'l indices
becomes an extremely time-consuming procedure, especially

!
when performed via images generated with respiratory-gated
data acquisition., It is for this reason that the SR—imaginq

1
pulse sequence(see section 5.2.1) represents the most \_<
efficient route for accomplishing this goal. Nevertheless,
even with the employment of this pulse sequence, a reliable
5-point estimation of Ty requires 1.5-2.0 hours. This would
therefore restrict the application of the developed
quantitative NMR technique to primarily research

~ .

investigations. Moreover, optimal results would be expected

¢ N
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P it omode Te ot pHIMHHer edema where the evolution ot
Phe aosoraated pathophysiology is either slow or relatively
statire throoghiout NME data acquisition, Notwithstanding
these ampoertant time constderations, NMR imaging does,
however, tepresent g markedly sensitive non-invasive tool
tor the quantitication and description ot pulmonary edema.

Guant itative NME measurements of blood, protein

solutions, and several ditterent tissue tluids have

demonstratod T, an an eftective discriminatory parameter for

the compartmentalization of water protons. This is

\
manitested as clither a bi-exporpential, or multi-exponential,
nature ot the ansoctated transverse magnet ization decay.
Although evidence tor this phenomenon was presented in the
imaging results of chapter 5(see sections 5.3.1 and 5.4),
this evidence was not unequivocal. Nevertheless, it may be

that Ty and proton density could provide a reasonable in-
vivo dvscripti&n of lung water content. Both of these
parameters may be obtained with one MSE imaging pulse
sequeéce{ consequently diminishing the time requirements
associated with the acquisition of image data essential for
ﬁhe employment of the developed quantification scheme. The
prinicpal requisite for quantitatively assessing bi-
exponential T, decay is a large number of spin-echo images

with which to calculate the transverse relaxation. Two

methods of attaining this goal would be:



U to uncorperate cardiac-synchronization intao the
data acquisition procedur e, thereby enabling the ucoe

ot non-select ive 180Y RE retocussing pulses, and

2) the employment ot a decoupled surtace-coil
receiver, allowing the acquisition, with improved
SN, of relaxation indices from a localized volume

ot edematous tissue

The sccond of these 10, perhaps, the more attractive since

c.-cardiac cycle-synchronizat ion would only lengthen the time

tequlred to generate any lmage. From the expertence gained
during the investigations described in this thesis, it
appears highly un{ikély that more than 8 spin-ccho images
may be acqguired trom the in-vivo lung, regardless of the
particular imaging protocol employed. Whether or not this
number ot spin echoes would prove sufticient to
guantitatively assess bi—ex;\mnential T, decay 1n edematous
lung tissue has not yet been ascertained.

This project has clearly demonstrated that NMF imaqing
represents an excellent analytical tool for the study of
lung wgteru In addition to being involved with the simple
quantification and description of edema fluid volume, this
imaging modality may indeed prove capable of differentiating
between different types ofllung edema(hydrostatic, increased

permeability, alveolar, interstitial, etc.), aswell as

different constituents(blood, protein, and plasma) -of an



cderma s exadtate o The encouraging findings ot this project
wartant cont inuge D rescearch oand (1('\’:51(\[3!”(-‘{” in this
Invest 1gat 1ve arca. The clinitcal relevance ot increased lung

water content demonstrates 1ts necessity,



APTENDIN

Important Characteristices of the clectronic respiratory-

Jat ing clreult ate:

1)The 3434 bH. resictor, associated with the IM33up chip,
(see diagrar, next page) 1s tesponsible tor
establishin: the detection level ot the circuit. Al
other varrtable resistors control the timing
intervals, andt are than .159f;<‘i‘(1tm1 with the NESHEA

chips.

2)The operating voltaage for the cicuit 1s from 0 to

Vees The baseline of the input signal is set to 0.6

o

Vcc‘ Theretore, 1t Vvv = 5V, the pressure signal
1nput(Paw) must be less than 5V peak-to-peak, and a

positive peabl input must be less than 2.5V, zero-to-

peak.

A schematic diagram of the electronic gating circuit is

presented on the following page.
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