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S S
L ABSTRACT. o
o IR . SRR ' PRALL o,
R f A T S ey
A E“ﬂ? Itfisfnoy'recoénized'thatfthereiareJVafions3formé ofdbrsin"‘.

Y'edema.‘ The‘commonest two, vasogenic and cytotoxic, are. the result
S . S 1'
s \of impaired cell membrane function at difierent anatomical L

locations and 1ead to a disturbance 1n fluid homeostasis within 9-?‘;

?VJ*fV:H“ the brain. Advances in treatment ofﬁcerebral edema, hoWever. have :g

.

not deVeloped as quickly as advances in the study of its N

-F{{];a‘__‘ pathophysiology.. The lack of techniques for assessing the

Q

therapy-‘ The a1m of this work wa\ to evaluate some of the




5; ‘concentration wsslvery snall A model of proton relaiation 3>‘,- . :MN
involving two different environments for wster‘molecules was R
"employed to predict ghé observed relsxation rstes. This model 2
elthough oversimplified adequately described the gross : ' _ g
g characteristics of proton reisxstion in edema fluid o N
.LQ@ASTUDY B- vir;.l ﬂ ”i1-f;fff ;ﬂ._j»f;r“a}f-?v}5majf;rbjég:;*7::-iﬁi}:ﬂnf

vr;‘i ._9 To differentiatexvasogenic from cytotoxic edema. normal ”f; }L;Q

N . ,.‘ . Lo
A R K ,/‘, o e

RRERERE ‘values of relaxation rstes, snd water and protein content in brain

e

tissues were: established.cn‘s group of csEs., The relaxation f7"

M?;exponential within the timelfrsme of the observations., Cerebral




i L RRER :ﬂ e ;,";Mn_g;v‘. TR e

I detection of protein changes in vasogenic edema On the oghéf‘g~ .
. hand the slow component of the biexponential decay, R2 ' was ?”'“

: ' y\“ ‘

significantly different in vasogenic from cytotoxic edema. Thisf‘y

i

'Q}f‘”f component probably cprresponds to. the signal decay from f;“uf* “‘f“fg'

) '{ ";/e;tracellular fluid as. Judged by changes in its rate and its
" .~ weighting with déath Such changes agree with shifts of fluid )
the Gibbs-Donnan equiliBrium.a We conclude that R2 is a }‘ﬂﬁi” - {‘f'

sensitive index for discrlminating between vasogenlc and cytotoxic S

e v
K SRR .
{ (A

L edema. ﬂ,g‘f'“




5i,$n organ whose composition renders it especially prone_to develop
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Cerebral edema is'ptobably the“commonest cause of morbidity

Ve

; iR -

'

because it is encasgd in bone thereiis little space for expansion. ‘rV

..,

Increases inivolume lead to shifts and compression*of nervous

Y

'“fspecific‘clinicalusigns and symptoms there is no edema

and mortalitybin patients with neurologic disorders. The brain, "l‘,“

il




: Pl e : SRR ‘ L L
R information on the amount and dynamic properties of water ?

- v

- \‘ molecules in tisSues. The reCent deve10pment of NMR for imaging

promises to provide very sensitive in-vivo indices thst reflecthfff

y v
. . v

,‘nl : \ "f‘ “' ‘
both the extent and the severity of the edemstous process and

»

thus .an objective assessment of the effects of treatments or

R C i3

j”.lj'“ﬂ‘ ' natural progressiOn of the pathologic condition can be obtained

RIS . - . am 4

NMR may also provide information about the pathophysiology

: l v \|<

of the process, specifically alterations in function that are ff'j 3

'7°associated with disordered water distribution in brain tissues.,

B .

v Y O o A ¢
5; However, knowledge of the relationships between changes in braim

‘

s

value of NMR for assessment of brain edema.‘ The present work was 'F,f‘
. ol Sy / . S
désigned to clarify this issue, as well a: S
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o C D pare Ik THEPROBLEM OFCEREBRALEDEMA
'F:_ffbi “Def1n1t1oo ‘nffmexft*.;;‘ﬁfffﬁ’i'j“*:‘ff‘}f.het""%]f B o BY
& - Cerebral edema 15 ﬁme.mespomee oflmervous'tlssue to. ;f”}:f | .
{”:l?'moltifarious petholog;c condlelons,‘both 1oca1 end“efetemmc-jthe nee‘?fk o

result 1s an 1ncrease in the volume of bralJ tlssue, from f1u1d

i .‘,\‘
.

accumulatlon in- thellnterstltlum, or w1th1n the cells or both Ty f;"Vf,

.“

"W””d. Braln swelllng 1s con51dered by some 1nvestigators as a separate f; S
Y \- = R ‘ e .
:4‘ e ," B

. To av01d confuslon the term;‘ e




/'f heat“stroke,,severe\burns hypoglycemla, radlatlon, uremla, dlabetxc ‘

- g,)qf"” coma, hepatlc fa1lure, and anox1a. o Mﬁg';, o \\qaff'W <n“‘f‘ff““f_A”

. N 1
oo & .

e AT AR
/a2~ 3.0 Classificatioh, o oo S S AT P ‘ff o

o :"'.‘f,"- K o TN . ' ' ' b \\ _‘h\ . v . ".‘. .
7[1(‘f";'%‘Cerébralfédemgz;gg recognxzed early in hlstory Hlppocrates P

| h:' ldl descrlbed 1ncreased fiuld c0ntent of thevbra;n caused by epileptic o
“hﬁ;l‘wf:u‘selzures (quoted 1n‘Gart1son; 1929) However; 1t was not until the‘r |
§ last century that the flrst attempts to cla551fy edema qnto“.
d (\hw; categorles were. made.: Pathologlst‘John Hughes Bennett dlst1nguished
‘f%if{‘t;. two maln elasses‘of cetebrailsoftenlng (a) 1nflammatory, Mft?ih"ﬂ.ffj;y'i

B . ; ' !')_'—l . ) T .
v B . . o . . ) o . ) \

i characterlzed by an exudate of red blood cells, and (b) non-“z:‘wQV
"‘§; °1nflammatory, w1th 1mb1b1t1on of serum 1n braln tlssue (quoted in ‘~:“Qmﬂ[{
: . EY . ‘ . iR : ' n ..‘ NN )
Bell 1983)*” In 1905 Nartln Relchardt, a: German pathologlst "

d1v1ded braln edema 1nto lenuJem 1n wh1ch the swollen braln 1s soft “ql‘;ﬂ
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‘fgflan of edema, because the term swelllng sed by Re1chardt implled an

f;f;#:h}vﬁncreased bra1n volume relatlve to the normal brain volume 1n‘a g1ven‘1\1
: ‘ind1vidual' and thus requ;red k“°w1edéew0f the capac1ty of tbat‘“' f“‘h‘d‘ifw
| person s skull a“d thQ.leume of his bra1n in’ thernormal and :.; e
g Pathﬂogic stateé. ‘ o co
2; k“ : In 1967 Z“1¢h ;éd the same terms as\éeichardt (1 €., brain'»“.“:\ h ‘
S:elilng and braln.e.dema) t0 Classlfy Cere‘bral edema ' SWelllné . ‘

BN

:"'v\ def1ned”as the cellular 1mb1bit10n Qf water fh braln that had a dry,
.w stlcky, f1rm appearance.‘{l : edema ‘ on the other hand the bra1n *'l.f,".
appeared elastlc and rubbery and the tlssues were characterlzed by

R Y ’ ' <. Al q‘ B
v accumulatlons of proteln r1ch exudate contalnlng malnly albumln and

[

PR Ty, )
L I
v

. v ‘4

. * BN * o . .
4 . N N &

“f alpha globulln.;,.'

Klatzo (1967) recognlzed two types of braln edema based on

anatomlc and pathogenet1c observatlons. Vasogen1c edema, the e
ifw”j‘ commoner form, 1s characterlzed by the accumulatlon of proteln r1ch b
e s ) ' \ ve b

f1u1d in the extracellular space Th1s flUId comes from plasma

\‘ ‘,




‘:‘:._';’:f N 1 L L ; : ‘f“'\ . | o ’j M
p"f;‘fpd'Manz (1976) and Flshman (l975)“proposed a thlrd type. 1nterst1tial nﬁs ;~ﬁ{
L edema Th1s results from the perlventricular accumulat1on of . v S
‘“cerebrosp1nal flu1d‘1n theuextracellnlar space, a result ot inoreased : : i
'f,;k 'karessure 1n thedcerehral ventr1cles‘and revey al of the nommal flo;\\‘hh“;‘ﬁi
ol . at LN . S
‘:Kﬁ;_f'_‘of extracelluLas.flhld 1n the bra1n fﬁ‘p:l“‘"d';_‘ BBB‘B‘ ; o 1‘3 ,J'f
, ‘Commentlng on Klatzo s observatlon (1967) Lee (l97l)ﬂconc1qded a.:: f
‘ Coa o ) BRI
g n“trﬁlthat except for the 1ntracellular edema caused by autoly31s all i .‘-7?‘ ’
r;?‘types‘of braln edema are‘related to a Lreakdown of. the BBB 1e . A‘ . ;
: ?proposed tyo. typesvof BBB breakdown wh1ch glpe ;1se to dlfferent e ~B5MB‘ViQ
B | types of edema. The flrst,‘whlch he called complete BBB breakdown, j'aﬂhv{i’\
. - ;results in the exudat1on of protelnaceohs‘materlal from‘locellzed \pf?A‘v
‘obsetmable nascular le51ons andvlts sptead to dletant reglone with,é.:Bl;;h“‘
o ‘sudden onset and early recovery The second type ——‘partlaluBBB {K
f”‘d‘.;,breakdown —4 results 1n excess extravasatlon of water.and ‘ ”:f.' ”: ﬂ;j
| sl1ght even dnder the electron mlcroscope; and occnr 1n.several
;t v‘‘\;"‘.bil.l'.vreglons of the braln orkeven thtodghout 1t. Thls second type of

: :
B

5‘edema 1s slow 1n onset and resolutlon and commonly fatal.‘ The J01nt

" .y e ! i
. i K

i

Jfkji;; Commlttee on Stroke and?Braln Edema”(Katzman et al.,

1977 ), in: "f“ LA



4, Volume Regulation within the: Braln‘

To understand the mechanisms of brain edema, it is necessary to

know the hormal function of the BBB and its. regulatory transport
' mechanisms as\well as both the normal anatomy and blochemical
‘compositxon of the braln s fluid- compartments "This sectlon

l\d

descr1bes the normal anatomy of braln cap1llar1es and their functlon

and the fluid compartments within the brain.
' . . ! o ",

Rolergi‘the blood--brain barrier

-

4 g - The concept of 'a barrier' between the ingravascular compartment*
."> : | B LI N
5 L

dEhrlich in 1885, in which he observed that certain‘dyeswcrossed the

:capillaries of other-organs but not those»of the ‘brain. ‘This
3 ‘developed into the hypothesis of a cellular barrier‘between blood and

"the 1nterst1t1al space of the’ cerebral parenchyma (Krogh 1946).

barrier was revealed in the endothellum of the cerebral capillaries.

K ‘\ P .

w%'These endothellal cells restrlcted the Passage °f S°1“tes of

“fi molecular weight ranglng from 1%00 daltons (Rees et al., 1971) to
'ff 2@5 QQ 000 daltons (Mllhorat et al., 1973), however, 1anthanum ions, of
‘ d, 500 daltons freely crossed the BBB (Reese et al.. 1971)

Several anatomlcal properties of endothellal cells are .

e

responsible\forctheir low permeability to these substances' tight
e ~‘nr\ .




The interendothelial tight junction appears as a site of fusion

| of the‘outer‘plasma membranes\of two neighboring endothelialrcelis.

.These junctions form continugus, interconnectgng rings around the '
endothelial cell‘that are‘rESponsible for ‘the Very iow permeability'
‘fof the paracellular'pathWay (Shivers.'i979). ‘Moreover) endothelial

cel}s can form an uninterrupted.cylinder around‘the'capillary 1umen

that further reduces the paracellular transport.of substances
. . . ) . . o ;

(Oldendorf et al., 1977).

=3 ) "

If the passage of substances between endothelial cells,. at

least of macromolecules, is negligible, they may move by vesicular

transport or passage across cells. 'In non-neural tissues,

‘

.plnocytotlc vesicles are common s1tes for the transfer of

1?* ) B
‘ﬁﬁﬁeral vessels: the capillaries of muscle,
LNy f
‘fiﬂ*}\oﬁ

for example, contain freeiy mobile plnocytotic vesicles w1th1n the

[

macromolecules‘out of"

.

cytoplasm and may even coalesce to form transcellular channels across

the,endothelial cell (Simionescu,et 1., 1978). By contrast the
.brain‘capillaries‘have few, if any, pinocytotic vesicles in normdl‘
conditions (Reeseeand Karnovski, 1967) _ although their number can

be increased byvchanges inilocal cyclic;AMP&concentrations '
j(Joo,“1972),’indicating‘different deérees of resicular transport
'accompanying uifferent intraceliular conditions. Westergaard and
"Brightman“(1973) have descr1bed ves1cular transport of horseradish

. B

-‘.perox1dase at. certain segments of’ brain arterioles.: Because [

.ves1cu1ar transport 1s not selective, this may be a mechanism for“

‘.‘x i L

‘mov1ng serum proteins across the BBB. Under normal conditions i;

've31cular transport is 11m1ted which may account for the 1ower

R “ . o



Lot

levels of serum proteln 1n the extracellular flutd in braln
(O 2- LO 4 g/llter) than in other organs (e g., 18 g/llter in skeletal
: muscle) U S - o Yoo 1f - %*vw
The permeability characterlstics of cerebral endothellal cells
,allow a simllar passage of solutes.to that across plasma membranes.
Rapoport et al (1979), in exten31ve stud1es of the permeablllty of
brain caplllarres, have found a’ dlrect proportlon betweenl .

‘ cerebrovascular permeablllty and the octanol/water part1t1on :
COefficient. 'There'are two other types of transendothellal
transport (1) a hlghly spec1f1c and saturable carrler—medlated
' mechanlsm of transRort thaf accounts‘for the passage of glucose,l

b‘ketone bodles, lactate.pand amino acids (Oldendorf 1973), and (2)

the Na® —K —ATPase pump , an’ energy—medlated transport mechanlsm.

\ 5

‘..~wh1ch ma1nta1ns large 1on1c d1fferences between 1ntravascular ‘and

L.
TN

‘ extracellular spaces. o o
. v." B

Another important component of the BBB is the gllal cell
These cells make -up. more than half the cellular volume of the braln"
.(Pope. 1978) Moreover the1r astrocytlc foot processes are t1ghtly
fappl}gd to the caplllary wall coverlng about 85% of 1ts surface:
'(ME?EEFH et alt, 1957) Astrocytes and endothe11a1 cells 1nteract to
'icontrol transport and exchange of water and solutes between vascular
vand\brain compartments (De Bault 1980) The conc1u31on 1s that thekv

afroverall role of the BBB is to malntain ‘a constant extracellular

';J{;milieu for the proper functlonlng of the neurons (Bradbury, 1984)

. . . . [ N - B . : S
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4b Cerebral extracellular space

Quantlflcatlon of f1u1d compartments w1thin the brain has

AN

dproved techn1ca11y difficult, and ‘the varxous methods used to measure "

. ES

thc extracellular space have glven d1fferent values These methods

' ;1nc1ude freezeedrylng (Van Harrevel g_ al., 1965) freeze-

substlthtlon (Van Harreveld g_ 1. 6), ‘the use of chem1cal
markers such as sodium, chlor1de, thlocyanate, 1od1de.‘sulfate,

"sucrose and 1nu11n. neasurements'of‘electrlcal‘1mpedance, ‘and '

electron m1croscopy.w1th Spec1alaf1xat1on technlques.l'After a“‘ E
comprehens1ve rev1ew of the results obtalned with these technlques T
hatzman and Papp1us (1973) concluded that the extracellular space .
corresponds,to 12--25%. of total . braln volUme.: ‘ . .‘l ;

o The extracellular space of wh1te matter 1s probably larger'than

Nthat of grey matter due to the dlfferent propertles of these

ot

‘tlssues. The former contalns larger spaces malnly because the nerve

y e

'

: flbers are cyllndr1ca1 and run 1n all d;rections, whereas theC;Ell

- 4'\

bodles 1n grey matter yleld to: accommodate one another smoothly

(Lee and Bakay, 1966) Moreover. under normal conditlons the

I

extracellular space appears o offer no re51stance to the passage of

B R

substances of hlgh mdlecular we1ght, such as, horserad1sh peroxidase o

(5-6 nm ‘in d1ameter). and ferr1t1n (10 ll nm? (Brightman. 965) even

though the tortu051ty of thlS space 11mits diffu51on

(Fenstermacher, 1975)

It is now accepted that the flu;d filling the cerebral“‘”fipl'




Q\‘fg“'l."1976 Mllhorat 1975) Furthermore the caplllaries Of the braln o

.‘v.‘ -

f“fw}dhparenchyma produce BOZ of the CSF and thlS flows via the 1nterst1t1a1 :
- space YPollay and Curl 1967), the volume of wh1ch 1s regulated by ‘

1

‘*changes in regional cerebral blood flow (Fenstermacher, 1984)

’;la.d- Starllng s hypothesis of transcaplllary fluld exchangg o

The funct1onal signlflcance of the blood——braln barrler (BBB),”V
<and the effects of the BBB on regulatlon of the cerebral . '
d?extracellular fluid. can be further apprec1ated by taklng 1nto

consideratlon Starllng s hypothes1s of transcaplllary flu1d exchange.“T:}f

' '”""—"‘““"‘\ D
”f\(Starllng, 1896) Thls states that the dr1v1ng force for water flowf?; '

: f‘»across a membrane is: glven by the osmotlc and hydrostatlc pressures \;flvm

oo

f‘,lfhff”fon both 51des of the membrane and the permeab111ty characterlstlcs,ih"

s EEENY :\‘ i
1 f .

“of the latter' | R T T |
. ?h.Q L S[(va = Ppmv) -ia (IImv - I]pmv)] ';ftf <l5r?€;i?

'Q;where Q= net rate of flu1d movement across the vascular l}ﬁjﬁ"ﬂ‘ﬁ

df{endothellum (ml/m1n- o Hg- cm ) L = speC1f1c hydraullc conductancerihbxl

o

,";(ml/min) S»— surface area (cm ) P = hydrostatlc pressure (mm Hg),..v

. B
v

§fa =~prote1n reflection.coefflcient,;I(- proteln osmotic pressure

- 'il(mm Hg)» and mv and pmv correspond o'micrOVascular and ‘




protelns,ielectrolytes and water—501ub1e non—electrolytes (Rappoport.

1976 Bradbury, 1979) Thus, the low hydraulic conductivity of the'
BBB and the h1gh osmotlc act1v1ty of solutes in the 1ntravascu1ar and

.extracellular spaces are the maln mechanlsms regulatlng fluid volume wt

w1th1n the normal braln. However. w1th the alterations in capillary

‘\ B

permeablllty observed durlng braln edema, the hydrostatlc pressure

il

becomes One of the more 1mportant factors in’ fluld flow (see below)

) BN ,"/' .\

Two mechan1cal pr0pert1es of tlssues contrlbute to the fluid

homeostasis of the braln == the tlssue hydraullc re31stance whlch 1s
~ AR TR A

deflned as the 1mpedance offered by the tlssue to the flow of fluid“‘

and the tlssue compllance, whlch 1s the ab111ty of the tlssues to

"change form 1n response to changes in. f1u1d volume

(Marmarou et‘g;l”




compliance of normal brain tissue 11m1ts the aecumulation of flu1d 1n

;ﬁiffff' the extracellular space due to marked increases 1n hydrostaticxMV\
tpressure'that result from small increases 1n Volume. B L O

‘lf " 4 d Gibbs—-Donnan equ1libr1um for regulation of cell volume

i,

o ”7;-e‘ The GibbSb-Donnan postulate 1s the most W1dely‘accepted theongf;}flfl

'“u the extracellular spac ,or V1ce-versa. These 1ons,.1n tuyn; lead to




e 1ons and blcarbonate‘lons“ To maintaln optimal 1ntraeellular pH‘théi
R gllal cell extrudes excess H 1n exchenge for Na ' The second ‘?ﬁ .

‘lifg’if;‘dlantlporter 1nvolves the exchange of blcarbonate ions for Cl from the xéi
;;fQﬁfT“gfid extracellular f1u1d The 1ncrease 1n osmotlc bnessure due to the‘jéivi:H

fﬁ,fnh di_é Shlft of Na and Cl 1nto the cell attracts watef (Klmelberg and

Bourke, 1982) It has been suggested that in patholog1c condltlons

v
. e

characterlzed by decreased oxygen aVallabi11ty, an 1ncrease of H+ ,ﬂ‘l*ik

\." L e

(SleSJ 1985)f{»fb“




J“ﬁein brain cells that lead tQ cytotokic edema are caused by 51m11ar‘“

K

\~:ffunctional as in the early phases of 1schem1a..‘Memhréne‘élterationsﬁ{'V‘:“

[y
yo

sdisruptlve agents.nf‘;jﬂ .gi}”t'h ‘ t‘ j:.{~_" ‘f;\ w*‘ﬁV

“ﬁff The serond or spread phase is closely related to the formatlon

:

'phase.iIt‘depends not only upon changes 1n osmotlc and hydrostatlc

the resolutlon phase requlres loss of the

lTo be effectlve




that observed wlth abnprmal caplllary proliferatlon. or functlonal

P‘ ', . \“ AN
B Y .

such as that medlated by chemlcal substances or both ‘fj*”‘hvbbhﬁ B

Structural dlsruptlon of the BBB 1s commonly obsarved in theilh:jff
late phase of a developing 1nfarct10n (Olssqn et al., 1971 Kamljyo,_

1977 O‘Brlen; 1979),' Change in permeablllty reSultlng 1n edema 1s.fl“

proportlonal to the severlty and duratlon of the 1schem1c insult and

" ‘. . \ ‘. T

.Nivls caused by necrotlc changes in the caplllary endothelium (O Brlen

(R ‘.‘\, . . ‘. \

| ‘and Waitz 1974)

[N
ot
v

A structural breakdown of the BBB 1s also observed 1n braln'

[N e e

™~ 5 ,r-"l‘
e

NlSth et al 1983) and 1n blopsy material from human tumors

(Long,'1970 quk 1980)“




, ; SR ‘_*J?fh_dfv'fu]; ‘j‘n;",i-m,dﬂnﬁu¢=
Functlonal alterations 1n the BBB also 1ead to cerebral edema.‘i'

th

'”‘B;For example, injectlon of hyperosmolar solutions 1nto the carotld

t g_ 1973 Houthoff _t_g_ 1982) is assoc1ated

rcartery (Brightman

“Jwith a reactlve response of the endothellum whlch 1nc1udes formatlon
fﬁof veslcle and channel ilke structures, and Cytoplasmlc poollng of ;yﬁfw'

ﬁrprotein tracers (Farrel and Shlvers, 1984) These changes lead to ,f“?”rlh‘

o-\ . ! 'p‘ r‘

L extravasat1on of water, electrolytes, and tracers of hlgh molecular

f‘ﬁwelght e g., 40 000——160 000 daltons, 1nto the extracellular space f

ET

l~»d(Houthoff t.‘ ; 1982) i Edema assoc1ated w1th arter1a1 hypertens1q3

—
l

‘: :18 also caused by functlonal breakdown of the BBB (Westergaard et d5m;ﬁ~.”l;l

:;'51979> Petlto et_l 1977)




‘(‘,“formatlon.

-‘:ant10x1dants and the enzymes responsible for control of free radical

) i
A

lhe free radlcals actlvate membrane phosphollpases wh1ch
d.readlly convert phosphollplds 1nto arachldonlc ac1d and 1ts "“‘?'i;"“\

S \ . \w“ ' L

'jlﬁmetabolltes (Chan al ; 1981) Arach1don1c ac1d inJected 1nto the hh

-

gbraln parenchyma of rats produces bra1n edema by alterlng the

"Qpermeablllty of the m1crovasculature (Chan g£ 1983&) -_j“f

Lactate accumulatlon. and therefore lowerlng of pH has beenf'

1
L K

.assoc1ated wlth 1oss-of regulatlon of hlood flow and damage to. theﬁﬂ'f

v A ~

"'BBB (Lassen, J974) Lactate 1s produced 1n large amounts after an?“

y
v R

"ﬂlschemlc 1nsult (Lassen, 1966) aﬂd w1th1n braln tumors (l"




LI ! \"'V» C it : T ‘:" ..'.‘U"“.‘ .
S swell1ng involves a sh1ft of water from the extra— to the L
'~3Nf intracellular space ‘as’ shown bv a reductlon 1n extracellular space 5:?; ;
determined by cortlcal 1mpedence methods (Van Harreveld and Ochs,“"“f'v

1956 Schuier and Hossmann, 1980) Moreover even though the BBB f:,” .1?,Jﬁ

offers re51stance to the passage of water (Ralchle et al., 1976), and ,;Q‘

(Go and Pratt, 1975), there 1s a net 1ncrease of both in the i7~‘_;l,3

bra1n parenchyma. suggest1ve of movement of these substances from the

= plasma (Hossmann, 1982) ThlS 1ncrease 1n water from the plasma may

be due partly to an 1ncrease 1n bra1n osmolallty durlng the 1schem1c'

‘n'\

process (Hossmann, 1982)‘“ Because the endothellum in the early v¢vﬁ o

‘ R Wt

‘.

ma1nta1n an osmotlc dlfference between bra1n7tlssue and blood

.‘_ - o PR
, ,‘ f s . : R O . v . FIE

(Hossmann and Takagl, 1976) Thls dlfference 1n turn w111 tend to Qfﬂf SN

i ' o
a

4 »w‘.

ld¢equ111brat‘paccord1ng to the mechanlsms postulated by Starllng s
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“:Ml(ftw 1ntracellular C& medlates the formatlon of free fatty ac1ds T

"
'

C "(Harris .t lf, 1981), wh1ch produce cell swelllng (Chan et al.h lff”v

- m— — . ; =y

N t"1981) ”probably due to degradatlon of cell membranes.‘: More ' 17:‘;ffiilﬂ;

\

1mportantly, the presence of Ca\*.at a concentratlon greater that lOM

[ . ! ' Vo ooy

"1‘mol prevents the reactlvatlon of Na ~K AATPase by 1nterfer1ng with '”:jin

e

'fATP synthes1s (chhols and Ackerman, 1982) Decrease 1n ATP leade—to

‘formatlon of free rad1cals (Flamm et‘gl.} 1978) wh1ch 1nact1vates .

Y.

Coa

Na —K ATPase\J.th resultant cellular edema (Cha _ta_ 1983b,,

P

;TF‘",ﬁ“Brod) g_ al , 1974) Lassen (1968) observed suppre551on of enzymatlc“

'vactlvlty 1n the braln assoc1ated w1th ac1dos1s that was probably

‘produced by lactate accumulatlon He suggested that because lactlc
[ * L ' t ' : '1.< ,»l\"' :
AR ac1d051s leads to cell SWelllng, some of the enzymes suppressed may .‘,j;‘l.

. . _be those respon31ble for dr1v1ng the 1on1c pumps SleSJb (198)) has 4;5,;“.

gtgf,w-"“ suggested that swell1ng of gllal cells results from 1ncreased '
' ,,act1v1ty of Na+/H antlporters.jf'ﬁv.\fmii .L['"\}j"l; yj‘ IR ;

.fthe changes in the f1u1d homeosta81s of the hraln li

'JVand therefore, the formatlon of cerebral edema are due to a’ ’f

V

o N ,

”p;dlsturbance 1n the normal functlon of cell membranes. Vasogenlc

w




‘ Most studiesﬁof the spread of cerebraivedema have been

‘\performed in animals subJected to le51ons that produce vasogenic
edema ~— for example cryogenic 1njury U51ng this model, KLBCZO et

f‘__ (1967) and Reulen et gl (1977) have shown that capillary

‘hydrostat1CApressure is the dr1v1ng force for the extravasation of

Al
I

: ‘edema &mhid Transm1351on of hydrostatic pressure depends on the
/ i~ .
' area_ of altered vascular permeability and the duration of opening of

\-- “

R i :
. " the‘@BB (Klatz et al., 1967) In this model the altered

— .

l : -
)

‘ l L0 mpermeability ofﬂthe BBB in the area of the lesion’ allows osmotic
¢ difference to equ111brate, while hydrostatic pressure gradients are
;”gyr* \, geqerated The pressure is h1ghest in the area of the lesion and
A ol \

. decreases w1th 1ncrea51ng dlstance from the: site of the’ 1nJury The
- . a
s e

MO pressure gradient in the tissue is due at least in part to the

S ) opp051ng force generated by the res1stance of the affected tlssues.
dﬁ%tudies by Marmarou et. al" (1980 1982) in which fluid was 1nfused

1nto the white matter of cats have shown that tissue hydraulic .
'S ‘
‘re51stance and tissue compllance are: respon51b1e for changes 1n brainﬂ

K

é? volume in vasogenic“egema. However, 1t is 1mportant td'note that 4.~3>*

Sl white matter varies in 1ts Susceptibility to spread of edema.‘ Clasen

P ' t' 1‘ (1962) observed that white matter under the postcentral gyri o

LA . —

of onkey and of dog was more susceptible to spread of edema than

‘~that of the precentral gyri.v Thls ference in resistance patterns B

a \ o

o is due to a gteater number of criss-cross fiber patterns beneath the
v '\L.‘ ' s [EEE ( . }
;"Tdipostcentral than the precentral gyrus. Slmilarly, 1n the corpus : ‘;rf‘
\ SN
.callosum and the internal capsule, a compact arrangement of parallel




‘the grey matter, the intermingled disposition of nerve cells and
their processes. makes this tissue very resistant to the spread of

edematous fluid. ~Therefore, considerable hydrostatic pressures haVé,

‘to be reached before fluid gccumulates in the grey matter or the

corpus callosum.
N S \ " ' v I

The‘tissue‘pressure gradient created by the-damaged cerebral |

' |

N |

) m1crovasculature opens the 1ntercellular channels between the !
Nparallel fibers of the whlte matter (Cserr et g_ '1977). Initially

..a large increase in 1nterst1t1al fluid pressure is requlred to cause

o

N these channels to dllate. Once this separatlon of flbers has
occurred, a small increase in hydrostatlc pressure produces a large
1ncrease An the movement of water and solutes (Fenstermacher and

- Patlak, 1976) ‘ Marmarou t al. (1980) have shown that tlssue

compllance increases exponentlally with 1ncreases of up to 0 4 m] of

A P

tinfused fluid but reaches a plateau beyon¢ this volume. 'They also

'observed that tlssue re51stance decreases exponentlally w1th

¢

‘increases~in infused,volume. Thus; the‘spread of ;gema flu1d in

,vasogenlc edema 1s dependent on the dlstentlon of the extracellular ‘o

space by a cont1nuous leakage of f1u1d through a d1srupted BBB\lhat

LS >

'allows direct transm1551on of hydrostatlc pressure. Once the BBB 1s

N - ) ® , .
_repa1red the pressure gradlents dlsappear and osmotlc forces become
‘[the predomlnant factor respons1b1e for the spread of edema fluid and

':more 1mportant1y, resolutlon of the edematous process (Klatzo et al.,

'1980~ Marmarou 5;_51_ 1982a)

« - ot . - . . - . s e .




v

the format1on and spread of braln edema has been conflrmed recently

4 v BE

t al., 1979; Klatzo, 1980 Bodsch et

—

by several authors (Gazenda

al.,. 1982 Kur01w et g_ 985) These 1nvest1gators demonstrated a Q

close relatlonshlp between accumulatlon of serum proteins and
increase. in tissue water. They have suggested\that the increment in

serum proteins in the extracellular space'reduces‘tpe transvascular

. oncotic pressure difference, which limits the reabsorptlon of flu1d

“lfspace of the brain 1s 1n dlrect communicat1on w1th the ventrlcular

Ny o .
Sd. Resolut1on oﬁMbraln edema

1

from the tlssue into the blood vessel (Go g_ 1;, 1976 Klatzo et

gl., 1980). Therefore, as_well as hydrostat1c pressure gradlents,'

Y

‘tissue resistance and tissue compliance, serum,proteins play a major

‘role in the accumulation of water'during,vasogenic edema. . In.the

' o - : - : U . ' :
cryogenic—injury model theSe forces acting together-produce an

approx1mately llnear decrease in water content away from the. slte of =

. :the lesion (Reule t al. , 1977) an effect wh1ch hOWever,‘ls only

"observed in white natter.

o

\ .

Most organs of the body have a lymphatlc system that

'speciallses in. the removal of the excess water and solutes that

.r, y

- accumulate - for example, durlng edematous processes.~ In the bra1n

‘;wno such lymphatic system has been found However, the extracellular"‘

s

»1:cerebrospinal fluid (CSF) The ependymal cells 11n1ng the ventr1c1es~f

"foffer 1ittle resistance to the passage of solutes,‘ .as shown by the
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Co parenchyma (Nald et a_ 1978) [ P VSR SRR
o o “.‘ U ‘ ' ; ‘ ; ' IRE .

Bulk 'or convectlve flow is respon51b1e for the clearance of

. edema fluld from the braln tlssue via the CSF (Reule‘ g_ l . 1978)

1 v

: Th1s clearance mechanism is dependent upon the ex1stence‘of'a -
hydrostatlc preSSUre dlfference between fheazdematous trssue andnthe -
‘CSF;~ Therefore,«this prOcess is active onlv when there‘ls.aﬂ-u

,,;u cont1nuous escape of f1u1d into the bra1n from: the mlcrovasculature

(Marmarou' t l.; l982a) Once the BBB is repalred i. e , w1thin a.

\

) few hours of Cryogenic 1nJury; outflow of plasma 1s reduced (Marmarou

et 1. , 1976) Bulk flow is thus reduced although some clearance of

edema f1u1d may per51st due to d1ffus1on of solutes (Cserr. 1977)

- If. convective flow were the only mechanlsm respon51b1e for :
v L clearance of edma flu1d then proteln poor and prote1n r1ch fluids

would be expected to dlsappear at the ‘same rate. However, Marmarou

N

~ét \_(l982a) showed that mock CSF 1nfused 1nto the bralns of cats.u'QB

\' ( -’ r
was cleared at a faster rate than 1nfused cat serum.. Studxes by

Y E
-

Klatzo Et al (1980) have shown that gllal cells have a def1n1te role
: \ : , o
1n remov1ng macromolecules such as albumln.‘ The removal of albumln R

. ,\_. . \ .
A i

from the extracellular space and 1ts subsequent dlgestlon by glial

',{ cells lowe s the oncotlc presSure of the edema flu1d and permits its

re-entry 1nto caplllarles.; Rublnsteln et al (1962) reported that

lthls was as§§c1ated with an 1ncreased metabollc activi"




”disturbance of the bra1n aSSOC1ated with eaema. as suggesceu DYt

Yoo

ﬁvPapplus (1982) and Hossman _glg_ (1986),‘resu1ts 1n 1mpa1red uptake- -

j‘and catabolism of serum proteins. ‘;‘{n ‘wr”;*fl o e e {] S

v

N "

Other mechanlsms of edema clearance may 1nc1ude a retrograde

‘.plnocytosis across endothellal cells (Wagner gg 1974 Vorbrodt

[

( such as the area postrema, the pineal gland and the medlan em1nence,a

\

o and lymphatlc channels drainlng some reglons of the braln R Qi:ah‘fv

lh accounts for up to 38% of the 1nfused flUld uptake by the braln for:fl"’

:.aboutV56Z and uptake by the blood for about 6%

t l‘, 1985), absorptlon of edema f1u1d 1n areas devo1d of a BBB

\

(Bradbury et ab., 1981) e ‘;'

In summary, several mechanlsms act s1multaneously to restore

the normal flu1d homeosta51s of the braln.i The1r contributlon has

\ - i

been quant1f1ed by Marmarou et al (1984) u31ng a model 1n wh1ch the E:hhﬂ

Sy

bﬁain was cont1nuously 1nfused w1th f1u1d Clearance v1a the CSF




electroéncephalographlc act1v1ty were observed Measurements of

short-latency somatosensbry—evoked potentlals in areas of edema in
T cats w1th cryogenlc 1nJury d1d not show alterations in wave amplitude

<,‘
. v

and latencles (SuttOn _L_g_ : 1980) Slmilarly, 1n patlents wlth J

mass 1e31ons and edema no alteratlon 1n somaﬁbsensory—evoked
potentlals was obsefved 1n edematous areas of whlte matter rf “f;;n‘\ydf
o (Penn, 1980) fTherefore.'normal neurologlc and electrlcal function

“'iwﬁg.;h K c%n be’ preserved 1n patlents desplte focal wh1te—matter edema. ﬂ “‘p‘h

‘w\'

However, wldespread depression of,local 01ucose utllizatlon has been- >

”ﬂ:] observed 1n &ats w1th cold ;nJury;(Papplus. 1982). and 1n the hﬁfk;

‘_d perltumor edema of anlmals w1th bra1n tumors (Yamad 1983

~

‘}Q”m Hossmann et al., 1986) The 31gn1f1cance of theSe flndlngs remalnst:“

S
Y

to be determined.,

N
‘«". '




ngbrain overwhelms these compensatory mechanisms, 1ntracrania1 pressure”gfﬁ;j

f;increas s.' At thls point, very small 1ncreases 1n volume lead to

..‘\ N . \ WY X ,\‘~‘ \ e




" PART-II: METHODS EMPLOYED: FOR ‘THE STUDY OF BRAIN EDEMA .~

'u

Thls sectlon descr1bes experlmental methods used to obtain 3ﬁv~!

W’J f»pffi; 1nformat10n on the pathophy51olog1c alteratlons that occur durlng




~;"1 Determinatlons of Water Content\

1

5\)}{i' To measure 1ts water content a fresh tlssue sample is. weighed7

W

”'fgiltg dried at high temperatures, then weighed agaln.=‘ U51ng the values,f jf"“

'hftlssue dry Welght XEIQthQV"fv?h




Ry

G edematous bra1n samples.“ They prov1ded an equatlon to convert

f spec1f1c-grav1ty unlts into water—content unlts so that changes in

' \.\
K

“t_ water content can be calculated ThlS conver51onnls valld as long as

‘the speciflc grav1ty of the tlssue SOlldS remalns constant however.

W

551n vasogenlc edema the den51ty of the tlssue 1s 1ncreased with the

. :
w

‘:1ncrease 1n serum protelns. The proteln content of the edema fluid

- can be compensated for by an’ equatlon developed by Marmaro t al

- (1982b)

by




the dfying method be larger than 100 mg (thgen | 1 ‘ 1982 Bothe ‘

N

’f*iﬂf”“x et al.. 1984) Hence the advantage of the speciflc gravlty method 1s

its requlring smaller tlssue samples than the dry:mg method and may

permit accurate determmatlon of the dlstr‘lbutlon of bra1n edema as .

shown by Klatzo et al., (1980) ‘ b

t .- X ., .

' mﬁpo%tion of the 1atter. "

)

'



:‘,jsodlum content may haue been due to a small increase of sodlum in the

_oppos1te hemlsphere (Papplus and McCann, 1969) 2 Thls.lncrease may be

‘ ”’flpa source of error because reference Values are usually obtalned from

visamples taken from the opp031te hemlsphere.u” ”“ﬁcjhﬁhf‘ “},u“”
i SO v‘;\“ R . .
' A | i S ‘-;(-.‘l

Direct measurements of the blochemlcal composition of edema

:_, . . .\“..

'.“dff1u1d 1n the cryogenlc 1nJury modelxhave been performed by elther‘V”?c‘

fcentrlfugatlon of tlssue samples (Clasen g_ 1962 and 1982), or

St s o " ey

:by 1mplantat10n of catheters (Gazendam 1979) The values of »f,

e

:Ffsodlum were 51m11ar to those of plasma in both types of experlments,

Vo
B . [

AN ‘however,.pota551um Was very hlgh 1n theﬂf1u1d extracted by ﬂﬁf?'ﬁaa%f~?




"'cats (Pappius McCann, 1969) These 1nvest1gators,'employ1ng radlo-%fhfw“.

1abe1ed\serum album1n demonstrated an increase of albumln reachlng aib“

\‘- “‘ .
[

maxtmum at 68 hr, whlch corresponds to the tlme the BBB remalned open.;td

'
' va A
o'

to macromolecules (Klatzo et al., 1980) They also observed‘a‘

. . \ . O
» . " s AR v

'f‘relatlonshlp between an 1ncrease in’ albumln and 1n water 1n the

. R ‘\|‘.
a0 v

‘ : A g
;b\formatlon phase of edema ‘wh1ch has been conflrmed by Bothe _t_al g

(1984) Hossman e (1983), and Kur01wa et al (1985) leferent

2 *-‘ S

groups of 1nvest1gators,‘however, have found varylng amounts of serum vf

v ' Lo (B

‘{.‘ ".‘l:. ..r- IR

‘{l; (1985)'have reported serum-proteln vaIues 51m11ar to those in ff"

T

plasma whlle HoSsman (1983) found very low values (about onegh ;

proteins in edema f1u1d For example Clasen _t_g_ (1982) and Go et J”"““




ny e

h, and thlocyanate (Streicher e a . 1964) These techniques have |

.

fAe L B .
. A o

' ) I O B
o f

e N \‘ : ‘. \ RN

several l1m1tat1ons"for example markers may dlstrlbute 1n more than

f e

.A" " L ‘ - : { _- ",‘\\' - K w o

Q one spaCe giv1ng rlse to error or values may be altered by changes

Y . . B " . AT
o

'ﬂ. 1n the 1ncubat10n temperaéure oﬁ the medlum or its comp031t10n“ff,f

v '

(Cohen,.l972) Consequently, these technlques are no longernused

(for a. comparatlve rev1ew see Katzman and Papplus 1973) .;_;j =

.I.‘ \‘)

: ”“g7§ff Electrlcal 1mpedance can be used to measure the 51ze of the

extracellular space 1nd1rectly, based‘on the assumptlon that the cell

N

membranesx hlgh electrlcaf"res1stance allows electrlc'current to flow .

L
NS Nt
L

only through the 1nterst1t1a1 flu1d Durlngrvasogen1c braln'edena




o artitacts tne tlssue that alter the. 51ze or the extracellular
. . e
. S - L R
: : A space . L »jj o S N W
. ‘ Sy T e Lo
Despite some of 1ts llmltatiOns the éléctroh~miéro$tope has.

helped prove that edema f1u1d accumulates in" extracellular and in the~

intracellular spaces (Lee and Bakay, 1966) WIth the use of

-?.,

electron—deﬁse mater1al ,electron m1croscopy has also helped deflne;u“

\ : \

a

the anatomical basis of the ‘BBB and some of 1ts functlons Tlght

v ’ N -

junctions between endothelial cells represent the BBB, as shown by

the studles of Reese and Karnovsky (1967)

The electron mlhroscope revealed that ln braln edema 1nduced by
triethyltln 1ntoxicat10n, the edema fluid collected w1th1n the myelln';
sheath formlng vacuoles by spllttlng the 1ntraper10d 11nes (Aleu,-:‘H
1963) The vacuoles are phy31cally separate from the extracellular

."F;u h“ space | (leano et al., 1968) | - | |

Physiologlc studles of the BBB durlng gerebral edema began wlth;

. . \ ' :
: 1ntravenous 1nJect10n of v1ta1 dyes.\ The more commonly used markers

e

‘ are Evan s Blue (Tschlrgl, 1950) and fluoresceln 1soth10cyanate

(Klatzo g_ 1,’ 1962) For electron m1croscopy the more frequently

p——
)

used markers are the electron-dense tracers horseradlsh peroxldase
& N A 0" ""

and.m1croperox1dase (Westergaard 1977) The funct10na1 changes"h

R .
',f: “ affectlng the BBB during the eérly phase of 1schem1a have been well ﬁ
-‘ . {“v } n'<'.- M

ddqumed%ed by employing horseradlsh peroxldase (Kur01wa et al.,='

voosd oronT

1980) Also, studies with peroxidase—antiperoxidase technlques havel:f

:“1provided 1nformatién on resdlutlon processes in brain edema (Klatzo o

e

The limltations of‘these techniques are that no



.
0

o3

N
v . .

the tracers can be accurately'determined. PMoreover, this N
. . . e .

distribution may not correspond with that'of serum‘proteins due to
‘ ) ‘ . .

' differences‘in their transport spread and degradation throughout

the compartments of the brain (Westergaard 1977 Wolman_ et al., .’

o

"1981). o e P /

S. Autoradlography L , l . - \ X s

v

Quantitative autorad1ography measures spat1al distrlbutlon and
concentratlon of radiolsotopes 1n tissues. By labelling chemical
compounds w1th radioactive tracers, it 1s possible to determine the‘

rates of spec1f1c biochemical reactions. This method was developed

1n the 19405, but was not generally applied to studles of. the cenLral

nervous system until several years later (Landa uetal., 1955

N

——

N . ) ) LT LI ) ) B v yl‘

Reiv1chug£‘al,; 1969)

fAsmthis techniqUe‘employs intravenous injection'of‘a N

s

l‘radioactive tracer, one must take 1nto account the blood flow 1n the

tissue of 1nterest as well as the tracer s ;ransport between blood

'

KR

and tissue, and 1ts metabolic pathway ( okoloff t l.. 1977) This
requires knowledge of chem1ca1 and enzyme k1net1cs and tracer theory

These depend upon a number of ba51c assumptions that ate affectd by

L)

numerous fachrsa both static and dynamic. Moreoever, methodologic_l

.o . '

factors such as- type of labeled compound procedure for administering

R

it, and time 51nce administratlon, all markedly influence results.‘“f

Hence the technique requ1res that the ba51c assumptions be validated




1nformat10n can be obtained w1th thlS technlque.

The app11cation of autoradlographlc methods to the Study of

bra1n edema has conflrmed prev10us observatlons u31ng other

' techniques. Blasberg t al (1980) for example employed 4C
‘ ‘ Aamlnoisobutlric acld for asse351ng caplllary permeablllty and IAC{‘
- sucrose and l lIn transferrln for the determ1natlon of f1u1d flow"

.\.

‘through braln parenchyma in rats w1th cryogenlc 1nJury Thelr

‘results showed that caplllary permeablllty 1ncreased in the area of
the 1e51on, and d1d non alter in the surroundlng braln.' They also"

’ demonstrated that the rate of movement of sucrose and transferrln was -

‘the same’ and limlted chlefly ‘to: the whlte matter. Thls conflrms
N ' . .
rprev1ous studlés show1ng that the spread of edema flu1d after a

‘cryogenlc 1esxon is" by convectlve flow
“'“:n Autoradlography has prov1ded new 1nformat10n on the metabollsm

"of the brain follow1ng var1ous 1nsults In rats w1th cold 1n3ury,

H

A Papplus ( 980) stud1ed the relatlve rates ‘of glucose utlllzatlon,g'vu.

’«whlch prov1des a measure of cerebral ox1dat1ve metabollsm. ‘Her='"

t_ﬂvresults showed a marked decrease 1n glucose utlllzataon 1n the K
: ) - ‘

5'affected hemlsphere. and to a lesser extent 1n the oppos1te‘f

R

"gf~hemlsphere.‘ Th1s effect was most marked 1n the cort1ca1 areas. From'l,

T

‘:fiﬁilf”f]further experlments u31ng the same methodology, Papplus and WOlfe o

Mg}(198d) concluded that depression of glucose ut1lizatlon does not ”3‘-?

f"ﬁ{ contribute to braln damage, and that edema ger se d1d not cause a.

[

?decrease in local cerebral glucose utilization.b Hossman etvhlin;ffﬁ‘f

N

S

A 19§§‘ demonstrated a similar‘depression in the bralns of rats w1th;1:




it may

-'produce an’ 1ncrease invintraCrania pressure.~ Intracran1al pressure
- is dedermlned either by lumbar or v ntrlcular puncture. wlth the
ventr1cular route reflect1ng 1ntracr‘nlal pressure more accurately

v | than the lumbar route (Lehman and Pasker, 1935) Because perlods of

! 1ntracranlal hyperten51on are followed by perlods of relatlvely

normal pressure, ventrlcular puncture also more accurate]y monitors

-these changes over tlme. These spontaneous varlations in pressure L
have been observed in a varlety of d1sorders, and have been

- attrlbuted to vasomotor 1nstab111ty (Lundberg : 1965

C

: Langfltt and Kassell 1966) ‘ ‘;i.‘ ;Q] f\Q:oﬁfly{‘ﬁkfﬁfJ.d'

Intracranlal manometry 1s not d1agnost1c of braln edema but of

k any 1e51on that produces an increase ‘in the contents of the skull

Once edema 1s dlagnosed however, the contlnuous measurement of

&

'Cﬁ.fd' 1ntracran1al pressure monltors quantltatlvely the development of '}}




x L.variety”of techniques 1s a: result of the complexity of the central
ervous system, its inaccess1b111ty, and 1ts vulnerability ‘The *ff
:limitations of plain X= ray f11ms for the detectlon of cerebral edema
'were evident from the beginnings of neuroradiology Only certaln ?:
‘:le31ons cau51ng edema. such as calc1f1ed tumors and the sequelae of

Ftrauma. were amenable to diagnosis by'x-rays (Bull 1961) ' Working

\n,ﬁat Johns Hopklnsjkmpital Dandy, in 1918—~19 1ntroduced“h1r into theﬂh‘

.cerebral ventricles of children;w1th hydrocephalus and 1nto the :
: ‘ '-.-r‘r

'“gsubarachnold space. to dellneate the ventrlcles and observe ,,vg-

“".' [ . N ‘

e dlstortions produced by a variety of condlt;ons.- Slcard 1n 1921

published h1s work on the use of p051tive contrast‘medla He'ﬁfff“f_f
‘ v BRI

'w'n.

"inJected LlplodOl intrathecally 1n the Iumbar region to detect

X -

‘ﬂ?‘1e31ons that produce a mass effect 1n the splnal cord Egaz Moniz 1sw“ﬁ

, ‘ﬂo credited w1th the d1scovery of angiography. n'1927 He used sodlum

-;;iodide 1ntra-arter1ally 1n an effort to delineate blood vessels. ﬁBy7ﬂdf
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.‘ .

'patients. The appllcatlon of increa51ngly sophlsticated techniques d_d
‘ of nuclear medlctne to braln scann1ng has revealed that thls uptake juf

..\- of radloactlve tracers by tumors and other le31ons. is the result of

e s
\ . . R

e an altered BBB (Bakay and Lee, 1965) " L\hb  ';}l ;fi'g:flflhnm

\

Godfrey Hounsfleld (1973) reVOlut1onlzed neuroradlology with

"
K -,, A W

hls work on computed tomography One of his breakthroughs‘was the

dlgltlzatlon of the 31gnal detected by sodlum 1od1de Crystals that

- 4 . .‘.
'“.1\‘ . ¢ \

E .5Jp":. sc1nt111ated when exposed to: x-rays. Uslng the pr1nc1p1e that‘t

crystals sc1nt111ate 1n proportlon to the amount of x-rays they

S o ‘w K ) . . -,‘:‘.;
e L

absorb rand that tlssues absorb x—rays 1n proportlon to the1r

‘.“. \

' “wdens1t1es, Hounsfleld obtalned values for tlssue dens1t1es from the

“ﬁ image.v The 1mage 1s formed by a large number of dlscrete areas (1 e.




\1701) bnoweu B 8000 corre13c1on Decween l:ne 51ze OI Cne areas Ot

v
. ¢

decreased tissqe den51ty on scans, and the extent of cerebral edema

‘They also found a

as judged by histopathologlcal methods.

- n' :

tlssue den51ty and severity of the edema.“

\

correlatlon between

~




autoradlography but w1th much'less spatial resolution.l The abil1ty

l Yy ; 4 N o ll




~b101031cal.‘ ystems (Odeblad and L1ndstrom, 1955); ’I‘hese studles\ v




‘Usbetween normql and neoplastlc;tlssues based,on differenqes 1n RPN

“?relaxatlon rates.\ Damadlan and hlS collaborato;s (1976) were laterh*5

‘iﬂklnvolved 1n the development of one of the flrst NMR scanners'“?‘”““

TfUnlted States.« At.the same tlme, groupshin England were publlshingﬂjk%

. T
‘\.




high sensitlvity of th1s technlque for detectlng changes in tlssue.}y}3§1§

Data from relaxatlon rates are relatlvely unspec1f1c for dlagnosxng

f
o

braln‘disease' however. d;agnosis 1s aided by other factors 1nclud1ngf,tf;

t morpﬁologlc detalls revealed by the image and cllnLcal manlfestatlpnsf };ﬁ

. ‘v..

'.f‘irin the patient (Brady et 1983 Smlth et _a__ g 1985) .
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between the statlc magnetlc fleld and a populatlon of nuc1e1..songu\5*'"

corresponds to protons allgned along the f1e1d s l1nes of force' the Thf

W n '

3P:?‘Tgppf other to protons allgned 1n the opp051te d1rect10n. The energy

i

B - v-

'fthelstrength of the static f1eld and the magnetogyric ratio.,‘i.?f;,fzf:

k-fﬁf thermal equlllbrlum,,““larger proportlon of nuclel occupy the lower

‘.>.‘ . .“‘ - l ‘I'

,. \‘_‘,.

X energy level and result 1n a greater number of protons whose magnetxc o
! . B L

3ﬂggw,jpkrpmoments are p 1nt1ng along the dlrectlon of the static magnetlc

) | i B "\"‘ “

'Jf>h fleld The excess number of protons occupylng the lower energy leve]

%,-. \ <\‘
v s

1s predlcted by a Boltzmann populatlon dlstrlbutlon whlch states
A ESTAREE SR IR . S o \
i“\that the probablllty of occupylng an energy level decreases

. ‘ , N
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magnetization to precess aWay from the z axls..'To'deécribe“the31m

,__}

w
v . Y N . B .
R S . .

,a‘

nemployed

Th1s frame rotates about H at the Larmor'frequency a

v

the same direction as that at whlch the magnetlzatlon wector ‘fvﬁf‘l

precesses. By analogy w1th the laboratory frame~'wh1ch has co— 'l“"

. ordinates x, y, and z, the co—ordlnates of the rotatlng frame are x .
- lgand:z.u The anes z and ; ate<the‘same for the two franee\of ’hﬁ |
e ‘reference, nhereas n. and}y“ rotate about the z axls:,“fhe;efore, the ngkt
magnetlzat;on vector t11ted tnto the x ;y' plane\will appear fli‘ﬁ:hlf“ 
»{s]scat155;§y'” ‘Mf;u&;fffhhfﬁffghif”igf;ﬁ*lgfﬁfﬁt}"wfh;fjffy,i?f*?““v:l e
} f'tFromxthe”polnt‘of tlew of qnantom‘nechanacs, when ﬂ‘p??f1kﬁ’

radlofrequency energy that‘matches the Larmor frequency ub'ls applled

‘Thls produces tran31tlon of



_— J,gp ,w V,Vf;.;‘Mmf“1'“13‘j:,§;‘ﬂ‘f.hhw«ﬁ:d:"’Hz-ﬁ'ﬂi¢‘ﬁ %R46ii
fﬁ‘:\#f*f"ﬁ‘ia‘h Whgn the RF pulse is 1nterrupted components of the R

. 'v“

' . : R AE 1'

"hcmnf‘ magnetlzatlon w111 be left precé551ng 1n the x—y plane due to the\r

. , L ' RN
v .

torque that protons experlence from the statlc fleld H Then

s ! g . : ‘

,)‘-f‘

prece551on ln the x- y plane generates an electromotlve force (EMF) 1n

v
‘x

" \ .

plane (M ) and the amount of protons 1n the sample.[ Because the

f “ ,-‘ /

protons tend to return to thermal equ111br1um by a&process called -‘)f_

S relaxatlon ésee below), the detected 31gnal decays w1th tnme. Thlsyﬂkju
""-}‘ ‘, L ) ‘ o e ! '
o t1me dependent slgnal recelves the name of free 1nduct10n decay

A ' f.‘xf‘v‘

" y“‘{ N \ 5 ".“‘”.
(FID) Thlstreturn to equlllbrlum 1nvolves a comblnation of two

Vo ta
" \ V

1; y'7wfa‘* ‘processeS' loss of energy by d1531pat10n 1nto the surroundlgg . ‘;‘f):ﬁ'(
3 .VT.“’-"“;‘ .‘: . : o L e -P s ,‘ ~" . _..:I“ ‘
»r‘ﬁ”, env1r0nment (1ong1tud1nal relaxatlon), whlch descrlbes the e

. ! S . [
.x‘ . [P .u | . [ . i . \.

""IV(\‘ .




”protonsymus{ release'the‘absorbEd‘energylto theirjsurroundings,\whlch.' '
is. accomplished by electromagnet1c f1elds. These fields are proyided.
. by the’ surrounding nuclear env1ronment or‘lattice. .ln.the case'off. U
| | protons Qf water, the lattlce flelds are produced by neighborlng J.hf
« . .
protons,‘especially that of the same water'molecule.( The lattlce
. . .,’Q
must fluctuate to promote transfer of energy from the exc1ted protons-,
‘ to the surroundlng env1ronment and the fluctuatlons are‘prov1ded by

‘!I“ f ¢

the thermal (Brownlan) motlon of the molecules. ‘When the rate of s

l
)

,~fluctuations matches;the,LarmOr frecuency,.the most. efficient

a

[

"relaxation'is achieved.‘”The return of'magnétiZation”tq thermal -

v equillbrlum is usually descrlbed by an exponentlal recovery process.

AR \ A

In other words, the magnetlc 1nteract10n 1nvolv1ng nuClel is 0 )

o
-

[

.

E modulated by the thermal motlon ‘of the’ env1ronment. 'Thls~magnetic

. v, .
- - 1nteract10n. whxch causes each nuqleus to experlence a local magnetlc -

v '_n

f1eld when modulated glves r13e to a tlme—varylng magnetlc faeld at [ o

9

each nucleus.‘ The amplltude of these magnetlc 1nteractlons can be B

RETRE Ur A .
g L

'wf transformed to 1ts equ1valent frequency domaln representatlon by

!

3-"'employing a mathematlcal expre351on known as Fourler transform, whlch S

s . ot rok .

enables a. quantlty that Varles w1th tlme to be analyzed 1n terms of

¢ . e
, 5

b;:f L 1ts frequency components. Plottlng the resultant spectral dens1t1es fuﬁi "

KR FEAIN . . “

J(cu) against the frequency components of samples conta1n1ng protons

‘\‘ Q ' ‘.‘_'«v '\

S efficiency of relaxation to be expected from 8 sample &t partlcular e

v
. I

A .
.

-‘,“ (I

':ﬁ-ﬁ‘ resonant frequencies. }ongitudinal relaxatlon 1s more eff1c1ent when




SR
e

" 7a.2. Trahsverse‘relaxation

e
'

f* relaxatlon or"a hlgh ValuevOffR

R . ' . _.. .
. . . s . f ey
S * ' L

'The RF pulse 1nduces cbherence in the precession of nuclel and

.

K‘1s respons1ble for the component of transverse magnetlzatlon detected

by the recelver c011 The transverse magnetlzation decay is the

characterlstlc of an exponent1a1 decay process that occurs due to

o \‘

loss of phase coherence w1th1n the transverse magnetlzatlon of a :,‘

populatlon of protons - The nuclear magnet1c moments get out of phase‘
because they posess sllghtly different preces51ona1 frequencles e

o

wh1ch ‘are the result of (]) 1ntr1ns1c fﬂelds w1thin the system caused
by the magnetlc flelds of nelgthrlngjnuclel, and (2) imperfectlons
of the statlc magnetlc field that. 1ntens1f1es the depha51ng of“

protons. R2 desgrlbes the loss of transvegse magnetlzatlon and 1s

® e

L%
caused by the 1ntr1n51c flelds whereas R2 descrlbes the decay of

£

transverse magnetlzatlon caused by 1ntr1nslc flelds plus that induced

)

by Lack of homogenelty 1n the magnetlc fleld Therefore, R2 > R2

The 1nherent flelds are the result of nuc1e1 exper1enc1ng the R

‘,resonant frequency of 1ts nelghbor.u For example. the protons of a

i . . ~
e

water molecule 1n 1ce have a very slow thermal motlon ahd experlence

.
) .
B ) .

dlfferent resonant frequenc1es because of the1r dlfference in -

) .
W

or1entat10n relative to each other. S1mllar1y, their water molecules

experlence dlfferent resonant frequenc1es because thelr different ﬁ;f,.tQ

t . ,}‘ .

f orlentatlon 1n space.‘ The result is that protons 1n ice have a very

A .‘ ) S ¢\.

broad range of resonant frequenc1es that iead to a fast dephasing of

the transverse magnetlzatlon}(l e., an effiéient tranSVerse jig

),: Qn the othér hand}dua

SR I ‘v.z ;
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N . A A Y A i . A | Y

cause the relative orlentatlons of the varlous nucle1 to fluctuate\

s o .‘ e f_

randomly This fast motlon tends to average the interactlons between .

‘ 0
nuclei resulting in a much smaller range of resonant frequenc1es and .

o .
o . . . ) . . , . . . .

a slow depha51ng of protons.~
! oo A B ' : ' N . ' . L ' .
T f[ nﬂ‘Lack*of_homOgeneity in_H ,contributes to the range of resonant

frequencies experienced by the.nuclel. ‘The‘greater thé:nons

\ 4
e i . . . \

unifOrmlty of the magnet1c f1eld the greater spread of frequenc1es‘ﬂ'h'\_'

and thus a more eff1c1ent transverse relaxatlon. - : ‘

i Lo
N N

€

3”, ,.Ré is. affected not only by 1ntrin31c flelds caused by protons R

T o , .
T _ . ‘ . . .

tumbllng at very low rates (statlc component of the spectral denslty

functlon. J ) but 1s also affected by the same mechanisms that cause

o

longltudlnal relaxatlon.t The latter contribute to R2 in a muqh less

AR
i

1mportant mannér,,however, and thus the eff1c1ency of transverse _ﬁ-ﬁ‘i', \

a v
. '

relaxatlon decay 1s greater w1th larger molecules because the o

intrinslc f1e1ds generated at zeroﬁreorlentatlonal frequency are :
larger than those observed 1n small molecules (Fig, 1) :fv-f: BT fh

a 1




Figure 1 Plot of the spectral den51t1es (1 e, amplitude of the o »

3magnet1c interactions) against’ thermal ‘motidn of molecules ( r. )
. and their -effect on the efficiency of relaxation. In the: ca.c‘_““
Jf.of the: longitudinal relaxation, the most: efficient relaxation is"‘
lfkachieved at ‘motional. fréquencies near the Larmor frequency W e
" and is’given by medium-sized. molecules.i‘Very small moleculeg R
.- have a broad distribution. of motional: frequencies: and ‘thus a lowl DA
‘“n;amplitude of -the magnetic’ interaction ‘that results in {,f” AERIE AT
" rinefficient relaxation, A similar 'situation-is observed. with

‘very ‘large . molecules; ‘that ‘have a: limited’ distribution ‘of..- A
.+ motional’ frequenc1es. ‘For the- transverse. relaxatlon componentsl.‘-;ﬂ“’wf o
.., of motion at the Larmor: frequiency contribute’ to the’ deph851ng SRR LA
... of the. magnetization, however, ‘the static components ‘of . the - PGSR

-fk,spectral den31ty function J(o), have_ a strong contribution to
. +this type of. r mw;gxg;ign¢_making it very sensitive to slow .

‘ _;.,j’moleculer motion: characteristic ‘of very: 1arge ‘molecules (or of
,;g‘;j?;diffusion processes). . The mechanisms facilitating longitudinal
-~ ="~ relaxation; in"the' rotating: frame are similar to® ‘those inducing
o ;longitudinal relaxation with: the ‘added: compdnent of - slow s
.‘molecular motion; ‘that ‘tunes- in to: the Larmor’ frequency ‘of he:
applied radiofrequency field J(tﬂ o The RF field'can be varied

8
v
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f'th7a,3$1 Long1tud1nal relaxatlon in the rotating frame jf',‘\fjn“,v”fnf'fx."

R
+ : )

The longmtudlnal relaxatlon 1n the rotatlng frame is also an o

v
. !

exponent1al process corresponding to the decay of the magnetization.w"\

. L . : g o
[

R when it 1s a11gned along an RF fleld Hl‘ rotatlng in’ the x—y plane.

ThlS decay corresponds to the‘return of proton magnetization to the z
d1rect10n and 1s fac111tated by fluctuatlng magnetlc fields that‘ |

aol o b [

occur at the res nant frequency W Because the Larmor frequenc of
% | be Y

i !

R

ﬂé‘f | protons 1n thls Weak fleld 1s very 1ow the eff1c1ency of relaXation

) . Ny

of Rlp 1s fac111tated by slow molecular motlon character1st1c of

\
i “ N

large molecules‘in add1t1on to those occurrlng at J( wﬁ)













i

"‘Edzes, 1975) Damadlan (1971) 1ri'i




fﬂdiffusion process between compartments 1n tlssues 1s another factor St

K R

7ithat contrlbutes tor the nature of transverse relaxation decay Ifﬂ’

.decay‘rategwlll showYmore than one exponent1a1 component. Suchyslow




the strength of the radlofrequency magnet1c field H1 it 1s possible;'*’: |

iyﬁ~; to obtaln 1nformat10n on varlous ranges of slow molecular motion;

In summary, lt can be sald that longltudlnal relakation 1s [

I 'A, N

I \ 1‘;%
R o

n.malnly affected by the nature of the 1nteract10ns between water and

u“;

NI ﬂj'macromolecules.r If the structure of the macromolecules 1n tlsSues
.q" ot R . »v

‘lyhustays approx1mately cOnstant then R1 will be a sensitive index of

water content 1n SUCh tlSSUES.‘ On the other haﬁd transVerse

. ' «"‘ " \‘:‘ “‘ A ; Rl I ' Lo
et . .‘ N . " .

relaxatlon and 1ongltudlnal relaxatlon 1n.the rotatlng frame are ‘7Vh" o

.,. »‘|‘v




the brain following dlfferent types of 1nsu1t. The extent of the ‘ikkfﬂffyuf

edema as: shown by the NMR images corresponds wlth that 1nd1cated by fj’”

.\‘

»‘ " " Ve (A

evaluated by Klatzo et a1 (1980) USlng water—content determ;natlons

4 RTINS i e

and histopathologlc assessment.- The previous Studles reported\51Q§1e N%~f(fﬁ

“ g ' ;v




‘; mﬁn BartkOWSkl‘;i‘é; (19855{H;ve observed A1£ferent rates of relaxatloniig"::vl\
e ‘ ' ' , " ,‘h_ . . W
if;ﬂﬁe 1n braln samples from anlmals wlth varlous types'of edema, even mfffi;?;.' |
'fffw 'ﬁthough the matef‘eontemt.was slmllar in’ such samples;, Therefome the;}:& giid
S | ’ P :
“ Cytotonc and vasogenxt edema.‘ Th1s has 1mportant dllnlcal t ‘w:;f'ﬁm;fi;‘
V{g‘fi‘lmpllcapxons because the response to ureatment of each condltiom is |  ;\}§f“
= "?ML'qually'differeht:(ﬁossménnl 1982,mLong,‘1985) Thus‘the c11n1ca1 ’ ;f__ A

T
.“I \ 5 i . '

b ‘ S ‘\: I
BN, appllcatlon oﬁ‘NMR for the obJectlve assessment

of varlous types of L
Lol e effects upon the braln‘should lead TS
e - to the development of better forms of treatment : f:fﬂv:mf‘m;“f“”f“f?f o

T . : ' s : .
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| B - The Present Studies . o

\ " ’ L . . . -
. . f . Lo a

v ' ! f toe . . . .
o Y 4 ‘ . : o
‘ ' ' . ‘e . )
.
.

E)kperimental wOrk'c‘on'sis'ted‘of_sytu‘d‘ies. A and B

. Lo
V. s . . . 0

[ a

D Study A: Evaluation of the\proton'NMR relaxation cha‘racteristics in

a model of brain edema fluid. SR

» . d
1 \ ’ K !
. .. \K,’ :
Study B: Experlmental cerebral edema in cats comparlson of proton
relaxation rates '_i_n_ vivo and in vitro, and content of
— N . . B
- . water, total and sviuble protein, and albumin in vitre.
.“ . . ) L M
. I.* Study A 7 o N *
a 4 1 ~
M |

1. f“‘Ot;j:ecti\}e‘s:"."" T e ‘ SRR

i et ' e ’
. I
i. ~Exam1ne the relatlve sens1t1v1ty of the d1fferent relaxatlorr
\ 5 g rates to chem1ca1 compos1t10n of edema fluu:d S )
PR 3.‘ | ' . .
N Ascertain whether the use of the two-env:.ronment Tast exchange ’
. s~ . & N \ \,
_f"model of solvent relaxatlon 1< a good appnox:.matlon for
ffvasogenic édema f1u1d. L LT oo

_i.‘Produce‘a quantit%tiﬁe dat:abase of relaxation .rat:es from wh1ch
R ﬁ A



~ parameters can be selected to.optimize cghtrast in the.

o . T SR

E resultant iMages. - BT R ‘

2. Materials and Methods , " ﬂ AT

,"‘ (/ TR

A
2a. Rationale =~ L o o
. B , ; _ o

. L . . o
o o The extrecellular fluid,of the brain is an ultrafiltraté“of
. plasma.. Its broteln c0ncentrat1on 1s 0.2--0.4 g/lltef ‘and it playsu

T a §ubstantlal role 1n the productlon of CSF (Pollay and Curl 1967)
- « .
_The anatomlcal cont1nu1ty between extracellular spaces and cerebral

ventr1cles suggests that the chemlcal comp051tlon of the 1nterstitial

'fluld is simllar to that of CSF (Mllhorat 1975).

1

. f C Vasogenlc braln ‘edema is characterlzed by an ac0umulat10n of .

D]
\

water, ions, ‘and serum protelns 1n the 1nterst1t1a1 space (Klatza,

1967). In attemptlng to d1st1ngu1sh between vasogenlc and cytotoxlc
. édema by proton NMR Sit is necessary to study relaxatlon rates in a f
;"Q.G:model of edema flu1d Human CSF provldes a s1mp11f1ed model of.

“

g\: extracellular edema f1u1d we. varled 1ts chem1ca1 comp051t10n to'

fe L ts1mulate changes obserVed 1n vasogenic edema flu1d., To. vary
. ~ v o .
concentratldns of serum prote1ns, characterlstic components of
' " B ok ‘

vasogenlc edema f1u1d we used solutlons of human serum to establish

,‘the magnltude of the changes to be expected in vivo.; We also used

ind1v1dual prote1ns and their mlxtures, to determine the effect of

RN -

ne:.fﬂv,4m1x1ng varlous protelns found in human serum.u,;n“g[7,7‘;y e

3 (I
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A

.strength were also investigated Previous studles have clearly

v

established that vasogenic edema is assOc1ated w1th marked 1ncreases

1 l'.'
s

in sodlum content of the bra1n (Hossmann gg_al a 1983). and there is -

evidence that changes in the ionlc compos1t10n of edema f1u1d alter

!

relaxation rates (Halle EL_ al., 1981) Electrolytes could for

.”‘example decrease relaxatlon rates by dlsplac1ng protons from the

t

populatlon of assoc1ated water molecules Accordlng to the two- state
ofast—exc’hange model,’small‘changes in this fraction‘of water produce'
marked changes in the obsenved reLaxatlon rate : In thlS study sod1um

‘*content of album:n solutlons was varled from SOZ to 200% of normal
.‘CSF sodium concentratlons. h,‘:’ L ,j,. " v._* ‘ '

Changes in’ pH in areas of perltumor edema have been reported

I

“jA decrease of about 1 un1t has been observed 1n rats w1th

'transplanted brain tumprs probably due to accumulatlon of lactate

o

(Jahde et al., 1982) Reduced hydration of protelns when the pH 1s.75”

'

A“lowered has been observed in studles of 170 NMR relaxatlon of album1n

@fsolutions (Halle» ‘ 1981) Thus, we also studled the effect of

.
. . )

'varying pH on relaxatlon rates Us1ng albumln solutlons.'

A

Alteratlons 1n strength of magnetic fleld produce marked -ﬁ;f

N

i“;changes{in relaxation rates (Koenlg, 1985) It was not pos51ble to

'},‘vary the field strength_of the magnet dsed 1n thls experiment Thew

‘l

rbfi:measurement of Ry?a varlous spin—lockvf1e1dj"trengths (H ), however,

™




tnat tune 1nto tne applled radlotrequency tield Hl‘ This molecular
motlon 1s 1ntermedlate between the slow motlon contrlbuting to R2
relaxatlon and the fast motion contrlbutlng to R1 : Such information"‘
‘vmay prov1de further 1n31ght into the molecular motions that produce
proton relaxatlonhln vasogenlc edema flu1d
| Changes in temperature atfect molecular tumbllng rates and thus

the rates of fluctuatlon in magnetlc flelds reSpon51b1e for the
¥ e, - .
L relaxatlon mechanlsms " As the . temperature of blologlcal systems 1n

\

v

S

A vivo! normally lles w1th1n a llmltEd raége, the effect of temperature K
'was;not~assessedpin this study;

N . L . S L -

e
0

.+ 2b. Preparat1on of samples and blochemlcal measurements T

1

‘ fv;,l N The model of extracellular edema fluld con81sted of 24 samples -
: ‘ o
(2——3 ml) of«human CSF taken from pat1ents under301ng lumbar

myelographv., The clthlcal plcture of these patients was cons1stent -
:“w1th dlsorders that 1nfrequently cause elevatfons in. the proteln
ff) content of the CSF (1 e. ;vusually low—back pa1n s&ndrome) Eéch

L ‘sample was 1mmed1ately centrlfuged to remove cellular elements‘and‘h

d1v1ded into. allquots for blochemlcal and NMRVdetermlnatloQS"llhe*%lh

samples were e1ther tested at once or stored for up to 7 weeks at

. * N
, K

"“ —20°C‘ Frozen samples were thawed at room temperafure before 1;‘j75nf

testlng.;.dd}}ﬁ




potassium wex:e measured Wlth ion—specuic electrodes, and chloride :

o N ‘\v.

- was determined with 8 coulometric generator (Astra 8 Beckman ﬂ;5‘1'Q
Instruments Brea, CA) pH was obtained w1th a. Fisher Accumet meter,

i*model 610A The nuelear relaxation rates were determined for each

I N
¢ [ EE . . S : A

sample. o

: The remainder of each CSF sample was pooled and the resulting
‘A'I‘ o St
‘sample divided into three lotS' one was diluted two—fold with _(

v‘\ \,

distilled de—ionized water, one had NaCl added to yield approximately

,“ N .

twice the sodium concentration of normal CSF and the third was not

y,,-‘ . A N -

altered : All three lots were subJected to the same biochemical and

NMR measurementsﬂ, Addltional CSF samples from a different series of

..« Vv '

‘ AN 3 . -“.‘

patlents were pooled for uae as the solvent for same of the proteins._:f

I

'[ﬁsh_ The third unaltered lot (normal CSF) was used as a solvent for

- o ku

}-‘G.various concentrations of proteins., The proteins used (Sigma, St

Lou1s MO) were lyophilized human proteins selected to span a w1de ‘LT

at"exp'cted for vasogenic

et

f?edema fluid

.They were albumin (MW 69 000 daltons) IgG T

:.,l.flbrtogen (Mw 340 000 daltOD‘S),_f‘.:’I::l | |




“Q\; 'NMR measiirements

.’ “53} ,% = | : §
The NMR determlnatlon of relaxation rates of protons Was

s . .. . ‘s SR . A

icarrled out 1n1tlally with a 30 cm bore 1maging magnet and

o e
.

w.subsequently with a 40 cm bore magnet (Bruker Instruments Kalsrhue,.

W, Germany), both operatlng at 2 35 Tesla and a field homogenelty of

b
iowh

t‘least 1 ppm over a 2 Cm d1ameter sphere.; A modlfied QXP Bruker

7'spectrometer (Bruker Instruments) exc1ted protons using hard pulses
; . '.- W . r,\‘,. ; "\

and detected nuclear 51gnals The 1nver51on recovery sequence wasﬁ

‘w . v v

‘.|

“‘:.ensure re establishment of thermal equ111br1um.. At least 10

J“fdlfferent 1nver$10n tlmes (T ) were used to f1t an exponehtial o
- ;

C recovery curve where-the amplltude ofﬁthe NMR 51gna1 [M(TIn)] 1s u{*'f






':l_f'll'buffering capacity of CSF. No relationship was found between t:he “

».x,'




! i C '“‘.".‘

eo‘ncréhtration dependence of longitudinal and‘ transverse relaxatlon of

'--There' was. no ‘statlstlcal diffefencg in ‘the




The fleld dependence “of R for solutions of




mical .composition-and' proton-relaxation: rate £ human- '+ -

!
v

cérebrospinal fluid
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‘ Table 2. Senéitivicy to protein cohtentration in CSF of Rl; RZ:-and:

“(w).= 15 KHzp

t

. \ N ' . k“ v.
, . )

P;otein ‘ A ' Gl S \ CZ‘ : ﬁc]p.‘“
' 3

1 1072 57V /g/11cer) (x1073 s7V/g/11rer) (x1073

$—¥/g/liter)

. i N !
‘,\ N . . \ ) "

Albumin  © 1.4#0.} © . 17.640.7 . 9.840.3

1gG C o aus02  ®0
' ¢

CALb : IgGH 20402 . 22.043.0 oo

Fibrinogen Toe=o . 56.843.9 £ 39.742.5.,

~ a-Macroglobulin 4.540.5 v S5.744.6 . 45.643.6

]

Human serum (a) - - . . 33.243.2 . 20,442.3

- Human' serum (b)

36.0+1.0 0. 18.840.9
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;»Solvent-Typg Glalb R L GZalb I S

R (XlO_B's"l/g/Jiter)V (x107 s7V/g/1iter)

Distilled water - 1.7040.22 . 235428 .
Normal saline '~ 1.0540.28 - . .. = 20.540.5% i
CSF ‘ "v | . “ | .1 .38-4;0. 08 ‘ ' ' 17.53;0.7 v ‘e . -
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S 6 Discussion ‘fuf, o "‘}‘f ivL"vw-‘:‘_:' .",:‘VJW ;ffeﬁa_“\
The observed relaxation rates were etrongly affected by the B

“';Mconcentretion end type of protein dissolved in aSF This finding ia

.—--—p

‘discussed in terms of ‘a model of proton relaxtion that provides soma,‘fhy
jf)insight into the effect of’ proteins on water around them. Such a

’”model also provides information on the amount of weter affected by
'fthe proteins.x This paremeter is used to explein the effects of |

g protein type ionic concentration, pH, - and: radiofrequency field

o strength on’ the observed relaxation rates.=,y4\1_qu§fﬁ

W,
(RN

‘.‘w.

,proton relaxation

Two~envirohment fest-exchang_ model‘gf

The development of a simplified model of Proton.relaxation f”'f 3

i




‘ vater molecules.l‘Iﬁ?addltion.\the‘different ehemical environments on ;f‘?fyg‘iﬁ

the surface of’a macromolecule, such as uncharged polar and apolar

,tcontributs to a wide' a egof'molecular motions of the associated

water protons. Thisf‘s»one of the main difficulties iu producing an

adequate model of protén relaxation in protein solutions (Bryant and

AL
! . v

; fﬂaue, 1982) . o

Because of this difficulty, other models have‘been developed

0 {

/;Several investigators measuring relaxation rates in'protein solutions

“5have proposed'a ’hree—environment model Two of these environments;5




‘»,_;creases by several orders of magnitude as slow molecular motions

'.\

e

noy
B

| ;a‘

A0 e \ o

unaffected This accords wich the TEFE model and was observed with:‘

foh

proteins rangingffrom lé kdaltons to 450 kdsltons. Second the

molecular motion of all the water molecules is changed elightly by '
the relatively slow tumbling of macromolecules., The r of B .v‘:‘;d;j‘q
macromolecul:s ( 10 s) is sumperimposed on that qf the water ”ﬂﬁdwﬁ'

molecnles add‘at low msgnetic field strengths its contribution to Rl j‘;tiﬁf

{“

e more efficient relaxationm The result is a marked field




molecular motion (Abragam, 1983) means:that RQ is affected by
‘.;.,.- AR “‘.\" T "y Lt “

macromolecular motion evem,at 2 35 T.‘,e Lo '_;,‘; :.“;«g.‘.

4a.1” Proof for the exiegence of fast exchakge between-environments

. ;,—

A single exponential recovery or decay was observed in a11 the .

"'ﬂeasurements performedff This suggests that fast exchange occurred

between the water environments as a slow exchange relative to the

rates in each enVironment would result in a decay described by a

“l ¥

biexponential curve.'}The monoexponential behavior of relaxation o
‘.,<.3“\" . ! v AR

ratep in the mixture of albumin and IgG and in serum further

suggeets that a.ﬁa ' exchange took place ineall environments. B

Similat conciusiohs have been presented by Blicharska et al —?1970),

»

Cooke and :Wipn ‘»(1971), ‘and Jame_f:and Gillen (1972).;_ o

‘The;TEFE-model'postulates that there are~two environments of

water that hAVe.different relaxation characteristics due to the

fﬁdifferéﬁf'molecular motion ‘Jt occurs within each environment;ffﬁ"lﬁﬁ




L S An assumption that is made is that the resonant frequency for f G
each of the environments of vater is the same. Therefore, no " |
compensation for this effect is attempted in this discussion. ‘%': .

A single exponential recovery or decay of the magnetization is

’”fj:‘ observed when the exchange rate is fast relative to the relaxation

LI
. I

"f'rates of each environment. On the other hand, when,the exchange rate

°f PTOtODS 18 slow relative to the rates of relaxation, R

‘ i ‘)»‘ 0

‘ 'j biexponential decay is observed The exchange rates'are given by

1/ r‘ and 1/ T in which r is the life time of a water molecule in a

‘kq_' particular environment a or b.v In this case the exchange rate #ﬂhfffj;

I between environments ( f ) is given by.ff;f\r““”*j;\‘gwh_\,‘_‘_‘,, :
"fex = ‘,3‘ ‘ (9)
i e Qq‘;‘[' el

. ‘53 To provide umerical values to 7i¥~ it‘is known that (the

'“f'life time of a water molecule in the e}viro‘_ent of water molecules

associated with macromolecules) is alout 10~‘ '8 (Diegel and Pintar,

1975) Blicharska et al (1970) h've obSbrvedvthat in dilute protein‘ﬁ

solutions”pbi>> p':'therefore“th"term r”-can.be considered“uﬂ'



- e ‘“?" ) :w;&{
’ , RIS f a .86
is met for the three types of relaxation rates measureg ih this Do

’ ' . e » : .

. " N ) _ L ““ . "', -“ i e ._' L \ e
study.‘ I T R AR R f‘,_~, S
v e T T T N S TR R R

i | ) v ‘.“"’ " . ‘.‘. . “ ‘ ) ‘ ?- | g :
:f4b Determination of amount of water associated with proteins T T

;Daskiewicz et al (1963) showed that. for protein  }1”"J ‘r»f{  '\L,‘Q

conCentrat;ons‘of less than 100 g/liter the proton relaxation ratesg7\;

ol N
g . Y “, * . .’ o o ﬂr‘f)

. are linear functions of the concentration c. R ‘-,3;. RS
. ~”“a“‘”f,; S S 7 ”*7Lf’
.1 - 1 2 (10) e

G1 and G are constants specific for the kind of protein (see section.af

p 3b) and Rlb and R2b are the longitudinal and transverse relaxation .f“[QTQ;Cf




5 ) associatéd with macromolecules had a relaxation time (i e.. the ' inﬁy
T R 3 “ . R

reciprocal of the relaxation rate R ) that wae directly proportional

v .
R 4 i /,, . '

to the strength of the magnetic field They analyzed the relaxation o “'.

. '
e %

times of associated water reported by a number of investigators and T

_ concluded that the longitudinal relaxatiOn time 15 affgctéd 1arge1y x; S
(- ‘ \ o " .‘t
m;-i by the local environment of the macromolecules but not by their }

. VoA ot
Ve >‘1

fﬂ surface character?ktics.‘ Computing the relaXation rate of associated

v .
\ . ' ; by

(water at. 100 MHz, ye obtain a value for R1 f 4 8 8 ;1 Using‘the G1

values from Table 2 the hydration of prOtelns was calaulated for each

at

v T ok

'{’ 'ﬁ protein (Table 6)

""

ﬁf}dynamic state of the associated water.‘ Thezwalues are,ueed in a




o
.
- -

Table 6. 4mount‘of water associated to pfoteins (h) predicted from

eQuaEidns (8 and 9). - '
“ ‘ !:l ' ‘ .
d N . .
Proteip"q. | ; . | " ml/g protein
. . - | :
A -
© Albumin ' o . o ’ n 073”
N‘"‘T-\ .A‘lb .. 1gG | \_ L o ﬁ":o.,a |
3 a—Macroglobglin * . | ."“ 4\1;0 |
‘“rHumén Serﬁm'(s) “" ' N i ‘ '. - 0.8
;. ’ ;
- . .



Tee mMALTVLD ua PAVESAN DACTTVM LNS SHUUML UL BISULIGLSU Watel
‘Using the calculated values of hydration we observe that there‘

is a‘linear dependence betseen molecular size ofhthe protein and

. degree of hydration except for a—macroglobulin in which we obtained a

‘h&dration‘value ofhl mi/g protein; whereas:according to the TEFE

model as modified by Fullertonlet al. we wouid expect a hydration of

1 8 ml/g protein It is known that at the protein concentrations

used in the present study a linear incredse in hydration is observed

LY

and at high protein concentrations this linearity is lost (Daskiewicz.
gt_gl.; 1963). At least two mechanisms account for this loss:

first, a high protein content‘results in overlapping of hfdration-
regions of protein molecules resulting in exclusion of water
molecules from the associated environment second, the correlation |
time of water increases.due to electrostatic repulsion between the
protein molecules‘resulting in‘increased ordering 6} water (Halle et
ai., 1981) For esample Oakes (1976) found that»at high

concentrations of bovine albumin, the latter effect was dominant and
vaccounted for the disproportionately fast relaxation\of such
solutions. Similarly, Passen et al. (1985)'sué§ested that
»‘aggregation of g-lactoglobulin resulted in greater ordering of water.‘
molecules and\faeter1relaxation rates.‘ On. the other hand Cooke and
| Wien (1971)»suggested that protein aggregation and an associated
reduction in hydration was responsible for the decreased efficiency
of;yroton relaxation in: solutions of muscle proteins. Therefore, k

these two mechanisms oppose each other and one may dominate,

depending on the concentration and type of protein.-
5 . N .



' With the a-macroglobulin which sﬂows an extreme tendency to

aggregate in ~aqueous solutions (JOnes et al., 1972), the. aggregation
)
process probably resulted 1n a decreased number of protein sites'

available for hydration If this is\the case. then we ought to take

,such factors into account in proton NMR studies of tissues Proteins

' in tissues are highly ordered forming very large aggregates that
probably affect. the ordering and amount of water molecules in the
associated,environment. For example, changes in macromolecule
ordering in tissue culture have been reported to affect R (Beallhet
al.,l1976) . On the other hand we would expect neither of these '

mechanisms to affect appreciably the relaxation characteristics of

brain edema fluid in which proteins exist in comparatively low

\

concentrations.

4d, Effects of ionic content on proton relaxation

Our results showed .an increased sensitivity of the transverse'
|>“ relaxation to protein content vhen studied using solutions of low
ionic content (i e., albumin in CSF diluted two—fold .or albumin
solutions employing distilled water as a solvent) This suggests an
increased hydration of albumin molecules at ionic concentrations that ”:
~ are well below normal physiologic vels.. This finding contradicts -
g that of Cooke and Wien éT9¥i§~dn_S:::h they showed that a decreased‘.i.'

ionic content of muscle protein sglutions was. associated with

1 '

decreased hydration of macromoleculess The presence of a reduced

’:_3 toncentration of ions may facilitate protein aggregation. which as"""
. as

shown above. may have opposing effects on the relaxation rates, the fo,K.7

.b‘.; . [ ‘.ell."‘n
L e ARG * ' A [



dominant effect being dependent oh the type and concentration of the'

prqtein o L i, AR : “‘.; f ‘ \“‘,“.;' ,:‘\\

« 0L

. f&e, Effect of pﬂ on proton relaxation

Decrease in R2 with deviations of pH from negtral in CSF

\

solutions of albumin suggests that there is a decreased hydration of"pz.:uf*

albumin 1n both acidic and alkaline environments._ N similar ‘
reduction ln protein hydration has been reported by Tanford (1965)
“ and Halle V‘( 981) The effect is probably dUe to avreduction "ffyﬂnfﬂ
o 4n number of’ charged protein groups or to conformatfonal changes. f Jﬁl,$‘~

An example of a conformational changefis the unfolding of the albumin

\l}

.........

-

physiologically. Moreover, the small e: fect 1ons had onrthe

\\,‘ '.

relaxation rates may justlfy regarding their roie as negligible.-‘

R This conclusion is supported by the fact that ionic content varies f '

: . N

little ‘as shown by the relatively small changes 1n osmolality

' measured in vasogenic edema fluid (Gazendam et al., 1977) ,Ihe ;c"k

effect of pH on relaxation rates deserves further study. s

\ . . . .

Sensitivity of R to field strength

The hydrodynamic effect of macromolecules on the relaxation of

protons as shown by Hallenga and{Koenig (1976) probably accounts for '@

' the relaxation dispersion determined by R1p measurements at Vsrious 3V'“‘

R T T e T T e T =



field strengths (4kHz to 30 MHz) This model explains why proteins R

of low molecular weight show a small magnetic field dependence,,v

'

whereas those of high molecular weight produce a more marked
relaxation dispersion. The tumbling of small proteins is expected to
' produce a smaller hydrodynamic effect than that produced by larger

ones becauae6the much larger volume of the latter affects motion of a

'

greater number of surrounding water molecules. It also explains why
the relaxation is not affected to a large degree by the surface |

characteristics of the macromolecule and - its charge as was indicated

'ﬂ". _—-a

by the relaxation measurements at various ionic concentrations and pH -

(Hallenga and Koenig, 1976)

We can expect therefore,Athat edema fluid has a small field f-
S . \ i
dependence. whereas tissue has a marked field dependence due to its

' high content of macromolecules and their complex ordering._ The slow R
T ' ‘L\ ‘

? molecular motion to ﬁhich R1 is v§ry sensitive can be expected to
produce sn eyen greater effect on R2 This, in turn, may introduce s
additional factors to be taken into account in the interpretation off,,ﬂtt35

transverse relaxation»in brain edema. “‘ff . o o
L T RS TSRS SRS TLE T B

‘;1 . o Al N A ) .
-".;'. : KN L o [ e

| 4 Implications for the study of\brain edema .

Cow

The present experimehts show that.the TEFE model.describes thefﬂ“pj;{ijjf

: relaxatiOn behavior of edema fluid.v Such fluid may or may not ? '

"7contain plasma proteins depending on‘the-type of edema o~ vasogenic o l



"

‘7C§‘”f;fcytotoxic edema fluid the lack of macromolecules should cause a ) \
hrelaxation similar to that of pure water. lﬁfAJA ,‘..f WIH ‘;f~f R

e Brain tissue comprises various types of macromolecular surfaces )
SN . -

l‘heach with a- particular degree of hydration. This is, in fact, the

]basis of the difference in relaxation rates among various tisaues and
lfhence of‘contrast in NMR images.: Edema is expected to alter the {'
lghydration of‘brain tissues, which in turn changes the relaxation ” h
’\;‘?I rates ‘of affected regions. This is supported by the findings of 7”7f,¥‘1y
‘:,several grOUps that have shown a high sensitivity of proton NMR to '
fbrain edema (Bakay et al., 1975 Go and Edzes, 1975 Naruse et al.,jhtdidj.
’1‘1982 Asato et al 1983 Shirakuni et al., 1985 Brant—Zawadzki et | ‘fé;
| al., 1984) This sensitivity is especially evidept in proton NMR o
Vbimages that are dominated by R2 processes auch as the'spin-echo
i’seﬁuence with 1ong interpulse times (TR) This is due, as shown inl
\“mﬂihthis study, to the much higher sensitivity (greater than 10 times) of ‘;{éif

. f H
7R2 to changes in the macrOmolecule-water interactioﬂs(than th;

' w

Some problems arise in trying to assess edema i the brainw

: using NMR If the edema fluid were only water- the'canee in ﬁ“"\
blfhhydration could be readily determined prOVided theVHYdrati°“‘°f

- fyi.normal brain was known. The protein content of vasogenic:edemag W




\f;type of protein strongly affects relaxation rates, especially R2 and

R

.”fil,“\:w,L;asﬂn‘NV . e | ' 94 .
R e \ . SN
N Hasssssed by the measurementnof a single relaxation rate. However,._

more than one exponential component df the transverse relaxation has‘

e~

"been observed in areas of white matter edema (Bakay etral., 1975 Gd.‘yir?iVQ;;

”.and Edzes. 1975 Naruse et al., 1982) and a study of the separate V‘
‘jcomponents may“be used to provide further information. .

In summary. the data from the‘present experiment provide
,information that elucidates some of the differences in relaxation haitf‘\:7 o

h‘[rates from areas of brain edema.\ They show' 1) that the amount and

16 when it is measured at low spin-lOcking fields 2) that protein R

“fifaggregation such as that expected in tissues, may affect relaxation b

RRIRTRI L L
uhknegligible effect on relaxatiou rates, 4) the magnitude of changes in o

“‘,

‘yrates. 3) that changes in ionic content of edema fluid may have e ~“-r: g

1 v

-7.t relaxation rates produced by the edema fluid under various

the. mobility of'macromolecules.
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‘fdetudij: Experimental cerebral edema in cats‘ comgarison of groto S L

o 7_ relaxation rates 1n vivo and in vitrQJ and content of '
- ‘1 water,‘total and soluble proteln. and albumin in vitro. o
", ' v ‘ } ‘,‘h , ' i
1.- " Objectives: S 3 ‘
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L

3

Provlde quantltatlve data that mlght permlt dlscriminatlon !
‘ -

O o . N

¥ L. . Ly ' - :v‘
between cytotox1c and vasogenlc edem _ﬂ ivo;l \-\;* ,lz
-\' \ o . /,‘ - . L ! * L .
Determlne whether the transverse reIaxatlon rate measured in
. n . RN . R . . B . ,.“ “ ‘.» ‘:l““‘\ “\.v \"A‘ N
v1vo is the same.” as that measured 1n v1tro.‘ ,)'f DI :
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l\?? The maln objectlve of Study B was to demelop a serles of NMR "'
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criteria to dlscrimlnate between cytotox1c and vasogenlc edema in L

B [ . B . 8
‘, r. . - i ‘-‘. ‘,.‘

| vivo’ Animal models were requ1red whose edemasclosely resembled the.?"ldﬂ}f:

clihloal situatlon and represented a )pure form-of elther type.;d?f;
Various‘models of edema\have beéh reported 1nc1ud1ng those o : '1‘i;fﬂ
that develop after trauma,ﬁcerebral c0mpre531on, hyperten51on, cryo—ﬁf R
1hjury: water 1nto£1eatlon, éammajaqd ultrav1olet 1rrad1atloh,.braln:i{dh“'f
abscess, braln tdmor, 1ntox1cat10n W1th lﬁT and lead hydrocephalus,f Q

.\‘

!v‘anoxia,,andflschemla.i The mostbstudled cause of vaSOgenlc edema 1s‘]';,f7wff”
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phase (Hossmann,.l976) Also, the cytotox1c phase 1s usually

.\v \. '-, ‘-_nA .
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' conf1ned to grey matter and therefore would prevent direct comparison f‘f‘

w1th perltumor edema, whlch ocours most frequently 1n white matter.:;,{~'

-.—"f"

We con51dered also a. model of a pure form of cytotox;c edema that

. \

follows TET 1ntox1cat1on,'wh1ch 1s not commonly observed but occurs:j‘P

.b‘w.‘, , S

’it 1n wh1te matter The advantages oﬁ thls model 1nc1ude simp11city of

el

the procedure ver*Jngh.reproduc1b111ty of braln changes, rapid

\

o v\‘ AR

Water content was measured“to determ1ne the pres nce of edema.“a=“

Lt

S course, very rare necros1s, and absence of reactive 1nf1ammatlon.‘”'”'




effect of increases 1n proteln on the observéd relaxatlon rates cauld

“ “u.-

be evaluated For thls purpose 1t Was necessary to wash out

Ve

.
oy

N

”Bj 1ntravascu1ar protelns to minlmlze the~background contrlbutlpn of

o i N A,

serum prote1ns to the albumln measuremehts.“

' )

' ( o v

’”blndlcate the value of NMR 1mag1ng as a technlque for'reveallng the

.‘.A t a e .
<4..v, : . .

*‘fextent and severlty of edema non 1nva51vely The 1nJect10n of v1tal

\ . .
'

fdyes such as Evans blue to determine the extent of the edema or the ?'H

an o ‘ -
‘BBB breakdOWn was not used because the former could be assessed by
A . PO --‘,‘ H R JEY

Correlatlon of histopathology w1th NMR 1mages were expected tq };

.“hlstopathology alone,\whlle 1nformat10n on the area of BBB breakdown h
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‘L '~ macromolecular content 1n edema f1u1d than Rl and R 'as shown in f ;u‘

‘ " v ' [
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he proteln poor f1u1d accumulatlng 1n cytotoxic

Vi S . R u : - ot
S edema., Second the measurement of R2 from 1mages is probably g ‘

. '
Mt o et

i fﬁglsubjected to 1ess errors than e1ther that of R1 and Rlp because 1n g
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)’;fﬂ,. 51ng1e 1maglng sequence, several echoes can be generated wh1ch
o . \ © " \ i :" . .

produce an. equal number of 1mages. These, 1n‘turn are used to
} .dd,‘ calculate R2 by obtalnlng the 51gnal amplltude from spec1f1ed reg1ons B

,‘-‘

throughout the serles of 1mages. Measurement of’ R1 and Rl is’

';f;- 11m1ted by‘the number of 1mages that can be generated because only
one 1mage 1s produced per 1maging sequence. Thereforeg the length of

4y
"' l,’.

by

t1me requ1red to- obtaln an adequate number of scans for calculatlon

. . f . ) e v
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n‘d'di- of relaxatlon rates may result 1n errors of positlon due to movement o
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.7 (Glaxo Laboratories Mississauga Canada), xylaz1ne l 5 mg/kg Bw )

[T

' v‘(Rompun Cutter Labdratories Mlssxssauga Canada) and ketam1ne,,5;f

' ' | )

20 mg/kg BW (Rogarse;;pﬁ Rogar/S T B., London, Canada)t The

X anesthe31a was’ ‘prologged as necessary by repeated 1n3ect10n of

[

injection of atroplne sulphate, O OA mg/kg of body welght“(BW),..i.

ketamine every 45 m1n at one half the or1g1nal dose for up to. about"

'(\‘1] 2 5 hrS.. “'I ‘ >‘ b‘i .‘: “ e ." ‘ '.' »‘.‘-‘

N,

'd§532b>l Xenotransplantatlon of 9L glloma cells ﬂ”hf *1‘§;n5”

.

The 9L glloma cells obtalned from the Brain Tumor Research

e
g
v

.»,

‘ ffbefore inJectlon they were thawed at room temperature and plaCed 1n

v \ i . N

"lm1n1mum essentlal medlum (MEM) contalnlng 5% fetal bov1ne serum

f‘(FBS),_SOO pg streptomyc1n/ml 500 1 TR crystalllne penlcillln/ml

'
o

*»“Center (San Franc1sco CA), were kept frozen at —70 C in.a. suspen51on.va'
~ (i

'Tand 20fmmol L—glutamlne.- The ce115'were 1ncubated at 37 C for about

"‘ﬁof IOZ DMSO They were prepared for 1njectlon—as follbws TWO ﬂays‘T
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‘.L-"ieggie surg1cal grocedure ;n Group II cats was as: follows The J.pf“th

o dorsal aspect of the head waSnshaved and prepared for surgery by

’.‘ o

-\‘ . . ) y
' Iy Lo ! v . " o d

M\r E . o L

scrubblng w1th betadlne ‘The anlmal was.. placed in the prone position .

and 1ts head sedured u51ng A’ spec1ally designed holden. A midllne o

2 ," q

v sk1n 1nc151on Was made runnlng from a polnt at 1. 0 cm caudal to the '

s .

supraorb1tal rldges and extendlng caudally ﬁor 4 0 cm. The rlght
temporalls muscle 'was' pantlx reflected from 1te parietal 1nsert10n ”

: and the coronal and saglttal Sutures Were mdentlfied CAn’ electrlc H';;ff

!°\‘\

, IR e ‘;r.“
'

drlll was - employed to make - a,purr hole of 2 mm 1n dlameter at 5 ‘mm

' .
' e

lateral to the saglttal suture and at 5 mm caudal to the coronal
f - ' o ' B ' ' ,' PR R ';

:suture; The dura was: opened and the surface of the braln Was

~ ’(‘ . - DA ! ' N
: .

; 1nspected to select a p01nt of 1nJect10n free from 1arge cortlcal

te

blood vessels A graduated mlcromanlpulator attached %o the frame

,7 T

holdlng the cat<s head was employed to permlt prec1se determinatlon ;f;{f

S - L M

e . N _-\...'

of the de%th of the 1nJect10n 31te.v A Hamllton mlcrosyringe
(of 50 pl capac1ty) was secured to the mlcromanlpulator and the 9L ijfﬂ

glloma cells (106 suspended 1n 50 yl of the medlum) were 1nJected

v !.

.
i

gradually over"“1 m1n at 6 mm below the surface of the supfasylvxan '
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;5'.'ection'of TET.

T

- head in the proper pos1tion.to obtain transverse 1mages of the braln.r

MA) and’ buffered to a pH ‘of 7.0 w1th sodium bicarbonate. .lhe dose

lwas 2. 5 mg/kg BW and the animals were observed closely for a perlod

AT v’ .

o£.30 min afterlthe,injectiOn,‘and at intervals for the next 12 hr.

S ‘A
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FE
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2c. NMR 1gaging

u“

Protdn 'NMR imaglng was performed in all cats after they had

~.been anesthetized but before any other procedure was done to them.

Ny . \

’Such COntrol 1mages were. used for comparlsons between’ groups of

o \é

KR

an1mals, and for comparlson of calculated R2 values 'in the unaffected

he--§phere of group II cats before and after a tumor had gfown,

Jriy
\;y?e} xi l i
‘u Tf'anlmals were: scanned at approx1mately 2 weeks post-

0

5:wyantat1on.‘ Group III cats were scanned at 48--72 hr- post-

A

-

N

The same anesthetlc reglmen descrlbed prev;ously was employed

Heart and respiration

v R

¥% gAaspec1ally des1gned plastlc cradle ‘was used for 1nsta111ng the

. . £ |
B AR ; . o v
catt§i thie . suplne pOSithn and was secured by velcro straps. The

- o N
) ; .

orbltomeatal line was used as external reference for allgning the

L X

N *u

3 The reference angle relative to,the long axls of the body was

}lOO’ als, except the younger ones for wh1ch angle

Y . @

R .
» L3
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was 95" -~ 100" (Fig. 6). At least two series of images_were‘ﬁaken.at“

different levels.

\
)

A 40-cm bore hégnet (Bruker Spectrospin, KarlSrhhe; W. Germany)
‘operating at 2.35 T was employed for all NMR studies, inciuding

measurements of relaxation rates from images (in vivo) and from

» \

‘ excised tissues (iﬁ vitro). The same spectrometer used for the CSF
experiments (see study A, section 4b) was used to carry out both sets
" of measurements. It was connected to a VAX ll/7§0icompucér for

transferring the images and their subsequent storage . on magnetic

tapes. , C

© '




Figure 7 Lateral x—ray film of a cat head show1ng the orbitomeatal
line (broken line) and’ the two levels at which NMR imaging was
usually performed (solid hnes) o - .

v




' serles of elght echoes employlng a’ repetltlon t1me (T ) of 4 3 s and

" matrix.

én echo 1nterpulse time (Tg) of 32.5 ms. We trled a- 16 echo MSE

Grlnnell 1mag1ng system. klndly prov1ded by the Department of

‘Applled Sc1ences in Med1c1ne of ‘the Un1vers1ty of Alberta. us1ng 4

LA

A multlple-spln—echo (MSE) 1maglng sequence was used with a ‘ :
PN N

‘sequence uslng the same t1m1ngs to. compute the blexponential decay of

the transverse relaxatlon but obtalned good results for only two cats
in group III For all-1mages.-128 frequency—encoding steps were”g;
employed. with each pulse sequence performed twice. forI51gnal
averaglng The FID data were. processed by two- dimen81onal Fourrer

transform algorlthms for image reconStructlon of Y 256 X 256 p1xel

Calculat1ons—of R2 from 1mages were performed u51ng the

s

.program developed by K S. Knudsen - This program aLlows the USer to )

(3

define reglons of 1nterest (ROI) w1th1n the flrst 1mage and

:iwash out the blood vessels,of the 4rain was then .ollowed ;A

~a spec1f1c region. '

ftransfers the spatlal coord1nates to the remalnlng 1mages.‘ The“

‘

‘average 51gnal inten51ty 1s computed for each ROI and is.employed to R

[

‘ fit a least squares monoexponent1a1 regression curve to the values in ‘ ’.}}

O -
RN .
Chol NS R

' 2d(_ Measurements of proton NMR relaxatlon 1n thssue samples in vitro

The control cats were sacr1f1ced w1th1n 24 hr of the imaging.,,-,Vj

s

fwhereas the catsfln groups II and III were sacriflced immediately fnf;ff;jl*

:]after~the last 1mag1ng sess1on._ They were killed by intracardiac inafff-ff




jﬁ;longitudinal incision was: made from the suprasternal notch to about
L ' 'J' \ B i W
rthe level of the umb111cus.' The left costal cartilages were cut and

Tthe contents of both thorax and abdomen were exposed A 15 gauge ‘
hcatheter waSﬂinserted 1n the 1eft ventricle blood flow to the caudal‘
»part of the body was. 1nterrupted by clamping the thorac1c aorta, and

Hfthe right ventr1c1e was cut open' One 11ter of Ringer 5 lactate :

‘,solutlop was infused through the catheter in the left ventricle at a

‘pressure of 140 mm Hg The brain was then extracted and placed 1n a

metal container on. 1ce.‘ (Lowerlng of brain temperature reduces the “\,ﬂ’

"rate at which the tlssues undergo necrotic changes. increases the ,7
(/ K . i

'ncons1stency of the brain for more adequate cuttlng 1n the de31red

- ‘”

'fplane and reduces water loss due to evaporatioh ) The container was"xu

\ ;
' . { ! . '

",sealed w1th parafllm to: avo1d excessive condensation of water on 1ts":f'g

A .
» . . Lt
. [

'\5walls.r After 5-—10 m1n on 1ce, the bra1n was sllced dn the -

| “transverse plane at two levels. One cut passed from the cruclate;fﬂﬁl

:sulc1 to the coronal surface of the cerebellum, the second cut was at"jff}f’m

Oy

ﬁlﬁS mm below this plane., The coronal and the caudal segments were 'iﬂlg:hgTﬁf

hfplaced in’ 10% formalin and the middle was left 1n the container for

‘yisubsequent sampling.w The coronal d: middle slices eorresponded to s

ﬂirthe NMR 1maglng planes.ggfffﬁ

:Samplesiof greyvand white matter, andfof tumor 1n groupiIII

£3A
LS
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'~‘ the sample. At least 10 p01nts were used to f1t an asymptotic curv

’ 1mag1ng,,employ1ng a double turn c01l of 2 cm dlameter. uTheQ‘,~b

t1mes l/R between scans for recovery of magnetlzatlon equillbrlum 1n

parletal whlte matter was sampled at two locations.- The samples were
placed at the bottom of m1crocentrifuge v1a1s (of 500 Ml capacity andpnf

L"welght 300 mg) To obtaln tlssue fresh welght the v1aLs were weighed»-;"

on a- Mettler AE 163 scale (Mettler Instruments Corp.. Hightstown, NJ)\

t S

[ before and after the sample was 1nserted The vials were sealed withh’r

determlned (from 2—-12 hr after death)

parafllm and placed on 1ce unt11 NMR relaxation measurements were fdl”fm

These measurements were performed with the same magnet used for‘cl:

temperature Was kept at 38 C (normal temperature of the cat) by a’ o

flow of warm alr and monltored w1th probes.l The 1nver31onlrecovery

B

(IR) pulse sequence was u$ed for the determlnatlon of R allowing 10

“n.« .

representlng recovery of magnet1zat10n. R was measured by using the fw

R



;j strength used was wlth the purpose of obtalnlng a hlgh sen51t1vlty of iffii}

. [
e \ B Loy R

\[emponed tO‘fit a curv1linear decay w1th one or two exponent1a1

B . t
\ o [ o

'*Iterms. _Rlp ‘was, measured only 1n the anlmals of groups I and III

v o L o . o

By

””3)2 Determlnatlon of water content .'I;Wf ]‘H‘Vhffff‘;j}f“ulf{fI IVA@ [

. N Cp . TR

Immedlately after the NMR measurements were done,-the samples

;glwere frozen at —70 C unt11 they could be freeze-drled. usually w1th1n

Vo i




ffﬁq complete the NMR measnrements..anch sample gf theblatter group was jwb
kept et 38 C for the (‘5 min Pérmd durlns which relaxatlon ""

‘IA‘cheasurements ‘were . performed f: “;ff sy SN :
%f“p'j_j.‘ ‘Tmo welghted empty m;ais for eaeh set’of samples were. also a ff:ff
\“;ﬂr:éubjected te freeze drylng to determlne the effect of the procednre‘J yf
~"o“ the welgnthof tnevvlals. After welghlng, tne dr1ed samples were‘yyﬂ

“} kePt at ‘70 C Uﬂﬁll furgher measurements could be performed RIS
qu,;fI“Zf Measurements of total and soluble proteln ey IR
.‘g';;itiﬂi"'iT; determlne content of tetal proteln,,the.drled samnies gere o

.nflrst homogenlzed u51ng manual glass homogenlzers (Radontl Glass

~.'\ ) \ .
g L AY
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5 ml of dye reagent were added The samples were agitated for 3 m1n :

and the ultraviolet light absorbance was measured at a wavelength of

L

595 nm in a spectrophotometer (Unicam SP 1700 Brinkman Instruments)

For the soluble protein determination, the samples were not further
diluted (i e., 100 pl of the supernatant were utillzed) ‘

S “" R

'”;23 Measurement of albumin content ,f. V‘g"“uz ,T‘N ;‘1 : fﬂ*

“137 in a separatlng gel buffer of pH 8 8 The PH °f the StaCklng 831 : “ gue 3




The gels were f1xed for 1 hr 1n a solutlon containing 80%

'é_ water, 10% acetlc ac1d and 10% methanol Subsequently,,they were ijf'“

,d_‘__...4 ——»-‘

stalned 1n a solutlon of 607 water, 302 methanol 10% acetlc acid to

wh1ch 2 g/llter of Coomas1e br1111ant blue R 250 (Eastman Kodak Co.,"‘

Tt

Rochesten NY) was added Destalning was perfbrmed in a solutlon of

the same comp031t10n as the f1xat1ve solutlon.-

The destalned gels were placed 1n plastlc bags, a photographic

SN .

: record was obtalned, and den51tometry was performed u51ng a Joyce—-"h

v . . . b

Loebl lasen den51tometer (Vlckers Instruments Inc., Malden. MA) w1th

el
N "H ¥ o B . .‘
vm P : v |
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‘{tZi;' Statistical analysls T*V,m];j,f[ﬁf‘iff'ftﬁ,‘f%fnj’edf‘

TR A least squares m1n1mlzat1on routine employlng one exponent1a1
term was used to calculate R from 1mages. For the transverse,‘3k[‘\,fﬂ‘w
rele&ation decay data obtained 1n v1tro, a 51m11ar f1tt1ng routlne S

was used 1ncorporat1ng egther one or two eXponentlal terms. Data' Wf-“'

were input manually on, an- Apple Mac1ntosh perSOnal computer.\ For the ’*fg

‘sign1f1cant effec/,¥?en compared w1th the




; 30 Resules o F o ore T e e
‘\.f~“;3 C11n1ca1 flndlngs . Vbu-'“‘ .ﬁff R 1',;‘ S J;Q:“v“ N

,;f“.”‘ Cats w1th tumors were usually sacrlflced before clinlcal 31gns j

ldeveloped In some anlmaIS, however, decreased act1v1ty was observed

RS

. '”H‘around the 13th to 15th day post 1mp1antat10n. Additional flndings
B ‘,were mild motor atax;a and 1n one anlmal focal selzures of thelieft “b Ghd
! jk In cats 1ntox1cated w1th TET ‘an 1mmed1ate reactlon nas SRR -
. N , RO R S

L observed after 1nJect10n. The anlmals appeared dlstressed and seemed

\ . ‘\,‘.

: ! "‘t, ,"""‘\l‘”
L to be 1n paln. Increased sallvatlon and vomitlng was obseryed 1n~_«: :v;‘
: 3mostﬂan1mals. After 30 mlnutes pares1s of the hind llmbs and stupor
N OSSR BRI , " L e L

“ﬁwere observed ; Tachypneaband tachycardla w1th perlpheral :ﬁﬂ“tﬁ f};fﬂl

j}vasodllatlon was o,‘_'ved 1n one an1ma1 Urlnary and fecal

;‘1ncont1nence were common after 24 hr.‘ In all the anlmals sllght




"consistency of the cortex at 'his point An"increasedyyolume“of the ‘

. 1nterphase was observed 1n one., Edema 1n wh1te matter of the‘

Voo

o

right hemisphere was observed'lnsseveral cats..'On‘brain-section7the‘“

! ' \ f F‘

tumor usually appeared as a grey.vspherlcal mass well de11neated

.
'

from the surroundlng braln, and under pressure as shown by its

\

protrusion through the surface of the cut The tumor size was qulte ;V

;lvarlable ranging from 2 to 11 mm 1n dlameter.‘ Tumor cysts were found

,r" . N :
s ‘

in two anlmals and hemorrhage around the tumor——whlte matter ‘ﬂ_‘v }{u

.

affected hemisphere was observed 1n most bralns and was more severe ¥

"..< [ "- ' ‘ ot

in the anlmals w1th larger tumors. These also produced a marked mass

0.“ PR
s .,\

effect w1th compre551on of the contralateral hemlsphere (Flg. 8)

lﬁ_The bralns of cats w1th TET 1ntox1cat10n showed effacement of

[
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w' . "

}h was observed 1n the small vessels of the reglon (F1g 12), Marked

[

T edema of the whlte matten but not grey matter, was observed around-

1‘-"'—‘.’-..1 e ' a ! ! ! / Y

“most tumors exeept one that grew almost entlrely withln the grey

i o ' v

. matter The edema was characterlzed by the formation of clear spaces

L)

Al
R

o that were largest a few m1111meters from the tumor and d1m1nished

I8 . . ,‘) . _...‘ .\.‘ o

progress1vel w1th dlstance from 1t.] They were also small in the

s ) - PR " '
S W AN
N

1mmed1ate proximlty of the neoplasms‘ probably due to compre531on Umkj

B Sl
Lo
' [ [ "

effects of the latter (F1g 13) S

T Ry ‘.A,,‘ .‘.""‘.';". ,‘ Y :,.

The bra1n sectlons of TET—1ntox1cated an1mals showed a :

oy N
e

characterlstlc dlstrlbutlon of,edema Although a11 the wh1te matterfy“”

was affected, the subcortlcal U- f1bers showed the most severe edema‘

. v
..‘ Lo R R v .

(Flg 14) The grey matter, however was not affected severely and“

K3

d1d not dlffer from controls (Flg 15) T‘(LL
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Figure 8. Brain sectio of a cat: with an implanted glioma tumor 1n

, the right par‘iet:al region (arrow). The center, of the tumor. ,
shows a large cyst’ and the, ‘white matter is markedly increased in
volume. Mass effect of :the tumor .is-shown’ by d1splacement of
the interhemispheric fissure to the left:. £ .

to

"
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Figure 9. Brain section:of a normal: cat (a) used Jfor‘,compa'_rison'with‘ e

a brain section of .a cat intoxicated with TET (b), which shows"
... marked enlargement of the white matter and compresffion of the
grey matter. C L o - B

2

.
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o ph of a. xenotransplanted vrain tumor showing

areas of Hec osis'(arrows)















”f“ff?';15f3 Image qua11t1, comparlson w1th pathologlc state

[

'd‘feﬁﬂf'f"f‘fjl, The NMR images emp1oy1ng the MSE sequence provided very good
Spatlal and contrést resolutlon. Spatlal resolutlon 1s glven by an

LT C SR

'11ce thlckness of about 3 mm‘and of GaUS31an profile.e_THe;f%Jf”‘

it



'%ffdecreased progressively to values for: normal whlte matter (Fig 18)

' .

“fﬁThe mass effect produced by the 1arger tumors on both hemlspheres was :b

3’°ac1early shown (Flg 19).\»In the cats w1th hemorrhage or cysts NMR

J“showed such areas as of low and h1gh 1nten51ty respectively I‘bilrf”ffﬁ

“;_tumors that showed 51gns of reJectlon hlstopathologlcally. and thus a

1055‘°f demarcatlon was also observed 1n the NMR 1ma8es. 7"?@ ""

The‘correlatlon between the appearance of the dlstributlon of g;'j{

braln edema 1nduced by TET as shOWn by hlstopathology and by NMR ~7i\iff

o . [N















Flsure 20

(a) H+E—stained braln sectlon of a cat intoxicated wlth e
~ *TET. Lucency of ‘the: subcortlcal U=fibres is’'clearly shown . = =
=(b) to (e) Corresponding MSE images, (b) The first’ o
v - 32 5:ms,’ Shows ‘loss of ‘contrast’ between: grey S

e and‘wyite ‘matter, The_later echo 1mages,.T ‘& 97 S'ms,: ,'“, ,;4:_ I
‘f“.162.5 ms,. an “227v5 ‘ms, " show: increasihg congrast between them,.jf,=“‘”

'howéver. The' greater. severity of -the: edema in the U—fibers 1s o
clearly shown in the 1magesz,h. C e\ L

j(arrews)
~ecHo. image..T
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standard deViations of-theffitted'eXponentiaIVCurve of a’faverage of

\

v
1

2 6% ip white and grey matter of control anxmals. The'siae'of the.

i

RQI most commonly employed was ld plxels" owever, ROI from
4 to lb piXels gave 81m11ar values to those obtalned w1th 10 p1xels
df.‘.\dvrA single exponentlal decay could be used to describe ‘the transverse
Vdrelaxation of all brain.structures w1th1n the tlme—frame of thls 3

r.experiment which-Covered'over'one order‘of'm!%nltude of 51gna1,decay
S T : AR A Lo S
for the in~v1vo R2 measurements.“.

In cats with cerebral neoplasms, the transverse magnetlzatlon

.

\could be descrlbed by a single exponentlal decay in: reglons of whlte

1
v

o cand grey matter of . the left hemlsphere and of grey matter and tumor Lo

jfof the affected hemlsphere., In reglons of perltumor whlte matter,-;iyf,

¢

hthis decay was, marginally non 11near when plotted on semllogarlthmlc

’ (R [

paper.. Due to the 11m1ted number of poznts and the limlted t1me

‘“frame of e observatlons, hdwever, a b1exponent1a1 fit could not be

) . B .
' s -

"_applied Thus, a monoexponential Rzi’was obtalned ﬁrom the elght- .

~

‘3 echo decay (Fig 22) Flg. 23 demonstrates the b1exponent1a1 decay

0 b
i A of the transverse magnetlzatlon obtalned 1n v1tro for a sample of
B ‘ '/‘”_
SIRMEER ;fﬁvhwhite matter w1th severe perltumor edema.‘ The magnetization decay in "

s -“~v1vo in whlte matter of cats w1th TET 1ntox1cation showed def1n1te

'Vbimult;exponential behaV1or however, elght data p01nts and the short




Cel o cats, lhls was: 1nterpreted

S the ettect of partial volume averaging

= N

ng from dlfferent tissues. In this ?*
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: : se'r laxation_ ecay obtained Eax
fﬁr1n v1tro from a: sample of’ white matter of :a-cat: with: severe :
s perltumor edema- (O). -A. marked curvature is: observed -in the:.
‘ ion ‘of ’ the components of the decay is shown.p he
slow componentgis g1venaby the 81
p01nts atrlonger













Longltu )
MS kHz for brain samples from

A

*'These‘valueSvrepresent}a




,_:irelaxation decay obtained in vitro 1n samples of edematou3‘ :
f'white matter‘ : - . . S :
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Control values of R determlned in v1tro are compared wlth R2

Vo

_alues determlned 1n vivo at day 0 for each group of cats in Fig. 2&

h N
v \ .

In each group of anlmals the ROI W1th1n the”NMR image were

0’

‘:,each hemlsphere., Employlng a set of elght data p01nts (one from each

‘Vx echo) 1n—v1vo, and 1n—v1tro Rz' rates were computed and compared

‘., . AR ; o,

'

Although a tendency wasxbbserved towards hlgherfin—vitro values
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. Table 11 Comparison of 1n—v1tro and in- vivo components of -
S blexponential transverse relaxation .decay from Edematous

white matter of cats with TET intoxication.

: ‘ i1n<$itfo‘whité ‘In -vivo white . R
‘ . matter edema . matter edema Rt ‘
(n=12) " - (n=12) © p

e (slow component), s om0 2,6910.19‘>‘<o 001

Ry (fast component). s} “;a.o3+1 35,"\- 16.76+1.63 . <0. 001

Af (amount of 51gnal | - “72+5 5615 1‘1<O.005‘ f?i
contributlng to R2 ) o ; PR S . i
‘ ~ 1.46°. . . 11,88%¥1.10 " n.s.' -
Weighted average of R2 Sgl ;I'BZil 4§w~‘ _ }; 851¥<{ , ‘:n S;xf
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‘”3 Effect of tissue water content on the relaxation rates in Vlth“ ‘f‘5~“‘

Significant increases in water content of edematous white a
o ' :

matter were observed _ Also, a statistically significant decrease in

S

water content of the white matter of the unaffected hemisphere of
cats with implanted tumors was - detected There wasPa marginal

decrease of water in the grey matter of cats with brain tumors and

TET intoxication (Table 12).

‘The period elapsing during the 1n—vitro determination of o .t -

relaxation rates dld not. affect tissue water content as shown by the

similarity in water content between tissue samples subJected to 1nr

' vitro NMR measurements and samples frozen 1mmediate1y after weighing.‘

N

L The biexponential relaxation data were transformed 1nto a.

single value by obtaining a weighted average of the two rates of

o

decay. The resultant R of edematous white matter from groups II and

III was plotted against the dry-tissue content (Figs 27 and 28)

L‘near regression analy51s was'performed giv1ng the gradients of

7‘ shown in;Table 13 Multiple linear regreSSion analy31s showed no’

significant difference in sensitivity of R2 to dry—tissue content 'ky3:

x
(PN

e o AR L

’ correla ion for- & l the samples of tissue studied Its senSitiVity, ‘*y




Con ’

"Table‘12i”':Water content of - braln samples (in 8 H 0 /g dry wt) from _f}
. RN the three groups of cats T

..

CN

- Group

- Control '_(n)f",‘\‘Tuhbfl‘ Sy TET . (n)

COW . 2,0240.17(28) . L 1. 83+0 15 (17) L 2.5840:49 (36)*
SRR o RrLTT327 (17)1 ST
G 4.3610.33.018) L"‘4-0'6:0:.3'7 O eam0.27 ao)*
B S ,R).,.zf.ozio.zs (6)*‘_;":. LT
. Caudste . 4/1130.30.(10) L 4.0330.15 5)'*(2#) L 6.060.32(12)
o R ,4 01+0 17 't(A)},- ST

LWM = whlte matter, GM grey matter e k ”:' 
. * Slgnf1c1ant1y dlfferent from control p<0 05 ‘j“:wf i’@i!i}jfi'g;fiﬁ
+ Slgnlflcantly dlfferent from cont;ol p<0 001 |

."«“‘

#'the range is given instead of the mean becauSe the data is skewed
by varlation in size of tumor, R : : IR SRR,

*Signlficantly different from control, p<0 025 ",:ii
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braln (Table 14) showed no change from control in cats with TET-'

1nduced edema._

'
\

matter was transforme

The total protet? conlent from peritumor samples of”white
d

";'

In anlmals w1th peritumor edema. however, even with

B

1nto unlts per*fresh welght and plotted




“Protein Content'in-brains of 't

"
'

Total.prorein” " :'"":/Soluble protein:
L (mg/g DWY () o (mg/g DN) -










A -3 3 'ont;al white matter ‘(‘i‘) :"right _
.,(j)'_rlght‘ frontal. _nwhite mat: er (k)"




b St o B - ’ Lot N | KIS ) D R
@ f i A P ) ) § . IR RS ) A \ Co D

Q) 1 ' ' . : ST | g ‘ T i
o R : I‘h v I“"‘" [ o R
&= . K s \ . R ‘ -

8“ o o
o | DER
< . . DA

N

ular, Weight

P Loy R
: AT

Molecular Weight




\ " V\ N
“ ; " '; o . N
. R ! ‘ ' ‘ L o .
Y, L Y e . V \ I
S e . : I "
Ny ' t " ‘ \ ‘ v
S . . Lo . Paly R oo . “..n "y E \" ‘
' [ . ' o ? ! ' ‘ ’
. o o \ e . [ " ! K = o
. v - ' " » ' ' ‘
| [ I ' ' !
' ! )
i + i i by ' o "t ' ' . :
. vy “ , K O ; h oy \ v
. o N Lot f ! ' . ' : ! ' l
. ) ' " . ' ' ' ‘ ! :
L 3 ' Rh l} . Vo \ ! o n ' L
. . . ' " TN . ' - o ' '
. ' . ) . KOS ! !
.3 RTINS R ‘ o . U ‘
' W .
Ic B ' v v\‘
[\ " o & N o
. - SR
" : ; ks L o
“ o | '\
‘ O v i
| ‘ , o '-‘ It
v Voot A i
" - \ .' 'l. 0
| ;
| | ' ;‘ \n
. v ’ ‘Iv‘ l‘ |
4 v ' . ‘
R . ) N ' ' S ; e .
f . ' 3 ey R ‘ ' ' ' : :
[ . i . | g H 3 . ’ ! P '
- s “'l.. - Molecular Weight. . . : R
Al \ I K Lo e e ey

Absorbance”




”.

e

.- 5%

2

_—
S
(@]
=2
S~
@)
@
alned
o
Q.
3
ol
(@
-
<

] & . T .2.0 
R '-gs A H, 0 (9/9 DW)

?Figure 34 YkRelationship between the increase in total proteln and
. the idcreasg 4in water: content in regions of erltumor white . . *
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Figure 35.° Relatlonship bet:ween the increase in soluble protein and‘. _‘i‘.
_.the increase in water- content ,’m regions ‘of perit:umor white .
matter.- The relatienshi' 1 gi'en by. y - 34x <3, F = 0 892
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- ba. Adequacy for NMR studies of the models of brain edema used in

w\ affected growth of the tumor with more 1mportant1y, the production

"
\

In this section the animal models used in this study are i;

o

evaluated and characteristics of the observed relaxation rates in “ulb

R

normal and edematous tissues are discussed The factors responsible o

for the 51milarities and discrepancies observed between in—vitrg and

-!

'1n—vivo R2 are. then conSidered Finally relationships between

- relaxation rates and tissue water content and between tissue protein

A

content and tissue water are discussed S fﬂ:y SRR p*\"

-

N ‘
this study
..‘. B ‘.‘."a"

As Judged by the predictability of the tumor«take the model of

i

peritumor edema we employed for this study proved reliable. vThé“Tj ’;;ﬁ

variation in size of the neoplasms was diffi"ult to predict however.flf

’l

and several factors ﬁ?e known to contribute to this (Baker al.

——

| 1973 Mennel and Groneck 1977 Rama et.al'§f1986) The tumor was N}l

probably reJected 1n one cat This event has also been observed by

.‘\ K w

Hossmann et a1 (1979) employing a 51mrlar model of peritumor edema..'bj

Partial or complete dep031tion of tumor cells in the grey matter also A

W

L

of very 1ittle edema.‘ This'istcon81stent with observations:by Clasen e




[

."

-¢ in the transverse plane., o "‘5,,, :
‘ R I R

!

0 K

growth obServed with the 9L glioma clone may be due to blological

change in the cell cultures over time (Baker et al., 1973)

To 1mprove the reproducibillty of edema production from‘

e
n.x- oo \ PR

implanted tumors cells should be 1nJected 1nto a speciflc 10C8t10n

"1‘ N N 5
.

by stereotactic techniques. It appears that the centrum semlovale is’

o \\ o ",

an appropriate area that aIlows frontal and occ1pital spread of the

' V.
' ]

| ‘edema fluld whlch‘can be ea51ly detected in’ proton NMR images taken

Lo , . w ot Lo

The larger neoplasms were assoC1ated w1th more exten51ve edema

Bl

probably due to the more numerous abnormal caplllarles and hence a

! n .a N ,-;

larger area of altered permeabllity w1th1n the tumor, although f‘ff@hl

dlfferences 1n permeablllty characterlstics of the BBB in" lt#?“w; B o

' experimental braln tumors of var1ous 31zes have been shown e

)

.‘ .‘,‘ . ) . .
x.' ve S 7".‘.“ o "‘ . ‘.‘ “.'
el T »

(Groothu1s et al., 1982).~Ld'¢hfj;_:m;ﬁ;1 *‘rp‘ﬁ:'lng.f uf}f“frf,,yi




\decrease 1n water content of unaffected white and grey matter.‘5 A
More relevant to the present study is the fact that in this V:pj

[

model the cerebral tumor 1s associated with vasogenic edema.“The frfi

marked 1ncreases 1n protein and partlcularly in albumin confirm the

: or1g1n of the edema fluld from plasma{ It has been shown that the

L o

"j51te of protein extravasation is w1thin the tumor (Hossman ”_t 1

1979). although 1ncreased permeabillty of cap1llaries in the tissue

! L

v ‘.,\ 5 ,._ ‘,v

o r-‘ (Yamada et al., 1983) Our findings are: 1n agreement with_thoae of

‘Hossmann,_t 1‘ ho showed that the edema spread was limited to the

1ﬁwh1te matter of the affected hemlsphere and d1d not crOss to che "f'_

u,vopp031te slde through the corpus callosum. The BBB in this type of




in the absence of“serum pr_y tein‘changes.. ThlS dlsagrees with the




._;_',\._ examples of \gtotoxlc edema w1th 31m11ar chara

N \4,
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MY GUTYUOGLGELY (UCALA LUCWY
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e is sever

cAapuUHTHL

(Figs 22. 23 \ and 37)» ‘

dal.eul ve. even - whien _-r\:n‘ere‘ .
e ed¢ma present as-in TET intoxication







”1“ff The b1exponentia1 behav;or of. the transverse, but not the

longltudlnal relaxatlon 1n edematous wh1té matter probably depends ff'

1“ i .

upon the follow1ng factors. F1rst

relaxatlon to very slow molecular motlon suggests that diffusion\of

v
i . . '
\‘ \

‘ Water may play an 1mpo

J

{tant role as has been 1ndicated by the

studles of Belton et a

-

the sens1tiv1ty of the transverse ‘

(1972) Dlegel and Pintar':‘(1975), and Rutsgl ?

i

,Te., more than




A

‘show a rapld exchange of water molecules,:or (4) a comblnatlon of 7gﬁlq““;

It is p0951b1e that a: change in the 51ze and/or the rates of l.?

'uirelaxation of a: second component could not have been detected in

y'*,normal tissues due to its small contr1but1on or the simllarlty of 1ts A

| .
"‘

“jrelaxation rate to that of the other component.' Under the slgnal to—‘» J“

‘ P

,"Tn01se conditlons aSSociated with the NMR technlque, the R2 of each o ﬁ;;

v

fhcomponent would have to dlffer by -a factor of ahout 3 or more to be

g _g‘g__ 1984) If the contrlbotlon of one of the‘f

'
'

i‘ wdetectab1e (Koen1

‘components is small (1 e., 5——10%) even thoughfthe rates of deéay

A
. ‘.u

'jvary by a factor of about 3 then a 51ngle exponentlal decay curve f{h%”

;willladequately descrlbe the data.k m'”




r

membrane cha 'cterlstlcs may be responsible for changes in water””

7‘1tf]‘transfer betwee“

“, .\—

these two compartments.ﬂ A more detailed dlscussion

A {

of thls tOplC 1s 1ven 1n Chapter III -sect1on 2. ' ﬂ;hd“~

.' iy '
r|..“ /, i

transverse relax

‘1on decay 1n edematous whlte matter samples,
vasogenic and‘cytotox1c edema could be differentlated at least 1n3wﬁ‘h-

. Lo . .v
| .

“‘ . ,‘U‘o‘

these an1mals., We assume that the slow component R2 corresponds

'\
.' P : DA \ N B - (BN ',

A to proton 51gnal arlslng'from the extracellular’fluid dn the :
! |‘v: . [ <1.‘ S “"'\v",",

perltumor whlte matter”of Group II cats or from myelin ves1cles in,

'

ﬂ' B ! ' A e 1 ‘,I,“
ﬁ~cats W1th TET—1nduced edema As macromolecules are the maln\ e

,.‘_‘

1‘ ',. s L . ! " . (

.

determlnants of relaxatlon 1n.edema fluld (see Study A Dlscussion)

\ T \‘.‘

'5

the prOteln-rlch flu1d in" the.perltumor whlte matterrcould be:

‘q“‘ o L n ‘.“,,

exbected to have/a‘more eff1c1ent relaxatlon than the protein—poor‘g”‘“
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méasured in images and in tissue samples

\are dlscusﬁF9~¢x b';: $; : ;.',b" Nflf; o ,? » 1}jc‘:' Qii,.:ﬂ?;l:t
. belll Factors gjfecting measurement of R2 1n vivo\*lixgb}' -
S Partial volume artifacts obtained when two or mgre types of ':“yji

o <

f
tissue with d1fferent vafhes of R2 ocLur in the same ROI may be a

~

31gn1f1cant problem with measurements in white matter. Similarly, in

. ’ .
t c TP

grey matter the convoluted nature of the cortex contributed markedly

B '
N Y

b to such a!tlfacts. Due to the smaller R2 of either CSF or edematous

‘;\\ white matter that can occur wluhln a ROI when the measurement of the - “}\s,

N

\"» R2 of grey matter 1s attempted a smaller value of R2 wbuld be -

expected v1vo than 1n v1tro. Because the oppos1te case‘was

W

' obSerVed 1t appears that partlal volume artifacts d1d ‘not contrlbute

' ‘ ' \

51gn1f1cantly to the difference 1n R2 of grey matter observed i vivdgyﬁdf‘?f

——

and 1n v1tro. '

LR N R N \
. PR AT

Another difflculty which could arlse w1th proton NMR 1maging 1s ﬁi

the effect on the 51gna1 1nten81ty of 1ncbmp1ete magnetlzation

v SRR IR N

' EL recovery.= If the TR is very short the magnetizatlon recovery will\“‘*

modifled'sequencj differs fro_ theYstandard CPMG sequen;



S S S ‘:--'J“ N PR fﬂ
L et L N N
important respects.. First in the latter 'hard' RF pqlses w1th a .‘.\ '_,ﬁ\
~-broed frequency band are emplOYed whereas in the MSE sequence an TN
BT R A
initiél 90' soft RF pulse of a narrOw frequency band is used to o
define the SIice fOr imaglng. The 180 pulses subsequently used ‘are. “t?'
fﬁhard RF pulses similar tb thoSe uSed in the CPMG sequence. .A \l*sﬁ'i}f}id
:~drawback with the 90° soft pulse is that 1t 1nduces varlatlons in the :

7tip angle of proton magnetization from one edge‘of thé 1maging sllce ; f
" to the other (Roseh et al., 1984) Second 'w1th the MSE sequence, in:

<Aadd1t10n tQ the soft pulse a magnetlc field gradment 1s also required }‘_le“

e

to define an imaglng sllce.n Thls ggadlenevresults 1n the molecular .5 - "

dlffusion prOCesses contr1buting‘more to the deph331ng mechanlsm "
: B N L

respons1b1e for transverse magnet1zat10n than they do w1th the CPMG ’f;.'f-?
. e Y

'~sequenceﬂ-

UL N -
Because of these factors equatlon (6) must be modifled to e

sy N o
. [ oo
L B . v

LT
5

the follow1é§ ﬂf t:i1 ;:‘_"5ff,iik§ 7v;_‘ "L':*',ﬂl;’{'.‘\“ o |
A(TEn-) =f{A(z) sm[&(z)]dz] exp( R2 TE") epoD#B)‘y G (T /2)‘ j(13)
where z 1s she directlon normal to the.slice plane, 5 1s)the tip Hjjlu ck;i“v”

angle of the soft pulse; D is the translatlonalﬂdlffu51on"

°y,

The term (A(z) sin[&(z)]dz} inhequagaon (13) 1nd1catessthat tip



: u'1n diffq§'

‘4-.-—- .3‘

’decay of the echo amplitude that is similar to. that obtained with the ” ‘

.,CPMG sequence. B _ _ oo - e e ";l‘

st @

The diffusion term [(D/3) 7 G (TE/Z) ] however might have a

'.more important effect on R2 measuremenﬂ% in NMR images.ufFitting the“ff~‘ Qﬂ

,,,....

-echo amplitudes to an exponential decay curve would result in an "*wl"' .

.,\. ' . . *\,
"apparent value for’ the relaxation rate,_R2v, (Abragham 1983) given i
by N S | . ‘a »‘; ' 'l ; , .,‘;.‘.b“ l, ‘ el
R =Ry e Ry e L
CT2 7 T2 T RN L TR T T o
‘1uhere5R£ is.the’aetual'transverséirelaﬁation'rate-of“the“samnle}lgdf L
i, R T S
Values for the translational diffus1on coefficient, D. of ';th-q

-5

"":solud@bns are of the order Of 2 % X 10 cm /s (Fung and Puon. 1981)-* fh{“ﬂ;

whereas values measured in, tlSSUe (e g., muscle) where diffusion is fj;’f
SR g . v

=5.

h*restricted are of the order of 1 2 x 10 N /s (Fung and Puon,“:‘f

‘ - .. ’ a~j_/r ’ . S

:1981) .Substitutlng the hlgher value of D a typlcal gradient St

| ‘ T
af*Strength'w. 0‘3 G/Cm and a TE/2 of 16 25 ms. in equation (12) we - Qf‘ j”i“”

.:Obtaln. ‘ggéfis R, + O 003 s 1. Thus, even allowing for an increasek

ot

i.rate w1th a higher temperature this contribution 1s e
o ' d’. \“-‘ ‘ ' ‘ '
: »1n51gn1fgcant compared with error in the measurement of R

K4




not vary during this period we. considered the effect of storage on..

0

water--macromolecule intgabction to be negllgible. Change7 in water ‘fﬁ

.*_" ,:,_‘_,c»l ;\" - ',‘ R * : \ o S » ; R o

content during this period were assessed by free21ng 4 number of LA,.*V R
N K . . W . .' . I’. \"‘
gsamples from control anlmals 1mmediate1y after extract1ng the brain.qu T
‘ o &,m . , “'“{ =

vAs no difference was obserfed between these and the samples\subjected '3.qé

'\\ R

. to NMR measurements we concluded that the NMR prgpedure does not ’f;q‘

P

‘cause alterations,in water content. On the other hand the smaller

‘\}

‘~R2 in vitro than ln v;vo obtained at day 0 for grey matter and

'5caudate nuclei (Fig 24) may be due to an uptake”of fluld by these

tissues during preparation of the samples.‘ It is known that when

v/

cortical blood flow decreases to below 10-—15 ml/lOOg/min, a rapid
'water content of the cortex occurs (Schu1er and Hossmann, SRR

lincrease in

ey

51980) In our study. perfusion of the braln at hydrostatlc pressures

A

above normal may have contrlbuted to‘water uptake by the grey matter.iffydf{

- . .
o n, . L : /, A

'White matter appears not to be markedly affectéd by the preparatlon.f‘””

of sampl,es (Fig . 24)
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. ‘.x y K R,
C Relationshlp between gelaxation rates and water cgntent of " .
: o B N \ \ T o
e tlssues k _q--a \~;w*- --\W‘;: ' ‘_,ﬂ ) e
" llterature on measurements of proton relaxation rates\in tissues, ‘hf

concluded that the TEFE model descrlbes adequately the NMR relaxation :!;'*

‘I:of protons 1n tlssues Csee Chapter III sectlon 2),, Moreover. he

. e
i N [

p01nted,out that the env1ronment of associated water molecules are

N

amdunt of water 1n thlS env1rbnment 1s proportional to the dry-we&gﬁh
content of a’tiSSUe sample. Thus, we employed the rec1proca1 values
B B ‘ " P

’

r

7:-showed a verybgood correlation.- The 1ongitudina1 relwiatipn rate
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& i [

‘an RIP image have yet to be determmed




&.

L such a relatlonship (Ranade et al., 1976 Hazelwood et al.. 1974)

Studies of cerebral edema 1n experimental animals show that the

-_,: R L 4, .
‘ .

relaxatlon rates correlate closely with tissue water content (Bakay

-c' 1 19?5 Go and Edzes, 1975‘ Naruse et al.. 1982).\ Our studies

— ——
T .
+

support the latter f1nd1ng if the relaxation raUes are'plotted

agalnst g of water per 100 g of fresh tissue or. as shown in Figures

?7 and 28 if relaxatlon rates are plotted against dry—tissue \}Tffiwiﬁf

content

'-content‘if'the samples of edemat “s (?ute matter{in both 8 ups of




‘:

e

result:s suggest»- that the scatter in the weighted average of R
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from foPmal - white matter:méaslred in,vivo 1s 51milar to that'”“

I

transverse relaxation thaﬁ\occurred Wlth deqih‘of the an1ma1 (4) It
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In this section two models are described 1n an attempt to _“:!f};f

' explain the observed relaxation behavior in edematous whits matter. N

d LN
‘l— .\,

dThe first is an extension of the two—environment fast-exchange model




physiology of brain'edemal o . o S [

-

'The fact that relaxation rates correlate directly with the dry—
i I tissue content (Figs. 27, 28), suggests that the TEFE model of proton‘
relaxa;ion may be applicable to brain tissues in a way similar to
.that used for the CSF-protein solutions. ‘Studies of the 1ongitudinalv
relaxation rate in muscle (Belton and. Packer; 1974; Fung, 1977;
,Pocaik et al., 1986) and brain (Fung, 1977) subjected to’ progressive

. dehydration have given results that agree sdequately with this model

L)

":The technique of progressive dehydration‘of tissues-provides

-

' information‘on thevrates and relative proportions of vater molecules_j
M--in each“of the two.environments ’associated or free.' A similar
situation is observed with cerebral edema induced by TET
intoxication' however. in this case the relaxation rates are studied
,‘as a function‘of increasing water content. which does not provide .‘»"
‘ direct information on the characteristics of associated water. 'An
advantage of the model of TET intoxication is that the ‘increase in
S ‘t:»water is iso—osmotic, “whereas in dehydration studies the decrease inq
'ij jwater occurs together with a progressive increase in ionic |
| ‘vaconcentration. - | | |
Fullerton et al (1984) has developed an equation that enables
v.icalculation of the longitudinal relaxation time of water protons in
| the associated environment at different magnetic field stfengths. ' _
7;‘ For the resonant frequency used in this study (100 MHz), the expectedil:

T ;;“—~R1.of ths associated environment is 4 8’ 8 1. Because the TEFE model,“l
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respectively, are, constants under conditions of constant temperature‘

,v

and magnetic field ‘strength, the relative proportions of the water
| molecules in each environmeg% are responsible for alterations in the
.observed relaXation rate R1 obs’ which for normal white matter is .

1. 06+0”04 s 1. The relaxation rates of pure water. Rib' at 37°C are.

-1 -1

Ry = 0.26 5 - 0. 38,5 1, and R, = 0.27 L.

1 » R

2 1e

"The proportion of associated water molecules f can be

H

calculated from the following" : »
ib) / (R - Ryyp) G 1-1,2,1p o (15)

of distilled deionized water at 37 C is 0. 26 8 liand

fa = (Riobs

The Rl

'represents-R ib* Thus, when these values are aubstituted in eq (15)
the proportion of water in the associated environment equals 0 176.

- Assuming these predictions to be correct, R2 and R1 a’ are .

-1

: calculated as 70. 2 s and 49, 9 s respectively. The value of R1

d .

"is that calculated when the magnetic field strength corresponds to a‘
Larmor’ frequency of 5 kHz as employed in study B

To determine whether the ‘TEFE model predicts the relaxation of .

N N y

.‘protons in brain edema, the previous data can be used to predict the:,

relaxation rates for various values of dry-tiasue content. In TET-“

' . © . .
‘induced edema there is an increase in total water and no- increase in e
s, A\ C S
: macromolecules from plasma, and ‘we assume that no major

Vspcon ormational changes occur in the tissue. \Thus we expect that only

an‘increase in free water content occurs, which modifies eq. (Ba) to-a“fv

IR N N v . P,
T ¢ . T ) R
o [, et . : .
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. : above the normal.. In white. matter from control cats. the water N

4 A;. .content is 2,02 g H O/g Dw and this valué“is subtracted from that of
| ‘ the water content for each sample of edematous white matter. ‘The‘,'
'difference ‘is expressed as the proportional change in water over4the

'normal and this\is multiplied by the proportion of free water in

‘normal white matter already calculated from equation (3a), to give
‘the value of £, '. Because - L.‘H R I

£ 4 f HET 51 | | |

"new'values of fa andifs can be calculated‘from

fam ffE DY o (4D,

' Lo .- " “.t E y, ‘ 'w‘ P . ‘ . . L i'““u

‘and used in equation (3a) to provide the predicted values of the

\relaxation rates. Linear regression analysis of these values plotted“.
against the dry-tissue content gives a slope that is equivalent to .
i ,
ﬁvarious G is presented in Table 15 The caltulated values clearly
‘ 'g‘show a greater jensitivity than the observed values of‘G Such a ‘il

| fdiscrepancy can . be explained by the relaxation rate of free water in'

(

”':fﬁtissues, as will now b";shown.,f~ﬁff‘3”

G, A comparison between observed and calculated values of the aﬁfﬁﬁi S
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Iy

: 'relaxation rate of 'free water in tissues. Substituting these values

Lo

C.of free water in equations (3a and 15) and repeating the calculations~
results in much closer,pgreement between the observed and the

'predicted G, (Table . “

' ;' There may be several reasons why the relaxation rates of free;
\ -

water in tissues were higher than those of pure water and these are

presented below

’



Table 15. Compar:l,son between observed gradients of sensitiv1ty (G ) of‘

: C relaxation rates ‘to changes in ratio of dry tissue wt:water
content wt of edematous white matter of TET-intoxicateéd cats ', .

“ and' similar-values predicted from the TEFE model of proton - ' .
‘ relaxation Relaxation rates for free water are those of pure S

- ", water at 37°C

“b

Interﬁept o _1 G - ) ‘. ' ;
(s Y ey (ST /mg DW/g H)0)

—y e — . RN

o 50+o 01 L \.".d; 1'01;0“111;ﬁ' B
L 4.4340.20 [‘>*ujfﬁg ‘ 16 2742 000
SR '“";“3{7'5f-‘(,4;3119,24 ,‘?fj.f§i“;f'*fjf 8. 79+2 27f}ﬁ.”‘"'*‘*?“

';%RV~d]‘j~;‘u" o 36+O 001 ffrif%“g;>ﬂ§jﬂ‘ 1, 42+0 Olﬁw'?fu»:d”f‘f“ .

10922001 . _ ?ii,:“ 21 74+0 B

"”?j%R**T}fyf:uf[;;vy:"1¢38:9+01¢¢,~ 15 40+o 115}1}:”“5“4'7""

memsured at 5 kHz
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,}Table_16” Comparlson between obServed gradients of sensit101ty (Gi)
o o A;of Xelaxatlon rates to changes in ratio of dry. tissue
. wti:water: content wt of edematous white. matter of .
]wTET—intox1cated cats and’ 51mller ‘values: predicted from the
" TEFE model of proton. relaxatlon. Relaxation rates for: free
. water are those calculated for zero dry weight content o
(4, e., 1ntercepts) . Y TS et

o
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\‘"dfmost,

Two hypotheSes oi: the benav1or OI war.er in tlssues ocner tnan

‘ ‘“the TEFE model will be considered Ling (1970) has proposed that ;5fiiﬁ'

.\‘,\

'if not all, water molecules wfthin the cell are ordered through

'

:f“pﬁeferential orientation in polarized multilayers. Such multilayers?“"'l

A

Tnﬁions and otheg solutes to varying degrees._ The binding of ATP at
A ‘ ST
”};cardinal sites onrthe protein surface 1eads to cooperative u?“ e

\

'F‘interactions between proteins that results in selective accumulation

¢

leof K+ over Na . and to the generation of polarized multilayers of“:ﬂ

‘&Llwater.‘ This would causeudecreased mobility of water molecules within

‘~§j‘the cell andtaccount for the greater relaxation rates in tissues than




"analysis has the advantage over NMR that'no models of#ceil water are‘

! \:(.‘

‘e" ' )" .

‘required for the interpretation ffOn‘the other hand it













_"res;*lts.'{f

Assuming that anatomical compartments are responsible for the

7:f”ﬂoccurrence of two exponential components of the transverse ;[.fg‘“

‘.'"

'"magnetiz-

\inree conditions are fulfill First the diffusion of water e

"rfﬂbetween tWO ,‘ssue compartments must be slow relative to the rates ofxlﬁfw

.v.

”-;deecay of each compartment. seCond these rates Of decay 5h°“1d differ!‘wﬂﬂ

by\at least a factor of 3 to be separable with an acceptable degree







0L waLer Detween tne incra- ang excraceiiular Spaces were responsiole

“ 'f:“‘for wobserved multiexponential beha%ior. ; However, they also

0

:ﬁh;freport that the water content\pf the mUSCle preparation was 82 81

‘df;;vﬁfw“?which contrasts with the normal value of 7SZ Because it is the fiff”
cj;pgﬂjh-edfchange in volume of water that is of importance, this P&fameter ‘23“;

, “should be expressed as weight of water per unit dry weight.' The i_'l'
* ¥probortion of intracellular volume(in the glycerinated puscle |
" f";preparation was' 24% corresponding to 1 16 g H O/g Dw which is about

&7ﬁ'5f S ‘447 of that of normal muscle.; Therefore,‘a very ﬂarge proportion of
6 i o - .v O ,r . '
'”cells remained intact and thus a slow excange of water between the
ST "‘“l . Y ' ‘q
‘ e intracellular and extracefTﬁ?ﬁr spaces coulq still have accounted~for IO

[N
P
o

a

'":hathe observed biexponentiality.‘ Therefore, present evidence suggests

uﬁ.that the fast anq slow components of the transverse relaxation decay. ;f“b




N

~of accummulation of protein-rich fluid in the extracellular space,
which supporta that anatomical compartments give rise to ,

biexponential magnetization decay. . o

. Y
Vet I

o N .
e . . . ) . . . ., N

h; B 2b Presen; model
v ‘d‘

A different interpretation for the change from mono- to

“l
»p.

# biexponential transverse relaxation decaY«Qbserved by Fung (1977)

» !‘ \

suggests that alterations in the rate of water transfer between the

' wu L

A -
T%y the double-—Donnan steady state (see Chapter I) whereby in

ARG
e

o
Hence, active pumping of

t (MacKnightf*nd Leaf 1977)

ranfpor

e



watar molecule within the cell is about 8 ms (Conlon and Outhred

1972 Andrasko, 1976) and its reciprocal value (i e., the rate of

'

transfer of water from the intracellular to the extracellular space)

is much greater than the relaxation rates for each compartment.‘ In' .

other tissues this rate of transfer is about one order of magnitude
smaller than for erythrocytes (Finkelstein, 1984) This rate of
water transfer is in the 'intermediate exchange limit (see below),

which may be associated with biexponential magnetization decay of

both R2 and RIP but not Rl With the progressive decrease in energy ,:

compounds that occurs after death Na -K -ATPase is inactivated and

transport of ions and concomitant transfer of water across . the cell o

-

v
Ty

; kgonential decay may be observed -

membrane slows down. Other trznsport processes are also expected to o

decrease as well. Thus a t i

providing the rates of decay ‘.ffer sufficiently and the compartments
' are large enough. Hence, Fung s observation (1977) of a single |
relaxation decay immediately after death suggests that in this case
| the Na -K —ATPase was still active. At 40 min. however, the muscle

.

cells had consumed all the energy reserves causing inactivation of

- the Na’ -K -ATPase' the resultant slow exchange of water across the-‘,}."

‘ ce11 membranes would probably account for the observed biexponential
’s

decay. This hypothesis may explain not only our findings but also

'

"*‘ those of others who observed biexponential transverse relaxation in

brain edema (Bakay et al., 1975 Go and Edzes, 1975 Naruse et al..

1982) S I BTSSR NN B A T

S

]
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o pthe proportionately small decreases in energy compounds that may

"”K+-ATPase pump, and studies by Hossmann et al (1986) showed that

occur ‘in cerebral edema,.would be expected to produce marked
:.alterations in ionic transport and water transfer across ‘them. This

v’, may explain the biemponential,transverse relaxation of white matter

B »
‘ edema in vivo.

Studies by’ Averet et al (1984) have shown that vasogenic edema‘.

‘induced by Cold injury is associated with an inhibition of the Na -

R

| ~.'regions of. peritumor edema have & reduced glucose utilization and

‘ fc_line of myeli<9forming large vesicles that are physically separate -
"sffdfrom the surrounding tissue (Hirano et al., 1968 Katzman et al..\'

. “Qﬂij1963).i A slow—exehange of Na has been demonstrated between these ;:"f

therefore, decreased energy production. Such alterations in
peritumor vasogenic edema may be expected to result in a decrease of

;water transfer between the intracellular and the extracellular spaces

-

\uiﬁand account for our observation of biexponential decay in edematous

L e e,

“pwhite matter surrounding tumors (Fig. 38)

With TE# intoxication, water accumulates in the intraperiod

\ ey

'wlfvesicles and\the rest of the tissue (Katzman et al., 1963), probably:dﬂ e

“ffas a. result of the indirect inhibition of Na —K+-ATPase by TET (Soneif‘fjlf

anxtﬂagihara‘b1964).. Therefore, we would expect a slow exchange

between the myelin vesicles and the brain, which may explain the

i~7. bi POnential transverse relaxation behavior;in TET-induced edema ,bﬁ i
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Figure 38 Diagram showing the postulated mechanism for the behavior

‘“”ftumors.f (a) In normal conditions. there is active transport of

“*arﬁthe arrows’ Q_;T'j ‘(Dark:area’ represents. intracellular space.,\.
. empty. area’ extracellular'space ). This. mOvement of .ions is:

- of transverse relaxation in white: matter of cats, with bra1n

~-fons: between intracellularrand extracellular spaces as: shown by

?associated with fast. transfer ‘of water,'which results in an o
_observed single %xponential decay ‘of. the transverge R
Qfmagnetizatlon. (b) The: presence of ‘edema ‘leads'. to enlargement of
- the extracellular space due- to.accumulatlon of | rote1n-r1ch O
£l ..nd also to metabolic_alterations 0 fthe cell Loss of a.

‘associatedlwith a slo“ diffusio" ‘of water across membranes .
' ) This accounts ‘for. the obsetrved
‘biexpo L ]axa ‘» ‘ ’(c) With death‘there
ris complete lnactivationpof ionic'transport .and water -moves into

al .pac__according to'the Gibbs- Don' n v







‘ “Th normal condltlons th ~extr'ace11ular (empty
a ea) and the intracellula" '.spacesu

e







'\‘intracellular and’ extrac.ellular spaces e obtain. ‘;:- ‘




'fofsi3iif superimposed on the permeability to water of the lipid bilayer. whichf"Tﬁ

\

allows transfer of water.; Thus it is to be expected that a tjf :

distribution of r ; values exists between intracellular and

,_,‘ . _‘ [P

extracellular spaces. That this may be the case is~shown by

preliminary studies in our laboratory in which measurements of R ‘a:f'j"

i Y

‘f'different field strengths of Hl demonstrated‘a_marked field- L
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“of three between the fast and slow rates of decay. These data cen be j}f'

1ﬁ:lg;;fj easilyerepresented by a single?exponential decay, which is 8 weighted

"‘
B




:‘water c0ntent before and after death.a~;;:ﬂiﬁ“fﬁﬁﬁ[:.,;v,:\ff 9':

fygf?waﬁff-f In normal white matter we observed in vitro a weighted average;'”
) «3l7 intracellular spaces.‘ As a result their values were approximate X
"“', ‘ . Q

. . ' K\ O
after death The tendency for the R2 values obtained in vivro to be




lf relaxation respectively. resulting from the increased protein content ,fgﬁf‘

tissues may provide information on changes in the distribution of

t Oy 4

_ weter between intracellular and extracellular chpartments.. This,-

together with the fact that the weighted everage of R2 gives an

Wy o -

adequate index of water content in edematous white matter

V‘. \
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:-edistinguished iﬂ ViVO using Proton NMR These criteria.are based on‘u‘;
. 3 R o

<‘;:x’the following flndings.‘ 1) The type, amount. and, possibly, the

.—...

*ﬁkprobably Pl&Y a mlﬂimal r018- 2) BieXponential transvekee relaxation_

' "
o

'?? decay vas’ observed in areas of moderate to severe peritumor white‘




’

‘Qrelaxation rates obtained in vivo using MSE images with those ) -.:

v

obtained in vitro from excised tissue samples using the Carr——
Purcell—-Meiboom—-Gill sequence. The results showed gpat ip normal (
‘white matter both values were similar. In grey matter, however, in- |

vitro»RZ values were lower than those obtained in vivo. The
t ' 4 oo
o ‘ differgdﬁe in values is probably the result of the greater - .
/ . ' \
K R susceptibility of the grey matter to changes in tissue water content

a "?f'- withpdeath. The transverse relaxation of normal grey and white
t BRI ' ’

ﬁ.ﬁptifv ﬁmatter could be described by a single exponential decay. .In most

f‘ samples of edematous white matter, however, a biexpo ial decay

i
R~ !

}@%‘d » curye could be used to describe the transverse relaxation.

¢

Because a

. ‘ gimited time—frame was available for observation ‘of the magnetization
Y"-?“'g‘decay in“viv0, a. monoexponential curve with decay rate R2 ‘was fitted
l?ﬁ;'§~”2 to thequta. Comparison of these with corresponding in~vitro R2
7 wﬁalues showed that the lafter were 1arger, prdbably due to transfer -

of water from extracellular to intracellular spaces at the time of L
. N a\ . "

death. we cdhclude that‘the measurement of transverse relaxation
' e Y ~
SEET %? rates in vivo provides more accurate relaxation‘values E"an in vitro

. vi?-

if the observations span a sufficiently large number of images*(i e.,‘

.o-\" s

pf"k7‘. bout 16) to allow reliable separation of the component rates, as the

S severe changes in«watber l’(’omeostasis th‘occur with death are




'intoxicated cats. :n§' 'L“fs ,-’i1;~gﬂiwjfnf‘;:,‘“

Ty ' -,

fimaging"coﬁld'provide”an index of water:content'in‘tissues. The,“‘

‘results qhowed that in—vitro measurements of relaxation rates on

‘excised tissue provide an adequate index of water content. in

'edematous white matter, with the transverse relaxation being the most,

‘sensitive. Measurements of R2 in vivo, however, were limited by the

short time—frame used for the observation of the’ magnetization decay.
(S

‘Values of R2 obtained from these data do not give an index of tissue'

/

water content in white matter edema because of different rates and

CE

. weightings of’the two components of decay in different types of brainf

iedema. Therefore, to quantify properly the water content in areas of

edema it is necessary to obtain enough data points to separate the 1
two rates of decay that are commonly observed
) N\ R .

Although the measurements of tissue protein showed low

sensitivity, good correlation with tissue water content was obtained-“

lsuggesting that proteins play a role in the accumulation of water in
3 ‘¢ .

"peritumor white matter‘ Moreover, tissue—protein content clearly

;established the nature of the edema present. i e., v,sogenic 1n 43"

v .

. peritumor white matter and cytotoxic 1n white matter from TET-




: f’f"f alteration in the surrounding brain, which in. turn, produces

J Formatioh of brain edema -

The typical feature of the formation phase of brain edema is an.
mpairant in the normal homeostasis of water in brain cells due to

v'changes in the normal characteristics of cell membranes. It is well

established that alterations in metabolism disrupt membrane function
(see Chapter I Part I, section 6) Thus, it appears that a brain

kv/.}51esion from any cause may be associated with some degree of metabolic 3

bcytotoxic edema. If this is the case, the widely held view that

vasogenic edema is the most common form of cerebral edema is not S

\

'"“‘valid Vasogenic edema probably always occurs together with

]

¢ .(,

|
\ cytotoxic edema, whereas the cytotoxic type may occur alone.‘ This is"
: N o . -
‘3Q-V7f supported by the finding of a cytotoxic component in experimental

"3 models of vasogenic edema such as cryo—injury;tcerebral tymor, or

abscess.‘ Testing of the hypothesis that slow exchange of water




‘w h32b,'.Spread“of-brain edema n
| -a The direct relationship between the average transverse i
relaxation rate obtained from the transverse magnetization decay‘and
.‘the dry—tissue content of the edematous white matter regardless of
type of edema, points to the usefulness of the average R2 for __ﬁ',ﬁ;“_f‘
quantifying the physiologic changes of water in aérebral edema. This d«
. @f“‘." 8 is Based on the direct relationship between dry—tissue content and

water content eXpressed as, grams per gram of wet weight that exists si L

| within the range of water content values observed in edema of the

RN “. S . . \

white matter.\ For example, measurements of R2 with distance from gy}Vq

,—'—- :

the lesion in the cats with brain tumors provided an indication of

R the spread of edema fluid Values of Rz' in peritumor white matter,fﬁg§§
T ety Y ~5¢»Tu

were subtracted from those df the contralateral hemisphere. This

3 change in R2 a plotted against distance normalized for tumor size,_=jrffﬁ

Sl

S

tumor (Eigi_39)

The fitted curve~from this?figure denotes an



pray

VV}lcomponent that probably results from the compressive effects of the _fji

o ;even serum proteins in edematous regions. do not have a detectable

.b;fand d18t36°é fr°m the tumor SuBgests that NMR may be employed as an ‘i;.‘

. diviadjunct for the study of the biomechanics of the brain s reSponse to f}jf)
| ?ﬁbledema.v In the present studies this was not possible because an MSE ER
_ ‘;Zéisequence with 16 echoes was not available at the time, and an R2 fif¢*'7
‘Wfﬂ°“1y could be calculated from 8 eéﬁEEE’(FiEEZ 21 and 36) This is‘

’;not an adequate index ofV issue~waterncontent beCause it

lresistance and a decrease in tissue compliance (Fig. 40) The

_,results of our experiments showed that the effect of electrolytes. or

UIIHPLBL J.. IGLL .l-' SCw LAV 'v\..[o o AUT OTLVHY . 40 G ou-uy\.vu..s\.
. ‘ > N O .

.

o s

‘;tumor on, the surrounding tissues with an increase in tissue ‘ 4‘,d‘“. f;”

| “.ﬂeffect on: the observed relaxatiqn ratesv‘ The relationship between R2

’..










\_As conErast An NMR" images improves‘diagnosis. it 18 important




'{:Points to a possibleﬁdisturbance 1n”membrane‘transfer of Water across:lﬁly

"

cells, which characterize‘ cytotoxi edema. Also.,the larger R

'Vperitumor 3dema‘than 1nVTET—induced edema suggests that the fluid‘ Jrf



'ﬁff cerebral alterations.‘ It is well established however. that large
. r ' o l '

AR ovelap occurs in the values of relaxation rates obtained from

), 1

different brain lesions., An alternative that may be of someubenefit



‘1

calculationiof relaxation rates from images.: Other limitations are

~

E:number of images, such as a MSE sequence with 16 ephoes or more- 57“’7 L

3 \f.u R

}ﬂ furthermore. obtaining a. series of images and calculation of ' w-g.:fffffﬂ”

o
'




.07 reversible and irreversible ischemic' damage to'brain tissues. . Its .o
77w application to’ the clinical sitiiation, however, may:be limited to .
el alized:centers dedicated to. the sudy:of these disorders. '« .. . i :
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