Rev Bras Anestesiol
2005; 55: 3: 289 - 307

ARTIGO CIENTIFICO
SCIENTIFIC ARTICLE

Efeitos da Hipertensao Arterial Induzida sobre a Complacéncia
e Pressao de Perfusdo Encefalica em Hipertensao
Intracraniana Experimental: Comparacao entre Lesao
Encefalica Criogénica e Balao Subdural *

Effects of Induced Hypertension on Brain Compliance and Perfusion
Pressure in Experimental Intracranial Hypertension: Comparison

between Cryogenic Brain Injury and Subdural Balloon
Nelson Mizumoto, TSA'; Humberto Katsuji Tango, TSA ?; Marcelo Lacava Pagnocca, TSA®

RESUMO
Mizumoto N, Tango HK, Pagnocca ML - Efeitos da Hipertenséo Arterial Induzida
sobre a Complacéncia e Presséo de Perfusdo Encefalica em Hipertenséo Intra-
craniana Experimental: Comparacao entre Lesao Enceféalica Criogénica e Balao
Subdural

JUSTIFICATIVA E OBJETIVOS: O trauma cranioencefalico (TCE) pode elevar a
presséo intracraniana (PIC) e reduzir a complacéncia encefélica (CE). Diferentes
lesées sdo aplicadas em modelos de TCE que estudam as mesmas variaveis.
Como sé&o usadas indistintamente, o objetivo é comparar a PIC e a CE em dois
modelos de TCE.

METODO: Dezoito cdes machos, anestesiados, ventilados e distribuidos
aleatoriamente em dois grupos: BS - baldo subdural (n=9) e LC - lesdo criogénica
(n =9). Anélise da PIC, CE e pressédo de perfusdo encefalica (PPE) em cinco
momentos: fim da preparagdo (M0), encéfalo normal (M1), inicio da lesédo (M2),
término da lesdo (M3) e lesdo estabelecida (M4). CE é a variagdo da PIC durante
hipertensédo arterial induzida (HAl) em 50 mmHg em M1 e M4. PPE =presséo arte-
rial média (PAM) - PIC. Teste t de Student pareado para o mesmo grupo em
momentos diferentes e t de Student para duas amostras distintas para o mesmo
momento entre 0s grupos.

Resultados: A PAM foi semelhante nos grupos nos momentos estudados (p =
0,31emMO0; p=0,25emM1;p=0,31TemM2;,p=0,19em M3; p=0,05em M4). A
PIC foi semelhante nos gruposem MO (p =0,27) e M1 (p = 0,21), mas diferente em
M2 (p<0,001). APIC tornou-se semelhante nos gruposemM3 (p =0,39) e M4 (p =
0,98), elevou-senoBSem M1 (p=0,04) e M2 (p =0,01), masndoem M3 (p = 0,36)
nemM4 (p=0,12). No LC a PIC aumentouem M1 (p <0,01), M3 (p <0,001) e M4 (p
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<0,001), masndoemM2 (p =0,18). Houve aumento da PPE em M1 (p <0,001) e
M4 (p <0,001), semelhante nos grupos (p=0,16emM1ep=0,21emM4). Em M2
houve redugdo da PPE nos grupos (p < 0,001), mais intensa em LC (p < 0,001).
Em M3 houve aumento da PPE no BS (p =0,02) e redugdono LC (p=0,01), o que
tornou a PPE semelhante nos grupos (p = 0,43). Em M4 houve aumento da PPE
semelhante nos grupos (p = 0,16).

CONCLUSOES: O efeito da hipertensédo arterial induzida no modelo de LC é
comparavel ao observado no modelo de BS. Esse tipo de lesdo deve ser melhor
estudado para estabelecer precisdo na proporgdo entre a sua extenséo e a
redugdo da CE, aparentemente, um processo gradual e evolutivo cujos limites
ainda ngo séo totalmente conhecidos.

Unitermos: ANIMAIS: cades; SISTEMA NERVOSO CENTRAL: complacéncia
encefdlica, hipertenséo intracraniana; TRAUMA: cranioencefalico

SUMMARY

Mizumoto N, Tango HK, Pagnocca ML - Effects of Induced Hypertension on Brain
Compliance and Perfusion Pressure in Experimental Intracranial Hypertension:
Comparison between Cryogenic Brain Injury and Subdural Balloon

BACKGROUND AND OBJECTIVES: Traumatic brain injury (TBI) may increase
intracranial pressure (ICP) and decrease brain compliance (BC). Different inju-
ries are applied to TBI models studying the same variables. Since they are indis-
tinctly used, the objective was to compare ICP and BC in two different TBI models.

METHODS: This study involved 18 male dogs anesthetized, ventilated and ran-
domly distributed in two groups: SB - subdural balloon (n=9) and Cl - cryogenic in-
Jury (n=29). ICP, BC and cerebral perfusion pressure (CPP) were evaluated in five
moments: end of preparation (M0), normal brain (M1), beginning of injury (M2),
end of injury (M3) and established injury (M4). BC is ICP variation during induced
hypertension (IH) in 50 mmHg in M1 and M4. CPP = Mean Blood Pressure (MBP) -
ICP. Paired Student’s t test was used for the same group in different moments and
Student’s t test was used for two different samples in the same moment between
groups.

RESULTS: MBP was similar for both groups in all studied moments (p = 0.31 in
MO; p=0.25inM1;p=0.31in M2; p=0.19in M3; p = 0.05 in M4). ICP was similar
between groups in MO (p = 0.27) and M1 (p = 0.21), however different in M2 (p <
0.001). ICP was similar for both groups in M3 (p = 0.39) and M4 (p = 0.98), in-
creased for SBin M1 (p =0.04) and M2 (p = 0.01), but notin M3 (p = 0.36) and M4
(p=0.12). For Cl, ICP has increased in M1 (p <0.01), M3 (p < 0.001) and M4 (p <
0.001), but notin M2 (p = 0.18). There has been CPP increase in M1 (p < 0.001)
and M4 (p <0.001), with no difference between groups (p =0.16in M1andp =0.21
inM4). There has been decreased CPPin M2 for both groups (p <0.001), however
more severe for Cl (p < 0.001). In M3, there has been increased CPP for SB (p =
0.02) and decreased CPP for Cl (p = 0.01), what has made CPP similar for both
groups (p = 0.43). CPP has equally increased in M4 for both groups (p = 0.16).

CONCLUSIONS: Induced hypertension (IH) effect on Cl model is comparable to
what has been observed in the SB model. This type of injury should be better studied
to establish precision in the ratio between injury extension and BC decrease, which
seems to be a gradual and evolving process, with not totally understood limits.

Key Words: ANIMALS: dogs; CENTRAL NERVOUS SYSTEM: brain compliance,
intracranial hypertension, TRAUMA: brain

289



MIZUMOTO, TANGO E PAGNOCCA

INTRODUGAO

Oencéfalo é orgéo elastico que, em condi¢gdes normais,
pode modificar seu volume discreta e rapidamente pela
alteragdo do conteudo de liquor e/ou de sangue, eventual-
mente alterando a presséo intracraniana (PIC), dependen-
do da complacéncia encefalica (CE) "*. A complacéncia do
encéfalo - também referida como elastancia - pode ser com-
preendida como medida da viscoelasticidade, ou darigidez,
do tecido nervoso. Em termos matematicos, elastancia re-
presenta a variagao volumétrica observada em resposta a
modificagdo da pressdo de um corpo elastico, enquanto
complacéncia expressa arelagéo inversa. Em termos biol6-
gicos, o conceito exprime capacidade de compensar incre-
mento volumétrico dentro do crénio, particularmente util em
condicbes patoldgicas . Segundo a doutrina de Mon-
ro-Kellie, quando o volume de um dos componentes do en-
céfalo aumenta, outro(s) deve(m) reduzir-se
proporcionalmente, ou a PIC aumenta. A elevagao susten-
tada da PIC acima de 15 mmHg é condicao patologica defi-
nida como hipertensao intracraniana (HIC) 2.

O trauma cranioencefalico (TCE), principalmente quando
grave, causa HIC * - originada a partir de agua (edema), li-
quor (hidrocefalia), sangue intravascular (inchago encefali-
co ou brain swelling) ou extravascular (hematomas extradu-
ral, subdural ou intraparenquimatoso) - e ainda prejudica a
autorregulacéo vascularencefalica (ARVE)®, podendoredu-
zir a pressao de perfuséo encefalica (PPE) de modo depen-
dente da pressao arterial média (PAM) ©. Alem disso, as viti-
mas de TCE experimentam dordecorrentedotraumae ainda
sofrem manipulagdes diversas durante seu tratamento,
como a intubagao e aspiragao da traquéia, pungdes cutane-
as, sondagem vesical e nasogastrica, estimulos potencial-
mente nociceptivos que promovem o aumento da PAM. Essa
hipertens&o induzida pode aumentar o volume de sangue
dentro do compartimento intracraniano, especialmente se
haredugdo da ARVE e da CE. Poressasrazdées o TCE pode
alterar a complacéncia e a perfusao encefalica de modos
diversos.

Amaneira e aintensidade em que essas alteragdes ocorrem
é dependente do modo, da velocidade e da intensidade em
queo TCE promove aHIC, portanto, o modelo experimental &
importante determinante dos resultados observados e das
conclusdes inferidas a partir deles.

Os modelos experimentais conhecidos procuram mimetizar
os fendmenos que surgem na agressao ao neurénio decor-
rentes do TCE. Dois modelos em particular se destacam por
apresentar caracteristicas especificas semelhantes aque-
las encontradas nas vitimas de TCE: a reducdo da
complacéncia e da presséao de perfusado encefalica.

O primeiro desses modelos é obtido com ainsuflagao gradual
de baldo localizado no compartimento intracraniano (extra-
dural, subdural ou intraventricular). A principal vantagem
consiste em aumentar a PIC de modo controlavel”, permitin-
domanteraintensidade em valor e tempo desejados %o que
facilita o estudo da complacéncia e da perfuséo encefalica.
Contudo, apesar de ser possivel atingir valores de HIC que

290

reduzam a PPE 8, a lesdo da barreira hematoencefalica
(BHE) néao é tao pronunciada como em outros modelos ou
como no proprio TCE em humanos ° o que é uma caracteris-
tica desvantajosa desse modelo.

O segundo modelo consiste no estabelecimentode lesdo en-
cefalica focal obtida por meio de resfriamento intenso (leséo
criogénica). Nesse modeloobservam-se alteracdes histopa-
tologicas do encéfalo ' como ruptura da BHE, formagéao de
edema, hemorragia intraparenquimatosa e importante pre-
juizo no mecanismo de ARVE °, promovendo incremento da
volemiaintravascularem decorréncia da estase resultante ®.
Todavia, o efeito de massa, como observado no modelo de
baléo, é incipiente.

Nos modelos de lesdo criogénica, a ruptura da BHE e o ede-
ma resultante parecem contribuir de forma mais importante
para reducao da CE do que nos modelos de baldo, onde o
efeito de massa parece ser o principal componente que re-
duz a ARVE e assim, altera a CE.

Ambos os modelos témsidofreqlientemente empregadosno
estudo do TCE sem levar tais consideragdes em conta e ain-
dané&oforamconfrontados para comparacao das alteragdes
na ARVE e na CE, particularmente, na vigéncia de hiperten-
saoarterial concomitante aHIC, e, portanto, carecem de me-
lhor esclarecimento se sao de fato comparaveis.

Por essas razdes, o objetivo do presente estudo € comparar
o efeito da hipertensao arterial induzida sobre a complacén-
ciaeapressaode perfusdo do encéfalo em dois modelos ex-
perimentais empregando cées, sejam submetidos a lesao
encefalica causada por insuflagdo de baldo subdural ou por
lesdo criogénica com nitrogénio liquido.

METODO

Dezoito cides de ambos os sexos, sem raga definida, pesan-
do de 10 kg a 20 kg, em jejum de 10 horas, sem medicagao
pré-anestésica e apos exame e liberagao do veterinario res-
ponsavel pelobiotério dainstituigdo foram colocados em cai-
xa acrilica transparente saturada e ventilada com halotano a
4% em fluxo de 10 L.min™" de O,/N,O (1:1).

Apo6s inconsciéncia e redugdo da freqliéncia respiratéria
para 12 i.r.p.m. posicionamento supino em goteira de Clau-
de-Bernard,intubagdotraqueal,reducaodafragdoinspirada
de halotano para 2%, instalagdo de ventilagdo controlada
mecanica com volume corrente de 8 mL.kg™, relacao I/E de
1:1 e frequiéncia ajustada para manter CO, expiradoem 33 +
2 mmHg. Colocagéo do sensor do oximetro de pulso na lin-
gua, eletrocardioscopia na derivagéo D, nas patas, termo-
metro timpanico a direita, capnografo e analisador de gases.
Infiltracdo subcutdnea com 1 mL de lidocaina a 1% prévia a
todasincisdes. Dissecgdo e cateterizagdo da artéria femoral
para monitorizagdo continua da pressao arterial média
(PAM)e daveiafemoral parapressaovenosacentral (PVC)a
direita. Disseccao e cateterizagado da artéria femoral esquer-
da para coleta de amostra sanglinea para dosagens bioqui-
micas e da veia femoral ipsilateral para infusdo de anestési-
cos e solugao fisiolégica a 0,9%. Redugao da fragao inspira-
da de halotano para 1% e administragao de fentanil 2 pg.kg‘1
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e pancurénio 0,08 mg.kg™'. Mudanca de decubito para posi-
¢do de “esfinge”. Exposigdo cirdrgica da calota craniana.
Trepanacgéao circular de 1 cm de diametro, 1,5 cm
lateralmente a linha média do cranio e introdugéo de sensor
intracerebral para monitorizagao da PIC.

Distribuicéo aleatéria, em dois grupos com o mesmo numero
de animais, segundo o esquema:

1 - Grupo balédo subdural (BS) - Trepanagcdo de 3 mm x 5
mm e abertura da dura-mater, no hemisfério contralate-
ral ao cateter de PIC, introdugao de 2 cm da extremidade
distal da sonda de Foley no espago subaracnéideo. Fe-
chamento hermético com resina acrilica. Insuflagéo len-
ta e gradual do balonete com solu¢dao de NaCl a 0,9%
para PIC em torno de 40 mmHg por 20 minutos (Figuras
1e2).

Balao
Subdural
PIC -

Figura 1 - Representagéo Esquematica do Grupo BS

Figura 2 - Preparacao Experimental do Grupo BS
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2 - Grupo leséo criogénica (LC) - Fixagéo de funil plastico
com resina acrilica a calota craniana contralateral a tre-
panacéao da PIC. A area delimitada pela extremidade do
funil fixada na calota craniana foi uma circunferéncia de
25 mm de didmetro. A seguir, nitrogénio liquido foi verti-
do dentro do funil, diretamente sobre a tabua éssea por
20 minutos (Figuras 3 e 4).

Nitrogénio
Liquido

Figura 4 - Preparagao Experimental do Grupo LC

Teste de complacéncia encefalica: o teste de complacéncia
encefalica constitui o cerne do modelo experimental propos-
to neste estudo e depende do estado funcional do mecanis-
mo autorregulatériovasculardoencéfalo. Consiste naeleva-
¢ao controlada da PAM de um valor basal em torno de 90
mmHg até o limite de 140 mmHg e na mensuragdo da PIC e
PPE resultantes.

O volume sanguineo encefélico (VSE) é fungédo do FSE.
Assim, a elevagao da presséo arterial dentro desses limites
de pressao pouco modifica o volume intracraniano se o me-
canismode ARVE estaintegro, eseofaz, é paraumvalordis-
cretamente menor; portanto, essa hipertensao induzida ndo
elevaaPIC®. De modo oposto, se o encéfalo sofre agressao

291



MIZUMOTO, TANGO E PAGNOCCA

e 0 mecanismo de autorregulagao torna-se funcionalmente
comprometido 5, oaumento dapressao arterial, mesmoden-
trodointervalofisiolégico de pressao arterial, dilata passiva-
mente as arteriolas de resisténcia e aumenta o FSE e, por
consecutivo, o VSE 8 Este incremento no volume intracrani-
anoterminaporelevaraPIC ereduziracomplacénciado en-
céfalo 2.

A partir dessa conclusdo pode-se inferir qualitativamente o
estado funcional da autorregulagéo vascular '8 & quantificar
a CE por meio da variagdo da PAM dentro do intervalo
fisiolégico desse fenébmeno.

Quando o teste é negativo, ou seja, quando nao ha alteragéo
significativada PIC, infere-se que o mecanismode ARVE es-
teja integro (curva “a” dafigura 5) e que a elasticidade do pa-
rénquima esteja na regiao linear da curva de complacéncia
encefalica (segmento “a” da figura 6).

Quandooteste é positivo, isto &, quandoocorre elevagaosig-
nificativa da PIC com aumento da PAM, infere-se que exista
prejuizo funcional na ARVE (curva “b” da figura 5) e que a
complacéncia encefalica encontre-se parcialmente diminui-

-
(2]
m

mL/100 g/min

5

|

AN

50 150 PAM - mmHg

Figura 5 - Fluxo Sanguineo Encefalico em Funcéo da Presséo Arte-
rial Média. As circunferéncias representam o calibre da vascu-
latura de resisténcia

PIC

Volume Intracraniano

Figura 6 - Pressao Intracraniana em Fungéo do Volume Intracraniano
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da na HIC moderada (segmento “b”) ou muito reduzida na
HIC grave (segmento“c”)dacurvade Langfitt® (Figura6).
Aeventual variagdo do VSE é fungado da atividade da ARVE,
mas quando ocorre, também é dependente da magnitude
dessavariagao pressoérica. Se avariagdo da PAMfor sempre
de mesma magnitude e se todas as outras condi¢cbes que in-
terfiram com o fluxo sangliineo encefalico forem mantidas
constantes, pode-se considerar o incremento observado na
P1C como dependente apenas do estado funcional da ARVE
e do grau de complacéncia do encéfalo.

Assim, considerando que: 1) as elevagdes de PAM sejam ar-
bitrarias e definidas pelos pesquisadores, e, portanto, seme-
lhantes nos diversos momentos do estudo; 2) que as hiper-
tensdesinduzidas (PAMfinalmenosinicial) terminem porge-
rar incrementos do volume sanglineo encefalico também
semelhantes, proporcionais a intensidade dessa variagao
de PAM; e 3) que o aumento da PIC seja decorrente apenas
desses incrementos volumétricos de sangue dentro do cra-
nio, entdo, pode-se estabelecer uma relagéo entre a varia-
¢aodaPICemfungdodavariagdoda PAM, ouseja, umarela-
¢ao absoluta de presséao em termos de pressao.

A variacdo da PAM foi arbitrariamente determinada em 50
mmHg por ser valor intenso o suficiente para poder elevar a
PIC em caso de incompeténcia da ARVE e ser obtida por
meio da infusao titulada e controlada de solugéo diluida de
norepinefrina. Partiu-se de um valor basal em torno de 90
mmHg para um teto em torno de 140 mmHg, com o cuidado
de ndo ultrapassar o limite superior do fendmeno autorregu-
latério. Também procurou-se partir rigorosamente do mes-
mo valor basal de PAM e repetir cada uma das elevagbes da
PAM sempre no mesmo intervalo de tempo.

As variaveis analisadas - PAM, PIC e PPE - foram coletadas
nos seguintes momentos:

(MO) - Momento zero - apds periodo de estabilizagao, cor-
respondente a 20 minutos apds inser¢gao dos sensores
para as variaveis estudadas. Neste tempo também fo-
ram analisadas as dosagens de sdédio (osmolaridade),
pH, PaCO,, PaO,, saturacado de O, (ARVE) e hematécri-
to (viscosidade) do sangue arterial, para verificar se os
grupos eram semelhantes nessas variaveis.

(M1) - Momento 1 - Primeiro teste de complacéncia encefa-
lica: infusao titulada de norepinefrina até PAM alvo e re-
gistro da PIC e PPE resultantes - correspondente a
resposta do encéfalo (ARVE e CE) normal frente a hiper-
tenséo arterial induzida.

(M2) - Momento 2 - Quinze minutos ap6s o final da infuséo
de norepinefrinaem M1, quando as variaveis hemodina-
micas ja haviam retornado aos valores basais, iniciou-se
alesdo encefalica: insuflagdo do baldo subdural até atin-
gir PIC acima de 30 mmHg no grupo BS ou inicio da le-
sao criogénica, vertendo o nitrogénio liquido no funil por
um periodo de 20 minutos no grupo LC.

(M3) - Momento 3 - Apos 20 minutos de baldo subdural in-
suflado no grupo BS com PIC minima de 30 mmHg e 20
minutos apds o término da les&o criogénica, ou seja, 40
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minutos apods o inicio da lesao criogénica no grupo LC,
correspondente ao final do estabelecimento das lesdes
nos grupos.

(M4) - Momento 4 - Segundo teste de complacéncia: infu-
séo titulada de norepinefrina até PAM alvo e registro da
PIC e PPE resultantes - correspondente a resposta do
enceéfalo (ARVE e CE) lesado frente a hipertensao arte-
rial induzida. A figura 7 mostra a cronologia da experi-
mentacgao.

BS=M0 > 20min > M13>20min 3> M2= INSUFLACAO(20min.) + 20min.repouso3> M3 3 20 min 3 M4 2> sacrificio

N SN
LC=M0 3> 20min >M1 > 20min 3> M2= NITROGENIO(20min.) + 20min.repouso > M3 S 20 min 3> M4 > sacrificio
AT A A TA

Figura 7 - Representagao Cronolégica da Preparacédo Experimental

Ao término doexperimento, houve aprofundamentodo plano
anestésico seguido do sacrificio cominjegdo em bolus de 10
mL de cloreto de potassio a 19,1%. Aanalise estatistica em-
pregou: o teste tde Student pareado para comparar as varia-
¢des observadas dentro do mesmo grupo entre os momen-
tos M0 e M1, sem que o encéfalo sofresse agressao; oteste t
de Student para duas amostras distintas para comparar os
dois grupos no momento MO (presséo normal) e em M1 (hi-
pertensao arterial) para verificar se os animais pertenciam a
mesma amostra populacional; o teste t de Student paraduas
amostras distintas para comparar as variaveis entre os gru-
pos nos seguintes momentos:

1. M2 quando se iniciou a insuflagao do bal&o para atingir o
valor de PIC entre 30 e 50 mmHg no grupo balao subdu-
ral e inicio do resfriamento no grupo leséo criogénica.

2. M3 quando completados 20 minutos de baldo insuflado
no grupo baldo subdural e depois de 40 minutos apés ini-
ciar o resfriamento no grupo leséo criogénica.

3. M4 apo6s a infusdo da segunda dose de norepinefrina
para causar hipertensao arterial em ambos os grupos.

Acomparacdodentrodogrupousouotestetde Studentpare-
ado nos seguintes tempos:

1. Entre M2 e M3 para averiguar se houve alteragao entre
estes tempos, pois os mecanismos de lesdo foram dis-
tintos nos dois grupos.

2. Entre M3 e M4 para averiguar se a infusdo de norepinefri-
na causou alteragdo em cada tipo especifico de lesao.
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RESULTADOS

Os animais dos dois grupos pertenceram a mesma popula-
¢aoquandoavaliados pelas variaveis hemodinamicas (pres-
sdo arterial média e freqUéncia cardiaca), encefalicas (PIC e
PPE), metabdlicas (sédio, potassio, presséo parcial arterial
de gas carbbnico, hematdcrito e temperatura) e
morfométrica (peso) no momento MO (Tabelas I, Il e II).

Tabela | - Variaveis Bioquimicas (Na*, K*, Hematdcrito e
Pressao Parcial Arterial de CO,) e Morfométrica
(peso) dos Grupos BS e LC no Momento MO

Variaveis BS * LC* p

Peso (kg) 142+28 125+17 0,67
Na+ (mEq.L™) 1452 +15 1446 + 2,1 0,81
K+ (mEq.L™") 38+03 36+03 0,04
Hematocrito (%) 37,8+3,9 39,7+6,8 0,54
PaCO, (mmHg) 342+38 343+3,5 0,65

* Valores expressos em Média + DP

Presséao arterial média (PAM): Em M1, houve aumento da
PAM nos grupos BS (145,7 +6,2; p<0,05)eem LC (140,7 =
11,5; p<0,05). Além disso, aintensidade da hipertensao ar-
terial induzida (HAI) foi semelhante nos dois grupos nesse
tempodoestudo (p=0,25),comoeradesejado. Apdsoperio-
do de repouso € estabilizagdo, o que corresponde ao inicio
dalesaonosdoisgrupos,emM2,aPAMretornouaosvalores
basais nos dois grupos. Do mesmo modo, a PAM de repouso
até o inicio do segundo teste de complacéncia em M3 tam-
bémfoisemelhante nosdoisgrupos (BS=97+7,1eLC=91,8
+10,3; p =0,31). Apos estabelecimento da lesdo em M3, a
PAM permaneceu semelhante aM2em BS (101,3+8,1;p =
0,65)eemLC(95,8+9,4;p=0,41). Comoesperado, durante
HAlhouve aumento significativoda PAM, tantoem BS (148, 1
+10;p<0,001)comoemLC (138,4+8;p<0,001). Neste ulti-
mo teste a PAM de BS foi maior, ainda que discretamente,
que em LC (p = 0,04). (Tabela Il e Figura 8).
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Tabela Il - Pressédo Arterial Média (PAM) dos Grupos BS e LC nos Momentos MO, M1, M2, M3 e M4

Momentos BS LC BS XLC Intervalo BS X BS LC XLC
Média + DP Média + DP Significancia Significancia Significancia

Mo 96,1+ 14,9 91,7+7,8 0,32

M1 1457 £ 6,2 140,7+ 11,5 0,25 MO - M1 < 0,001 < 0,001

M2 97+7,1 91,8+10,3 0,31 M1 - M2 < 0,001 < 0,001

M3 101,3 £ 8,1 95,8 +9,4 0,19 M2 - M3 0,06 0,41

M4 148,110 1384 +8 0,04 M3 - M4 < 0,001 < 0,001

Valores em mmHg expressos em Média + DP; BS = Baldo subdural; LC = Les&o criogénica

Tabela Ill - Pressédo Intracraniana (PIC) dos Grupos BS e LC nos Momentos M0, M1, M2, M3 e M4

Momentos BS LC BS XLC Intervalo BS X BS LC XLC

Média + DP Média + DP Significancia Significancia Significancia

MO 82+4 9,4+3,6 0,27

M1 9,5+4,7 11,3+3,7 0,21 MO - M1 0,05 0,01

M2 3777 12+37 < 0,001 M1 - M2 <0,001 0,18

M3 32+12,8 26 +6,6 0,39 M2 - M3 0,36 <0,001

M4 38+6,7 35,7+6,7 0,98 M3 - M4 0,12 <0,001

Valores em mmHg expressos em Média + DP; BS = Bal&do subdural; LC = Les&o criogénica

Pressaointracraniana (PIC): Em M1, houve aumento signifi-
cativoda PIC tantoem BS (9,5+4,7; p =0,04) comoem LC
(11,3+3,7;p=0,01),de magnitude semelhante nos dois gru-
pos (p=0,21). EmM2houve aumento significativodaPIC em
BS (37 £7,4; p=0,01) com ainsuflagdo do baldo, enquanto
emLCaPICmanteve-seinalterada(12+3,7;p=0,18). Neste
instante os valores da PIC tornaram-se distintos (p < 0,001).
Em M3, aPIC manteve-se elevadanogrupoBS, semdiferen-
caemrelacdoaM2(32+12,9ep=0,39).JanogrupoLC,vin-
te minutos apos a lesao criogénica, o que marca o tempo do
estudo M3, a PIC aumentou significativamente (26 £6,6; p <
0,001), tornando as PIC novamente semelhantes (p = 0,39).
Em M4, no segundo teste de complacéncia, o aumento ob-
servadonogrupoBS naofoisignificativo (38+17,1;p=0,12),
por sua vez, no grupo LC o aumento foi significativo (35,7
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Figura 9 - Presséo Intracraniana (PIC) nos Grupos BS e LC nos Mo-
mentos MO, M1, M2, M3 e M4
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6,7; p < 0,001), embora os valores da PIC fossem
semelhantes nos grupos (p > 0,98) (Tabela Ill e Figura 9).

Pressao de perfusdo encefalica (PPE): Houve aumento sig-
nificativo da PPE entre MO e M1, tantoem BS (136 +6,9; p <
0,001)comoemLC (126 +5;p<0,001), maiornogrupoBS (p
=0,002).JaemM2, houveredugdodaPPEemBS (60+6,9;p
<0,001)eemLC(79,8+10,2;p<0,001). Areducdo da PPE
em BS foi maiorque em LC (p <0,001). Em M3, como houve
aumentodaPPEemBS(72,6+13;p=0,02)ereducdoemLC
(69,8+9,9; p=0,01), a PPE tornou-se semelhante nos dois
grupos (p=0,43). ComaHAlem M4,aPPE aumentouemBS
(110,1+17,1; p<0,001) e em LC (102,6 + 8,3; p < 0,001).
Esse incremento foi semelhante nos grupos BS e LC (p =
0,16), (Tabela IV e Figura 10).
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LC nos Momentos MO, M1, M2, M3 e M4
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Tabela IV - Pressado de Perfusdo Encefalica (PPE) dos Grupos BS e LC nos Momentos M0, M1, M2, M3 e M4

Momentos BS LC BS X LC Intervalo BS X BS LC XLC
Média + DP Média + DP Significancia Significancia Significancia

MO 87,8+ 16,5 82,3+6,5 0,19

M1 136 £ 6,9 126+ 5 0,002 MO - M1 < 0,001 0,02

M2 60+6,9 79,8 + 10,2 < 0,001 M1 - M2 < 0,001 < 0,001

M3 72,6 £ 13 69,8+9,9 0,43 M2 - M3 0,03 0,01

M4 110,1 17,1 102,6 + 8,3 0,16 M3 - M4 < 0,001 < 0,001

Valores em mmHg expressos em Média + DP; BS = Baldo subdural; LC = Les&o criogénica

Tabela V - Temperatura Timpanica dos Grupos BS e LC nos Momentos M0, M1, M2, M3 e M4

Momentos BS LC BS X LC Intervalo BS X BS LC XLC
Média + DP Média + DP Significancia Significancia Significancia

MO 352+17 345+1.2 0,17

M1 353+17 345+13 0,16 MO - M1 0,12 0,86

M2 345+1,8 33514 0,02 M1 - M2 0,05 0,006

M3 352+1,9 33417 0,04 M2 - M3 0,38 0,81

M4 353+17 335+1,6 0,03 M3 - M4 0,66 0,02

BS = Baléo subdural; LC = Lesao criogénica

Temperatura: Atemperatura timpanica sofreu redugéo signi-
ficativaem M2 nos dois grupos,BS (35,4+1,8;p=0,05)eLC
(33,5+1,4;p=0,006),sendomenoremLC (p=0,02),eassim
se mantendo até M4 (Tabela V).

DISCUSSAO

Varios modelos de agressao encefalica controlada tém sido
utilizados para estudar as modificagdes que ocorrem duran-
te e apos o trauma cranioencefalico %223 |ntuitivamen-
te,omodeloque mais se aproximadestaformadeagressaoé
a contusao do cranio com objetos solidos.

Entretanto, este tipo de agressao freqlientemente gera he-
matomas intracranianos e fraturas do estojo 6sseo, fatores
que exercem efeitos imprevisiveis sobre a complacéncia
cranioencefalica '’. Por isso, modelos experimentais que
possibilitam um aumento gradual e controlado da PIC, mais
previsiveis, portanto, sdo os mais empregados.
Ainsuflagdo com baldo subdural ou peridural, infusao de li-
quidointraventricular ou outras formas de expans&o volumé-
tricaintracraniana podem ser mais previsiveis quanto ao va-
lor e tempo que se deseje manter a hipertensao intracrania-
na. Porém, ndo comprometem muito a permeabilidade da
barreira hematoencefalica e, por conseqiiéncia, o edemado
tecido nervoso parece nao ser um fator importante nesses
modelos. Alguns autores '® sugerem que, apés o TCE, o ede-
ma do encéfalo contribua para aumentar o volume dentro do
cranio mais do que a estase sanguinea decorrente da vaso-
paresia, ouseja, que oaumentodaPIC possaserdecorrente
muito mais do aumento de 4gua, seja no extravascular, seja
no intracelular, do que de sangue intravascular.

Além disso, no trauma cranioencefalico grave, freqiiente-
mente a PIC esta aumentada num valor critico, a ponto de
comprometeraperfusdoencefalica®. Estahipertensaointra-
cranianaextremamente elevada nem sempre foi encontrada
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nos estudos que avaliama PIC e que portanto, nem sem-
pre tiveram a pressao de perfuséo encefalica reduzida a es-
ses niveis criticos que comprometessem a reatividade
vascular e o fluxo sanguineo encefalico.

Neste modelo, no grupo BS procurou-se mantera PIC acima
de 30 mmHg, como encontrado em traumas cranioencefali-
cos graves, valor que reduziu significativamente a presséo
deperfusdoencefalica,deumvalorbasalmédiode 87 mmHg
emMO0para60mmHgemM2(p<0,001). Comhipertenséoin-
tracraniana intensa o suficiente, além de reduzir a perfuséao,
ocorretambémredugéodoténus musculardasarteriolas en-
cefalicas e importante prejuizo funcional no mecanismo au-
torregulatério, conduzindo a dilatagao passiva do leito vas-
cularderesisténciae aumento dovolume sanguineo encefa-
lico na vigéncia de hipertensao arterial sistémica & mesmo
que em valores diminutos, agravando ainda mais a hiperten-
sdo intracraniana ja existente.

Um grupo6 mostrou que quando apressaode perfusdoence-
falica € menor que 60 mmHg, o fluxo sanguineo encefalico
comeca areduzir-se. Por sua vez, outros autores ' demons-
traram em caes anestesiados, se respeitados os limites de
pressao arterial entre 50 e 150 mmHg, que a complacéncia
do encéfalo relaciona-se a pressao de perfusdo de modo di-
retamente proporcional em condigdes normais, isto €, como
enceéfalo integro e autorregulacao preservada; e de modoin-
diretamente proporcional quando o encéfalo sofre agresséo
que prejudicafuncionalmente o seumecanismo autorregula-
torio. Quando a autorregulacéo é normal, a variagdo da pres-
sdoarterialmédiadentrodointervalofisioldgico éincapazde
alterar significativamente o FSE, e, por conseguinte, de alte-
rar também de forma significativa o volume sanguineo ence-
falico (VSE) e modificaracomplacéncia. Ao contrario, como
mecanismo autorregulatério abolido, o VSE sofre incremen-
to emrazao do incremento do FSE quando a PAM se eleva,
reduzindo a complacéncia.
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A avaliagdo da complacéncia encefalica por meios nao volu-
métricos, isto €, sem a modificagdo do volume do comparti-
mentointracraniano, foirealizada em estudos diversos '92%:%°,
Esses autores estudaram a morfologia da onda B da curva de
PIC na presencga de HIC, mas ndo encontraram correlagéo
significativa da alteragéo morfolégica dessa onda com a com-
placéncia encefalica avaliada pelos métodos volumétricos.
Também sugeriram que o melhor método de avaliagcéo seja o
indice volume/pressao utilizado por outros autores 22°.
Durante o transporte, cirurgia ou permanéncia do paciente
na unidade de terapia intensiva, com certa freqiiéncia ele é
submetido a estimulos nociceptivos que elevam a presséao
arterial a valores indesejaveis, o que termina por reduzir a
perfusdo do neurdnio, justamente quando o mecanismo de
reatividade vascular do encéfalo esta funcionalmente preju-
dicado.
Paratentarreproduziressasituagéoapropostadeste estudo
avaliou a complacéncia encefalica exatamente por meio da
hipertensao arterial induzida, o que também aumenta avole-
mia intracraniana quando o encéfalo sofre agresséo 68
Ahipertenséaointracranianafoilimitadanogrupo BS emvalo-
res abaixo de 50 mmHg para que se pudesse avaliar a com-
placéncianos momentos subseqlientes ao estabelecimento
da leséao.

Acomparagao dacomplacénciados modelos de baldocomo
deleséaocriogénicafoiimportante, umavez que nao se sabia
como este modeloiria se comportarcomuma extensaode le-
sdo antes nao descrita.

Alémdisso, insuflagcdo demasiadadobaldo subdural eventu-
almente deslocaria as estruturas adjacentes, causando he-
morragias meningeas, herniagdes, ingurgitamento do siste-
ma venoso e hidrocefalia por obstrucado da drenagem de li-
quor .

O modelo de leséo criogénica tem sido utilizado para avaliar
a permeabilidade da barreira hematoencefalica tanto pela
analise de densidade gravimétrica como pela quantidade de
agua em exame anatomopatoldgicos da regido agredida do
encéfalo %', Alesdo criogénica também causa alteracées
na reatividade vascular encefalica na area comprometida °.
Um grupodemonstrouque o edemaeinchagoencefalicosur-
gem de modo significativo ja nos primeiros 15 a 30 minutos
apods lesdo criogénica 1% Entretanto, a maioria dos experi-
mentos com les&o criogénica ndo produziu lesado tecidual de
extensao suficiente para elevar a HIC em valores que com-
prometessem a pressao de perfusédo encefalica, nem preju-
dicar suficientemente o mecanismo de ARVE, pois, ou a su-
perficie resfriada tinha pequena extenséo, ou pouco tempo
de contato do agente criogénico com o cérebro '""5.
Historicamente ales&o criogénica ndo tem sido utilizada para
o estudo da PIC ""'?" pois parece que a extens&o da leséo
descrita por esses autores nao teve volume suficiente para
comprometer a PIC e o mecanismo de ARVE de modo signifi-
cativo. Como o volume comprometido que descrevem nao &
grande, parece que os mecanismos de compensacao dacom-
placéncia do encéfalo, deslocamento de liquor e sangue, sao
eficienst?zs para manter a PIC em valores normais ou préximos
deles ™ °.
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No presente estudo a proposta foiavaliaracomplacénciaen-
cefalicaempregando dois modelos distintos, porém, em am-
bos, o grau de agresséao proposto foi maior do que o normal-
mente estudado, mais proximo aquele observado nos
pacientes vitimas de TCE grave.

Em MO, as variaveis PAM (p=0,31),PIC (p=0,27)e PPE (p=
0,19) foram semelhantes nos dois grupos, confirmando per-
tenceremamesmapopulagao. Outrasvariaveis que também
poderiam influenciar fluxo sangtineo encefalico 36 g, por
conseguinte, nos resultados - temperatura central (metabo-
lismo neuronal, p =0,17), sddio plasmatico (edemas de ori-
gem osmotica, p = 0,81), hematdcrito (viscosidade sanguii-
nea, p=0,65) e presséao arterial parcial de CO, (alteragao do
mecanismo autorregulatorio, p=0,37) - também foram anali-
sadas. De modo anéalogo, ndo foram observadas diferengas
significativas entre os dois grupos.

Tomou-se especial cuidado em nao elevar a pressao arterial
acima do limite superior da ARVE, (> 150 mmHg), para evi-
tar que a hipertenséao arterial atuasse sobre a ARVE per se
2! ou aumentasse a permeabilidade capilar do encéfalo
normal 223,

O plano anestésico foi mantido em profundidade adequada,
mas nao demasiada, com a fragao expirada de agente halo-
genado abaixo de 1% (menor que a DE95) devido a associa-
¢aode opidide venoso em doses iguais nos dois grupos. Evi-
tou-se ainda ahipercarbia para que disritmias cardiacas néo
ocorressemcomainfusaode norepinefrinaassociadaao ha-
lotano >* nem causasse vasodilatacao da vasculatura ence-
falica com consequente incremento do volume de sangue
dentro do cranio %.

Neste trabalho houve um aumento limitrofe de significancia
daPICem M1 nosdoisgrupos (p=0,05emBSep=0,01em
LC), Entretanto, esse aumento foi discreto e bastante fugaz,
sem significado biolégico correspondente. Igualmente im-
portante, ndo se observou diferenga significativa entre os
grupos na intensidade dessa variagao (p = 0,21). Conside-
rou-se normal esse breve incremento da PIC durante hiper-
tenséo arterialinduzida. O aumento da PIC emresposta a hi-
pertensao arterial em encéfalo normal, discreto e tempora-
rio, também foi observado por outros pesquisadores 26",
EmM1apressaodeperfusdoaumentoumaisnogrupoBSdo
que no grupo LC (p = 0,002), provavelmente, porque o au-
mento da pressao arterial foi maior e ocorreu, concomitante-
mente, aumento de menor intensidade da PIC no grupo BS
do que no grupo LC.

No grupo BS em M2, houve aumento repentino da PIC (p <
0,001) e redugado da pressao de perfusao encefalica (p <
0,001) como foiproposto, sendo mantido por 20 minutos nes-
sesvalores cominsuflagdo complementar do baldo subdural
cada vez que a PIC tendesse a diminuir, para que pudesse
ocorrer certo grau de comprometimento da reatividade vas-
cular encefalica. Apos esse periodo de agresséo e redugao
da pressao de perfuséo, observou-se em M3 um aumento
discretodapresséaoarterial nos dois grupos, embora esse in-
cremento nao tenha sido significativo (p = 0,19).

A elevagéo da pressao arterial observada no repouso dos
dois grupos pode ser explicada como sendo resposta do sis-
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temanervoso central aisquemia gerada pela hipertenséoin-
tracraniana 2%,

N&o houve redugao da PIC no grupo BS entre M2 e M3 (p =
0,36). Embora nao significativa, a discreta redugéo da PIC
provavelmente deveu-se aos mecanismos de compensagao
dacomplacéncia, deslocamentode liquore sangue parafora
do cranio enquanto o baldo subdural era desinsuflado.
Aindaquenéaorepresentemdiferengas significativas quando
considerados isoladamente, o aumento da pressao arterial
associadoaredugaodaPICresultouemaumentoimportante
da pressao de perfuséo encefalica em M3 no grupo BS (p =
0,03).

Em M4 o significativoaumento da pressao arterial média pro-
duzido (p < 0,001 em BS e em LC) correspondeu ao espera-
do, pois o efeito dessa hipertenséo arterial induzida sobre a
PIC do encéfalo agredido foi justamente o objetivo deste es-
tudo.

Nesse momento no grupo BS, embora tenha sido observado
aumentodaPIC, esse aumentonéo foisignificativo (p=0,12)
quando comparada ao momento anterior M3, quando a pres-
sdo arterial era normal, nesse mesmo grupo. Aresultante foi
um aumento da presséo de perfuséo encefalica (p < 0,001)
com a infusdo da norepinefrina.

Talvez uma agressao mais intensa do encéfalo fosse neces-
saria no grupo BS para que houvesse maior comprometi-
mento da ARVE. O tempo no qual o balao esteve insuflado
poderia ser superior a 20 minutos ou o nivel da hipertenséo
intracraniana poderia ser maior que 50 mmHg.

Por outro lado, a isquemia de 20 minutos parece ter sido ra-
zoavel, e ainsuflacdo do baldo mantendo a PIC acima de 50
mmHg poderia deslocar as estruturas encefalicas adjacen-
tes e modificar a dindmica do sangue e liquor.

Por sua vez, no grupo LC em M2, mesmo ja iniciada a lesdo
com nitrogénio liquido, a PIC ainda ndo mostrava nenhuma
alteragéo (p=0,18), provavelmente porque as alteragées so-
bre a barreira hematoencefalica e na reatividade vascular
encefalicaaindanaotivessemtidotempode seinstalar. Dois
autores demonstraram que, tanto o edema como o inchago
encefalico manifestam-se na lesdo criogénica do encéfalo
apos periodo tdo curto como 15 a 20 minutos apés estabele-
cimento da lesdo, continuando a evoluir por até 12 horas
apos o inicio da reperfusao do tecido lesado °.

Como neste momento a PAM foi semelhante ao valor basal
inicial (p =0,93) e também nao foi diferente da PAM do grupo
BS (p=0,31),aPPE dogrupo LC foimaiorque odo grupoBS
(p <0,001).

No momento M3, quarenta minutos apds oinicio dalesao cri-
ogénica, correspondentes a 20 minutos de lesdo acrescidos
de 20 minutos de repouso para o degelo e reperfuséo do en-
céfalo super-resfriado, a PIC comegou a aumentar (p <
0,001). Nesse momento as repercussdes na PIC e no meca-
nismoreativodavasculaturaencefalicacausados pelaleséo
criogénica ja se manifestavam, em concordancia com os
achados desses autores '°.

Com esse aumento da PIC, a PPE sofreu reducéo (p=0,01)
nesse grupo (LC). No mesmo momento M3, a PPE dos gru-
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posBSelLCfoisemelhante (p=0,43). EmM4ainfusdode no-
repinefrina elevoua PAM (p <0,001) que causou aumentoda
PPE (p<0,001), mastambémaumentouaPIC (p<0,001)no
grupo LC. Isto sugere uma redugéo da complacéncia, que é
decorrente diretamente da lesdo criogénica, mais importan-
te que o comprometimento dessa variavel observado no gru-
po BS, quando o baldo subdural foi desinsuflado.
Aparentemente, a diferenca entre os dois modelos estuda-
dos sugere que, no modelo de baldo subdural, acomplacén-
cia do encéfalo aproxima-se mais do ponto “b” da curva de
pressao/volume no territério intracraniano, como descrito,
pela primeira vez &, em 1965 (Figura 6). Ja no modelo de le-
sdo criogénica extensa, a complacéncia parece estar mais
proxima da regiao “c” da mesma curva, especialmente mais
tardiamente. Isto sugere que, nos moldes das lesdes estipu-
ladas, o modelo de lesdo criogénica seja mais prejudicial ao
encéfalo e altere mais a complacéncia e o mecanismo de
autorregulagao vascular.

Embora durante o segundo teste de complacéncia (M4), a
PI1C n&do tenha mostrado diferenca significativa entre os gru-
pos (p=0,98), aevolucaodasduasformas delesédoencefali-
ca mostrou tendéncias nitidamente distintas no transcorrer
do tempo, ao longo da experimentacéo.

No grupo LC aformagéo de edema e a perda da ARVE pare-
ceram progredir com o tempo, o que também sugere uma le-
sdo mais grave, prolongada e irreversivel (apoptose). Mes-
mo que o nivel de hipertensé&o arterial induzida tenha sido
algomaiornogrupoBS queem LC, asrepercussdes sobre a
PIC, e, portanto sobre a complacéncia do encéfalo, foram
ainda maiores com a lesao criogénica extensa.

As alteragdes da PIC com modelos de lesao a frio nem sem-
pre foram evidentes nos estudos anteriores '"'21*® prova-
velmente porque nesses modelos a extensdo dalesdotenha
sido pequena e insuficiente para comprometer significativa-
mente os mecanismos de compensagédo doaumentodaPIC,
resultandoemummodelode encéfaloagredido, mas cuja ex-
tensdodalesdonaotivesse sidosuficiente paraelevaraPIC,
que se manteve praticamente inalteradaemtodos esses mo-
delos.

Segundoosachadosdeumgrupode pesquisadores, notrau-
ma cranioencefalico o edema cerebral € o componente mais
importante na fisiopatologia deste tipo de agress&o *. Assim,
optou-se por realizar uma agresséo que modificasse muito,
nao so6 a reatividade vascular, como outros modelos, mas
também a permeabilidade da barreira hematoencefalica.
Outros pesquisadores estudaram as variaveis hemodinami-
caseaPICdurantealesao criogénicado encéfalo e determi-
naramque ovolume dalesao estaintimamente correlaciona-
do as alteragdes do fluxo sangliineo encefalico 2,
Aextensdodaleséao criogénicaescolhidanesse trabalho pa-
rece mostrarbemas alteragdes estudadas, entretanto, alite-
ratura ainda é escassa e inconclusiva a respeito desse mo-
delo, particularmente na quantificagdo do tempo de resfria-
mento do encéfalo, no ponto de contato direto com o nitrogé-
nioliqlido, isto &€, se no 0sso, nadura-materou no cérebro, e
na extensao da superficie resfriada. Neste modelo optou-se
por circunscrever uma pequena superficie da calota crania-
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na e exporao N; liqlido por um tempo maior do que o empre-
gado por outros autores.

Atemperaturatimpéanica, no grupo LC, sofreu redugéo signi-
ficativa durante o estabelecimento da lesédo criogénica em
M2 (p = 0,006), diferenciando-se da temperatura do grupo
BS (p=0,02), e mantendo-se assim até ofinal do experimen-
to. Essa diminuicdo da temperatura deveu-se principalmen-
teaomecanismodelesao, que é gerado peloresfriamentoin-
tenso e da proximidade do sensor de temperatura.
Concluiu-se que o modelo experimental de les&o criogénica
pode serutilizadono estudodacomplacénciaencefalica. Ele
é comparavel ao modelo de baldo subdural do ponto de vista
dasvariaveis dadinamicaencefalica, pelomenosnointerva-
lo de tempo observado.

Concluiu-se, também, concordando com os achados de ou-
trogrupo "2, que a extensio dalesdo é fundamental na deter-
minag¢ao do comprometimento ao mecanismo de ARVE, e
aindadevasermelhorpadronizadaemestudo posterior,com
diferentesintensidades e tempos de resfriamento nomodelo
delesédo criogénica para que se possa estabelecer uma mai-
or precisao na proporgao entre a leséo e aredugéo da com-
placéncia resultante.

Alesao encefélicaresultante doresfriamento com nitrogénio
liqliido foi mensurada em dois momentos: a fresco e ap9ds fi-
xagdoemformalinaporduas semanas paraestabelecimento
de correlagao entre otempo de resfriamento e aextensdoda
lesdo obtida. Todo o hemisfério encefalico lesado foi corado
pela hematoxilina-eosina e analisado sob microscopia 6pti-
ca durante o desenvolvimento de estudo piloto de outro tra-
balhodamesmalinhade pesquisaque este, encontrando-se
emfase de preparagao para publicagdo. No modelodalesao
criogénica, particularmente se extensa, postulou-se que,
pelomenos aparentemente, oaumentodaPIC parece serum
processo gradual e evolutivo, e seus limites ainda carecem
melhor esclarecimento.

Aevolugéaofisiopatoldgica daleséo criogénica é bemdistinta
da lesdo obtida pela insuflagdo de baldo subdural, e nesta,
talvez houvesse a necessidade de maior insuflagéo ou de
mais tempo de hipertensao intracraniana. Entretanto, as re-
percussdes associadas ao deslocamento de estruturas en-
cefalicas, o que ndo é acompanhado por lesédo de proporcio-
nalintensidade nabarreirahematoencefalica, ndorepresen-
tambem as alteragbes observadas nas vitimas de traumatis-
mo cranioencefalico grave, onde a contusao parenquimato-
sa predomina, como no modelo de leséo criogénica, apre-
sentando lesao tissular mais intensa e grave da barreira he-
matoencefalica que os hematomas simulados pelo modelo
do baléo.

298

Effects of Induced Hypertension on Brain
Compliance and Perfusion Pressure in
Experimental Intracranial Hypertension:
Comparison between Cryogenic Brain
Injury and Subdural Balloon

Nelson Mizumoto TSA, M.D.; Humberto Katsuji Tango, TSA,
M.D.; Marcelo Lacava Pagnocca TSA, M.D.

INTRODUCTION

Brain is an elastic organ which, in normal conditions, may
mildly and rapidly change in volume by changing
cerebrospinal fluid (CSF) and/or blood content, eventually
changing intracranial pressure (ICP) depending on brain
compliance (BC) "?. Brain compliance - also referred as
elastance-maybe understood as the measure of nervous tis-
sue viscoelasticity, or stiffness. In mathematical terms,
elastance represents volume variation observedin an elastic
body in response to pressure changes, while compliance ex-
pressesthereverseratio. In biological terms, the concept ex-
presses the ability to compensate intracranial volume in-
crease, and is especially useful in pathological situations 3
Accordingto Monro-Kellie’s doctrine, when the volume ofone
of the brain component increases, other(s) should propor-
tionally decrease, otherwise ICPwillincrease. Sustained ICP
increase above 15 mmHg is a pathological condition defined
as intracranial hypertension (ICH) 2.

Traumatic brain injury (TBI), especially when severe, pro-
motes ICH * - originated from water (edema), CSF (hydro-
cephalus), intravascular blood (brain swelling) or
extravascular blood (extradural, subdural or
intraparenchymatous hematomas) - in addition to impairing
brain vascular auto-regulation (BVAR) % and may decrease
perfusion pressure depending on mean blood pressure
(MBP)®. In addition, TBI patients suffer trauma-induced pain
and also different manipulations during treatment, such as
intubation and tracheal aspiration, skin punctures, vesical
and nasogastric catheters, which are potentially nociceptive
stimulations promoting MBP increase. This induced hyper-
tension may increase blood volume in the intracranial space,
especially if there is BVAR and BC decrease. For these rea-
sons, TBI may change brain compliance and perfusion in dif-
ferent ways.

Type and intensity of those changes are dependent on the
way, speed and intensity in which TBI promotes ICH, so, the
experimental modelis major determinant of observedresults
and inferred conclusions.

Known experimental models try to mimic the same phenom-
ena of neuronal aggression after TBI. Two specific models
are highlighted for having specific characteristics similar to
those foundin THI patients: decreased brain compliance and
perfusion pressure.

Thefirstofthese modelsis obtained with gradualinflation ofa
balloon located in the intracranial space (extradural,
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subdural orintraventricular). Major advantage is to increase
ICP in a controllable way 7 allowing for intensity to be main-
tained in desired times and values *, thus helping the study of
brain compliance and perfusion. However, although being
possible toreach ICH values to decrease CPP 8, blood-brain
barrier (BBB) injury is not so severe as compared to other
models or to TBIin humans °, which is a disadvantage of this
model.

The second model creates a focal brain injury by intensive
cooling (cryogenic injury). Histopathological brain changes
0 are observed in this model, such as BBB rupture, edema,
intraparenchymatous hemorrhage and major impairment in
BVAR mechanism °, promoting increased intravascular vol-
ume as a consequence of stasis 8 However, the mass effect,
as observed in the balloon model, is incipient.

In cryogenic injury models, BBB injury and resulting edema
seem to be more importantin decreasing BC as compared to
balloon models in which mass effect seems to be the primary
component to decrease BVAR, thus changing BC.

Both models have been often usedto study TBlwithouttaking
those differences into consideration and were still not com-
pared to check changes in BVAR and BC, especially in the
presence of hypertension concomitantto ICH, soitis still not
clear whether they are in fact comparable.

This study aimed at comparing the effect of induced hyper-
tension on brain compliance and perfusion pressure in two
experimental models in dogs: brain injury induced by
subdural balloon inflation or by cryogenic cooling.

METHODS

This study involved 18 mixed breed dogs of both genders,
weighing 10 to 20 kg, in 10-hour fast, without preanesthetic
medication and after evaluation and approval by the veteri-
nary in charge of the experimental animals facility.

Dogs were placed in transparent acrylic boxes saturated and
ventilated with 4% halothaneina 10 L.min™' O,/N,O (1:1) gas
flow. After unconsciousness and decreased respiratory rate
to 12 rpm, animals were placed on Claude-Bernard device in
the supine position and were intubated. Inspired halothane
fraction was decreased to 2%, mechanically controlled venti-
lation was installed with tidal volume of 8 mL.kg™", I/E ratio of
1:1andfrequency was adjusted to maintain expired CO,in 33
+ 2 mmHg.

Pulse oximeter probe was placed on the tongue and ECG in
D, lead on paws; tympanic thermometer was placed in right
side, in addition to capnography and blood gases analyzer.
Subcutaneous infiltration with 1 mL of 1% lidocaine was per-
formed before every incision. Right femoral artery was dis-
sected and catheterized for continuous mean blood pressure
(MBP) monitoring and right femoral vein was dissected and
catheterized for central venous pressure (CVP) monitoring.
Left femoral artery was dissected and catheterized to collect
the blood samples for biochemical dosages and ipsilateral
femoral vein was dissected and catheterized for infusion of
anesthetics and saline. Halothane inspired fraction was de-
creased to 1% and 2 ug.kg” fentanyl and 0.08 mg.kg™
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pancuronium were administered. Position was changed to
“sphinx” position. Skullcap was surgically exposed. Circular
trepanation with 1 cm diameter was performed 1.5 cm later-
ally to skull median line and intracerebral sensor was intro-
duced to monitor ICP.

Animals were randomly distributed in two equal groups ac-
cording to the scheme:

1 - Subdural balloon group (SB) - 3 mm x 5 mm trepanation
and dural opening in the hemisphere contralateral to ICP
catheter, introduction of 2 cm of Foley’s catheter distal
edge in the subarachnoid space. Tight sealing with acr-
ylic resin. Slow and gradual balloon inflation with 0.9%
NaCl solution for maintenance ICP around 40 mmHg du-
ring 20 minutes (Figures 1 and 2).

Subdural
Balloon

Figure 1 - Schematic Representation of Group SB

Figure 2 - Experimental Preparation of group SB
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2 - Cryogenic injury group (Cl) - Plastic funnel fixation with
acrylic resin to the skullcap contralateral to ICP trepana-
tion. The area delimited by funnel edge fixed to skullcap
was a 25 mm diameter circumference. Then liquid nitro-
gen was poured through the funnel on the bone during 20
minutes (Figures 3 and 4).

Liquid .
Nitrogen ;' v

v

ICP—— X\éx

Figure 3 - Schematic Representation of Group CI

Figure 4 - Experimental Preparation of Group Cl

Brain compliance test: is the core of the experimental model
proposedinthisstudyanddependsonthefunctional status of
brain vascular auto-regulatory mechanism. It consists on
controlled MBP increase from a baseline value around 90
mmHg to the limit of 140 mmHg and in measuring resulting
ICP and CPP.

Blood brain volume (BBV) is a function of brain blood flow
(BBF). So, increased blood pressure within these pressure
limits barely changes intracranial volume if BVAR mecha-
nism is intact, and when it is changed, it is to a mildly lower
value; so, thisinduced hypertension does notincrease ICP°.
Conversely, ifbrainis aggressed and auto-regulation mecha-
nismis functionally impaired 5, then blood pressure increase
within physiological blood pressure interval, will passively di-
late resistance arterioles and increase BBF, and as a conse-
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quence, increase BBV 8 and intracranial volume which ends
up increasing ICP and decreasing brain compliance 2,

As from this conclusion one may qualitatively infer the func-
tional status of vascular auto-regulation '® and quantify BC by
MBP variation within the physiological interval of this phe-
nomenon.

Whentestis negative, thatis, whenthereis nosignificantICP
change, the assumption is that BVAR mechanism is intact
(curve “a@”, Figure 5) and that parenchymal elasticity is within
the linear region of the brain compliance curve (segment “a”,
Figure 6).

Whenthetestis positive, thatis, when there is significant ICP
increase with increased MBP, the assumption is that there is
functional BVAR impairment (curve “b”, Figure 5) and that
brain compliance is partially decreased during moderate ICH
(segment “b”) or significantly decreased in severe ICH (seg-
ment “c”) of Landfitt’s curve ® (Figure 6).

Possible BBV change is a function of BVAR activity, butwhen
present, it also depends on the agnitude of pressure varia-
tion. If mean blood pressure variation is always the same and

B

mL/100 g/min

53

50 150 MBP - mmHg

Figure 5 - Brain Blood Flow as a Function of Mean Blood Pressure.
The circles represent the resistance vessels caliber

ICP

Intracranial Volume

Figure 6 - Intracranial Pressure as a Function of Intracranial Volume
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all other conditions interfering with brain blood flow are main-
tained constant, one may consider observed ICPincrease as
dependent only on BVAR functional status and level of brain
compliance.

So, considering that: 1) MBP increases are arbitrary and de-
fined by investigators, thus similar in different study mo-
ments; 2) induced hypertensions (final less initial MBP) end
up generatingbrain blood flowincreases also similarand pro-
portional to the intensity of MBP variation; and 3) ICP in-
crease is just a consequence of these blood volume in-
creases within the skull, then a ratio may be established be-
tween ICP variation as a function of MBP variation, thatis, an
absolute pressure ratio in pressure terms.

MBP increase was arbitrarily determined as 50 mmHg for be-
ing a sufficiently high value to increase ICP in case of BVAR
incompetence and to be obtained through titrated and con-
trolled infusion of a diluted norepinephrine solution. We
started from a baseline value of approximately 90 mmHg to-
ward a ceiling of approximately 140 mmHg, being careful not
to go beyond the upper auto-regulatory phenomenon limit.
We have also tried to rigorously start from the same MBP
baseline value and to always repeat each MBP increase
within the same time interval.

Analyzed parameters - MBP, ICP and CPP - were collected in
the following moments:

(MO) - Moment zero - after stabilization, corresponding to
20 minutes after sensors insertion. In this period, sodium
(osmolarity), pH, PaCO,, PaO,, O, saturation (BVAR)
and hematocrit (viscosity) of arterial blood were also
evaluated to check whether groups were similar in these
variables.

(M1) - Moment 1 - First brain compliance test: titrated nore-
pinephrine infusion until target MBP and recording of re-
sulting ICP and CPP - corresponding to normal brain
response (BVAR and BC) to induced hypertension.

(M2) - Moment 2 - Brain injury was started 15 minutes after the
end of norepinephrine infusion in M1, when hemodynamic
variables had already returned to baseline values: subdu-
ral balloon inflation until ICP above 30 mmHg in Group SB
or beginning of cryogenic injury by pouring liquid nitrogen
through the funnel during 20 minutes in group CI.

(M3) - Moment 3 - 20 minutes after subdural balloon inflati-
onin SB group with lowest ICP of 30 mmHg, and 20 minu-
tes after end of cryogenic injury, that is, 40 minutes after
cryogenic injury beginning in group Cl, corresponding to
end of injuries establishment in both groups.

(M4) - Moment 4 - Second compliance test: titrated norepi-
nephrine infusion until target MBP and recording of re-
sulting ICP and CPP - corresponding to injured brain
response (BVAR and BC) to induced hypertension. Figu-
re 7 shows the chronology of the experiment.

Animals were sacrificed at the end of the experiment by in-
creasing anesthetic depth followed by bolus 10 mL of 19.1%
potassium chloride injection. Statistical analysis used paired
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SB=M0 2> 20min M1 3> 20min 3> M2= INFLATION(20min.) + 20min.rest > M3 > 20 min > M4 > sacrifice

N

Cl=M0 3> 20min S>M1 3> 20min 3> M2= NITROGEN(20min.) + 20min.rest 3> M3 > 20 min > M4 > sacrifice

/N A4

Figure 7 - Chronological Representation of Experimental Preparation

Student’s t test to compare variations within the same group
between moments MO and M1, with intact brain; Student’s t
test for two different samples to compare both groups in mo-
ment MO (normal pressure) and M1 (hypertension), to check
whether animals belonged to the same sampling universe;
Student’s ttestfortwodifferentsamples was used tocompare
variables between groups in the following moments:

1. M2 when balloon inflation was started to reach ICP bet-
ween 30 and 50 mmHg in the subdural balloon group and
beginning of cooling in cryogenic injury group.

2. M3 20 minutes after balloon inflation in subdural balloon
group and 40 minutes after cooling in cryogenic injury
group.

3. M4 after second norepinephrine dose infusion to promo-
te hypertension in both groups.

Paired Student’s t test was used to compare within group in
the following moments:

1. Between M2 and M3 to check changes between these
moments, because injury mechanisms were different for
both groups.

2. Between M3 and M4 to check whether norepinephrine in-
fusion had changed each specific type of injury.

RESULTS

Animals of both groups belonged to the same sampling uni-
verse when evaluated by hemodynamic parameters (mean
blood pressure and heart rate), brain parameters
(intracranial and perfusion pressure), metabolic parameters
(sodium, potassium, partial CO, arterial pressure,
hematocrit and temperature) and morphometric parameters
(weight) in MO (Tables I, Il and I11).

Table | - Biochemical Variables (Na*, K*, Hematocrit and
Partial CO; Arterial Pressure) and Morphometric Pa-
rameter (weight) for Groups SB and Clin Moment MO

Parameters SB * Cl p

Weight (kg) 142+238 125+1.7 0.67
Na+ (mEq.L™) 145215 144.6 + 2.1 0.81
K+ (mEgq."") 3.8+0.3 36+0.3 0.04
Hematocrit (%) 37.8+3.9 39.7+6.8 0.54
PaCO, (mmHg) 342+38 343+35 0.65

* Values in Mean + SD
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Mean blood pressure (MBP): There has been MBP increase
inM1ingroups SB(145.7+6.2;p<0.05)and CI(140.7 £ 11.5;
p < 0.05). In addition, intensity of induced hypertension (IH)
was similar for both groups in M1 (p = 0.25), as desired. After
rest and stabilization period, corresponding to beginning of
injury inboth groups, MBP in M2 has returned to baseline val-
ues for both groups. Similarly, MBP at rest until beginning of
second compliance testin M3 was also similarforboth groups
(SB=97+7.1andCl1=91.8+10.3; p=0.31). After establish-
ingtheinjuryin M3, MBP was similartoM2for SB (101.3+8.1;
p=0.65)and Cl(95.8£9.4;p=0.41). As expected, there has
been significant MBP increase during IH both for SB (148.1 +
10; p<0.001)and CI (138.4 £ 8; p < 0.001). In this last test,
MBP was slightly higher for SB as compared to Cl (p = 0.04)
(Table Il and Figure 8).

Intracranial pressure (ICP): There has been significant ICP
increase in M1 both for SB (9.5+4.7;p=0.04)and Cl (11.3
3.7; p = 0.01), however similar for both groups (p = 0.21).
There has been significant ICP increase in M2 for SB (37 *
7.4;p=0.01)with ballooninflation, while ICP was maintained
unchanged for Cl (12 £ 3.7; p = 0.18). At this moment, ICP
values became different (p < 0.001). In M3, ICP was main-
tained highin SB group, with no difference as compared to M2
(32+12.9 and p =0.39). In group ClI, 20 minutes after cryo-
genicinjury,orM3, ICP hassignificantlyincreased (26 +6.6;p
<0.001), again making ICPs similar (p = 0.39). In M4, during
second compliance test, group SBincrease was insignificant
(38+17.1; p=0.12) however group Cl increase was signifi-
cant(35.7+6.7;p<0.001), although ICP values were similar
for both groups (p > 0.98 (Table Il and Figure 9).

Brain perfusion pressure (BPP): There has been significant
CPPincrease between M0 and M1, bothforSB (136+6.9;p <
0.001)and Cl (126 £ 5; p < 0.001), however higher for group
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Figure 8 - Mean Blood Pressure of Groups SB and Cl in Moments
MO, M1, M2, M3 and M4
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Figure 9 - Intracranial Pressure (ICP) in Groups SB and Cl in Mo-
ments MO, M1, M2, M3 and M4

Table |l - Mean Blood Pressure (MBP) for Groups SB and Cl in Moments M0, M1, M2, M3 and M4

Moments

SB
Mean = SD

Cl
Mean + SD

SB X ClI

Interval SB X SB

CI X CI

Significance Significance Significance

MO 96.1+14.9 91778 0.32
M1 145.7 £6.2 140.7 £+ 11.5 0.25 MO - M1 <0.001 <0.001
M2 97 +7.1 91.8+10.3 0.31 M1 - M2 <0.001 <0.001
M3 101.3 £ 8.1 95.8+9.4 0.19 M2 - M3 0.06 0.41
M4 148.1 £ 10 1384 +8 0.04 M3 - M4 <0.001 <0.001
Values in mmHg expressed in Mean + SD; SB = Sudural balloon; Cl = Cryogenic injury
Table Il - Intracranial Pressure (ICP) of Groups SB and Cl in Moments MO, M1, M2, M3 and M4
Moments SB Cl SB X ClI Interval SB X SB CIXCl

Mean + SD Mean + SD Significance Significance Significance
MO 82+4 9.4+36 0.27
M1 95+47 11.3+3.7 0.21 MO - M1 0.05 0.01
M2 37+7.7 12+3.7 <0.001 M1 - M2 <0.001 0.18
M3 32+12.8 26 +6.6 0.39 M2 - M3 0.36 <0.001
M4 38+6.7 35.7+6.7 0.98 M3 - M4 0.12 <0.001

Values in mmHg expressed in Mean + SD; SB = Subdural balloon; Cl = Cryogenic injury
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Table |V - Brain Perfusion Pressure (CPP) in Groups SB and Cl in Moments M0, M1, M2, M3 and M4

Moments SB Cl SB X ClI Interval SB X SB CIXCl
Mean + SD Mean + SD Significance Significance Significance
MO 87.8+16.5 82.3+6.5 0.19
M1 136 +6.9 126 +5 0.002 MO - M1 < 0.001 0.02
M2 60+6.9 79.8+10.2 < 0.001 M1 - M2 < 0.001 < 0.001
M3 72.6+13 69.8+9.9 0.43 M2 - M3 0.03 0.01
M4 110.1+£17.1 102.6 +8.3 0.16 M3 - M4 < 0.001 < 0.001
Values in mmHg expressed in Mean + SD; SB = Subdural balloon; Cl = Cryogenic injury
Table V - Tympanic Temperature in Groups SB and Cl in Moments MO, M1, M2, M3 and M4
Moments SB Cl SB X CI Interval SB X SB ClI X ClI
Mean + SD Mean + SD Significance Significance Significance
MO 352+1.7 345+1.2 0.17
M1 353+17 345+13 0.16 MO - M1 0.12 0.86
M2 345+1.8 335+1.4 0.02 M1 - M2 0.05 0.006
M3 352+1.9 334+17 0.04 M2 - M3 0.38 0.81
M4 353+1.7 33.5+1.6 0.03 M3 - M4 0.66 0.02
SB = Subdural balloon; CI = Cryogenic injury
SB (p = 0.002). There has been CPP decrease in M2 for SB DISCUSSION

(60£6.9;p<0.001)and CI (79.8 £10.2; p<0.001). CPP de-
crease for SB was higher as compared to Cl (p < 0.001). In
M3, since there has been CPPincrease for SB (72.6 +13;p =
0.02) and decrease for Cl (69.8 £ 9.9; p =0.01) CPP has be-
come similar for both groups (p = 0.43). With IH in M4, CPP
hasincreasedforSB(110.1+17.1;p<0.001)and CI (102.6 +
8.3; p<0.001). Thisincrease was similar for both groups (p =
0.16) (Table IV and Figure 10).

Temperature: Tympanic temperature was significantly de-
creasedin M2 forboth groups: SB (35.4+1.8;p=0.05)and Cl
(33.5+ 1.4; p=0.006), being lower for Cl (p = 0.02) and re-
maining as such until M4 (Table V).
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Figure 10 - Brain Perfusion Pressure (CPP) in Groups SB and Cl in
Moments M0, M1, M2, M3 and M4

Revista Brasileira de Anestesiologia
Vol. 55, N° 3, Maio - Junho, 2005

Differentcontrolled brainaggression models have beenused
to study changes during and after traumatic brain injury
9:20.293135 ntyitively, the closest model to this type of aggres-
sion is skull contusion with solid objects.

However, this aggression often generates intracranial
hematomas and bone fractures, which have unpredictable
effects on brain compliance ” So, animal models allowing
gradual and controlled ICP increase, thus more predictable,
are the most widely used.

Subdural or epidural balloon inflation, intraventricular fluid
infusion orotherintracranial volume expansion methods may
be more predictable as to value and time one wishes to main-
tain intracranial pressure. However, they do not severely af-
fect blood-brain barrier patency and, as a consequence, ner-
vous tissue edema does not seemto be animportant factorin
these models. Some authors '® suggest that after TBI, brain
edema contribute to increase intracranial volume more than
blood stasis caused by vasoparesis, thatis, thatICPincrease
could be more aconsequence of water volume increase, be it
extravascular or intracellular, than of intravascular blood.
In addition, ICP in severe traumatic brain injury is increased
to a critical value enough to impair brain perfusion . This ex-
tremely high intracranial pressure has not always been con-
trolled in ICP studies 17, which not always had brain perfusion
pressure decreased to these critical levels to the point of im-
pairing vascular reactivity and brain blood flow.

In this model, we have tried to maintain ICP above 30 mmHg
for group SB, as seen during severe traumatic brain injuries,
and this has significantly decreased brain perfusion pressure
from mean baseline value of 87 mmHg in MO to 60 mmHg in
M2 (p < 0.001). With severe enough intracranial hyperten-
sion, in addition to decreasing perfusion, there is also muscle
tone decrease of brain arterioles and major functional impair-
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ment of auto-regulatory mechanism, leading to passive re-
sistance vascularbeddilatationand systemichypertensions,
further worsening pre-existing intracranial hypertension.

A group ® has shown than when brain perfusion pressure is
below 60 mmHg, brain blood flow starts to decrease. On the
otherhand,otherauthors16haveshownin anesthetizeddogs
that if blood pressure limits are maintained between 50 and
150 mmHg, brain compliance is directly proportional to perfu-
sion pressure in normal conditions, that is with intact brain
and preserved auto-regulation; and is indirectly proportional
when brain is aggressed and its auto-regulatory mechanism
is functionally impaired. With normal auto-regulation, mean
blood pressure variation within physiological intervals is un-
able to significantly change BBF, and as a consequence to
significantly change brain blood volume (BBV) and compli-
ance. As opposed, with abolished auto-regulatory mecha-
nism,BBVisincreasedduetoincreased BBF when MBPisin-
creased, thus decreasing compliance.

Brain compliance evaluation by non-volumetric means, that
is, withoutchangingintracranial volume, hasbeenusedindif-
ferent studies '>?°*°. These authors have studied ICP
curve’s Bwave morphologyinthe presence of IH buthave not
found significant correlation between morphological
changes in this wave and brain compliance evaluated by vol-
umetric methods. They have also suggested that the best
evaluation method would be volume/pressure ratio used by
other authors 22°.

During transportation, surgery or ICU stay, patients are fre-
quently submitted to nociceptive stimulations increasing
blood pressure to undesirable levels, what ends up decreas-
ing neuronal perfusion exactly when brain vascular reactivity
mechanism is functionally impaired.

Trying to reproduce this situation, our study has evaluated
brain compliance exactly by means ofinduced hypertension,
which also increases intracranial volume when brain is in-
jured %

Group SBintracranial hypertension was limited to values be-
low 50 mmHg to evaluate compliance in moments following
the establishment of the injury.

The comparison of compliance between balloon and cryo-
genicinjury models was important, since we did notknow how
this model would behave with a previously non-described in-
jury extension.

In addition, excessive subdural balloon inflation could shift
adjacentstructuresleadingto menyngealhemorrhages, her-
nias, venous system engorgement and hydrocephalus by
CSF drainage obstruction "

Cryogenic injury model has been used to evaluate
blood-brain barrier patency both by gravimetric density and
water volume in pathological exams of the aggressed region
1914 Cryogenic injury also changes brain vascular reactivity
in the involved area °. A group has shown that brain edema
and swelling are significant already in the first 15 to 30 min-
utes after cryogenicinjury '°. However, most cryogenicinjury
experiments have not produced tissue damage extensive
enough to increase ICH to values impairing brain perfusion
pressure or causing enough damage to BVAR mechanism,
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because either cooled surface was small or length of cryo-
genic agent contact with brain was too short "',
Historically, cryogenic injury has not been used to study ICP
1214 hecause it seems that the extension of the injury de-
scribed by these authors had not enough volume to signifi-
cantly impair ICP and BVAR mechanism. Since the impaired
volume described is not high, it seems that brain compliance
compensation mechanisms, CSF and blood shifts, are effec-
tive in maintaining ICP within normal values ®'2.

Our proposal was to evaluate brain compliance using two dif-
ferentmodels, howeverforboththe level of proposed aggres-
sion was higher than what is normally studied and closer to
those observed in severe traumatic brain injury patients.
MBP (p=0.31),ICP(p=0.27)and CPP (p=0.19)were similar
for both groups in MO, confirming that they belonged to the
same sampling universe. Other variables which could have
alsoinfluencedbrain blood row36and, asaconsequence, re-
sults - central temperature (neuronal metabolism, p=0.17),
plasma sodium (edemas of osmotic origin, p = 0.81),
hematocrit (blood viscosity, p = 0.65) and partial CO; arterial
pressure (changesin auto-regulatory mechanism, p=0.37)-
were also evaluated. Similarly, there were no significant dif-
ferences between groups.

Special care was taken not to increase blood pressure above
upper BVAR level (> 150 mmHg), to prevent hypertension of
acting on BVAR per se 2 or increasing capillary patency of
normal brain 2%,

Anesthesia was maintained in adequate depth, however not
excessive, with halogenate agent expired fraction below 1%
(belowDE95) due to the association of intravenous opioids in
equal doses for both groups. We have also prevented
hypercarbia to prevent cardiac arrhythmias and brain vessel
dilatation with consequent intracranial blood volume in-
crease during the infusion of norepinephrine associated to
halothane 2*%°.

Our study has shown ICP threshold increase in significantly
in M1 forboth groups (p=0.05forSBand p=0.01for Cl). This
increase, however, was mild and fugacious, without corre-
sponding biological meaning. Equally important is that there
were no significant differences between groupsinintensity of
thischange (p=0,21). This briefICPincrease duringinduced
hypertension was considered normal. Mild and temporaryin-
creaseinICPinresponsetohypertensioninnormalbrainhas
also been observed by other investigators 2°*.

Perfusion pressure in M1 has increased more in group SB as
compared to group Cl (p = 0.001), probably because there
has been higher blood pressure increase concomitant with
lower intensity increase of ICP in group SB as compared to
group CI.

There has been sudden ICP increase for group SBin M2 (p <
0.001) and brain perfusion pressure decrease (p <0.001) as
we had proposed, and these values were maintained for 20
minutes with additional subdural balloon inflation whenever
ICP tended to decrease, to obtain a certain level of brain vas-
cular reactivity impairment. After this aggression period and
decreased perfusion pressure, there hasbeenmild, although
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not significant blood pressure increase in M3 for both groups
(p=0.19).

Increased blood pressure at rest for both groups may be ex-
plained as central nervous system response to ischemia
generated by intracranial hypertension 272,
TherehasbeennolCPdecreaseforgroupSBinM2and M3 (p
= 0.36). Although not significant, mild ICP decrease was
probably due to compliance compensation mechanisms,
CSF and blood shift to outside the skull while subdural bal-
loon was deflated.

Although notrepresenting significantdifferences when sepa-
rately considered, increased blood pressure associated to
decreased ICP has resulted in major brain perfusion pres-
sure increase in M3 for group SB (p = 0.03).
Significantmean blood pressureincreasein M4 (p<0.001 for
SB and Cl) was expected because the effect of induced hy-
pertension on aggressed brain ICP was exactly the objective
of our study.

At this moment, in SB, although ICP increase has been ob-
served, this increase was not significant (p = 0.12) as com-
pared to previous moment M3 when blood pressure was nor-
mal for this same group. The result was increased brain per-
fusion pressure (p < 0.001) with norepinephrine infusion.
Maybe a more severe brain aggression was needed in group
SB for further BVAR impairment. Time during which balloon
has remained inflated could have beenlongerthan 20 minutes
orlevel of intracranial hypertension could have been above 50
mmHg.

On the other hand, 20-minute ischemia seems to have been
reasonable and balloon inflation maintaining ICP above 50
mmHg could shiftadjacentbrain structuresand change blood
and CSF dynamics.

Ontheotherhand, in M2, even whenliquid nitrogeninjury had
been already started, ICP was stillunchanged for group Cl (p
=0.18), probablybecause changesinblood-brainbarrierand
brain vascular reactivity were not yet installed. Two authors
have shown that both edema and brain swelling are mani-
fested afterbrain cryogenicinjuryasearlyas 15to 20 minutes
after establishment of the injury and continue to evolve up to
12 hours after beginning of injured tissue reperfusion '°.
Since at this moment MBP was similar to baseline value (p =
0.93) and was also not different from group SB MBP (p =
0.31), CPP for group Cl was higher as compared to group SB
(p <0.001).

In moment M3, 40 minutes after beginning of cryogenic injury,
corresponding to 20 minutes of injury plus 20 minutes of rest for
overcooled brain thawing and reperfusion, ICP started to in-
crease (p <0.001). At this moment, cryogenic injury repercus-
sionson ICPandon brainvascularreactive mechanismwere al-
ready present, in agreement to these authors’ findings 10,
With this ICP increase, CPP was decreased (p =0.01) in this
group (ClI). Inthe same moment M3, CPP was similar for both
groups (p = 0.43). In M4, norepinephrine infusion has in-
creased MBP (p<0.001),leadingto CPPincrease (p<0.001)
but also to ICP increase (p < 0.001) for group CI. This sug-
gests that decreased compliance, which is a direct conse-
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quence of cryogenic injury, was more important than the im-
pairmentofthis variable observedingroup SBwhensubdural
balloon was deflated.

The difference between both studied models suggests thatin
the subdural balloon model brain compliance is closer to
point “b” of intracranial pressure/volume curve, as described
for the first time in 1965 8 (Figure 6). In the extensive cryo-
genicinjury model, however, compliance seems to be closer
to region “c” of the same curve, especially more lately. This
suggests that, in the conditions of our study, cryogenic injury
model would be more prejudicial to brain and would further
change compliance and vascular auto-regulation mecha-
nism.

Although there were no significant ICP differences between
groups during second compliance test (M4) (p = 0.98), the
evolution of both brain injuries has shown clearly different
trends along time throughout the experiment.

In group CI, edema and loss of BVAR seemed to progress
with time, what also suggests a more severe, prolonged and
irreversible injury (apoptosis). Although induced hyperten-
sion was somewhat higher for group SB as compared to Cl,
repercussions on ICP, thus on brain compliance, where even
higher with extensive cryogenic injury.

ICP changes with cold injury models were not always appar-
ent in previous studies "'?'*'® probably because in these
models, injury has been small and not enough to significantly
impair increased ICP compensation mechanisms, resulting
inamodel of aggressed brain but with injury notlarge enough
toincrease ICP, which was maintained virtuallyunchangedin
all those models.

According to some investigators, brain edema during trau-
matic head injury is the most important component of the
pathophysiology of this type of aggression *. So, we decided
foranaggressionthatwouldlargely change notonly vascular
reactivity, as in other models, but also blood-brain barrier
patency.

Other investigators have studied hemodynamic variables
and ICP during brain cryogenic injury and have determined
that injury volume is closely related to brain blood flow
changes 2.

Cryogenic injury extension of this study seems to clearly
show studied changes, however literature is still scarce and
inconclusive about this model, especially in quantifying brain
cooling time, in determining direct contact point with liquid ni-
trogen, thatis, whether bone, dura or brain, and in determin-
ing the extension of cooled surface. We decided to circum-
scribe a small skullcap surface and expose it to liquid N, for a
longertime as compared to other authors. Tympanic temper-
ature for group Cl was significantly decreased during cryo-
genic injury establishmentin M2 (p = 0.006), being different
from group SB temperature (p =0.02) and remaining as such
until the end of the experiment. This temperature decrease
was especially due to proximity to thermal sensor and injury
mechanism, wich is intensive cooling.

Theconclusionwas thatexperimental cryogenicinjury model
could be used to study brain compliance. It is comparable to
subdural balloon model in terms of brain dynamic variables,
at least during the time interval of our study.

We have also concluded, in agreement with other findings 12,
that injury extension is critical to determine BVAR mecha-
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nism impairment and that it should be better standardized in
further studies, with different cooling intensities and times in
the cryogenic injury model to establish the ratio between in-
jury and resulting compliance decrease.

Brain lesion by liquid nitrogen cooling was measured in two
moments: fresh and after fixation with formalin for two weeks
to establish correlation between cooling time and lesion ex-
tension. The whole injured brain hemisphere was stained
with hematoxylin-eosin and analyzed under optic micros-
copyduringthe development of pilot of a different study inthe
same research line of our group, which is being prepared for
publication.

Forcryogenicinjuries, especially if extensive, ithas been ad-
vocatedthat, seemingly atleast,increased ICPseemstobea
gradual and evolving process and that its limits are still lack-
ing better explanation.

Pathophysiological evolution of cryogenic lesion is clearly
different from subdural balloon inflation injury, where maybe
more inflation or longer intracranial hypertension would be
needed. However, repercussions related to brain structures
shift, which is not followed by proportionally severe
blood-brain barrier injury, do not well represent changes ob-
served in severe traumatic head injury patients, where
parenchymatous contusion predominates, as in the cryo-
genicinjury model, presenting more intensive and severe tis-
sue injury of blood-brain barrier as compared to hematomas
simulated by the balloon model.
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RESUMEN

Mizumoto N, Tango HK, Pagnocca ML - Efectos de la Hiperten-
sion Arterial Inducida sobre la Complacencia y Presion de la
Perfusién Encefalica en Hipertensién Intracraneana Experi-
mental: Comparacion entre Lesion Encefalica Criogénica y Ba-
I6n Subdural

JUSTIFICATIVA Y OBJETIVOS: El trauma craneoencefalico
(TCE) puede elevar la presion intracraneana (PIC) y reducir la
complacencia encefalica (CE). Diferentes lesiones son
aplicadas en modelos de TCE que estudian las mismas vari-
ables. Como son usadas indistintamente, el objetivo es
comparar la PIC y la CE en dos modelos de TCE.

METODO: Dieciocho perros machos, anestesiados, ventilados
y distribuidos eventualmente en dos grupos: BS - balén
subdural (n =9) y LC - lesién criogénica (n = 9). Andlisis de la
PIC, CE y presiéon de perfusion encefalica (PPE) en cinco
momentos: final de la preparacion (M0), encéfalo normal (M1),
inicio de la lesion (M2), término de la lesion (M3) y lesion
establecida (M4). CE es la variacion de la PIC durante la
hipertension arterial inducida (HAI) en 50 mmHg en M1 y M4.
PPE = presion arterial media (PAM) - PIC. Prueba t de Student
emparejado para el mismo grupo en diferentes momentos y tde
Student para dos muestras diferentes para el mismo momento
entre los grupos.

RESULTADOS: La PAM fue semejante en los grupos en los
momentos estudiados (p =0,31enMO0; p=0,25en M1, p=0,31
enM2;p=0,19enM3;p=0,05en M4). La PIC fue semejante en
los gruposen MO (p=0,27)y M1 (p=0,21), pero diferente en M2
(p<0,001). LaPIC se volvié semejante enlos grupos en M3 (p =
0,39) yM4 (p=0,98), se elevoenBS en M1 (p=0,04) y M2 (p =
0,01), peronoen M3 (p =0,36) nien M4 (p =0,12). Enel LC la
PIC aumenté en M1 (p <0,01), M3 (p <0,001) y M4 (p <0,001),
peronoenM2 (p =0,18). Hubo aumento de la PPE en M1 (p <
0,001) y M4 (p < 0,001), semejante en los grupos (p = 0,16 en
M1yp=0,21en M4). En M2 hubo reduccién de la PPE en los
grupos (p <0,001), mas intensaen LC (p <0,001). En M3 hubo
aumento de la PPE en BS (p = 0,02) y reduccién en el LC (p =
0,01), lo que hizo la PPE semejante en los grupos (p =0,43). En
M4 hubo aumento de la PPE semejante en los grupos (p =
0,16).

CONCLUSIONES: El efecto de la HAl en el modelo de LC es
comparable al observado en el modelo de BS. Ese tipo de
lesion debe ser mejor estudiada para establecer precision en la
proporcién entre la extension de la lesion y la reduccion de la
CE, aparentemente, un proceso gradual y evolutivo cuyos
limites aun no son totalmente conocidos.
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