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RESUMO

Prando S. Avaliagdo dos métodos de quantificagdo do metabolismo glicolitico
cerebral em ratos anestesiados utilizando microPET/CT com "®F-FDG [tese].

Sao Paulo: Faculdade de Medicina, Universidade de Sao Paulo; 2019.

Introducgédo: A quantificagcdo do metabolismo cerebral da glicose em pequenos
animais € importante para o estudo dos mecanismos fisiopatolégicos e da agéo
de drogas no sistema nervoso central. Atualmente, na pesquisa pré-clinica,
estdo disponiveis métodos qualitativos (visuais) e quantitativos para avaliagcéo
do metabolismo cerebral da glicose. Um dos problemas dos estudos in vivo de
pequenos animais € a necessidade de contencdo durante a aquisicdo das
imagens para evitar os artefatos causados pela movimentacéo. Por essa razao,
0os animais devem ser restringidos fisicamente ou mantidos sob a agédo de
anestésicos. Como os anestésicos causam modificagdes na fisiologia dos
sistemas nervoso central, cardiovascular e respiratério, a medida da captacao
da '"F-FDG no cérebro pode ser comprometida. Objetivos: Avaliar a
concordancia e correlacédo entre as técnicas de quantificacdo do metabolismo
da "®F-FDG no sistema nervoso central de ratos anestesiados utilizando o
método de compartimentos com dois tecidos (2TCM) e os métodos
simplificados: Patlak, Fractional uptake rate (FUR), Standardized uptake value
(SUV) e Standardized uptake value corrigido para glicemia (SUVy). Avaliar os
efeitos dos anestésicos isoflurano e cetamina associada a xilazina no
metabolismo da ®F-FDG pelo sistema nervoso central de ratos, utilizando os
métodos 2TCM, Patlak, SUV e anédlise baseada em voxel (ABV). Métodos:
CEUA n 026/14. Trinta e trés ratos, machos, adultos normais com
aproximadamente 6 semanas de vida, espécie Rattus norvegicus da linhagem
Wistar, foram submetidos a exame de imagem de PET. Os animais foram
divididos em dois grupos, conforme o anestésico empregado, isoflurano (1=15)
ou cetamina associada a xilazina (KX=18), e foram submetidos a cirurgia para
insercdo de um cateter de poliestireno na artéria femoral. A PET foi iniciada
simultaneamente com a injecdo do tracador '®F-FDG e as imagens foram
adquiridas no modo dinamico por 60 minutos, formatadas em 20 imagens
(8x30, 2x60, 2x120, 2x150, 3x300, 3x600 segundos). Durante o periodo de
aquisicdo das imagens foram retiradas amostras de sangue arterial da artéria
femoral. As imagens foram reconstruidas com o método OSEM-2D (20
iteracdes; 4 subconjuntos) e analisadas através dos métodos: 2TCM, Patlak,
FUR, SUVgq, SUV e ABV, conforme o objetivo em estudo. Para a analise com
FUR, SUV, SUVq4 e AVB, utilizamos os ultimos 30 minutos do estudo.
Resultados e Discussao: O K; 2TCM apresentou forte correlagdo (r=0,9935) e
concordancia (CC=0,991) com o valor de K; estimado pela analise de Patlak.
Os resultados obtidos pelo método FUR apresentaram excelente correlagcao
com o K obtido tanto pelo 2TCM (r=0,9385) quanto pelo Patlak (r=0,9472),
quando comparado com SUV ou SUVy. Na analise dos efeitos dos anestésicos
através dos métodos 2TCM e Patlak, verificamos que no grupo KX houve
reducdo do K4 (0,173 vs 0,283; p<0,001) e do volume de distribuicdo (0,505 vs
0,760; p<0,001). Nao houve diferenga significativa do K; entre os anestésicos
estudados. Os resultados obtidos utilizando a ABV indicam que existe um



padrao heterogéneo de captagao para cada anestésico estudado que concorda
com a quantificagédo relativa do Ki e SUVR (cértex/cérebro). O SUV indicou
reducao significativa na captacao da '"®F_.FDG para o cérebro total sob vigéncia
da KX (1,305 vs 1,879; p<0,001), entretanto, devido a alteragdes fisioldgicas
causadas pelos anestésicos, essas diferengcas ndo devem ser valorizadas.
Conclusao: Nossos achados sugerem que existe uma concordancia entre os
métodos 2TCM e Patlak, permitindo a utilizacdo do método simplificado de
Patlak em estudos pré-clinicos de quantificacdo do metabolismo cerebral da
"®F.FDG em ratos. Entre os métodos simplificados estudados, o melhor
correlacionado com o padrao ouro (2TCM) foi o FUR. A corregcéo de SUV pela
glicemia basal utilizando métodos de cabeceira de leito, comuns nos estudos
pré-clinicos, deve ser vista com cautela, uma vez que introduz mais uma fonte
de erro a quantificacdo. Em relacdo aos efeitos dos anestésicos utilizados,
verificamos que ambos produzem uma heterogeneidade no metabolismo
cerebral da glicose.

Descritores: Tomografia por emissdao de poésitrons; Sistema nervoso;
Quantificagdo; Glucose; Fluordesoxiglucose F18; Anestésicos; Isoflurano;
Ketamina; Xilazina.



ABSTRACT

Prando S. Evaluation of cerebral glycolytic metabolism quantification methods
in anesthetized rats using 18F-FDG microPET/CT [thesis]. S&o Paulo:

“Faculdade de Medicina, Universidade de Sao Paulo”; 2019.

Introduction: Quantification of cerebral glucose metabolism in small animals is
important for the study of pathophysiological mechanisms and drug action in the
central nervous system. Currently, in preclinical research, qualitative (visual)
and quantitative methods are available for assessing cerebral glucose
metabolism. One of the problems with in vivo small animal studies is the need
for containment during image acquisition to avoid artifacts caused by
movements. For this reason, animals should be physically restricted or kept
under anesthetic action. Because anesthetics cause changes in the physiology
of the central nervous, cardiovascular, and respiratory systems, the
measurement of 'SF-FDG uptake in the brain may be compromised.
Objectives: To evaluate the agreement and correlation between '®F-FDG
metabolism quantification techniques in the central nervous system of
anesthetized rats using the two-tissue compartment methods (2TCM) and the
simplified methods: Patlak, Fractional uptake rate (FUR), Standardized uptake
value (SUV) and Standardized uptake value corrected for blood glucose
(SUVg). To evaluate the effects of isoflurane and xylazine-associated ketamine
anesthetics on "®F-FDG metabolism in rat central nervous system using 2TCM,
Patlak, SUV and voxel-based analysis (ABV) methods. Methods: CEUA No.
026/14. Thirty-three normal male rats, approximately 6 weeks old, Wistar Rattus
norvegicus, were submitted to PET imaging. The animals were divided into two
groups according to the anesthetic used, isoflurane (I=15) or xylazine-
associated ketamine (KX=18). The animals underwent surgery in order to have
inserted a polystyrene catheter into the femoral artery. PET was started
simultaneously with the injection of the '®F-FDG tracer and the images were
acquired in dynamic mode for 60 minutes, formatted into 20 images (8x30,
2x60, 2x120, 2x150, 3x300, 3x600 seconds). During the image acquisition,
arterial blood samples were taken from the femoral artery. Image reconstruction
was performed with OSEM-2D (20 iterations; 4 subsets) and the results
analyzed using 2TCM, Patlak, FUR, SUVy, SUV and ABV methods, according
to the study objective. For the analysis with FUR, SUV, SUVy, and AVB, we
used the last 30 minutes of the study. Results and Discussion: K; 2TCM
showed a strong correlation (r=0.9935) and agreement (CC=0.991) with the K;
value estimated by Patlak analysis. The results obtained by the FUR method
presented excellent correlation with the K; obtained by both 2TCM (r=0.9385)
and Patlak (r=0.9472) in relation to SUV or SUVy,. In the analysis of the effects
of anesthetics by the methods 2TCM and Patlak, we found that in the KX group
there was a reduction in K1 (0.173 vs 0.283; p<0.001) and volume of distribution
(0.505 vs 0.760; p<0.001). There was no significant difference in brain glucose
metabolism concerning the anesthetics studied. The results obtained using ABV
demonstrate that there is a heterogeneous uptake pattern for each studied
anesthetic that agrees with the relative quantification of K; and SUVR
(cortex/brain). SUV demonstrated a significant reduction in '®F-FDG uptake by



the whole brain under KX (1.305 vs 1.879; p<0.001), however, due to
physiological changes caused by anesthetics, these differences should not be
considered. Conclusion: Our findings suggest that there is an agreement
between 2TCM and Patlak methods, allowing the use of Patlak's simplified
method in preclinical studies of '®F-FDG brain metabolism quantification in rats.
Among the simplified methods studied, the best correlated with the gold
standard (2TCM) was the FUR. The correction of SUV by basal glycemia using
bedside methods, common in preclinical studies, should be viewed with caution
as it introduces yet another source of error in quantification. Regarding the
effects of the anesthetics used, we found that both produce heterogeneity in
cerebral glucose metabolism.

Descriptors: Positron-emission tomography; Nervous system; Quantification;
Glucose; Fluorodeoxyglucose F18; Anesthetics; Isoflurane; Ketamine; Xylazine.
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1.1 Cérebro

O cérebro é um produto da evolucdo de milhdes de anos apds o
surgimento do ancestral comum aos mamiferos. A evolu¢do que diferenciou os
seres humanos das outras espécies de mamiferos também os isolou em um
intrincado quebra-cabega sobre o funcionamento do cérebro e das
caracteristicas que nos tornam humanos.

Na antiguidade, o cérebro era um 6rgdo menosprezado e relegado a
segundo plano nos estudos; o coragdo era considerado o responsavel pelas
nossas emocgdes e pela esséncia da vida. Somente no século XIV, que o
cérebro foi algado a érgéo central responsavel pelo pensamento, sensacgao,
consciéncia e pela moral.

Desde os meados do século XIX, com os primeiros estudos sobre a
estrutura anatdbmica do tecido nervoso realizados por Jan Evangelista Purkinje
e a concepgao da teoria neuronal criada por Santiago Ramoén y Cajal (Amaral
et al., 2017), progressos ocorreram no sentido de entender os intricados
processos neuronais que nos caracterizam.

Atualmente, os maiores avancos no entendimento do cérebro sao
oriundos do progresso da neurologia clinica associada ao desenvolvimento de
métodos de imagem, como a ressonancia magnética nuclear (RMN) ou a
tomografia por emissdo de poésitrons (PET), que permitiram o estudo do
sistema nervoso em condi¢gdes normais e na modificagao por doencgas.

Além das doencas, o cérebro pode ser alterado por diversas substancias
encontradas na natureza ou por produtos fabricados pelos humanos com
objetivo recreacional ou medicinal. Na categoria de drogas medicinais, a

invengao do anestésico no século XX permitiu diminuir a dor em procedimentos
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invasivos. Além da analgesia, o anestésico pode levar a perda da consciéncia
através de mecanismos de acdo no cérebro que ainda nao foram
completamente esclarecidos.

Durante as ultimas cinco décadas, um enorme progresso tem sido feito
no sentido de compreender as demandas de energia locais do cérebro e as
relagbes entre a funcdo cerebral e os fluxos em vias metabdlicas que
correspondem ao desenvolvimento, metabolismo, a neuroprotecdo e aos
requisitos de biossintese de células do cérebro.

Essa compreensdo proporciona oportunidades unicas para estudar in
vivo a fisiologia animal e a fisiopatologia de diversos modelos de doencgas.
Porém, o desafio € grande, pois o cérebro € um 6rgdo complexo, composto por
muitos componentes estruturais e funcionais, com diferentes niveis
independentes entre si, cujas atividades funcional e metabdlica sdo reguladas
também de modo independente.

Tanto a anatomia quanto a fisiologia fazem do cérebro um 6rgao unico,
substancialmente diferente dos outros 6rgdos do corpo humano (Hall, 2017;
Catafau, 2001). Muitas dessas diferengas sdo encontradas dentro do sistema
circulatério cerebral, particularmente na regulacdo da perfusédo e no
metabolismo.

O cérebro é o unico 6rgdo sem nenhuma reserva energética. No
humano adulto, assim como em animais adultos, a glicose representa o
principal, se ndo o unico, substrato de energia do metabolismo cerebral.
Praticamente toda a glicose extraida pelo cérebro é oxidada. Assim, a glicose &
utilizada paralelamente com o consumo de oxigénio cerebral, mostrando a

mesma heterogeneidade regional de 4:1 entre as regides de substancia
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cinzenta e substancia branca. Essa proporcao se repete em todas as espécies
de mamiferos, por exemplo, ratos, gatos, macacos e seres humanos (Hall,
2017; Nehlig, 1997).

As artérias intracranianas sao diferentes das artérias presentes no resto
do corpo (Hall, 2017; Catafau, 2001). Por causa da prote¢cdo do osso e da
pressao externa, a parede vascular tem menor espessura. Nenhuma fibra
elastica € encontrada neste meio, mas uma membrana elastica interna bem
desenvolvida existe em artérias cerebrais. A barreira sanguinea, que consiste
de células endoteliais especiais com jung¢des firmes dentro dos capilares
cerebrais, € a maior diferenca em relagao a capilares encontrados em outras
regides do corpo. A existéncia dessa barreira hematoencefdlica exige o
transporte transcelular de glicose do sangue para o cérebro através das
membranas luminal e abluminal das células endoteliais do cérebro (Duelli;
Kuschinsky, 2001).

O transporte da glicose para o cérebro € mediado por membros da
familia de transportadores da glicose (Duelli; Kuschinsky, 2001). O transporte
da glicose pode ser dividido em duas classes: a dependente de sddio,
conhecida como cotransporte, e a difusdo passiva facilitada.

O processo mediado por proteinas soédio-dependentes transporta a
glicose contra o gradiente de concentracdo da mesma. Varios desses
transportadores sdo encontrados nos rins € em outros 6rgaos, e sua presencga
no tecido cerebral ainda é controversa (Duelli; Kuschinsky, 2001). Em contraste
com o cotransporte, a difusdo passiva transporta a glicose a favor do gradiente
de concentragao e varias isoformas ja foram identificadas e caracterizadas no

tecido cerebral (tabela?).
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Tabela 1 - Familia dos transportadores de glicose dependentes de sdédio e transporte
passivo

Tipo  Proteina (gene) Sitios de Expressao Substrato/transporte

Endotélio cerebral e barreiras
cerebrais epiteliais; células
gliais; barreiras tecido/sangue;

GLUT1 olho;  nervos periféricos; :nzr?;fgsel;u%if:rﬁi?
(SLC2A1) placenta; glandula mamaria » glue ’
acido ascorbico

em lactagdo  (distribuicdo
ubiquo na maioria das células
dos mamiferos)

Rins, intestino delgado e Eslannes

GLUT2 5 iteliais). fi
o (cAeIuIas eplltellals), flgado, frutose; glicose:
= (SLC2A2) pancreas (ilhotas), cérebro glucosamina
b4 (astrocitos)
n
K- GLUT3 Nleurér;ios, ’t;aslticulos,b . Glicose; ggllactos’i;.do
placenta, células cerebrais manose; xilose; aci
[}
e (SLC2A3) endoteliais dehidroascorbico
[}
°
q:, GLUTS Intestino (jejuno); rins; Frutose
o (SLC2A5) testiculos, microglia cerebral
(=]
o GLUT6 Cérebro, leucdcitos periféricos ..
° Glicose
s (SLC2A6) e do bago
8  GLUT8
L (SLC2A8) BIastt’aci.tos, tes’tl'culos, cérebro .
Insuli (neurénios), musculo, Glicose
nsulina- adipdcitos, glandula mamaria
responsivo
GLUT10 Figaqo, pé’ncreas, cpragéo, .
SLC2A10 pulmao, cérebro, musculo Glicose; galactose
( ) esquelético, placenta
HMIT Cérebro (vesicul
érebro (vesiculas o
(SHE2AIE, intracelulares dos neurdnios) S e esie!
cotranporte

continua
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Tabela 1 - Familia dos transportadores de glicose dependentes de sdédio e transporte

passivo

conclusao

Tipo

Proteina (gene)

Sitios de Expressao

Substrato/transporte

Sodio-Glicose Cotransportadores/Dependente de Sodio

Intestino delgado, traqueia,
rins, coragao, cérebro

SGLT1 (corticais, piramidais e células > Glicose, 2 galactose,
(SLC5A1) neuronais de purkinje), agua
testiculos, préstata, glandula
mamaria
SGLT2 Rins (CéftGX/tl]bUlOS .
(SLC5A2) proximais), cérebro, figado, Glicose, galactose
tireoide, musculo, coragao
SGLT3 Intestino delgado, testiculos,
(SLC5A4/SAAT1) utero, rins, pulmé&o, cérebro, Glicose, Na* (H")

sensor de glicose

tireoide

SGLT4

Intestino, rins, figado, cérebro,
pulmé&o, traqueia, utero,

Glicose, manose,

(SLC5A9) - frutose
pancreas
SGLT6 Cérebro (neurdnios), medula
(SLCA11/KST1/S e'spmhgl,. intestino delgado Mio-inositol, glicose
M1T2) (ileo e jejuno), rins (cortex e
medula), musculo esquelético
SMIT Rins (medula), tireoide, vaso
(SLCSA3) sanguineo do plexo coroide, g jnositol, glicose
glandula pineal, génglio da
raiz dorsal, testiculos
SMVT S o Multivitaminas (Biotina,
érebro, coragao, rins, T
(SLC5A6) suliée, daesnia acido I|pc'>|co, acido
pantotenico)
CHT Medula espinal e medula Colina
(SLC5A7/CHT1) (vesiculas intracelulares)

FONTE: Shah et al., 2012.
GLUT: Transportadores de glicose especificos; SGLT: cotransporte com ion sédio;
NIS: cotransporte com sdédio/iodo; CHT: colina; HMIT: transportador H*/mio-inositol;
SMIT: transportador sédio/mio-inositol; SMVT: transportador sédio/multivitaminas.

Os principais transportadores de glicose no cérebro sdo GLUT1 e

GLUT3. O GLUT1 existe em duas isoformas de diferentes pesos moleculares.

A isoforma 55-kDa esta localizada nas membranas das células endoteliais

cerebrais e a isoforma 45-kDa esta presente nos astrécitos (figura1)
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Figura 1: Localizagdo das diferentes isoformas dos transportadores de glicose no
cérebro (adaptado de Shah et al., 2012).

A glicose entra no espago extracelular cerebral através do sangue
utilizando a isoforma 55-kDa do transportador GLUT1, presente nas
membranas luminal e abluminal das células endoteliais que formam a barreira
hematoencefalica (Shah et al.,, 2012). O GLUT1 esta localizado tanto na
membrana luminal como na abluminal na propor¢cdo aproximada de 1:4
respectivamente (Shah et al., 2012) (figura 2). Muitos estudos também tem
confirmado a presenga do GLUT1 em células endoteliais microvascularizadas

como os astrocitos.
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MEMBRANA ABLUMINAL
38 - 64%

® CITOPLASMA
® 0 €«———11-31%

MEMBRANA LUMINAL
18 -43%

Figura 2: Distribuicdo celular do GLUT1 nas membranas luminal (18 - 43%) e
abluminal (38 — 64%) das células endoteliais cerebrais e citoplasma (11 —
31%)(adaptado de Shah et al., 2012).

Em condicdes normais, a capacidade de transporte da GLUT1 é
suficientemente alta para que o influxo normal de (glicose seja
consideravelmente superior a necessidade, e a taxa de consumo de glicose
representa apenas uma fragdo do fluxo de glicose para dentro e para fora do
cérebro através da barreira hematoencefalica. A taxa de utilizagdo de glicose
cerebral nunca é limitada pelo transporte de glicose através da barreira
hematoencefalica, exceto quando esse transporte € limitado por restricbes na
liberacdo de glicose ao cérebro, seja por hipoglicemia ou isquemia cerebral,
por exemplo, ou para niveis além da capacidade da circulagao cerebral e dos
mecanismos de transporte para se adaptar (Leybaert et al., 2007; Phelps et al.,
1986).

Contrariamente ao cérebro humano, a glicose € pouco consumida pelo
cérebro do rato no nascimento, alcancando o apice na idade adulta. O
consumo de glicose em cérebros de ratos imaturos sao baixos e homogéneos
no inicio do estagio de desenvolvimento pds-natal, isto €, entre 10 e 17 dias de

vida, com excegdo de algumas areas posteriores e do tronco cerebral. A
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maioria dos aumentos significativos no metabolismo cerebral ocorre entre 10 e
17 dias de vida e correlacionam-se com a aquisicdo de fung¢des especificas,
tais como a audicdo, visao, locomocdo. Entre 17 e 21 dias de vida, um
aumento de até 50% do metabolismo pode ser verificado. Entretanto, esse
aumento é generalizado e inespecifico. Apdés o desmame, entre 21 e 22 dias
de vida, ainda ocorre um aumento de até 25% no consumo da glicose algando
seu maximo em torno de 60 dias de vida (Nehlig, 1997). Podemos concluir que
o aumento do consumo da glicose em filhotes de ratos acompanha as
alteragdes comportamentais, neurofisiolégicas e anatdmicas que ocorrem

durante o desenvolvimento do cérebro.

1.2 Métodos de imagem na avaliagao do metabolismo cerebral da glicose

A primeira correlagdo entre metabolismo e fluxo sanguineo cerebral
(FSC) foi postulada por Roy e Sherrington (1890). O fluxo sanguineo e o
metabolismo cerebrais estdo relacionados com a maioria das condi¢cboes
patologicas, com excegéo de alguns tumores cerebrais. Em geral, o suprimento
adequado de oxigénio e glicose de cada area cerebral é regulado de acordo
com sua necessidade metabdlica, a qual é determinada pela intensidade de
atividade neuronal daquela regido. Assim, esta atividade esta diretamente
relacionada ao fluxo sanguineo cerebral.

Grandes avangos na compreensao do metabolismo e do fluxo
sanguineo cerebral foram impulsionados pela evolu¢do da metodologia, que
evoluiram desde técnicas micro analiticas e ensaios bioquimicos, estudos de

biologia molecular, até técnicas de imagem, como a autorradiografia
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quantitativa, PET, espectroscopia por ressonancia magnética com [1‘°’C]glicose,
fMRI (ressonancia magnética funcional) e microscopia de fluorescéncia.

Esses métodos podem ser classificados em métodos diretos e indiretos.
Os métodos indiretos se valem do paralelismo entre o FSC, a atividade
neuronal e o metabolismo para estimar o consumo de glicose pelo cérebro. Os
métodos diretos estdo fundamentados no desenvolvimento de novas moléculas
que mimetizam o comportamento da glicose no cérebro, permitindo a
quantificacdo de taxas e capacidades metabdlicas globais ou regionais.

Os métodos mais frequentemente utilizados de imagem metabdlica
cerebral sdo a tomografia por emissdo de pdsitron com "F.FDG, a
autorradiografia ex vivo e a fluorescéncia utilizando produtos derivados da 2-
DG. Porém, a determinagdo quantitativa do consumo de glicose com os
analogos fluorescentes requer uma avaliagdo da cinética de competicéo
desses agentes com a glicose no processo de transporte e de fosforilagdo
(Mergenthaler et al., 2013).

As primeiras tentativas realizadas para medir a taxa metabdlica de
glicose utilizaram a molécula de glicose marcada com '*C, a [**C]glicose, a
qual é metabolizada de forma analoga a glicose e sua concentragdo nos
tecidos pode ser medida por métodos de autorradiografia. Entretanto, a
desvantagem da [14C]glicose € a rapidez com que é feita sua conversao para
CO; e agua. Como o CO; é rapidamente removido do tecido, o acumulo da
radioatividade no tecido € pequeno e dificil de avaliar (Sokoloff et al., 1977).

Sokoloff e colaboradores (1977) publicaram o trabalho que descreve a
preparacdo da 2-desoxi-D-[14C]incose (14C-DG). Devido a sua diferenca de

composi¢ao quimica, sua participagao se restringe a parte da via metabdlica da



INTRODUCAO 11

glicose, a internalizagao celular pelas proteinas GLUTs e a fosforilagdo pela
hexoquinase. O produto gerado, a DG-6-fosfato, fica retido no interior das
células e nao sofre mais processos de metabolizagdo, tornando mais facil
medir a quantidade de "*C-DG captada pelas células, por autorradiografia.

Ido e colaboradores (1978) publicaram os resultados da preparagédo da
2-desoxi-2-["®Ffluoro-D-glicose, uma desoxiglicose marcada com um emissor
de pdsitron, o fluor-18, o que permite a obtengdo de imagens do consumo de
glicose em tecidos, utilizando o processo de tomografia por emissdo de
positrons. Isto levou a avangos no entendimento do funcionamento do cérebro,
como a relagao direta entre a atividade funcional, o metabolismo e o fluxo
sanguineo (Ingvar, 1982), e na deteccdo de tumores com alta captagdo e
metabolismo de glicose.

Embora a "®F-FDG seja estruturalmente diferente da DG, a "®F-FDG ¢é
considerada muito semelhante a DG na absor¢do e metabolismo in vivo.
Phelps e colaboradores (1979) adotaram o modelo da "*C-DG desenvolvido por
Sokoloff (1981) para estimar a cinética da '®F-FDG e demonstraram que a
PET, com a modelagem para '"®F_FDG, pode ser utilizada de forma confiavel
para estimar a taxa do metabolismo da glicose (Phelps et al., 1979; Sokoloff,

1981a, 1981b).

1.3 A tomografia por emissio de positrons com ®F-FDG

A PET é baseada na administracdo de farmacos marcados com
radioisétopos emissores de pdsitrons, onde a forma quimica do radiofarmaco é

concebida para investigar um processo de interesse, tais como as taxas de
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absorgao da glicose ou populagdes de receptores especificos.

A partir de uma modalidade de imagem baseada principalmente na
analise visual, a PET evoluiu para uma ferramenta de imagem quantitativa
bastante precisa, na qual os processos bioldégicos podem ser medidos e
comparados em termos de potencial de ligagdo ou taxas de transferéncia.
Fatores que contribuem para esta evolugdo incluem o aumento da
sensibilidade e da resolugéo espacial dos equipamentos (Sossi;Ruth, 2005).

As imagens de PET sao formadas a partir da detecgédo, em coincidéncia,
dos fétons de aniquilagédo, figura 3. Este processo tem inicio quando dois
fétons resultantes da aniquilacido de um par elétron/pdsitron depositam toda ou

parte de sua energia no sistema de detec¢ao de coincidéncia.

Y

DOIS FOTONS DIAMETRALMENTE OPOSTOS
511 keV

e_
e+

ANIQUILACAO
POSITRON COM UM ELETRON

PROTONS DECAI EM NEUTRONS NO NUCLEO
- EMISSAO DE POSITRONS E NEUTRINOS

Figura 3: Processo de decaimento por emissdo de pdsitron e aniquilagdo do par
elétron/pdsitron

Essa energia €& absorvida pelo cristal de cintilagdo e, como
consequéncia, da origem a uma cascata de fétons com frequéncia na faixa da

luz ultravioleta, que sao convertidos pelos tubos fotomultiplicadores em sinais
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elétricos. A deteccdo de um unico féton se da em um intervalo de tempo
denominado tempo de resolucédo do cintilador. Se dois fétons forem contados
dentro de um intervalo de tempo, que define a janela de coincidéncia, seréo
interpretados como sendo provenientes de um mesmo evento de aniquilagao.
Os sinais elétricos resultantes do processo de detecgao sdo armazenados e
posteriormente processados. Todo esse conjunto forma o sistema basico de
detecgao.

O equipamento de tomografia por emissao de positrons (figura 4) é
constituido de conjuntos de blocos de cristais formando anéis, e pode produzir
imagens em 3 dimensdes que representam o objeto (figura 5). Elaborados
algoritmos de reconstrugdo 2D ou 3D fornecem a distribuigdo espacial do
radioisotopo através da combinagao da informagao proveniente de um grande

ndimero de detectores de fétons.

e

Figura 4: Equipamento FLEX Triumph™ PET/SPECT/CT - LabPET4



INTRODUCAO 14

Figura 5: Cortes coronais da imagem tomografica da distribuicido da '®F-FDG em
animal da espécie Rattus norvegicus

Novos desenvolvimentos nos sistemas de PET tem melhorado o
contraste e a resolugdo espacial das imagens, enquanto mantém a alta
sensibilidade.

A resolugéo espacial do PET é definida como a habilidade do sistema
em distinguir duas estruturas adjacentes que podem ser visualizadas
separadas em uma imagem. A resolugdo espacial €& determinada por
parametros de hardware, como o tamanho do cristal e o didmetro do anel
detector, bem como por parametros fisicos intrinsecos, como a distancia de
deslocamento do podsitron no tecido e a colinearidade dos fétons de
aniquilagcdo. Ambos os efeitos resultam em borramento das imagens
reconstruidas e dificultam a detectabilidade e a quantificagcdo de pequenas
lesbes nas imagens PET (Elsinga et al., 2012).

Em resumo, esses efeitos fornecem um limite fisico da resolucéo
espacial. Estudos demonstraram que a melhor resolugao espacial possivel em
imagens reconstruidas adquiridas em sistemas de PET dedicados a pequenos
animais esta na faixa de 0,4 mm enquanto os sistemas clinicos possuem uma
resolucéo entre 5 e 10 mm (Cherry et al., 2012; Elsinga et al., 2012). No
entanto, quando cristais menores sdo usados, o numero de linhas de respostas

€ diretamente aumentado e pode causar estatisticas insuficientes para a
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reconstrugdo se o tempo de varredura for curto e a quantidade injetada de
radioatividade for baixa (Elsinga et al., 2012).

O outro parametro importante de desempenho do sistema PET para
pequenos animais é a sensibilidade de detecgdo para raios gama de 511 keV.
A sensibilidade esta relacionada com a capacidade do equipamento em
detectar o maximo de coincidéncias verdadeiras em relagdo ao numero de
eventos reais de aniquilacdo, isto €, em relagcdo a atividade da fonte
compreendida no campo de visdo do equipamento. A sensibilidade de um
sistema de PET depende das propriedades geométricas e das caracteristicas
fisicas do cintilador. A sensibilidade de um sistema PET clinico com aquisi¢céo
3D é de 2% a 10%, enquanto nos sistemas pré-clinicos e de 4% a 11% (Cherry
et al., 2012; Elsinga et al., 2012).

Assim, projetar um equipamento de PET & sempre um compromisso
entre resolucio espacial e sensibilidade. A resolugcao espacial e a sensibilidade
de deteccdo sdo de enorme importancia para os estudos de pequenos animais,
pois pequenas lesdes e érgéos precisam ser detectados e a concentragdo da
atividade deve ser quantificada com precisao.

Antes da quantificagdo das imagens € necessaria a aplicagcédo de
algoritmos que realizam a corregao dos efeitos da interagdo da radiagdo com a
matéria, principalmente, os efeitos de atenuacao e espalhamento, assim como
o tempo morto e a resposta do sistema aos eventos aleatorios.

Além dos fatores técnicos, varios outros fatores afetam a quantificacao
das imagens de PET: o modo de aquisi¢do, o nivel de glicose no sangue, o
movimento do paciente/animal, o efeito de volume parcial e os métodos

escolhidos para reconstrugcéo e quantificagdo da imagem.
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1.4 Os métodos de quantificagcao do metabolismo cerebral da glicose em

pequenos animais utilizando a 'F-FDG e PET

A quantificagdo do metabolismo glicolitico cerebral em pequenos
animais € importante para o estudo dos mecanismos fisiopatolégicos e da agéo
de drogas no sistema nervoso central. Existem varias técnicas de avaliagéo do
metabolismo disponiveis, desde métodos visuais, bem conhecidos na rotina
clinica, até métodos elaborados que permitem o estudo dos mecanismos de
transporte e das enzimas envolvidas no metabolismo da glicose pelo cérebro.

Atualmente, estdo disponiveis para pequenos animais os métodos de
analise qualitativos, semiquantitativos e quantitativos para as imagens de PET,
além dos métodos ex vivo. Essas técnicas de quantificacdo fornecem
diferentes resultados e sua aplicabilidade esta relacionada ao objetivo do
estudo e aos multiplos fatores que interferem em todo o processo.

A falta de precisdo ou reprodutibilidade da quantificacdo € observada
em populagdes de animais e de humanos devido a variabilidade associada a
imagens de PET e a incerteza nos parametros estimados, como no caso da
Lumped Constant, nos modelos cinéticos, ou do conhecimento a priori.

Mais recentemente, Alf e colaboradores (2014), publicaram uma
revisdo sobre quantificacdo absoluta em estudos de PET com '8F-FDG em
pequenos roedores anestesiados com isoflurano e, encontraram variagdes da
ordem de duas a cinco vezes para os valores da CMRg em ratos (tabela 2). No
geral, a imprecisdo na estimativa da Lumped Constant causam diferencas
substanciais entre os resultados publicados que impossibilitam a comparacao

da CMRy entre estudos de diferentes grupos de pesquisa. Alf e colaboradores
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(2014) recomendam que a Lumped Constant seja estimada para cada

anestésico utilizado.

Tabela 2 - Variagdo dos valores da LC e CMRy em roedores anestesiados com
isoflurano

. . Regiao
Autor Espécie Cergbral Tracador LC CMRgy,
o Cortex 18 23.9+48
Shimoji Rato Cérebro F-FDG 0,48 8.1+ 4.6
Derivado o0 (i
Backes Rato Cérebro  'SF-FDG da DP)
cinética
Yu Camundongo  Cortex ®F_.FDG 0,6 40,6 + 13,3
Mizuma Camundongo  Cortex ®F_.FDG 0,625 13+ 4
Kreissl Camundongo  Cérebro  '®F-FDG 1 18D(;<;m
61+ 11
2 18
Alf Camundongo  Cérebro F-FDG 0,6 75 + 24

FONTE: Shimoji et al., 2004; Backes et al., 2011; Yu et al., 2009; Mizuma et al., 2010;
Kreissl et al., 2011; Alfe t al., 2012.

LC: Lumped Constant; CMRy: Taxa metabdlica cerebral de glicose, DP: Desvio
Padréo.

Em métodos de quantificagdo menos refinados, como o SUV ou a ABV
(Analise Baseada em Voxel), também existem problemas na reprodutibilidade
dos resultados. Porém, essas imprecisdes estdo mais relacionadas a fatores
que alteram a curva de atividade vs tempo do radiofarmaco e portanto, a curva
do SUV, como, por exemplo, problemas na administragdo da '®F-FDG e na
escolha do tempo entre a injecdo e a imagem. De modo geral, muitos fatores

podem afetar os resultados do SUV e o uso de técnicas inconsistentes para
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obtencgao das imagens cerebrais com '"®F_.FDG podem contribuir com variagdes
no SUV que excedem 50% do valor real (Byrnes et al., 2014).

Em estudos clinicos, existem correlagbes 6timas a moderadas entre o
SUV e a quantificagdo absoluta para sujeitos saudaveis. Entretanto, quando
pacientes com alteracbes metabdlicas sdo estudados, essa correlagcdo perde
forga tornando-se insatisfatoria (Yamaiji et al., 2000).

Em estudos com pequenos animais, as correlagdes realizadas sdo entre
os métodos de quantificacdo absoluta e esporadicamente, correlagcdes com o
SUV. Prieto e colaboradores (2011) demonstraram que existe uma correlagao
entre os dados obtidos por autorradiografia e aqueles processados utilizando o
Statistical Parametric Mapping (SPM). Nenhum estudo, além dos dados
publicados por Prieto e colaboradores (2011), demonstrou que existe
correlacdo entre os resultados fornecidos pelo SPM e os demais métodos
disponiveis.

Tendo em vista os dados apresentados anteriormente a respeito da
literatura existente, observamos que existe uma lacuna no estudo da
correlacdo entre os métodos de quantificagao absoluta, SUV e SPM. Portanto,
pretendemos, com esse trabalho, verificar a existéncia da correlacdo entre os
métodos supracitados.

A existéncia de correlagdo entre os métodos sugere a possibilidade de
simplificacdo dos métodos de quantificagdo para estudos cerebrais de
pequenos animais utilizando '®F-FDG. Com a viabilidade de utilizar o SUV para
quantificacédo ou o SPM para a comparagao entre grupos, sera possivel realizar

estudos longitudinais empregando uma menor quantidade de animais.
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1.5 Fatores que alteram a quantificagao do consumo de glicose

Além dos fatores relacionados com a evolugdo dos equipamentos de
PET, outros fatores técnicos sao importantes para a acuracia e precisao das
quantificacbes de um estudo de PET (Frey et al, 2012). A rota de
administragdo da '®F-FDG (Vanhove et al., 2015; Schiffer et al., 2007; Fueger
et al., 2006), condi¢ao dietética (Vanhove et al., 2015), idade do animal (Nehlig,
1997), manejo do animal antes e durante o periodo de incorporagéo da "8F.
FDG (Vanhove et al., 2015), tipo de anestesia (Alstrup; Smith, 2013), entre
outros fatores, também alteram a biodistribuicdo do composto.

Animais mantidos em salas com temperatura ambiente muito baixa
tendem a produzir calor através do metabolismo da glicose pela gordura
marrom, diminuindo a captagdo cerebral da '®F-FDG. Por esse motivo, é
recomendavel que o animal seja mantido sobre uma placa de aquecimento
antes e durante a aquisicdo da imagem.

Um problema dos estudos in vivo de pequenos animais utilizando a
técnica de PET é a necessidade de contencdo dos animais durante a aquisicéo
das imagens, para evitar os artefatos causados pela movimentagéo. Por essa
razao, os animais devem ser restringidos fisicamente ou mantidos sob a agao
de anestésicos. Como os anestésicos causam modificagdes significativas na
fisiologia dos sistemas nervoso central, cardiovascular e respiratorio (Toyama
et al., 2004a), a medida da captagdo da "®F_.FDG no cérebro pode ser
comprometida. O consumo cerebral da glicose é tipicamente reduzido quando
o animal é mantido sob anestesia e a incorporacéo da '®F-FDG é reduzida na

maioria dos protocolos anestésicos, incluindo isoflurano, cetamina, propofol e
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pentobarbital (Alstrup; Smith, 2013; Matsumura et al., 2003), como foi

demonstrado pelos pesquisadores relacionados na tabela 3.

Tabela 3 - Comparacgao entre os efeitos dos anestésicos nos diferentes métodos
de quantificagdo do metabolismo glicolitico

P . Método de Método de
esquisador Anestesia Resultados Aquisica
gao
Isoflurano - FSC hemisférico igual Autorradiografia
Halotano entre grupos (*C-DG)
- FSC neocortical com
Hansen halotano € maior
comparado ao
isoflurano
Isoflurano - diminuicdo do Autorradiografia
Desflurano consumo glicose e (**C-IAP ou ™C-
Lenz aumento do FSC com DG)

ambos os anestésicos

Cetamina + - demonstra que a PET Autorradiografia
Xilazina apds é reprodutivel e (**F-FDG)
42min da injegdo  sensivel quando PET dedicada a
de "®F-FDG comparada a pequenos
Moore : s oo (18
autorradiografia em animais ("F-
animais com trauma FDG)
cerebral
Cetamina - diminui¢éo do Autorradiografia
Cetamina + metabolismo cerebral  ("®F-FDG)
Xilazina para todos os PET dedicada a
Hidrato de Cloral anestésicos pequenos
Fenobarbital - diminuicdo acentuada animais (°F-
Propofol nas areas corticais com FDG)
Matsumura .
Isoflurano isoflurano

- cetamina isolada é o
anestésico que menos
reduz o metabolismo
cerebral
continua
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Tabela 3 - Comparacao entre os efeitos dos anestésicos nos diferentes métodos de
quantificagdo do metabolismo glicolitico

continua
Pesquisador I\I-I\Ietodo (.je Resultados Meto_d_o 9 e
nestesia Aquisicao
Isoflurano - diminuicao do PET dedicada a
Cetamina + metabolismo cerebral  pequenos
Xilazina em todos os animais ('°F-
Controle (uptake  anestésicos em relagdo FDG)
acordado) ao controle Biodistribuicao
- aumento do (**F-FDG)
metabolismo cardiaco
Toyama com isoflurano em
relacdo ao controle
- diminuicao do
metabolismo cardiaco
com cetamina +
xilazina em relagdo ao
controle
Isoflurano - demonstra a forte Autorradiografia
Cetamina + correlagdo entre as (*C-DG)
Xilazina técnicas para PET dedicada a
Controle (uptake  camundongos pequenos
acordado) normoglicémicos animais com
Toyama - maior diminuicdo do  quantificagdo
metabolismo cerebral por
com uso do isoflurano  farmacocinética
quando comparadoa  (®F-FDG)
cetamina + xilazina
Isoflurano - demonstra que a PET dedicada a
melhor estimativa para pequenos
o metabolismo cerebral animais com
da "®F-FDG considera  quantificagdo
Yu
o k4 € amostras de por
sangue arterial farmacocinética
(*F-FDG)
Isoflurano - diminuicdo do Autorradiografia
Controle (Animal  metabolismo cerebral  ("®F-FDG)
acordado durante de animais PET dedicada a
todo o exame) anestesiadas é devido pequenos
a reducao do k3 animais com
Mizuma quantificagéo
por
farmacocinética
(*F-FDG)

continua
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Tabela 3 - Comparacgao entre os efeitos dos anestésicos nos diferentes métodos
de quantificagdo do metabolismo glicolitico
conclusao
. Método de Método de
Pesquisador Anestesia Resultados Aquisico
Isoflurano - comparacéao das Autorradiografia
Controle (uptake técnicas de aquisicdo  ("®F-FDG)
acordado) utilizando SPM SPM ("®F-FDG)
demonstram

superioridade da
autorradiografia na
regiao dos tadlamos e
decréscimo do
metabolismo nos
animais anestesiados

Prieto

FONTE: Hansen et al., 1989; Lenz et al., 1999; Moore et al., 2000; Matsumura et al.,
2003; Toyama et al., 2004a; Toyama et al., 2004b; Yu et al.,, 2009; Mizuma et al.,
2010; Prieto et al., 2011.

“C-DG: ™C- desoxiglicose; “C-IAP: ™C — iodoantipyrine, PET: Tomografia por
Emissao de Pdsitrons, SPM: Statistical Parametric Mapping.

Devido a facilidade e a rapidez com que o protocolo anestésico pode ser
alterado, o isoflurano tem sido o anestésico de escolha na maioria dos estudos
de imagem com pequenos animais. Quando comparados a animais que foram
mantidos acordados durante a incorporacdo da '®F-FDG, animais anestesiados
com isoflurano apresentam reducao de 29% da captacéo cerebral e aumento
de 91% da captacgdo cardiaca (Toyama et al., 2004a). A cetamina, associada
ao relaxante muscular xilazina reduz a captacao cerebral e cardiaca em 39% e
64%, respectivamente (Toyama et al., 2004a).

O relaxante muscular xilazina estimula diretamente os receptores a,-
adenergicos das células das ilhotas pancreaticas provocando a liberagdo de
insulina, resultando em hiperglicemia (ElMotal; Sharp, 1985). A hiperglicemia
causa uma inibicdo competitiva da '®F-FDG resultando em menor incorporagao

da mesma (Orzi et al., 1988).
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A quantificacdo também é afetada por outros fatores técnicos abordados
anteriormente como: as corregdes aplicadas a imagem, movimentacgéo,
reconstrugdo tomografica e a propria técnica escolhida para quantificacdo

(Vanhove et al., 2015).



2. OBJETIVOS
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Avaliar e correlacionar as técnicas de quantificacdo do metabolismo da
"®FLFDG no sistema nervoso central de ratos anestesiados utilizando os
métodos de: modelo de compartimento de dois tecidos (2TCM), Patlak,

Fractional uptake value (FUR) e semiquantificagao (SUV).

Avaliar os efeitos dos anestésicos isoflurano e cetamina associada a
xilazina no metabolismo da "®F-FDG no sistema nervoso central de ratos
utilizando os métodos de: modelo de compartimento de dois tecidos (2TCM),

Patlak, semiquantificacéo (SUV) e analise baseada em voxel (ABV).



3. TEXTO SISTEMATIZADO
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3.1 Organizagao do texto sistematizado

O texto sistematizado se refere as seguintes publicagdes agrupadas de

acordo com os objetivos da tese:

Avaliar e correlacionar as técnicas de quantificagdo do metabolismo da
'"®F_FDG no sistema nervoso central de ratos anestesiados utilizando os
métodos de: modelo de compartimento de dois tecidos (2TCM), Patlak,

Fractional uptake value (FUR) e Standardized uptake value (SUV).

. Estudos: Prando et al., 2018 (Publicagéo 1); Prando et al., 2019

(Publicagao 2);

Avaliar os efeitos dos anestésicos isoflurano e cetamina associada a
xilazina no metabolismo da '®F-FDG no sistema nervoso central de ratos
utilizando os métodos de: modelo de compartimento de dois tecidos
(2TCM), Patlak, Standardized uptake value (SUV) e analise baseada em

voxel (ABV).

. Estudo: Prando et al., 2019 (Publicagao 3).
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3.2 Métodos de quantificagao

. Publicagao 1:

Prando S, Ono CR, Robilotta CC, Sapienza MT. Methods for quantification of
cerebral glycolytic metabolism using 2-deoxy-2-[18F]fluoroglucose in small
animals. Res Biomed Eng. 2018; 34(3):254-272. DOI: 10.1590/2446-
4740.04517

Nos ultimos 50 anos, a medicina nuclear passou por uma profunda
evolugdo, marcada, em particular, pelo progresso tecnoldgico dos sistemas de
varredura, equipados com detectores de cintilagdo mais avancados,
transformados de geometrias planas em cilindricas, de configuragdes
bidimensionais a tridimensionais, supridas com algoritmos de reconstru¢ao
baseados em modelagens, com o objetivo de tornar o equipamento melhor em
termos de resolugcdo e sensibilidade (Polidori A et al.,, 2019). Um desses
avancos foi o desenvolvimento da versao miniaturizada do equipamento de
PET, chamada de microPET, usado em imagens de pequenos animais.

Com o avango tecnoldgico, estudos de neuroimagem se tornaram
bastante frequentes em animais e modelos para uma variedade de doencas
humanas. Os modelos animais de doengas cerebrais abrangem algumas das
principais doengas neurodegenerativas, acidente vascular cerebral e doengas
psiquiatricas, como depressao e ansiedade (Blandini F; Armentero MT, 2012;
Haller J; Alicki M, 2012). Além disso, a PET em pequenos animais permite um
acompanhamento longitudinal, o que é importante quando se investigam

interveng¢des neurofarmacoldgicas ou caracterizagdo de doencas.
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Na imagiologia cerebral, a principal vantagem da PET é a sua
capacidade de fornecer informagdes sobre processos bioquimicos,
neuroquimicos ou farmacoldgicos utilizando métodos de quantificagcado

(Lancelot S; Zimmer L, 2010).

A PET ainda pode ser descrita como uma versdo in vivo da
autorradiografia, com resolugédo espacial inferior, mas com a vantagem de que
a farmacocinética do tracador pode ser medida em um unico experimento ou
em estudos repetidos sobre 0 mesmo individuo através da analise quantitativa.
A autorradiografia, embora possua uma resolu¢ao espacial superior a PET, ndo

permite estudos longitudinais e € considerada uma técnica ex vivo.

A analise quantitativa permite estabelecer uma relacdo direta entre a
concentragdo de atividade variavel no tempo em o6rgaos/tecidos de interesse e
os parametros funcionais que representam o0s processos biologicos
subjacentes no nivel celular. Diversas técnicas de quantificagdo sé&o
empregadas na literatura de imagens médicas e indicam diferentes abordagens
de mensuragcdo como: quantificagcdo relativa, também conhecida como
semiquantificagdo, quantificacdo absoluta da concentragdo de atividade e
quantificacdo fisiolégica, onde a concentragdo absoluta de atividade é

convertida em parametros moleculares de interesse (Zaidi H; Alavi A, 2014).

Nao obstante o potencial inerente da PET, a mais avangada entre as
técnicas de medicina nuclear para a quantificacdo de variaveis fisiologicas,
esse potencial nem sempre € totalmente explorado nos estudos clinicos e pré-

clinicos.
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Neste contexto, e com o objetivo de incentivar seu uso racional,
revisamos as principais técnicas de quantificacdo utilizadas no ambito pré-
clinico e que sdo aplicadas no estudo do metabolismo da '®F-FDG PET em
pequenos animais. A técnica de analise baseada em voxel (ABV), embora ndo
seja um método de quantificacdo, mas comparativo, foi incluida na reviséo
devido a sua extensiva aplicacdo no contexto clinico e recentemente, no

contexto pré-clinico.

A abordagem mais apropriada para derivar parametros fisiolégicos na
tomografia por emissdo de pdsitrons envolve quatro etapas: (1) medi¢cdo da
distribuicdo do radiofarmaco no sistema fisioldgico de interesse ao longo do
tempo, através da aquisicdo de uma série temporal de imagens conhecida
como imagem dinamica; (2) medigdo da quantidade de radiofarmaco que foi
disponibilizada para os o6rgados de interesse, usando amostras de sangue
arterial ao longo do tempo para obter o que é chamado de fungédo de entrada
arterial; (3) modelagem do sistema fisioldgico de interesse usando um pequeno
numero de "compartimentos" ligados através de parametros fisiologicos que
descrevem as trocas entre compartimentos; (4) ajustando a fungdo de entrada
arterial e as concentragdes do radiofarmaco medidas em diferentes regides
(compartimentos) ao modelo cinético, para estimar os parametros fisiolégicos

do modelo (Buvat, 2007).

O primeiro método de avaliagdo do metabolismo da glicose foi criado por
Sokoloff e colaboradores (Sokoloff et al., 1977) que utilizaram a glicose
marcada com C e a autorradiografia. Diante das inimeras dificuldades do

método e da utilizagdo do radiofarmaco, Ido (1978) desenvolveu a '®F-FDG que
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conhecemos atualmente. Phelps e colaboradores (1979) propiciaram um
avang¢o no entendimento do metabolismo da glicose no cérebro aplicando a

técnica em seres humanos.

A autorradiografia apresenta vantagens quanto a resolugdo espacial,
porém limitacbes como a quantidade de animais necessarios, tempo de
processamento dos dados e sua aplicagcado ex vivo fizeram com que a técnica

esteja em desuso nos dias atuais.

Embora a autorradiografia tenha sido considerada o padrdo ouro para
quantificacdo do metabolismo cerebral da glicose, suas desvantagens fizeram
com que, nos dias atuais, a modelagem cinética, através dos modelos
compartimentais com a PET, seja considerada o padrdo ouro para estimativa

da taxa metabdlica cerebral de glicose (CMRg)).

Na quantificagdo através da modelagem cinética em PET, o objetivo é
estimar parametros fisioldgicos utilizando imagens dinamicas frequentemente
combinadas com a medigdo da fungao de entrada arterial e, dependendo do
radiofarmaco empregado, da determinacdo da fragdo intacta ao longo do
tempo. Embora seja considerado o padrdo ouro para quantificagdo, o método
nao esta isento a criticas. Para calcular o consumo de glicose no cérebro, o
modelo compartimental (CM) para '8F-FDG utiliza uma constante de
proporcionalidade, conhecida como lumped constant (LC), entre a '®F-FDG e a
glicose. A constante, formulada por Sokoloff (1977), reflete as diferencas nas
taxas de transporte e fosforilagdo entre a glicose e a '"®F_FDG e ¢ usada para
transformar a taxa de captacdo de '®F-FDG em taxa de captacdo de glicose.

Acredita-se que sobre condigbes fisioldégicas, onde o nivel de glicose no
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sangue permanece constante, a LC mantém-se estavel. Entretanto, varios
estudos demonstraram que existem diferencas para a LC e ainda n&o existe

um consenso sobre seu valor (Orzi et al., 1988).

A taxa metabdlica cerebral de glicose (CMRy) pode ser usada quando
ha interesse em medi¢gdes comparativas, principalmente se houver mudancas
metabdlicas ao longo do tempo, durante o tratamento, entre um tecido doente,
e outro normal, ou entre diferentes estados fisioldgicos, presumindo que a LC
do tecido sob investigacdo permaneca inalterado. A utilizagdo de anestésicos
pode levar a uma alteragdo da LC, impossibilitando o seu uso a menos que
uma nova LC seja obtida. Nesses casos, pode-se optar pela utilizagdo da taxa
de influxo liquida (Ki) ao invés da taxa metabdlica cerebral de glicose (CMRg).
Adotamos esta estratégia nas publicagbes 2 e 3 devido a incerteza do valor da
LC em razao da utilizacdo de anestésicos para imobilizacdo dos animais

durante o periodo de aquisigdo das imagens.

Os modelos compartimentais fornecem uma quantidade importante de
informagdes sobre a cinética do tragador. Entretanto, necessita-se de imagens
dinamicas, e portanto, tempo de equipamento, amostras de sangue arterial, e
de pessoal especializado para o processamento do estudo. Uma alternativa ao
modelo compartimental para substancias irreversiveis € a utilizacdo de
métodos simplificados como o método de linearizagdo de Patlak (Patlak et al.,
1983; Patlak e Blasberg, 1985). Embora esta abordagem permita uma
simplificagdo operacional do CM, a desvantagem do método Patlak ainda € a
necessidade de amostras de sangue arterial e a incapacidade de calcular os

parametros cinéticos separadamente (K1, ko, ks); para '®F-FDG, por exemplo, o
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método ndo discrimina entre o transporte de glicose (Ki) e a atividade da
hexoquinase (k3). Em compensacéo, € um método mais facil de implementar e
menos sensivel ao ruido inerente ao inicio do estudo. Porém, a aquisicao de
imagens dinamicas leva tempo e a coleta de sangue arterial é invasiva. E por
isso que, na maioria das aplicagdes, um procedimento simplificado de

quantificacado é usado, muitas vezes a custa da exatidao quantitativa.

Entre os métodos simplificados de quantificagdo mais empregados na
atualidade estad o Standardized uptake value (SUV), que é uma simplificacéo
do método de Patlak (Weber et al., 2000). O SUV relaciona a atividade do
tecido com a atividade injetada e o peso corporal ou area do individuo. Como o
SUV é um parametro usado com tanta frequéncia em diagndstico clinico, torna-
se cada vez mais aplicado no campo pré-clinico. As limitacdes técnicas do SUV
relacionadas a aquisicéo e as corre¢cdes da imagem ja foram exploradas em
inUumeras publicagbes e ndo foram exploradas na publicagdo 1 pois ja existe

uma extensa literatura a respeito.

O ruido da imagem, baixa resolucao e definigdo da regido de interesse
(ROI) afetam o SUV e podem dificultar seu uso, especialmente em ensaios

multicéntricos (Boellaard et al., 2004).

Além dos problemas mencionados acima, as desvantagens do SUV
incluem sua fraca reprodutibilidade, que esta intimamente relacionada aos
parametros técnicos e, principalmente, a ndo extravasamento no local da
injecao e a definicdo da area/volume de interesse, que € um desafio no estudo

de pequenos animais (Adams et al., 2010).
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Em estudos clinicos, o SUVmax é mais amplamente utilizado que o
SUVmédio porque além de ser independente do operador, representa o voxel
com maior captagdo e presumivelmente a area com maior taxa metabdlica no
volume analisado. No entanto, em estudos com pequenos animais, o
SUVmédio é mais utilizado porque € menos suscetivel ao ruido do que o

SUVmax.

Para utilizar o SUV ndo € necessario o uso de amostras de sangue, que
€ uma das razbes para o SUV ser o método preferido. Se houver amostras de
sangue, uma alternativa simples e mais quantitativa que SUV é a taxa de

captacgao fracionaria (FUR).

Antes do advento da ABV, as imagens cerebrais de PET foram
analisadas através da delineagdo manual de regides de interesse para
investigar a existéncia de areas com metabolismo alterado. Esta abordagem foi
estabelecida para anadlises de autorradiografia de escaneamentos
neurofisiolégicos e metabdlicos basicos de humanos (Friston, 2007). Aléem de
consumir muito tempo, o método da ROI pode introduzir imprecisbes na
anadlise, pois € dependente do avaliador. No entanto, a dificuldade mais
significativa € que as analises de ROI sdo geralmente guiadas por informagdes
a priori da mudanga em uma determinada regido do cérebro; portanto,
possivelmente efeitos significativos fora da ROl especifica podem ser perdidos
ou o tratamento/intervencao pode induzir um efeito global que é expresso em
todos as ROls. Para superar o desafio de detectar mudangas regionais quando
uma mudanga global esta presente, o Statistical Parametric Mapping (SPM) foi

desenvolvido.
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Incluimos a técnica ABV na publicacdo 3, onde descrevemos as
alteragdes regionais, apesar da mudangas globais, do metabolismo da glicose
utilizando a '®F-FDG-PET em animais anestesiados. Embora sua utilizagdo
seja recente e com alguns limitantes, o método se mostra util para localizagéo
de areas com metabolismo alterado, fornecendo um norte para a aplicagao de

diversas técnicas de quantificagao.
. Publicagao 2:

Prando S, Carneiro CDG,, Robilotta CC, Sapienza MT. Comparison of different
quantification  methods for  '®F-fluorodeoxyglucose-positron  emission
tomography studies in rat brains. Clinics. 2019;74:e1273. DOI:
10.6061/clinics/2019/e1273.

A "8F-FDG PET, desde a sua introdugdo, mostrou-se uma das técnicas
de neuroimagem mais adequadas para a investigagcdo nao invasiva da fungéo
cerebral. Uma das perspectivas mais importantes da PET € a possibilidade de
quantificacdo de um sinal biolégico através da medida de concentragdes locais
de radioatividade no cérebro e no sangue arterial.

A tomografia por emissdo de positrons com "F.FDG seguida de
modelagem matematica é considerada o padrdo ouro para avaliagdo do
metabolismo cerebral. Entretanto, devido aos desafios técnicos e complexidade
de implementagdo, o método ndo € aplicado rotineiramente. Além disso, a
quantificacdo de parametros fisiolégicos requer a aquisicdo de imagens
dinamicas longas e, dependendo do equipamento disponivel, permite apenas a

avaliagao de um campo de visao por estudo.
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Para superar esses desafios, abordagens semiquantitativas ou relativas
foram introduzidas e se tornaram padrdo por sua simplicidade de aplicacao.
Nos dias atuais € notéria a procura por métodos simplificados de quantificagao

para os estudos pré-clinicos e sua translagao para os estudos clinicos.

Neste contexto, investigamos se um método de analise simplificado
poderia ser utilizado para avaliar o metabolismo cerebral da '®F-FDG em uma

populagao heterogénea.

Como a populagdo utilizada neste estudo é mista em relacdo ao
anestésico utilizado, e ndo se sabe ao certo qual o efeito dos anestésicos sob a
lumped constant, preferimos utilizar a taxa liquida de captacéo (Ki) ao invés da

taxa metabolica cerebral de glicose (CMRy)).

Inicialmente, analisamos a correlacdo e a concordancia do K; obtido da
anadlise grafica de Patlak com o K| fornecido pelo método compartimental de
dois tecidos (2TCM) e posteriormente, avaliamos a possibilidade da correlagéo

do padréao ouro com um método simplificado.

O método grafico de Patlak se baseia no modelo compartimental, para
tragadores irreversiveis, e utiliza a regressao linear para identificar e analisar a
farmacocinética da '®F-FDG. Ele supde que o comportamento do tragador
possa ser aproximado por dois compartimentos, um compartimento central e
reversivel que alcanga rapidamente o equilibrio com o plasma e um
compartimento periférico, onde o tragador fica retido irreversivelmente durante
o estudo (Patlak et al., 1983; Patlak e Blasberg, 1985). A taxa liquida de

captacao (Ki) da '"®F_.FDG é obtida pela inclinagdo da reta quando o sistema de
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compartimentos alcanca o estado estacionario, o que ocorre apés um intervalo

de tempo depois da introducéo do tragador no sistema.

Embora o método desenvolvido por Patlak e utilizado no artigo seja
considerado uma simplificacdo do ponto de vista metodolégico e do
processamento, ainda assim, necessita da aquisigdo da imagem dinamica e da
funcdo de entrada. Sua menor complexidade de processamento permite que
seja aplicado mais facilmente na rotina pré-clinica e que os resultados obtidos

pelo método sejam menos afetados pelo ruido presente no inicio do estudo.

Os resultados que obtivemos no estudo demonstraram que o método de
Patlak pode ser utilizado na rotina pré-clinica como uma substituicdo ao

método compartimental.

Além do Patlak, testamos se outros métodos simplificados disponiveis
na literatura poderiam ser utilizados para avaliar a taxa de consumo da '8F-

FDG.

Dos métodos simplificados disponiveis na literatura, avaliamos se o valor
de captagdo padronizado (SUV), o valor de captagdo padronizado corrigido
para glicemia (SUVy) ou se a taxa de captacéo fracionaria (FUR) poderiam ser
uma alternativa & analise da '®F-FDG-PET através de modelagem matematica

e a imagem dinamica para a quantificacdo do metabolismo cerebral.

A abordagem mais simples utilizada no artigo foi o SUV, definido como a
razao entre a concentracédo do radiofarmaco no cérebro num dado intervalo de
tempo apds a injecdo e a quantidade de radioatividade normalizada pelo peso

corporal. Esta abordagem é tecnicamente muito simples, pois requer uma
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unica imagem estatica e nenhum conhecimento da concentracdo do

radiofarmaco no plasma, portanto n&o ha necessidade de amostragem arterial.

Os SUVs, médio ou maximo, produzem apenas uma estimativa da
captagao do radiofarmaco, pois os valores normalmente variam em fungdo do
intervalo de tempo em que sdo calculados; o método nido considera as
diferencas especificas da concentracdo do radiofarmaco do plasma circulante,
0 que pode diminuir a quantidade do radiofarmaco disponivel para captacao; e
nao distingue entre a ligagdo néo especifica e a ligagdo especifica do

radiofarmaco ao alvo pretendido.

As limitacdes técnicas relacionadas a aquisicdo e ao processamento,
como € o caso do intervalo de tempo em que é calculado, pode ser faciimente

superada por uma equipe treinada.

As diferengas de concentracdo do radiofarmaco no plasma circulante
ocorre devido as diferencas de metabolismo entre individuos e o uso de
medicamentos, que modificam o consumo de glicose em diferentes 6rgaos e
consequentemente, no plasma circulante. No nosso caso, ao utilizarmos
anestésicos para imobilizar os animais durante o estudo, introduzimos uma
variavel a mais na andlise, a variagdo de concentragdo da '®F-FDG com a dose
e com o tipo de anestésico utilizado. Uma tentativa de superacdo das
diferencas de metabolismo entre os individuos foi realizada com a incorporacao
de correcdes ao SUV. A correcao mais utilizada no contexto pré-clinico é a

correcgdo pela glicemia basal, o SUVy.
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Nos estudos de '®F-FDG, o SUV pode ser corrigido para o nivel de
glicose no plasma (Woo et al., 2008). Embora a possibilidade de corre¢cao do
SUV para o nivel de glicemia esteja presente para estudo clinicos no guideline
de imagem cerebral com '"®F_.FDG PET da Associacdo Europeia de Medicina
Nuclear (EANM — European Association of Nuclear Medicine) (Varrone et al.,
2009), a propria EANM no guideline de "®F_FDG-PET para oncologia
desencoraja sua aplicagdo, a menos que sejam utilizados métodos validados e
calibrados para verificagdo da glicemia. Métodos conhecidos como beira de
leito s&o explicitamente desaconselhados e introduzem mais um fator de erro a
analise (Boellaard et al., 2015).

Um método simplificado e pouco utilizado tanto na pratica clinica como
pré-clinica € a taxa de captagéo fracionaria (FUR). A simplificacdo do método
reside na necessidade de adquirir uma imagem estatica ao invés da imagem
dindmica utilizada nos métodos compartimentais e graficos. Porém, ainda é
necessaria a aquisicdo de amostras de sangue arterial para construcédo da
funcdo de entrada. A grande vantagem dos métodos que utilizam a fungéo de
entrada é conhecer a concentragdo do radiofarmaco oferecida ao érgao/regiao
em estudo ja corrigida para as diferengas de metabolismo causadas, no nosso
caso, pelos anestésicos utilizados. Na publicacido 3, exploramos melhor as
alteracbes no metabolismo resultante do uso dos anestésicos isoflurano e
cetamina associada a xilazina. Entretanto, os resultados da publicacdo 2
refletem que a comparagéo entre individuos cujo metabolismo da "F_FDG, e
consequentemente da glicose, é influenciado por diferentes tipos de
medicamentos € melhor avaliado por métodos que utilizam a funcdo de

entrada.
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No artigo demonstramos que o FUR (r=0,9385) € melhor correlacionado
com o padrdo ouro 2TCM do que o SUV (r=0,7336) e o SUVy (r=0,5419).
Portanto, como resultado verificamos que o método simplificado mais
adequado é o FUR. O FUR é um quantificador simplificado de PET, que pode
ser calculado a partir de uma unica imagem de PET tardio, como o SUV, porém
a funcdo de entrada € necessaria para todo o tempo de metabolizacdo do
radiofarmaco e reflete as alteragdes metabdlicas causadas pelos anestésicos

utilizados no estudo.

3.3 Efeitos dos anestésicos no metabolismo cerebral da glicose

. Publicacao 3:

Prando S, Carneiro CDG, Otsuki DA, Sapienza MT. Effects of
ketamine/xylazine and isoflurane on rat brain glucose metabolism measured by
18F-fluorodeoxyglucose-positron emission tomography. Eur J Neurosci.
2019;49:51-61. DOI: 10.1111/EJN.14252

A "8F-Fluorodeoxyglucose ('®F-FDG) é um radiofarmaco analogo de
glicose marcado com fluor-18 usado para avaliar o metabolismo glicolitico de
diferentes regides do corpo, entre eles, o cérebro. Nos modelos animais, o
aumento ou diminuicdo no metabolismo cerebral regional sdo indicativos de
atividade neuronal, que pode ser alterada por doengas ou pelo uso de drogas.

Para investigar as anormalidades do metabolismo glicolitico em
pequenos animais utilizando tomografia por emissdo de pdsitrons com
fluordeoxiglicose ('®F-FDG-PET), devemos restringi-los fisicamente. O modo
mais comum de contencado é através do uso de anestésicos, entretanto, a

propria anestesia induz mudangas significativas na metabolismo do sistema
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nervoso central. Os efeitos dos anestésicos sobre cinética da droga ou doenga
alvo nem sempre sdo conhecidos e podem confundir os resultados de um
estudo. Além de seus efeitos diretos no metabolismo, o uso de diferentes
anestésicos pode inviabilizar as comparagdes de resultados e a reproducao de
estudos em diferentes laboratorios.

Estudos anteriores demonstraram alteragbes no fluxo sanguineo e no
metabolismo da glicose no cérebro em associagdo com diferentes classes de
anestésicos (Langsjo et al., 2004; Matsumura et al., 2003; Mizuma et al., 2010;
Sokoloff et al., 1977; Toyama et al.,, 2004a,b). Enquanto os mecanismos
moleculares subjacentes as agdes dos anestésicos no cérebro ndo sao
totalmente compreendidos, acredita-se que o estado anestésico é resultado de
multiplos alvos moleculares nas diferentes regides do cérebro e do sistema
nervoso central. Anatomicamente, cada acao anestésica ocorre em diferentes
regides, resultando em assinaturas distintas de eletroencefalograma
(Hemmings et al.,, 2005; Purdon, Sampson, Pavone, & Brown, 2015) e de
metabolismo.

Os anestésicos mais utilizados em nosso laboratério, na época do
estudo, eram isoflurano (l) e cetamina associada a xilazina (KX). A combinacéo
de cetamina e xilazina era utilizada quando o estudo nao poderia ser realizado
com o fornecimento de oxigénio para o animal, em estudos de hipdxia, por
exemplo.

O isoflurano ja foi extensamente estudado no contexto do metabolismo
da glicose no cérebro de pequenos animais, principalmente porque a grande
maioria dos laboratorios utiliza isoflurano para imobilizagdo dos animais. A

cetamina associada com xilazina € um anestésico mais antigo que o isoflurano,
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entretanto, nenhum estudo de andlise cinética da '®F-FDG na vigéncia do
anestésico foi localizado na literatura antes do inicio desse estudo.

Nesse contexto, estudamos as alteragbes do metabolismo da glicose no
cérebro de animais anestesiados com isoflurano e com cetamina associada a
xilazina.

Os meétodos de quantificagcdo do metabolismo da glicose escolhidos
foram o SUV e a analise cinética e completamos o0 estudo com a comparacgao
dos grupos voxel a voxel através da analise baseada em voxel (ABV). Os

resultados da quantificacdo foram abordados no contexto regional e global.

No contexto global, a analise cinética pelos métodos 2TCM e Patlak
nao demonstraram diferenga significativa entre os dois grupos de anestésicos,
enquanto a analise através do SUV demonstrou que o grupo KX tem menor
metabolismo cerebral que o grupo |. Considerando que existam diferengas
metabdlicas entre os grupos devido a agdo dos anestésicos, avaliamos que a
diferenca registrada pelo SUV é superestimada quando comparada a analise
cinética.

As principais diferengas metabdlicas verificadas pela analise cinética sao
a redugao do volume de distribuicdo e da taxa de transporte da glicose K; no
grupo dos animais anestesiados com cetamina associada a xilazina. Essas
alteracdes indicam que o SUV nao é o melhor método de quantificagao no caso
de estudos envolvendo diferentes anestésicos.

As reducdes do volume de distribuicdo e no transporte ocorreram
principalmente por mecanismos indiretos da KX no metabolismo cerebral da

glicose. Pode-se citar como principais mecanismos a influéncia da KX no
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sistema nervoso simpatico, na receptacdo da norepinefrina e no aumento
agudo da glicemia.

Embora no contexto global se verifique a diminuicdo do metabolismo da
glicose na vigéncia de anestésicos, sabe-se que os efeitos dos anestésicos no
metabolismo relativo diferem em funcdo da droga usada. Os anestésicos, de
modo geral, atuam em multiplos alvos no cérebro e no sistema nervoso central,
aumentando e/ou bloqueando diferentes receptores e canais, resultando em
diferentes padrdes de metabolismo da glicose no cérebro.

No contexto regional, verificamos que existem diferentes padrées de
metabolismo nas regides cerebrais de acordo com o anestésico aplicado.
Quando utilizamos o SUVR ou a relagao cortex/cérebro do K para avaliacdo do
metabolismo cerebral regional verificamos que animais anestesiados com
cetamina associada com xilazina apresentam o metabolismo cortical mais
preservado quando comparado ao metabolismo do cérebro global e aos
animais anestesiados com isoflurano. O padrdo de heterogeneidade de
metabolismo da glicose se repetiu em todos os animais do grupo KX e gerou
uma assinatura do anestésico no metabolismo cerebral da glicose, como pode
ser verificado nos resultados obtidos através da analise baseada em voxel.

Esse padréo de heterogeneidade se deve principalmente as custas da
perda de regulagédo dos interneurdnios inibitérios, resultando em uma atividade
excitatéria em neurdnios piramidais. O controle prejudicado dos neurbnios
piramidais é a principal causa do aumento do metabolismo cerebral cortical
(Brown, Solt, Purdon & Johnson-Akeju, 2015).

Além das alteracbes globais e regionais do padrdo metabdlico

verificadas pelos métodos de quantificagdo utilizados neste estudo,
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empregamos a técnica de analise baseada em voxel para comparagédo dos
grupos. Neste ponto devemos fazer uma observagdo a respeito da
normalizagcdo das contagens. Pode-se escolher entre diversos tipos de
normalizagéo utilizando, por exemplo, a média de contagens do estudo ou de
uma regido especifica do cérebro que ndo seja afetada pela
intervencao/doencga. Neste caso, estaremos analisando as alteragdes regionais
em relagdo a regido escolhida para normalizagdo. Neste estudo escolhemos a
meédia de informacao do estudo completo, pois ndo existe uma area do cérebro
nao afetada pelos anestésicos utilizados. A comparacido realizada com a
aplicacao da normalizagao proporcional revela resultado similar ao obtido pela
relagdo do K; (cértex/cérebro) e do SUVR (cortex/cérebro), na qual o grupo KX
tém o metabolismo cortical mais preservado em relagdo ao metabolismo
cerebral quando comparado ao grupo |. No caso da comparagédo sem a
normalizagdo de contagens, obteve-se um mapa revelando a diminuigdo do
metabolismo global do grupo KX em relagéo ao l.

Esta publicacdo lancou ainda as bases para uma linha de pesquisa, em
cooperagao com o departamento de Anestesiologia através do Lim 08, que tem
grande tradicdo no estudo de alteragbes fisiolégicas dos anestésicos em
animais.

Outro mérito deste estudo € o fato de que o artigo foi o pioneiro na
obtengao dos dados de andlise cinética da '®F-FDG em animais anestesiados

com cetamina associada a xilazina.
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4.1 Método de Quantificagao

1.

Através da comparagdo dos métodos utilizados neste estudo
(publicagéo 1 e 2), verificamos que os de linearizagdo de Patlak e o
FUR apresentam os melhores resultados quando comparados ao
padrdo ouro e podem ser adotados sem prejuizo da quantificagdo do
metabolismo cerebral da glicose.

A aquisigdo de imagens dindmicas nao € o fator mais importante para
se obter a quantificacdo do metabolismo cerebral da glicose. Os
métodos melhor correlacionados sdo aqueles que utilizam a funcao de
entrada como estimativa do metabolismo do individuo.

A comparacdo do metabolismo cerebral da glicose entre individuos,
grupos ou entre ambos utilizando o SUV deve ser realizada com
extrema cautela devido as limitacbes do método. Enquanto as
limitacbes referentes a aquisicdo e ao processamento podem ser
superadas facilmente por uma equipe adequadamente treinada,
aquelas relacionadas a normalizagdo e portanto, a estimativa em
relagdo ao metabolismo individual ndo sao facilmente suplantadas e
devem ser estudas antes da aplicacdo do método.

A corregcdo do SUV utilizando a glicemia basal do individuo ndo deve
ser adotada como pratica rotineira a menos que a estimativa da
glicemia seja realizada com um método enzimatico, métodos
conhecidos como de cabeceira de leito introduzem mais um fator de

erro ao SUV.
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4.2 Efeitos dos anestésicos no metabolismo cerebral da glicose

1. Ambos os anestésicos utilizados neste estudo (publicagdo 3) reduzem
o metabolismo cerebral da glicose produzindo assinaturas metabdlicas
caracteristicas. O isoflurano diminui o metabolismo em cortex cerebral
enquanto a reducdo causada pela cetamina associada a xilazina é
menos acentuada.

2. Em relagdo a farmacocinética, ocorreram redugbes do volume de
distribuicdo e no transporte principalmente por mecanismos indiretos
da cetamina associada a xilazina no metabolismo cerebral da glicose
em relagdo ao grupo |. Pode-se citar como principais mecanismos a
influéncia da cetamina associada a xilazina no sistema nervoso
simpatico, na recaptacdo da norepinefrina e no aumento agudo da
glicemia.

3. A andlise baseada em voxel realizada pelo SPM com a aplicagcao da
normalizacdo proporcional revela resultado similar ao alcancado pela
relagdo cortex/cérebro obtida através do K; e do SUVR. O resultado
nos permite afirmar que a técnica pode ser aplicada para comparacao
entre grupos para verificagdo de alteragdes do metabolismo cerebral

regional da glicose



5. PERSPECTIVAS FUTURAS



PERSPECTIVAS FUTURAS 49

A maior limitacdo dos estudos de pequenos animais e principalmente de
sua translagao para a clinica é a obtencao da funcado de entrada arterial.

Para obter a quantificacdo até o ponto de derivar as constantes
regionais de taxa de troca compartimental e, portanto, parametros bioldgicos
especificos, € necessaria uma funcdo de entrada de sangue arterial. Em
pequenos animais € usual a obtencao da funcdo de entrada a partir da coleta
amostras de grandes artérias. Entretanto, para seres humanos a técnica é
invasiva e ndo isenta de complicagdes. Por outro lado, se fungdes de entrada
arterial de alta qualidade pudessem ser obtidas a partir de imagens de artérias,
poderiamos promover a PET como uma ferramenta quantitativa de rotina no

diagnéstico clinico.
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6.1 Comissio de Etica no Uso de Animais.
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A CEUA do Comité de Etica em Pesquisa da Faculdade de

Medicina da Universidade de Sao Paulo, em sessao de 08/05/2014, APROVOU o

Protocolo de Pesquisa n® 026/14 intitulado: “Avaliacao dos métodos de

quantificacdo do metabolismo glicolitico cerebral em ratos

anestesiados utilizando microPET/CT com 18FFDG” que utilizard 45

animais da espécie ratos wistar, apresentado pelo Departamento de Clinica
M édica.

Cabe ao pesquisador elaborar e apresentar ao CEP-FMUSP, o

relatorio final sobre a pesquisa, (Lei Procedimentos para o Uso Cientifico de

Animais - Lei N° 11.794 -8 de outubro de 2008).

Pesquisador (a) Responsavel: Marcelo Tatit Sapienza
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6.2 Methods for quantification of cerebral glycolytic metabolism using 2-
deoxy-2-['®F]fluoroglucose in small animals (Publicagio 1).
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Abstract Introduction: The use of the same imaging and quantification techniques in small animals and clinical studies presents
the opportunity for direct translational research in drug discovery and development, in neuropharmacological basis
of neurological and psychiatric diseases, and in optimization of drug therapy. Thus, positron emission tomography
(PET) studies m rodents can bridge the gap between pre-clinical and climical research. The aim should be to find
a method with capability to measure, without compronising accuracy, ghicose distribution in the structures of the
brain, which can also be used i pathological situations and with applicability for other substances than glucose
analogue. Methods: This is a systematic review of several assessment techniques available, including visual and
quantitative methods that enable the investigation of the transport mechanisms and enzymes imvolved in glucose
metabolism in the brain. In addition to the ex vivo methods, PET with glucose analogues allows in vivo analyses
using qualitative, semiquantitative and quantitative methods. Results: These techniques provide different results,
and the applicability of a specific method is related to the purpose of the study and the mmltiple factors that
may interfere in the process. Conclusion: This review provides a solid background of tools and quantification
methods for medical physicists and other professionals interested m cerebral glycolytic metabolism quantification
in experimental animals. It also addresses the main factors related to animals, equipment and techniques that are
used, as well as how these factors should be understood to better interpret the results obtained from experiments.

Keywords Nuclear medicine, Quantification, Positron emission tomography, Metabolism, FDG, Bramn.

Introduction

The brain is an organ with high metabolism but
without an energy reserve (Catafau, 2001). Neuronal
activity therefore depends on a continuous supply of
oxygen and energy substrate, which is guaranteed by
cerebral blood flow (CBF). The energy substrate is
basically represented by glucose because fatty acids do
not cross the blood-brain barrier, and energy generation
from ketone bodies is only substantial during the first
month of life of an animal (Nehlig, 1997). The intensity
of cerebral activity is regionalized due to the organization
of neuronal groups and the oxygen and glucose regulatory
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and consumption mechanisms; thus, consumption is
four times greater in the grey matter than in the white
matter (Nehlig, 1997). The direct relationship between
metabolism and CBF was initially postulated by Roy
and Sherrington (1890) and is observed not only under
physiological conditions but also in most diseases.
Imaging techniques are applied for detecting cerebral
blood flow or metabolism in a wide variety of clinical
situations. Positron emission tomography (PET) and
single-photon emission computed tomography (SPECT)
are the main nuclear imaging modalities adopted, both of
which provide functional information that is used in the
diagnosis and prognosis of conditions such as epilepsy,
dementia, brain neoplasms, and stroke (Blake et al.,
2003; Silverman, 2004).

The first attempts to measure the metabolic rate of
glucose used a “C-labelled glucose molecule, ['*C] glucose,
which is metabolized via the same glycolytic pathway
and the tissue concentration of which can be measured
by autoradiography (Sokoloff et al., 1977). However.
the disadvantage of [**C] glucose is the rapid rate at
which it is converted to CO, and water. Because CO,
is rapidly removed from tissues. the accumulation of
radioactivity in the tissue is small and difficult to assess.
Sokoloff and colleagues described the preparation
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of 2-deoxy-D-[**C] glucose (*C-DG), a molecule that
shares the metabolic pathway of glucose only at the
steps of cellular internalization by the GLUT protein and
phosphorylation by hexokinase. The generated product,
2-deoxyglucose-6-phosphate, does not undergo further
metabolization and is retained inside cells, facilitating
the measurement by autoradiography of the amount of
glucose captured by the cells (Sokoloff et al., 1977).

Idoetal. (1978) published the results of the preparation
of 2-deoxy-2-[*Ffluoroglucose (FDG), a DG molecule
labelled with a positron emitter, fluorine-18. which allows
obtaining images of glucose consumption using PET.
This technique led to advances in the understanding of
brain functioning and in the direct relationship between
functional activity, metabolism and blood flow (Ingvar,
1982), as well as in the detection of tumours with high
glucose uptake and metabolism. Although structurally
different from DG, FDG is considered to be very similar
to DG regarding its absorption and metabolism in vivo
(Phelps etal., 1979; Sokoloff, 1981a; 1981b). Phelps etal.
(1979) adopted the “C-DG model developed by Sokoloff
(1977) to estimate the FDG kinetics and demonstrated
that PET, with modelling for FDG, can be reliably used
to estimate the rate of glucose metabolism.

Positron emission tomography is a well-accepted
method for the quantitative and non-invasive imaging of
biological functions; this technique enables physicians
to monitor the presence of tracers labelled with positron
emitters. The delivery, distribution, and kinetic patterns
of a labelled compound in relation to the specific
biomolecule in the target tissue are assumed to reflect
specific biological functions in the living body.

The use of the same imaging techniques in pre-clinical
studies of small animals (primarily rodents such as rats
and mice) and clinical studies of humans presents the
opportunity for direct translational research in drug
discovery and development, the nenropharmacological
basis of psychiatric disease, and the optimization of
drug therapy (Hargreaves and Rabiner, 2014; Tsukada,
2012). Thus, PET studies in rodents can bridge the gap
between pre-clinical and clinical research However. the
ideal pre-clinical animal model does not exist because
enzyme systems and metabolism may differ between
humans and other animals.

This work reviews the quantification methods of
cerebral glycolytic metabolism most often applied in
studies in small animals (i.e.. rats and mice) using FDG
as a radiotracer.

EXx vivo quantification methods:
Autoradiography

Histology and autoradiography are widely available
techniques for anatomical and functional neuroimaging
of small animals. Histological analysis is the gold
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standard for an accurate description of neuroanatomy
and the characterization of brain tissue. Autoradiography
is a technique that allows visualization of molecules or
fragments of molecules that have been radioactively
labelled using X-ray film phosphor imaging plates
(IP), beta imaging systems, or photonuclear emulsion.
Furthermore, this technique has been used for decades
to quantify and localize drugs in tissues and cells
(Solon, 2015).

Autoradiography is subdivided into two broad
modalities commonly referred to as quantitative whole-body
autoradiography (QWBA), or autoradioluminography,
and microautoradiography (MARG). QWBA provides
full-body, high-resolution images of the spatial distribution
of radiolabelled compounds used in laboratory animals.
The major advantages of QWBA include the possibility
of determining compound concentrations in regions
with thicknesses between 50 and 100 pm and minimal
sample manipulation, thereby reducing the chance
of cross-contamination and exsanguination effects
that occur during tissue extraction. However, QWBA
cannot provide data at the cellular level because the
procedures necessary to freeze the sample alter the
cellular morphology. which does not occur with MARG
(Solon, 2015). MARG provides the possibility to visually
localize radiolabelled compounds at the cellular level
in a histological preparation, and it has been widely
used to provide important information about cellular
mechanisms.

Both techniques require that the animal be euthanized
at a given time after the administration of the tracer.
The carcass and the tissue (in the cases of QWBA and
MARG, respectively) are frozen and cryosectioned to
obtain representative samples of the tissue to be studied.
The sections are dehydrated and exposed to IP along with
radioactivity calibration standards. The resulting images
are analysed to determine the concentrations and spatial
distribution of the tracer in the tissue (Figure 1). Tissue
tracer concentration versus time profiles can then be
constructed to provide data for organ- or tissue-specific
pharmacokinetic compartmental analyses. enabling the
construction and examination of complete kinetic models
of the entire body. specific tissues. or both.

255
PSL/mm?
0

Figure 1. Coronal section of ex vivo autoradiography of the rat brain

1 h after intravenous injection of 37 MBq 2-deoxy-2-["F]flucroglucoss;
image plate resolution: 150 pum PSL: photostimulated luminescence.
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A nmltimodal approach for assessing the distribution
of the radiocompound is often useful becanse QWBA can
complement in vivo imaging strategies such as PET and
SPECT, thereby providing images of the distribution of
radioactivity in tissue with enhanced resolution. When the
technique is performed with FDG and immediately after
PET, certain considerations must be made. Generally.
autoradiography experiments use C-14 or H-3, which
have physical half-lives of years and require three or
more days for the preparation of samples for sectioning
and subsequent exposure. For these isotopes, thawing
and dehydration steps are performed prior to IP exposure.
In the case of FDG, the sectioned samples should be
immediately positioned on the IP, and the cassette should
be kept in a refrigerated environment to avoid resolution
loss due to melting. Condensation should also be kept
as low as possible to avoid water formation between
the samples and the IP. which degrades image quality.
Much of the signal that forms the image in the [P comes
from the positrons, which have a short range. The IPs
are relatively insensitive to high-energy gamma rays
such asF-18; therefore, the sections should be positioned
with the biological material facing the IP and with a
minimum amouant of material between them (Stout and
Pastuskovas, 2011). To avoid contaminating the IP with
the tracer, a thin plastic film can be used between them.

Both QWBA and MARG are based on exposing tissue
samples containing radioactive material to radiographic
films or stimulated phosphor plates (i.e., IPs). Radiological
films have higher spatial resolution than IPs, while the
latter are more sensitive. This characteristic allows
for the reduction of the exposure time to 1/10 of that
required for radiological film, a significant advantage
when working with short half-life radionuclides.
For quantification purposes. the use of IPs is also more
advantageous because there is greater linearity between
the radionuclide concentration and the image density
information than that observed with radiographic film.
The exposure time of the IPs depends on the radionuclide
used, its physical half-life, decay mode and the expected
amount of radioactivity present in the sample. Detailed
information on IP calibration curves and resolution
measures can be found in Knol et al. (2008) and Schmidt
and Smith (2005).

To establish the relationship between the degree
of uptake measured with the detection system and the
metabolic rate, it is necessary to construct a calibration
curve between known activity levels and the photosensitized
luminescence per area resulting from the exposure.
A calibration curve should be constructed for each
experiment at the same time the IP is exposed to the
radiation derived from the tissue studied. In addition,
the user must estimate the transfer constants to obtain
the total metabolic rate. After obtaining the preliminary
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data, it is possible to calculate the absolute glucose
consumption in different regions of the brain using
specific software such as PMOD (www.pmod.com).

Although autoradiography is the gold standard for
glucose metabolism quantification. it is important to note
that autoradiography is for ex vivo use and, therefore,
has little application in longitudinal studies. However.
quantitative autoradiography data may be useful for
making preliminary assessments or for determining
whether PET studies are likely to have sufficient power
for detecting specific regional changes in small animal
images. In addition, high-resolution autoradiography is
frequently used to validate the in vivo functional results
obtained with equipment designed for small animals,
and it remains a technical reference in research on
functional brain images.

In vivo quantification methods: PET

PET is based on the administration of molecules
labelled with positron-emitting radionuclides, and the
chemical form of the molecule is designed to investigate
a process of interest. such as glucose uptake rates in the
case of FDG. PET has evolved from an imaging mode
based primarily on visual analysis into a fairly accurate
quantitative imaging tool in which biological processes
can be quantitated and compared in terms of binding
potential or transfer rates. Factors that contributed to this
evolution include the increased sensitivity and spatial
resolution of the imaging systems (Sossi and Ruth, 2005).

New developments in PET equipment have improved
the contrast and spatial resolution while maintaining
a high sensitivity. but the spatial resolution is still
a challenging problem, especially in relation to the
intrinsic limit of the positron range before the particle
is annihilated. The spatial resolution of PET in clinical
studies is approximately 5-10 mm_ while the resolution
of a system for small animals with fluorine-18-labelled
radiopharmaceuticals is 1-2 mm. Despite the lower absolute
value compared to clinical studies, the spatial resolution
of PET with FDG remains an important limiting factor
in the evaluation of glucose metabolism in the brains
of small animals because there is a worse ratio between
the spatial resolution and the volumes of interest within
anatomical structures (Bymes et al., 2014).

Compared with humans, the activities of radionmclide
injected into small animals are proportionally larger to
maintain a signal-to-noise ratio close to that obtained
in clinical images (Kung and Kung, 2005; Jagodaetal..
2004; van den Hoff. 2011). However. it is necessary to
ensure that the tracer principle is not violated, i.e., that
the mass of injected FDG stays at a concentration that
does not interfere with the glucose metabolism and that
no pharmacological effects occur.
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A typical 37-MBq dose of FDG corresponds to
a fraction of a nanogram of radioactive material.
The specific activity is given as the ratio of the activity
to the number of grams of material. In the case of FDG,
this number is 349 MBq/ng, assuming that all of the
FDG is radioactive. If stable FDG is present, there will
be more grams of chemical FDG for the same amount of
radioactive FDG. However. the total chemical quantity
of FDG is insignificant from a pre-clinical point of view
(Jadvar and Parker, 2005; Jagoda et al., 2004).

In addition to the resolution, the accuracy and precision
of the quantifications in a PET study depend on time
scales and, in some cases, the arterial input function.

The input function is the time function of the
tracer concentration in the arterial blood or plasma that
directly affects the rate of tracer transport in local tissue
(Carson et al., 1993; Huang and Phelps, 1985). Several
methods exist to obtain the input function; however. the
manual collection of arterial blood is considered the gold
standard in small animal research Unfortunately. the
manual collection has many drawbacks, including the
need of a large number of blood samples, which may alter
the circulation dynamics and lead to death due to blood
loss or complicate longitudinal studies (Sijbesmaetal .
2016). Moreover, sample manipulation increases the
researcher exposure to radiation In addition, the activity
concentration of the samples should be measured with
gamma counters calibrated for the radioisotope used
with the PET device and corrected for radioisotope
decay from the time of injection.

An alternative to manual arterial blood sampling is
the use of automatic collection devices that measure the
radioactivity of the B* concentration in the venous blood
(Convertetal , 2007; Boellaard etal., 2001; Weberetal.,
2002). However, additional corrections, such as for delay
and signal dispersion, might be necessary to obtain an
accurate input function (Munk et al., 2008; Sendaetal .
1988). Moreover. a major drawback is the impossibility
of analysing blood samples for radiometabolite-producing
tracers to correct the input function. Fortunately, in FDG
images, this is not required when the difference between
the plasma and whole blood concentration is minimal,
and the relationship between the two remains relatively
constant over time (Zanotti-Fregonara et al_, 2012).

Currently, much effort has been made to develop
non-invasive techniques to obtain the input function.
Image-denived input function (IDIF) is the most common
approach. In this approach, a time-activity curve from
the time of injection is drawn directly from the PET
image using the amount of radioactivity emitted by
large blood vessels or the left ventricle. Challenges.
such as the temporal and spatial resolution of the device,
intra-frame movement, and noise, as well as partial
volume and spillover effects, make the application of
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this technique a challenge for the brain imaging of small
animals. In addition, the input function validated fora
given device using certain acquisition and processing
parameters cannot be used for another device without
previous validation (Zanotti-Fregonara et al., 2011;
Zanotti-Fregonara et al., 2009; Kim et al., 2006:
Green et al., 1998).

Currently, another much exploited technique is the
standardized arterial input function (SAIF). This technique
assumes that the shape of the input function curve is
constant among animals and that only the amplitude
differs. Thus, the individual input function is obtained
by averaging several arterial input functions purposely
scaled to the individual characteristics of the animal using
one or two blood samples. This technique has already
been validated for humans and mice in FDG-PET images
(Takikawa et al., 1993; Meyer et al., 2006). The main
advantage is the absence of artefacts related to noise and
partial volume because the technique does not require
images to estimate the input function However. two
important restrictions exist: first, the tracer injection
should be standardized for all animals; second, all animals
should be metabolically similar (Zanotti-Fregonara et al.,
2013; Meyer et al., 2017).

The choice of the best input function sampling method
depends on the tracer kinetics and on the quantification
method used. Quantification via compartmental model
(CM) is primarily affected by the shape and occurrence
time of the peak plasma concentration of the tracer,
and small variations can lead to biased estimates of the
micro- and macroparameters. Moreover, the application
of non-invasive methods can lead to an increase in the
uncertainty of the CM parameter estimates, which becomes
a problem when groups of individuals are compared.
Non-invasive input function sampling techniques have
wide applicability using graphical methods because they
are affected by neither the peak time nor the shape of
the input function. Moreover, they primarily depend
on the area under the curve, which is much easier to
estimate than the input function (Zanotti-Fregonaraetal.,
2011, 2012).

Beyond the input function, the adequate standardization
of image acquisition and processing, including factors
such as the corrections applied to the acquired images
and the chosen tomographic reconstruction and
quantification techniques. is also important to improve
the accuracy and precision of quantification (Freyetal.,
2012; Vanhove et al., 2015).

In addition to these aforementioned technical
factors, biological factors, such as the route of FDG
administration (Vanhove et al , 2015; Schifferetal., 2007;
Fueger et al.. 2006), dietary condition (Vanhove et al.,
2015; Fueger et al.. 2006), age of the animal (Nehlig,
1997), handling of the animal before and during the
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FDG incorporation period (Vanhove et al., 2015), type
of anaesthesia (Alstrup and Smith, 2013; Fuegeretal .
2006), and glucose levels (Orzietal., 1988; Vigliantietal.,
2017) might alter the biodistribution of the compound.
Intravenous administration is preferred due to the greater
reproducibility. although intraperitoneal administration of
the radiopharmaceutical is also possible (Schifferetal
2007). For PET imaging with the glucose analogue FDG,
food is often withdrawn for hours before the experiment
to reduce the plasma level of glucose, which competes
with FDG for the uptake carrier (Vanhove et al., 2015).
In rats. feeding is usually restricted for at least 12 h
before the study (Deleye et al., 2014). As mice feed
frequently and can reach a state of torpor after 7 h of
food withdrawal, the fasting period should be kept at a
minimum duration (Jensen et al., 2013). Animals kept
in environments with very low room temperatures tend
to produce heat through the metabolism of brown fat,
which decreases the brain uptake of FDG. For this reason,
it is recommended that the animal be kept on a heating
plate throughout the entire preparation procedure and
image acquisition.

There are several ways to acquire PET images.
Acquisition can be performed in static, dynamic, or gated
modes. For the quantification of cerebral physiological
parameters such as blood flow, metabolism. or receptor
concentration, static or dynamic images are used. Static
acquisition refers specifically to the recording of the
radiation emitted by the tracer present in the brain during a
certain time interval within the study. The result is a single
image that represents the average amount of radioactivity
during the examination period. Only semiquantitative
information can be derived from static acquisitions, the
most well-known being the standardized uptake value
(SUV; Huang and Wong, 2017). Dynamic images are
composed of multiple sequential images so that the
long-term behaviour of the tracer in the tissue can be
observed. Dynamic acquisitions differ from a series
of static images because they begin immediately after
tracer injection. and the radioactivity from the tracer is
monitored throughout the examination time and made
available in the form of time-activity curves (TACs).

In dynamic images, the acquisition parameters such as
the total examination time and the number and duration
of the images acquired must be defined by the researcher.
The total examination time primarily depends on two
factors: the physical and biological half-lives of the tracer
in the tissue of interest. Exams lasting a long period of
time relative to the physical half-life do not improve the
signal-to-noise ratio of the study. At the same time, the
kinetics of the tracer. or its biological half-life isalso a
determining factor of the total examination time. Tracers
with faster kinetics provide biological information in a
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briefer period of time, reducing the total examination
time (Huang and Wong. 2017).

Dynamic data are usually acquired when it is
necessary to know the behaviour of the tracer in the
system of interest, and it is the only way to obtain
truly quantitative measures. Although the acquisition
of dynamic images is slower, and the number of exams
performed per day is reduced, its major advantage is
the flexibility in formatting the data obtained, which
produces dynamic images with different time intervals
and even static images over a period of time determined
by the researcher.

One problem in using the PET technique for in vivo
studies of small animals is the need to contain the animals
durning image acquisition to avoid artefacts caused by
movement. For this reason, animals should be physically
restricted or anaesthetized. Because anaesthetics may
cause significant changes in the physiology of the
central nervous, cardiovascular and respiratory systems
(Toyama et al., 2004), the measurement of FDG uptake
in the brain can be compromised. Cerebral glucose
consumption is typically reduced when the animal
is anaesthetized. and FDG incorporation is reduced
with most anaesthetic protocols. including inhalant
anaesthetics (e.g., isoflurane or sevoflurane), ketamine,
propofol, and pentobarbital (Alstrup and Smith, 2013;
Matsumura et al., 2003). Because of the ease and speed with
which the anaesthetic protocol can be changed, inhalant
anaesthesia has been used in most small-animal imaging
studies. Toyama et al. (2004) noted that, compared with
animals that were kept awake during FDG incorporation,
animals anaesthetized with isoflurane displayed a 29%
decrease in brain uptake and a 91% increase in cardiac
uptake. Ketamine, combined with the muscle relaxant
xylazine, reduces brain and cardiac uptake by 39%
and 64%, respectively. Xylazine directly stimulates
the a,-adrenergic receptors of pancreatic islet cells
causing the decrease in insulin release. thus, resulting
in hyperglycaemia (Abdel el Motal and Sharp, 1985).

Because anaesthesia can cause respiratory depression
and, in some cases, cardiovascular depression, these vital
signs should be monitored. The animal should always be
carefully monitored during the PET scanning because
metabolic and physiologic changes. such as hypercapnia,
hypoxia, hypothermia and acidosis, can influence the
results. An altemative to reduce the effects of anaesthesia
on brain metabolism is to keep the animal awake during
the tracer incorporation phase and anaesthetise it only
during image acquisition. Although this procedure is
common in studies not intended to evaluate the effect
of the anaesthesia on glucose metabolism, acquisition
is limited to static images. and quantification techniques
will be restricted to semiquantitative methods. Several
research groups have developed methods that enable
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the acquisition of dynamic images while the animal is
conscious. Mizuma et al. (2010) developed a device
that restricts animal movement during experiments
to obtain time-activity curves throughout the tracer
incorporation time. Although the animals receive
training for acclimatization, stress cannot be excluded
as a confounding factor in the results (Sung et al.. 2009;
McLaughlin et al., 2007).

Currently, several devices have been proposed that
enable the acquisition of dynamic images without restricting
the animal’s mobility. The RatCAP is a miniaturized
PET scanner surgically mounted directly on the animal’s
head (in the case of rats) that moves simultaneously with
the animal to avoid movement artefacts (Vaska et al .
2004; Schulz et al., 2011). Although it is an interesting
system that enables researchers to study the brain during
periods of activation, the scanner has less sensitivity than
commercial devices, and can inhibit animal movement
and cause stress. The most modern system used currently
is motion compensation (Spangler-Bickell et al., 2016;
Kyme et al., 2011; Weisenberger et al.. 2005). In this
method. the awakened animal is confined to a small
space during image acquisition. and its head movement
is measured and subsequently corrected so that the image
can be reconstructed without movement artefacts. Of all
of the methods in use, this is the one that causes less
stress during examination.

Crone (1965) showed that glucose transport in the
brain is affected by the plasma glucose concentration
and that transport was performed by two mechanisms:
passive and facilitated diffusion. Several studies have
reported that FDG absorption by the cerebral cortex
keeps an inverse relationship with blood glucose levels
(Viglianti et al., 2017; Alf et al., 2013; Claeys et al.,
2010). Orzi et al. (1988) reported that hyperglycaemia
causes a competitive inhibition of FDG incorporation.
However, the nonlinear response to increased glhuicose
and the change in the cerebral FDG uptake pattern of
patients with moderate hyperglycaemia observed by
Viglianti et al. (2017) and Kawasaki et al. (2008) suggest
that the FDG uptake mechanism is more complicated
than as proposed by Crone (1965), and that it cannot
be explained only on the basis of substrate competition.
Under normal conditions, GLUT1 functions at less than
1ts maximum capacity, thus. it is not a rate-limiting factor
for brain function (Leybaert et al., 2007). In contrast to
glucose transport, glucose phosphorylation via hexokinase
is the rate-limiting step for brain energy metabolism
in a hyperglycaemic state (Cunnane et al., 2011). In a
clinical study. Viglianti et al. (2017) suggested that
the lnmped constant. which represents the correction
factor for the differences in glucose and DG transport
and phosphorylation rates, is not uniform over the
physiological range under which imaging generally
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occurs, given the nonlinear relationship between plasma
glucose and whole brain SUV. The change in lumped
constant with plasma glucose has been observed in
previous studies of small animals (Schuier et al.. 1990;
Suda et al., 1990), and this vanation is likely caused by
a change in the distribution volume due to the changes
in transport and metabolism under hyperglycaemic
conditions (Crane et al., 1983).

FDG-PET-based methods for analysing glucose uptake
by cells can be divided into qualitative. semiquantitative
and quantitative methods. Qualitative methods are
purely visual and exhibit greater variability among
investigators with different degrees of training. and
are not the object of this review. Semiquantitative and
quantitative methods, such as SUV and compartmental
models, are presented below. Other methods, such as
spectral analysis (Veronese et al., 2016; Cunningham
and Jones, 1993) and kinetic modelling in the projection
space (Germino et al., 2017; Wang and Qi 2013), are
also used in preclinical studies. However, they will not be
covered in this article. Although the voxel-based analysis
is not a quantification method, but can be used only for
comparison, it will be addressed in this review because
of its relevance in clinical and preclinical research.

Semiquantitative Methods

Standardized uptake value (SUV)

Among semiquantitative methods, the most
well-known is SUV, which relates tissue activity to the
injected activity and the individual’s body weight or
area. The SUV or, alternatively, the maximum SUV in
avolume of interest (SUVmax), has been used in many
studies and been found to be useful as a benchmark in
clinical studies.

The SUV is a parameter that characterizes the relative
concentration of the radiotracer in the volume of interest,
and is often used as a piece of data complementary to the
visual evaluation of an image. To obtain SUV, careful
standardization of the method and recording of the injected
radioactivity levels, animal weight and injection time are
necessary. as reproducibility is limited when different
acquisition and processing protocols or equipment are
used (Sapienza and Buchpiguel. 2017). The calculation
is simple and can be expressed in equation 1:

- Crer (1) (1)
(Irgected activity | Patient weight )

where C(t) represents the concentration of FDG in
the region of interest (ROI) in a specific time.
Therefore, a SUV of 1 indicates that the counts
obtained in the volume of interest are equal to the value
expected if the activity were homogeneously distributed
in the animal. However, the SUV may be affected by
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multiple factors, from physiological changes between
or within individuals to technical factors related to
acquisition, processing or quantification (Koroglhuetal.,
2017). Among the technical issues, image noise and the
ROI segmentation method affect the SUV, and may
produce biased results (Boellaard et al., 2004; Kraketal.,
2005; Tylski etal.. 2010; Silva-Rodriguez etal., 2015).
Many segmentation techniques have been described
with the objective of reducing intra- and inter-observer
inconsistencies (White et al., 1999). Image segmentation
methods can be divided into three groups based on the
degree of human involvement: manual segmentation,
semi-automatic segmentation, and fully automatic
segmentation (Karsch et al.. 2009; Fasihi and Mikhael,
2016). The technique most used currently in PET for
segmentation is the manual technique followed by
the semiautomatic one. Silva-Rodriguez et al. (2015)
conducted a study based on simulated PET images with
FDG to compare the effects of the activity and ROI used
to calculate the SUV. The SUV, . obtained by applying a
threshold of 50% of the maximum value, and the SUVmean
showed the best performance in regard to accuracy and
repeatability. respectively. Another important factor to
note is the variation in SUV with the FDG activity used.
The SUVmean and SUV,, were less affected than the
SUVmax by the reduction in injected activity, ie.. by
increase in noise (Silva-Rodrigues et al., 2015).

In clinical studies, the SUVmax is used more widely
than the SUVmean because it represents the voxel with
the highest uptake and presumably the area with the
highest metabolic rate in the analysed volume. However,
in studies with small animals, the SUVmean (Figure 2)
is more commonly used because this parameter is less
susceptible than the SUVmax to statistical fluctuations
in counts.

The SUV is often used as a substitute for the
glucose uptake rate (K)) or absolute glucose uptake

Pt Maximum
o——o Mecan

Stadardieed Uptake Value
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Figure 2. Mean and maxinmm standardized uptake values curves of
rat brain, measured for approximately 1 h after intravenous injection
of 37 MBq 2-deoxy-2-[""F]fluoroglucose. Activities were measured
within a region of interest over the whole brain The positron emission

list-mode data were separated into 36 frames (1x5, 11x10,
1x12.5, 7x15, 1x67.5, 7x120, 1 x 210, 7x300 sec).
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(MRGlu) (Durand and Besson, 2015). However, its accuracy
depends on two factors: the amount of unmetabolized
FDG present in the ROI used in the quantification and
the condition that the activity normalized by weight,
lean mass, or body surface area is proportional to the
integral of the FDG concentration during the study time
(Kotasidis et al.. 2014).

In quantification via SUV estimation. the selected
ROI contains information on the metabolized and
unmetabolized FDG concentrations present both in the
vascular and extravascular compartments. When the ROI
has FDG metabolism rate close to that of the surrounding
tissues, its assessment using the SUV is particularly
hampered by the presence of free FDG in the vascular
and/or intracellular compartment (Allen-Auerbach and
Weber, 2009). In such cases, the SUV contrast between
the ROI and the background is diminished by the
inclusion of unmetabolized FDG, which can be treated
as a “biological noise™, which is a problem, especially
in cases of post-therapeutic assessment. where the FDG
concentrations in the tissues surrounding the lesion may be
substantially larger, causing problems in the interpretation
of results (Sugawara et al., 1999). Efforts have been made
to estimate the amount of metabolized FDG in tissues,
such as the liver and spleen (Keramida et al., 2017).
In FDG studies, SUV also can be corrected for plasma
glucose level. because glucose transporters may be
saturated by glucose. SUV is multiplied by plasma glucose
concentration and normalized by normal blood glucose
level of 5.55 mmol/L (100 mg/dL). The normalisation
of glucose level may decrease variability and increase
the degree of concordance between studies in cases of
high plasma glucose variability and the presence of
extreme blood glucose values in the population studied
(Paquet et al., 2004).

In addition to the amount of unmetabolized FDG,
the SUV method considers that the metabolism is related
to the total body weight (BW), lean body mass (LBM),
or body surface area (BSA) of the animal. The BW has
been used most commonly in normalization for the
calculation of the SUV, regardless of whether the study
is conducted with small animals or humans. However,
changes in body weight or composition, which often
occur in cancer patients resulting from the disease or
treatments, can change the FDG distribution and dynamics
in plasma, moving away from the value of the integral of
activity normalized by BW, LBM or BSA (Huang, 2000).
The differences between these values make unreliable the
substitution of the kinetic parameters (K, and MRGlu)
by the SUV (Durand and Besson, 2015; Weber et al.,
1999). To minimize the problem of correlation between
the plasma FDG dynamics and the normalization applied
to the SUV, more robust quantification methods using
blood samples obtained during the exam time. also
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known as input functions, should be used (Ishizu et al.,
1994; Thie, 1995).

In addition to the problems mentioned above,
disadvantages of this method include its poor reproducibility.
which is closely related to maintaining the acquisition
and processing parameters of study constant, the
non-extravasation at the injection site, and the definition
of the area/volume of interest, which is a challenge in
small animal imaging (Adams et al, 2010).

Quantitative Methods

More detailed information on glucose metabolism
can be obtained through quantitative methods, as
described in Strauss et al. (2011). Of these, the most
best accepted are compartmental analysis and graphical
analysis. according to Patlak et al. (1983) and Patlak
and Blasberg (1985).

Absolute quantification using the compartmental
model (CM)

CM, also known as the kinetic model, is the most
accurate method of PET data analysis. Guaon et al.
(2001) have provided an overview and comprehensive
analysis of the mathematics underlying the CM in PET.
In the CM applied to PET (Figure 3). we assume that
FDG is exchanged between compartments. with each
compartment representing a homogeneous physiological or
biochemical entity, and the rates at which the radiotracer
is transferred between the compartments are described
by first order differential equations.

FDG in

FDG plasma
| glucose
glucose in plasma

k,

Blood
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In the CM, FDG is transported from plasma into
tissue as free FDG and is subsequently metabolized
into FDG-6-PO,. The concentrations of FDG in the
compartments are those of free FDG in plasma (C';)
and in tissue (C",). and the concentration of metabolized
FDG (C" ). The microconstants for the transfer of FDG,
K, (umol/min/100g) and k*, (min™'), represent the transport,
mediated by the transporters of glucose across the cell
membrane. The constants k', (min™) and k', (min™)
represent the phosphorylation of FDG by hexokinase
and dephosphorylation by glucose-6-phosphatase.
respectively.

The CM requires dynamic imaging from the moment
of injection and, in general, arterial blood samples
to measure the plasma radiotracer concentration as a
function of time, defined as the input function. Because
the CM estimates kinetic parameters, we can determine
glucose transport and hexokinase activity for each ROI
in the image.

We can estimate the microconstants for glucose
using the equations 2 and 3 (Fang and Muzic, 2008):

dcd'e (1) =K,C, (1) (ky+k)Cp (1) +K,C, (1) (2)
dc;t(t) =kCr (1)-kC, (') ®)

Solving the differential equations above allows
expressing the free glucose concentration in the tissue
(C,) in terms of the plasma concentration (Cy), and the
rate of glucose metabolism (MRGHu) in terms of C is
thus obtained by the equation 4:

metabolized

metabolized
glucose

Tissue

Figure 3. Two-compartment mode] depicting the transport of glucose and 2-deoxy-2-["F]fiuoroglucose (FDG) to and from plasma to tissue, showing
the rates of transport of the tracer/glucose into (K*, K ) and out of the cells (k° k), as well as the rates at which these molecules are converted
to a form that is unable to leave the cell (k°,, k,) and conversion from the trapped form back into the membrane-permeant form (k°,, k,). In brain
studies with FDG, it is often assumed that the dephosphorylation rate of FDG-6-phosphate in the brain tissue is small enough to be ignored (k°,=0).
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The difficulty in using the equation above is that the
values of the transfer rates for glucose (K. k, and k;)
must be determined. The direct measurement of these
transfer rates is too complicated; therefore, measurements
of the PET TAC are used to estimate these values for
FDG. The constant $ represents the fraction of the
phosphorylated glucose that is further metabolized in
the glycolytic pathway. Sokoloff (1981a) demonstrated
that in brain tissue @ is very close to 1. indicating that
only a small portion of the phosphorylated glucose
will be dephosphorylated. For this reason. k', can be
considered negligible.

Through the use of the lumped constant (LC)
adjustment term (Sokoloff et al. 1977; Moore et al..
2000; Krohn et al.. 2007), which represents the correction
factor for the differences in glucose and DG transport
and phosphorylation rates, and allows converting the
results obtained using DG to glucose. In the brain. DG is
transported 1.4 times faster than glucose, while glucose
is metabolized 2.5-4.5 times faster than DG (Dienel,
2012), thereby the rate of glucose metabolism can be
expressed as in equation 5:

MRGlu = 4ksCy =

_KE G _.C
MRGlu gu;fé K‘Ef? (5)

Thus, MRGlu can be estimated with a simple equation
from only the constant rates of FDG (K',.k’, and k*)).
the steady state Cyand LC.

In the LC, the distribution volume is the component
sensitive to the glucose concentration due to the higher
metabolism/transport rate of glucose in relation to
DG. Under physiological conditions, where blood
glucose remains constant, L C remains relatively stable.
However. under conditions that include factors that
alter plasma glucose concentration and consequently
result in changes of greater or lesser magnitude in L.C,
LC should be determined for the specific conditions of
the study. Several studies have shown changes inI.Cin
hyperglycaemic (Orzi et al.., 1988; Schuier et al., 1990),
hypoglycaemic (Suda et al.. 1990) and anaesthetized
(Alf et al., 2014) animals. or in animals with tumours
(Spence et al.., 1998).

The model provides detailed information regarding
glucose transport and metabolism as shown in Figure 4.

The advantages of this method are its reliability and its
independence from examination or plasma clearance time,
in contrast to the SUV. An important technical difficulty
1s the need for arterial cannulation to draw blood for the
input function It is also necessary to ensure injection
without extravasation, which can be standardized using
intravenous cannulation and an infusion pump. Another
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critical factor for the execution of this technique is the
synchronization between the sampling times of arterial
blood and PET imaging, since these data will be used
in the differential equations shown above.

Patlak graphical analysis

Graphical methods allow the appropriate estimation
of certain combinations of microparameters by
transforming the estimation equations on which the
CMs are based. The best-known graphical method for
irreversible substances is the Patlak method (Patlaketal.,
1983; Patlak and Blasberg, 1985). This method is
a linearization of the compartmental equations for
irreversible tracers (Figure 5). It can be shown that
at a certain time t' after the beginning of the tracer
injection, all reversible compartments must be in steady
state, i.e., the tracer concentrations in the plasma and
in reversible tissue compartments should remain stable.
This time depends on the tracer, the subject and the
ROL The relationship between the TAC of the tissue
C’ (t) and the TAC of the plasma C°(t) (y-axis) and the
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Figure 4. Compartmental model of 2-deoxy-2-[""F] fluoroglucose
metabolism based on the radiotracer concentration curves as a function
of time in the arterial input fanction (plasma) and volume studied (brain),
illustrating the concentration of free and metabolized FDG estimated
for approximately 1 h after the intravenous injection of 37 MBq FDG.
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Figure 5. Patlak plot generated from the input function (plasma) and
time activity curve from the brain in a representative animal after the
intravenous injection of 37 MBq of 2-deoxy-2-["F]fluoroglucose.
The Patlak plot becomes linear after the tracer concentrations in reversible
compartments and in plasma are in steady state. The slope of the linear
phase of the plot is the net uptake (influx) rate constant X
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ratio between the integral and the instantaneous value
of C’(t) (x-axis) becomes linear at time t"; that is, the
system reaches a steady state, expressed by equation 6:

Ci (t) =K.l roC;.(")d" +¥V
Cplr) Cel(r)

K', indicates the rate at which the tracer is irreversibly
retained and can be calculated from the equation 6 using
a simple linear estimation procedure.

This method requires the acquisition of dynamic
images, beginning 15 to 30 min after the tracer injection,
as well as arterial blood samples. Due to the linearity
of the above equation 6, this method is much faster
and less sensitive to noise, and therefore suitable for
voxel-level applications. For FDG, we can calculate the
MRGlu (umol/min/100g) from K', using the equation 7:

@)

(6)

MRGIu=K", S
LC

Although this approach enables an operational
simplification of the CM, the disadvantage of the Patlak
method is the inability to calculate the kinetic parameters
separately; for FDG, for example, the method does not
discriminate between glucose transport and hexokinase
activity.

To determine the best quantitative method, one can
examine whether there is need to estimate glucose transfer
constants or only the amount of glucose metabolized
is sufficient to characterize the change studied. Several
criteria exist for kinetic model preference identification
for brain PET studies. The most commonly used models
are Akaike Information Criterion (AIC), AIC unbiased,
model selection criterion (MSC), Schwartz Criterion (SC)
and F-test. However. all model selection criteria resulted
i similar conclusions for PET FDG (Golla et al., 2017).

Voxel-Based Analysis (VBA)

Prior to the advent of VBA. PET brain images were
manually analysed via manual delineation of ROIs to
investigate the existence of areas with altered metabolism.
This approach was established for autoradiograph
analyses of basic neurophysiological and metabolic scans
of humans (Friston, 2007). In addition to being time
consuming, the ROI method might introduce inaccuracies
into the analysis because it is an evaluator-dependent.
However, the most significant difficulty is that ROI
analyses are usually guided by a priori information of
the change in a certain brain region; therefore, possibly
significant effects outside the specific ROI can be lost
or the treatment/intervention can induce a global effect
that is expressed in all ROIs. To overcome the challenge
of detecting regional changes when a global change
is present, the Statistical Parametric Mapping (SPM)

Pranda$, Ono (R, Robillotta (C, Sapienza MT 10/19

software was developed (Wellcome Department of
Cognitive Neurology, Institute of Neurology, London,
UK; Friston et al., 1994). SPM is the best-known VBA
method that can be applied on a large scale in brain
studies of humans and animal models of different
neurological diseases or behaviours (Litaudon et al.,
2017; Park etal.. 2017; Cuietal., 2015; Casteels et al.,
2010; Frumberg et al., 2007). SPM uses statistics to
identify regions with different perfusion or metabolic
rates or different volumes present in images obtained
by SPECT. PET. or magnetic resonance imaging (MRI).

The SPM analysis method is based on the spatial
representation of the parameters obtained (e.g., perfusion,
metabolism or volumes) via a VBA comparnison of an
animal (or group of animals) with a reference group of
animals of the same species subjected to the same image
modality. Before performing an SPM analysis, the images
must be processed. This processing step is composed of
three parts: spatial realignment, spatial normalization,
and filtering. After this step, statistical analysis, intensity
nommalization and inference are performed. The most
significant differences between groups are presented as
a table of coordinates to represent three outline views
of the brain (i.e.. the glass brain) or as patches of colour
on an MRI brain “slice”, with the colours that represent
the location of the voxels that have shown significant
differences (Figure 6).

Spatial realignment. also known as the nigid registration
method, involves correcting the difference in the position
between the different acquired images due to differences
in the positioning of the animals, through an inelastic
transformation of the images.

Spatial normalization is performed to eliminate
individual differences and ensure the positioning of the
image voxels, so that the same structure occupies the
same coordinates in all of the images. This normalization
involves a stereotactic transformation of the brain images
to fit an external anatomical model. the template, which
corresponds to an atlas of standard anatomical space.
The established and most commonly used atlases of the
mouse and rat brain (Paxinos and Watson, 2017; Swanson,
2004) provide a series of sections, cut at specified angles,
with external surfaces and internal boundaries of areas
and nuclei indicated. as well as names assigned to the
delineated structures. Atlases with 3-D representations
of major brain structures have also been developed for
the mouse (Chan et al., 2007; Gustafson et al., 2004;
Lein et al., 2007; MacKenzie-Graham et al., 2004).
This procedure allows direct intra- and inter-subject
comparisons and the application of standard reference
maps and masks.

Because of the relatively large differences in the spatial
resolution between MRI and FDG-PET images of small
animals, the automated image realignment of FDG-PET
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Isoflurane vs Ketamine/Xylazine

3 8
Increases

- -

3 18
Decreases

Figure 6. Representative rat brain images obtained by statistical parametric mapping of the standardized uptake values to compare rats kept under
isoflurane and ketamine /xylazine anaesthesia during the 2-deoxy-2-[*F}fiuoroglucose uptake period. T-map data (visualization cut-off point: p<0.05;
uncorrected) are depicted using Mango as a multi-slice coronal of magnetic resonance imaging template overlay (Schwarz et al., 2006). The colour
bar was set to 3 minimum of 3 and a maximum of 8 for both increases and decreases in glucose uptake for isoflurane ansesthetised subjects (v=15)

compared with ketamine/xylazine anaesthetised subjects (n=18).

data with MRI templates is difficult primarily because
of differences in the biodistribution of the tracer and
the number of anatomical landmarks (Nie et al., 2014).
Therefore, the availability of specific tracer templates
aligned in a standard reference space enables the use
of the automatic normalization of functional images.
which minimizes user-dependent variability and provides
direct access to the corresponding anatomical atlases
and reference coordinates. Several standard anatomical
and functional space models have been developed and
tested for the spatial normalisation of small rodent
brains (Poussieretal., 2017; Vallez Garcia et al , 2015;
Nieetal., 2014, 2013; Coelho et al.. 2011; Casteels et al..
2006; Schweinhardt et al., 2003).

After the normalization step, the images are smoothed
by applying a spatial filter. The main objective of spatial
filtering is to eliminate residual noise and allow the
application of the random Gaussian field (RGF) theory.
In practice, the intensity value of a voxel is replaced by
the weighted average density of the neighbouring voxels,
which increases the signal-to-noise ratio and adjusts the
anatomical and functional variations between subjects

(Friston, 2002). According to matched filter theorem,
the optimum smoothing kernel corresponds to the size
of the anticipated effect. Thus, the optimum smoothing
level is related to the size of the signal to be detected
(Reimold et al., 2006). Unfortunately, the effect size is
unknown most of the time and may undergo variations
across brain studies. Welch (2013) tested various
smoothing levels (0-1.5 mm) in mouse brain FDG-PET
images. Although the sensitivity of the test was not
significantly altered by different smoothing levels, the
T-score increased between 5 and 15%. In addition to
increasing the signal-to-noise ratio, spatial filtering
causes the errors to approach the normal distribution,
which ensures the validity of the inferences based on
parametric tests.

Importantly. spatial smoothing has disadvantages in
small animal brain studies. Spatial smoothing always
decreases spatial resolution; therefore, the detection
of small structures can be attenuated below the cut-off
value attributed in the study. Therefore, it is critical to
assess whether the objective of the study is accurate
spatial localization because the technique might not
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identify small structures with low uptake. In this case,
autoradiography can be used to perform a preliminary
evaluation of the structures and regional metabolic
changes mnvolved in the study.

The mean level of brain metabolism varies among
different subjects and, to a lesser degree, in the same
subject over time. To perform longitudinal or transverse
comparisons of metabolism between subjects, it is
necessary to adjust the intensity data. There are several
techniques to adjust the average metabolic differences
between subjects. However, the easiest way to correct
these fluctuations is the count normalization to the
cerebral global mean, so-called global normalization.
The cerebral global mean is determined automatically
by SPM as the mean voxel value of those exceeding a
threshold (Buchert et al.. 2005), and is implemented as
default in the count-scaling algorithm, thus enabling to
adjust for interindividual variability without the need of
additional analyses. For this reason, global normalization
by means of proportional scaling or analysis of covariance
(ANCOVA) has found a wide utilization in SPM analyses
of FDG brain PET data. In proportional scaling, it is
considered that the subjects have an identical metabolic
level, and to reach it is scale each scan by its estimated
global activity (Gispert et al., 2003). This approach is
based on the assumption that the measurement process
introduces a global scaling of image intensities at each
voxel, a gain factor. Another approach, ANCOVA_ is to
include the mean corrected global activity as an additional
regressor in the model. Data with lower variance may
be normalised by ANCOVA, while those with higher
variance and number of subjects are better normalised
by proportional scaling (Gispert et al.. 2003).

The main problem with these intensity normalisation
techniques is that they do not contemplate the possibility
that the studied effects could modify the mean values of
metabolism As a consequence, the impact of regional
influences on the general metabolism is lost, or areas with
apparent hypermetabolism are created, as in SPM analysis
of Alzheimer disease (Yakushev et al., 2009). To avoid
this type of problem. we can normalise the images by
ROI or cluster-based normalization. which includes only
areas not affected by the pathology/intervention. In these
cases, it is possible to use the average or maximum
value. In the case of the mean value, it is necessary to
choose an area in which the mean value is similar in all
individuals. Of course, one of the precepts of the technique
is to kmow which regions are not affected. Instead of
using the mean value of the parameter of interest (SUV,
MRGlu, Ki, among others) in these regions, one may
use the maximum value because there is a significant
probability that regions with higher metabolic rate are
not affected by the pathology/intervention that decreases
the consumption of glucose (Gispert et al., 2003).
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Several of these techniques have been applied
in studies of neurological diseases (Dukart et al..
2013, 2010; Yakushev et al., 2009). The choice of the
best normalisation method for a given study can be
based on the coefficient of variation of noise analysis
(Gispert et al., 2003).

The disadvantage of VBA is the need to acquire
multiple images from the same animal or from different
animals to perform the comparison. Several possible
comparisons are used in VBA and depend on the
experimental design employed. In longitudinal studies,
it is possible, for example, to compare the same animal
at different times using a paired t-test. In transversal
studies, it is possible to compare an individual against
a group or to compare different groups submitted to
different interventions. In many research projects, a
bank of images from healthy animals must be built for
comparison However, for the interpretation of changes
between groups. only the clusters should be compared
as to avoid false positive results due to noise present in
the voxels (Vallez Garcia et al., 2015). The size of the
cluster must be defined according to the data acquisition
and processing conditions (spatial resolution, voxel size).

Numerous parameters obtained with quantitative
methods can be compared between groups using the
VBA method, such as absolute glucose uptake, transfer
rate constants, SUV and blood.

Discussion and Conclusions

The major practical differences between the application
of the quantification methods for humans and those
used for small animals are related to spatial resolution,
time scale, and arterial input function (van den Hoff
2011). Many target structures of small animal PET are
not much larger than the spatial resolution limit, and
the limited recovery of true signal intensity frequently
plays a much larger role in these conditions compared
with human PET. In the case of small animals_ the
incomplete recovery of the signal directly translates into
a corresponding reduction of the absorption parameters
obtained, as K, and, indirectly, the SUV. Regarding the
structures with dimensions close to the spatial resolution
limit of the tomograph. the incomplete recovery of the
signal must be corrected, which in tum requires a precise
knowledge of the size and shape of the object.

Although not mandatory for all quantification
methods, the arterial input function is limited by practical
considerations. The most important factor to consider
is the blood volume of rats and (especially) mice,
which are frequently used in FDG studies. The removal
of a relatively small volume of blood may result in
physiological changes, which can cause significant changes
in the quantification results. Other factors related to the
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Table 1. Advantages and disadvantages of methods to analyse cerebral ghucose metabolism with 2-deoxy-2-["'Flfinoroglucose.

Method Advantages Disadvantages
R - . - Depends on the interval between injection and
Qualitative (visual) i 1;;: h":‘;y“‘;t image acquisition.
) - Subjective.
- Semi quantitative. - Depends on the interval between injection and
. - Good reproducibility if acquisition and Image acquisiion.
Standardized uptake value processmmg are standardized. - Does not provide constants rate or free and
- Can be applied to static or dynamic images. metabolized FDG concentrations.
- Comparative. wbili - Requires a reference group/bank of normal
Voxel-based analysis - Good reproducibility. . subjects.
- Allows evaluating the whole bram_ - Not adequate for small chusters.
- Can be applied to static or dynamic images.
. - Acquisition of dynamic image and input
- I?um;'-ihw.fobtamm' Ing parametric 1 fK' function.
Patlak - fossibLty of HmEP Cmmage oI R | Does not provide rate constants
- Start of image acquisition after 20 min of &k, md k")
mjection. - Quantification based on predefined ROLs.
- Acquisition of dynamic image and input
- Quantitative. function.
C 1 model - Allows evaluating rate constants. - Noise m the imitial images.
- Possibility to obtain parametric images of K', - Necessity of synchronization between the
K KK, start of image acquisition, mjection and input
function.
- Quantitative. - Exvivo.
A iography - High spatial resolution. - Provides a planar image.
= - Can be performed with the same dose and - Not possible to perform longitudinal studies m
immediately after PET-FDG. the same animal.

animal. the acquisition and processing technique should
be standardised and controlled during the experiment.

Some advantages and disadvantages of the available
quantification methods (Table 1) should be weighed
according to the objective of the study. In the context of
preclinical research. semiquantitative and quantitative
methods are preferred because these approaches provide
objective analysis parameters that are not dependent
on expertise in visual analysis of images. VBA has a
significant advantage over the SUV, since it allows analysis
of the whole brain without the a priori formulation of
a hypothesis. In addition, statistical methods, such as
SPM, reveal regional differences in metabolism that are
not always visually detectable.

Quantitative methods, while providing more reliable
results, however. there are several technical challenges
associated with these methods. Besides that, professionals
with specific skills also are required to perform image
acquisition and processing. Many factors can influence
the results obtained; fortunately. these influences can be
studied and minimized via the appropriate standardization
of the acquisition, processing. and data analysis steps.

Although autoradiography is the gold standard for
quantification, this method is not widely used in research
protocols because it is an ex vivo method and does not
allow longitudinal studies. However, autoradiography

can be used to verify the changes visualized by other
quantification methods.

In conclusion, analysis and interpretation of PET data
are not always simple, and the results will depend on many
details in the study. Several approaches are available for
the quantification of PET data, and the integration of data
from multiple methods can strengthen the validity of the
results obtained and enable the researcher to understand
the problem from different perspectives.
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OBJECTIVES: This study aimed to evaluate several methods to estimate glucose consumption in the male Wister
rat brain as measured by PET.

METHODS: Fourteen male Wistar normoglycemic rats were studied. The input function consisted of seventeen
blood samples drawn manually from the femoral artery. Glucose uptake values were calculated using the input
function resulting from the arterial blood samples and the tissue time-activity curve derived from the PET
images. The estimated glucose consumption rate (K;) based on the 2-tissue compartment model (2TCM) served
as the standard for comparisons with the values calculated by the Patlak analysis and with the fractional uptake
rate (FUR), standardized uptake value (SUV) and glucose corrected SUV (SUV ).

RESULTS: No significant difference between the standard K; and the Patlak K; was observed. The standard K;
was also found to have strong correlations and concordance with the K; value estimated by the Patlak analysis.
The FUR method presented an excellent correlation with the K; value obtained by the 2TCM/Patlak analyses, in
contrast to the SUV or SUVy,,.

CONCLUSIONS: From a methodological point of view, the present findings confirm the theoretical limitations
of the cerebral SUV and SUV,, as a substitute for K; in the estimation of glucose consumption in the brain.

Our data suggest that the FUR is the surrogate to K;.

KEYWORDS: Quantification; [18F]FDG; SUV: FUR; K;.

B INTRODUCTION

Positron emission tomography (PET) combined with 18F-
fluorodeoxyglucose ([18FFDG) is a powerful tool for investi-
gating brain metabolism in vivo (14). PET is a medical
imaging technique that is based on the administration of
labeled drugs with positron-emitting radioisotopes, where
the chemical form of the radiopharmaceutical is designed
to provide information on tissue biochemistry rather than
anatomy. The images are formed by the detection of two
opposing gamma rays that are produced in the annihilation
process between the positron and the electron. Thus, PET
provides a means to measure the local concentrations of
positron emitters and to reconstruct the images of the
radiopharmaceutical distribution in the brain. The images
obtained from the brains of small animals through PET are
often evaluated using several quantitative analysis ap proaches.

Copyright © 2019 CLINICS — This is an Open Access article distributed under the
terms of the Creative Commons License (http//creativecommons.org/licenses/by/
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The gold standard in PET quantification is the compart-
ment model. Well-established compartmental models in PET
include those used for quantification of blood flow (5), the
cerebral metabolic rate for glucose (6,7) and neuroreceptor
binding (8).

However, these particular models require the acquisition
of dynamic images and an arterial or plasma blood input
function, with the number of tissue compartments dictated
by the physiological, biochemical and physiological para-
meters that are properties of the system being studied.

A simplification of the compartmental methods is the
Patlak graphical analysis (9,10). The main advantage of
this approach is the possibility of acquiring PET images at
a late stage, where the system is in the steady state, after
the injection of the radiopharmaceutical. The Patlak standard
linear graphical analysis is a robust modeling approach
and allows a direct estimation, from the reconstructed PET
images and the input function, of the influence of the tracer
K; and blood volume V (9).

However, the application of compartmental or Patlak
models is technically challenging, somewhat complicated
and not sufficiently practical for routine use, even in small
animals (11). Simplified quantification approaches have
been introduced to overcome these challenges.

The standardized uptake value (SUV) is the parameter
frequently used to measure [18F]FDG uptake and to
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distinguish between areas with altered metabolism con-
cerning the normal brain (12,13). Its use is related to ease of
implantation, without the need to acquire dynamic images
or obtain the concentration of the radiopharmaceutical
in the blood (the function of entrance). However, the SUV
is strongly dependent on the time of injection and the
current metabolic state of each animal. Its outcome can also
be affected by factors including animal management and
biological or technical considerations (13-17). Anesthesia is
a factor that is present in the vast majority of preclinical
studies, and it affects glucose metabolism, frequently caus-
ing hyperglycemia (18-20). In hyperglycemic animals, Woo
et al. (21) suggest that the SUV can be corrected through a
normalized serum baseline glycemia value for the popula-
tion mean.

An alternative to SUV correction for basal glycemia is the
use of the fractional uptake rate (FUR), which normalizes the
plasma variability of the population through the acquisition
of the concentration of the radiopharmaceutical in the blood
between the time of injection and the end of the image
acquisition (22,23). The FUR is considered an approximation
of the slope (K;) obtained by the Patlak linearization tech-
nique for a delay time after the injection (24).

In this study, we used the [18F]JFDG radiophamaceuti-
cal to evaluate the methods of quantification of glucose
metabolism measured by PET in small animals. Net glucose
consumption values (K;) were obtained through the com-
partmental (2TCM) and Patlak method and were compared
with the values obtained by the SUV, SUVy,, and FUR
methods.

B MATERIALS AND METHODS

Animals

The procedures described in the present work are part
of a small-animal PET experiment examining the effects of
anesthetics on cerebral glucose metabolism (25). The current
work addresses the issue of comparing different quantifica-
tion methods. Only the animals with 17 samples of arterial
blood were analyzed. We retrospectively analyzed fourteen
male Wistar rats obtained from the Animal Facility Center
of the Medical School at the University of Sio Paulo, Brazil.
The animals were given at least 7 days to acclimate to the
vivarium of the Laboratory of Medical Investigation - LIM 43
in a climate-controlled room with a 12-hour circadian cycle
and free access to food and water. On the day of the experi-
ment, the animals were subjected to surgery for implanta-
tion of a cannula into the femoral artery and to PET under
anesthesia with isoflurane or ketamine-xylazine.

All procedures were in accordance with ethical principles
adopted by the Brazilian College of Animal Experimentation
and approved by the Ethical Committee for Animal Research
of School of Medicine, University of Sdo Paulo (protocol 026/
14).

Anesthesia

Prior to the PET scan, a mixture of 5% isoflurane
(FORANE, Baxter Healthcare Corporation) and medical air
was used to anesthetize the animals, which were maintained
under anesthesia at 1.5 - 2.0% isoflurane (n=5) or with an
intraperitoneal injection of ketamine (n=9) (100 mg/kg)
associated with xylazine alpha2-agonist (10 mg/kg) (DOPA-
LEN, Sespo Indiistria e Comércio Ltda; ANASEDAN, Sespo
Inddstria e Comércio Ltda).

CLINICS 2019;74:e1273

Animals anesthetized with intraperitoneal ketamine injec-
tion associated with alpha2-xylazine agonist received a
standardized dose by weight during induction and a second
fractionated dose every 30 minutes. In total, each animal
received two doses of the anesthetic.

A PE50 cannula (0.58 mm internal diameter and 0.96 mm
outside diameter, Becton Dickinson) was inserted into the
femoral artery to obtain arterial blood samples (26).

The mean time between the onset of induction and [18F]
FDG injection was 30 minutes. The total experiment time
was 90 minutes. The animals remained on a surface heated
to 37°C for the experimental duration to avoid hypothermia.
During induction, the baseline serum weights and glycemia
levels of the animals were measured.

Positron emission tomography

After the general procedures, image acquisition and
arterial blood collection were started ically with
the injection of the radiopharmaceutical. A bolus injection of
48.9 +3.5 MBq of [18F]JFDG was administered manually into
the penile vein.

The dynamic images of one bed position were acquired in list
mode with a LabPET 4 system (Gamma Medica-Ideas, North-
ridge, CA) (27) over 1 hour. The acquired data were divided into
20 images (six series with the following numbers and durations:
8/30 s, 2/60 s, 2/120 s, 2/150 s 3/300 s, and 3/600 s).
Reconstruction was performed using the OSEM-2D method (20
iterations, 4 subsets, ROV=60 mm, high resolution mode), which
resulted in 0.500 x 0.500 x 0.37 mm voxels. The data were
corrected for radionuclide decay and random coincidences.

Simultaneous with PET image acquisition, 17 arterial
blood samples were collected from the femoral artery at
the PET acquisition timepoints 0, 5, 10, 20, 30, 40, 50, 60, 90,
120, 180, 300, 450, 600, 900, 1800 and 3600 s. The count rate
per minute for an aliquot of 50 pL of sampled blood was
measured with a gamma scintillation counter (Wallac Wizard
3, Perkin-Elmer), and the counts obtained were corrected for
radionuclide decay and converted to activity concentration
(kBq/mL) based on the gamma scintillation counter calibra-
tion factor, which was previously determined on the day of
the experiment. The activity levels of the samples were
corrected for the accumulated [18F]FDG activity in red blood
cells following the method formulated by Wu et al. 28). The
time-activity curve (TAC) for blood was corrected to a delay
between injections and the start of acquisition in PMOD
software, version 34 (PMOD Technologies Ltd., Zurich,
Switzerland). The result was used as an arterial input function.

Data analysis

Standardized uptake value. The set of dynamic images
for each animal was automatically coregistered using the T2-
MRI late available in PMOD software, version 3.4
(PMOD Technologies Ltd., Zurich, Switzerland), and the
mean SUV was generated by projection volumes of interest
(VOIs) on the dynamic images.

The mean SUV (29) was calculated using the following
equation:

Crer(t)

where Cppr(t) is the mean [I8F]JFDG concentration in
dynamic images; A is the [18F]FDG activity injected into

Suv=
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the animal corrected for radionuclide decay and residual
remaining in the syringe; and W is the animal's body
weight.

The whole brain, consisting of the thalamus, cerebel-
lum, hypothalamus, hippocampus, caudate nucleus, puta-
men, and cortex as defined in Schiffer’s brain atlas (30)
available in the PMOD software, was designated the VOI,
and the VOI was used to obtain the mean SUV.

To calculate the metabolism value, we considered the
last 30 minutes of the study.

The SUVy, was generated by multiplying the SUV by
the basal serum glycemia level of each animal.

Fractional uptake ratio. The FUR was obtained accord-
ing to equation 2 and represents the ratio of tissue activity at
time tand the integral of plasma activity from time 0 to t (22-24):

Cime (1

0 @
Jo Cpizama (t)dit
For the FUR calculation, we used the concentration of the
activity per voxel in 45 minutes, which nds to the mean

time of the last 30 minutes of the study, and the input function
from 0 to 45 minutes.

FUR =

Kinetic analysis. Kinetic analysis was performed in
PMOD software, version 34 (PMOD Technologies Ltd.,
Zurich, Switzerland) using the compartmental method of
irreversible tissues (2TCM) (6) and Patlak (9,10).

Whole-brain TACs were obtained by applying the VOI
described above.

Two-tissue compartment model (2TCM). In the 2TCM
(6) (Figure 1), it is assumed that the [18F]FDG is exchanged
between the compartments, where each compartment repre-
sents a homogeneous, physiological or biochemical entity,
and the rates at which the [18F]FDG is transferred between
the compartments are described by first-order differential
equations, namely, equations 3 and 4. The 2TCM requires
dynamic imaging from the time of injection and, in general,
a TAC to measure the concentration of the radiopharmaceu-
tical in the plasma as a function of the time of the study.
The advantages of this method are its reliability and its
independence of examination time or plasma clearance, in
contrast to the SUV. Because 2TCM can estimate kinetic para-
meters, we can determine glucose transport and hexokinase
activity for each region of interest in the image.

dc (') L2 _KiGo(t) - (ke + ko)Cr(t) +kaCanlt)  (3)

Lonll) —sCrlt) - KCalt) @)
The difficulty in solving the differential equations above
is that the values for the transfer rates for glucose (K,
ks, and k;) must be determined. Direct measurement of
transfer rates to glucose is very complicated, so we used
[18F]FDG-PET measurements to estimate these values from
[18F]FDG.

Initially, the cerebral metabolic rate of glucose cMRglu
is expressed in terms of [18F]FDG transfer constants
(K1*, k2%, k3* and k%) and can be expressed in the form of
equation 5:

_ Kk _xCr
CMRglu = P Co/LC= Ko (5)
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Blood

Figure 1 - Two-tissue compartment model describing [18F]FDG
pharmacokinetics, including the blood-to-tissue [18F]FDG trans-
port rate (K,), tissue-to-blood [18F]FDG transport rate (k)
phosphorylation to [18F]FDG-6-phosphate rate (ks), and depho-
sphorylation rate (kg).

Tissue

The cMRglu equation is a simple equation involving the
transfer rates of [18F]FDG (K%, k»* and k3*), the blood
glucose concentration Cp during the equilibrium phase
and the lumped constant, representing the difference between
the metabolism of glucose and [18F]FDG. The LC value
depends on the basal serum glucose level of the animal (31)
and the region of the brain (32).

Since we used different anesthetics in this work and did
not determine the appropriate lumped constant for each
anesthetic protocol, we chose to use K; as the metabolic rate
for the whole brain.

The graphing methods allow appropriate estimations
of certain combinations of micro parameters by transform-
ing the estimation equations on which the compartmental
models are based. There are two types of graphing methods,
namely, the Patlak method and the Logan method, which
can be applied to irreversible or reversible substances,

ectively.

In the Patlak linearization method, one should presume
that at least one compartment contains the radiopharma-
ceutical irreversibly and that the examination time is
sufficient for the plasma and tissue compartments to
reach steady state. In the case of [18F]FDG, the radio-
pharmaceutical is transformed into [18F]FDG-6-PO4 and
remains irreversibly retained within the neurons. In these
circumstances, only the accumulation of the tracer in
irreversible compartments affects the apparent volume of
distribution.

After a certain time t *, which depends on the plotter,
the subject and the ROJ, the relationship of the TAC of the
tissue Cr (t) and Cr of the plasma Cp (t) (y-axis) with the
ratio of the integral to the instantaneous value of Cp (t)
(x-axis) becomes linear, as expressed by equation 6:

Crecito(t) _ K-f; Chplasma (1)du

Cﬂm(f) ' CPlasm(l)
where Kj, in equation 7, indicates the rate at which
the tracer is irreversibly retained and can be calculated
from the above equation using a simple linear estimation
procedure.

+V 6)

Kiks

Ki= Bk @)
This method requires the acquisition of dynamic images
beginning 15 to 30 minutes after the tracer injection and
arterial blood samples. Due to the linearity of the above
equation, the method is much faster and less sensitive to
noise than the 2TCM and is therefore suitable for voxel
applications. For [18F]FDG, we can calculate the cerebral
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metabolic rate of glucose cMRglu (pmol/min /100 g) from
K; by equation 8:

CP
CMRglu=K;. ;T 8)

For each animal, we obtained the rate of net glucose
uptake (K;).

Statistical analysis

The results of the study were analyzed by means of the
SPSS 22.0 statistical package (SPSS Inc., Chicago, IL, USA).
The Shapiro-Wilk test was used to verify the normality of
variables.

Pearson’s correlation coefficient was used to analyze the
correlation between all the methods used in this study and
classified as weak (0.05 <p<0.01), strong (0.01 < p<0.05) or
strongest (p<0.01).

The Bland-Altman method (33) and the Lin correlation
coefficient (34) were used to analyze the agreement between
K; estimated by the 2TCM and Patlak models and the SUV
and SUVy,,, models.

B RESULTS

All variables used in this study showed a normal distri-
bution according to the Shapiro-Wilk test. Table 1 shows
the mean, standard deviation and confidence interval for the
baseline serum glycemia, weight and injected activity of the
total sample studied.

Figure 2 shows the TACs for the whole brain (a) and input
functions for animals anesthetized with ketamine/xylazine
(b) or isoflurane (c).

Figure 3 shows a representative TAC and 2TCM fit for
the whole brain and the input function for each anesthetic.
The visual inspection revealed a satisfactory fit between the
data and the 2TCM.

Table 1 - Mean, standard deviation and confidence interval of
serum basal glycemia (mmol), weight (g) and injected activity

CLINICS 2019;74:e1273

Their mean and respective error values are shown in Table 2.

The correlations between the methods used can be
visualized in Figure 4 and in Table 3. There were significant
positive correlations between K; (Patlak) and K; (2TCM)
(r=0.9935, p<0001); FUR and K; (Patlak) (r=0.9472,
p<0.001); FUR and K; (2TCM) (r=0.9385, p<0.001); SUV,
and SUV (r=0.7671, p=0.001); SUV and K; (2TCM) (r=0.7336,
p=0.002); SUV and K; (Patlak) (r=0.7123, p=0.004); SUV

300
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Figure 3 - Representative (n=1) time-activity curve and 2TCM fit
for the whole brain and time-activity curve of the whole blood
of an animal from the ketamine/xylazine or isoflurane group.

Table 2 - Mean, standard error mean and confidence interval of
Ki (2TCM) (mL*(min*mL)""), K; (Patlak) (mL*(min*mL)™"), SUV,
SUVgy, (mmol) and FUR (min™).

(MBq). Mean SEM s%a
Mean s 95% 1 K, (2TCM) 0.0207 0.0018 0.0169-0.0245
K; (Patlak) 0.0202 0.0017 0.0165-0.0239
Glycemia (mmol) 711 1.07 6.59-7.78 FUR 0.0011 0.0001 0.0009-0.0013
Weight (g) 343.67 55.55 312.90-374.43 SUV,, 203 0.12 176-2.29
Injected activity (MBq) 49.15 EX )] 4726-51.04 suv 1.57 0.09 138-1.76
SD = Standard Deviation, IC = Confidence Interval. SEM = Standard Error of the Mean, IC = Confidence Interval.
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Figure 2 - Representative time-activity curves of brain and plasma input from the ketamine/xylazine or isoflurane group. A) Average
[18FJFDG time-activity curves of the brain. Data are expressed as the standardized uptake value (mean + SD). B) [18F]FDG time-activity
airves for whole blood from the ketamine/xylazine group. The dashed line represents the confidence interval, and the solid line
represents the mean. C) [18FJFDG time-activity curves for whole blood from the Isoflurane group. The dashed line represents the
confidence interval, and the solid line represents the mean.
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Figure 4 - Correlation graphs and linear regression matrix
between the methods of quantification of the cerebral metabo-
lism of glucose measured by PET-[18F]FDG. The solid lines
represent the regression lines. K;: net glucose consumption;
2TCM: two-tissue compartment model; FUR: fractional uptake
value; SUVg: standardized uptake value corrected by glucose,
SUV: standardized uptake value.

Table 3 - Pearson correlation coefficient.

Ki 2TCM)  K; (Patlak) FUR SUVg suv
Ki (2TCM) 1.0000
K; (Patlak) 09935 1.0000
p<0.001
FUR 09385 09472 1.0000
p<0.001 p<0.001
SUVguu 05419 0.5456 0.5752 1.0000
p=0.045 p=0.044  p=0.031
suv 07336 07123 0.7095 0.7671 1.0000
p=0.002 p=0.004 p=0.004 p=0.001

SUV: standardized uptake value; FUR: fractional uptake value; K;: net
glucose consumption; 2TCM: two-tissue compartment model.

and FUR (r=0.7095, p=0.004); SUV, and FUR (r=0.5752,
p=0.031); and SUVy, and K; (Patlak) (r=0.045, p=0.545)
(r=0.045, p=0.545).

Figure 5 shows the Bland-Altman scatter plot used to
determine the agreement between K; obtained by the 2TCM
and Patlak analyses. It was observed that the methods were
concordant and with reduced cases of dispersion beyond the
upper and lower limits of the standard deviations of the means.

In Table 4, Lin’s correlation coefficients indicate that there
is excellent agreement between K; (2ICM) and K; (Patlak).

B DISCUSSION

In this article, we chose not to use the cerebral metabolic
rate of glucose consumption (cMRglu) in the comparison
of the methods. Methods using a tracer for the measurement
of cMRglu require knowledge of the value of the lumped
constant, which explains the difference in enzymatic kinetics
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Figure 5 - Representative Bland-Altman plot of the agreement in
the K, estimation between the Patlak and reference values
obtained from the 2TCM. The dashed line represents the con-
fidence interval, and the solid line represents the bias. K;: net
glucose consumption; 2TCM: two-tissue compartment model; SD:
standard deviation.

Table 4 - Results of the Lin (CC) correlation coefficient of the
Bland-Altman analysis (mean differences and confidence
intervals).

(<o Mean Differences (SD)
0.000 (0.001)

95% a
(-0.0019) - 0.002

K; (2TCM) vs. 0.991
K; (Patlak)

CC = Correlation Coefficient; SD = Standard Deviation; Cl = Confidence
Interval.

of transport and phosphorylation between tracer and
glucose. Although the relative activity of an enzyme for the
tracer and natural substrate is generally constant and
predictable, it has been reported previously that changes in
basal glycemia levels alter the value of the lumped constant
(31,3536). As the anesthetics used in this study alter
glycemia levels, we chose not to use cMRglu because we
believed that we would be introducing a source of error that
would impair the comparison of the methods.

In the absence of cMRglu, we chose to use K; as the
reference, which represents the glucose uptake rate and
incorporates both internal net tr: rt and tracer trapping
in the tissue. Kj can be calculated by fitting the compartment
model; in this case, 2ICM or the graphical approach of
Patlak can be used to measure K; without making assump-
tions about the metabolic compartments (9).

The compartmental model, namely, the 2TCM, is consid-
ered the gold standard in quantification because it contains a
larger amount of acquired data and is subject to fewer
assumptions. However, our results demonstrate that the
2TCM and Patlak graphical approach are strongly cor-
related (r=0.9935, p<0.001) and are concordant (CC=0.991)
with each other. This result indicates that the K; obtained
by Patlak can be used in the quantification of the cerebral
metabolism of small animals in place of the 2TCM. The
primary advantage of adopting the Patlak method in the
experimental routine lies in the fact that the method is less
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sensitive to the noise of the initial part of the study and
requires a simpler acquisition protocol that may eventually
be translated into clinical practice (37).

As an alternative to compartmental methods, simplified
methods have been proposed over the years to facilitate
quantification by avoiding dynamic acquisitions and arterial
blood collection. The best-known simplified method today is
the standardized uptake value, namely, the SUV.

The SUV is an estimate of the glucose consumption
rate (Kj) related to the concentration of radiophamaceuti-
cal activity in a voxel, acquired by the equipment, and the
concentration of activity in the animal The accuracy of this
estimate depends on several technical, physiological and
methodological factors (16,37,38).

The acquisition and processing parameters affect the
estimates of metabolism and must be standardized to ensure
that the image reflects the behavior of the tracer, producing
an accurate and reproducible result.

Factors including hyperglycemia, competition and meta-
bolic differences between glucose and [18F]FDG affect all
methods and should not be seen as a technical/methodolo-
gical disadvantage because they are intrinsic to the animal
Although compartmental methods attempt to correct trans-
port and metabolism variations through the lumped con-
stant, to date, it has not been possible to eliminate the
associated uncertainties (32,39-41). One of the ways found to
approach the SUV of the cMRglu was to correct it by means
of the basal serum glycemia level, thus generated the SUV,
(21). Our data show that the SUVy, has no advantage over
the SUV, FUR or K, as seen in the correlation coefficient
between them (r=0.7671; r=0.5752; r=0.5456). The correlation
between the SUVy,, and K; decreased with the coefficient
obtained between the SUV and K; (0.5456 wvs. 0.7336).
A plausible and already verified explanation with patients
is related to the method of measurement of the basal serum
glucose concentration. When methods known as bedside
methods are used, as in this article, the reproducibility of
the blood glucose measurement is 10 to 15%, in contrast to
that of the hexokinase method, which is a more accurate
measurement method. The use of these methods can lead to
SUV variations of up to 30% (38). Therefore, SUV correction
is not recommended unless an accurate method of measuring
blood glucose is available (42).

In general, the main parameters related to glucose uptake
and that may alter the result are the rate of glucose extraction
by the organ of interest and other organs, perfusion, injected
activity and volume of distribution (15,17). The main limita-
tions of the SUV related to errors including extravasation,
recording of the injected activity, the variation of the absorp-
tion due to other organs and differences between plasma
and body volume are corrected in the K; calculation by the
inclusion of the input function.

In the images obtained by PET, the region of interest used
for quantification contains information on the concentra-
tion of metabolized and nonmetabolized [18F]FDG present
in the vascular and extravascular compartments. In addition
to accounting for the amount of unmetabolized [18F]FDG,
the SUV takes into account that metabolism is related to the
body weight, lean mass or body surface area of the animal.
The total weight is the most common nomalization method
for the calculation of the SUV. However, there are differences
between the plasma and body volume ratio in laboratory
animals. Obese, dehydrated animals that have lost a large
amount of body mass or that are very hydrated exhibit

CLINICS 2019;74:e1273

an altered relationship between the plasma and body
volumes that can influence the outcome of the SUV. If the
nomalization of the dose injected by weight is not pro-
portional to the integral of the [18F]FDG concentration in the
plasma, namely, the dose of bioavailable [18F]FDG provided
by the input function during the study time, the accuracy
will be impaired. Additionally, one should keep in mind that
quantitatively measuring uptake is not the same as measur-
ing a pathophysiological process quantitatively.

It is known that hyperglycemia decreases [18F]JFDG
arterial inflow due to faster blood clearance and that the
same injected dose of [18F]FDG does not guarantee the same
arterial inflow of [18F]FDG (22). To minimize this problem,
one can calculate the level of glucose consumption through
the FUR that represents nomalized glucose uptake by [18F]
FDG arterial inflow and may neglect the influence of uptake
by other [18F]FDG organs and of the patient’s body weight
(23-25). Our results, shown in Table 3 and Figure 4, indicate
that there is an excellent correlation between the FUR and
K; (Patlak) (r=0.9472, p<0.001) and FUR and K; (2TCM)
(r=0.9385, p<0.001). The FUR has a better correlation with
the more complex models than the SUV, which allows us
to affirm that the method is an adequate substitute for the
K; when the objective is to make comparisons between nor-
mal and pathological states or between animals. The major
advantage of the FUR method over the 2TCM and Patlak
analysis is the use of static images for quantification, which
would make translation easier for clinical studies.

However, if the aim of the study is primarily to identify
relative metabolic heterogeneities, the SUV can be used as
long as the acquisition and processing protocol is rigidly
established.

From the methodological point of view, the present findings
confirm the theoretical limitations of the SUV and cerebral
SUVgw as a surrogate for K in the estimation of glucose
consumption in the brain. Our data suggest that the FUR is
the surrogate for K; when dynamic acquisition is not possible.
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Abstract

The aim of the present study was to investigate changes in glucose metabolism in male
Wistar rats induced by the anesthetics isoflurane and ketamine combined with xylazine
via "*F-fluorodeoxyglucose-positron emission tomography. We analyzed the differential
effects of the anesthetics on 'aF—ﬂuomdeoxygltx:ose uptake and pharmacokinetics in 33
rats using quantification methods: (a) the standardized uptake value, (b) voxel-based
analyses, and (c) kinetic analysis. Both anesthetics reduced glucose uptake in the entire
brain. The voxel-based analyses detected smaller uptake reductions in the bilateral pri-
mary somatosensory system cortex and part of the limbic system in the ketamine-
xylazine (KX) group and in the vestibular nucleus in the isoflurane group. Through
kinetic analysis, we found that the volume of distribution and the membrane transport
rate K; were reduced in the KX group. Through various methods of '®F-
fluorodeoxyglucose-positron emission tomography quantification, the present study
found that anesthesia with the ketamine-xylazine combination induced a global reduc-
tion of glucose metabolism compared with isoflurane; this reduction of metabolism was
relatively lower in the primary somatosensory cortex and part of the limbic system. The
volume of distribution of '®F-fluorodeoxyglucose and its Glutl-mediated transport
across the brain membranes (K,) were decreased in the KX group.
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1 | INTRODUCTION

Positron emission tomography (PET) is a well-established
imaging method for in vivo assessments of functional and
metabolic parameters in preclinical studies. The use of
positron-emitting radionuclide-labeled drugs enables nonin-
vasive investigations of various metabolic processes and the
brain receptor occupancy rate (Lancelot & Zimmer, 2010).

18F_Fluorodeoxyglucose (FDG) is an 18-fluoro-labeled glu-
cose analog radiopharmaceutical used to assess abnormalities
of glycolytic metabolism. Increases or decreases in the regional
brain metabolism are indicative of neuronal activity, which might
be altered by diseases or through the use of drugs in animal mod-
els. However, for investigations of glycolytic metabolism abnor-
malities in small animals using '*F-fluorodeoxyglucose-positron
emission tomography (FDG-PET), the animals are usually anes-
thetized, and the anesthesia itself induces significant changes in
central nervous system metabolism. The effects of anesthetics on
drug kinetics or targeted disease are not always known and might
confound the results of a study. In addition to their direct effects,
the use of anesthetics might make comparisons of results and
their reproduction in different laboratories impossible.

Previous studies have demonstrated changes in blood flow
and brain glucose metabolism in association with different
classes of anesthetics (Langs;jo et al., 2005; Matsumura et al.,
2003; Mizuma, Shukuri, Hayashi, Watanabe, & Onoe, 2010;
Sokoloff et al., 1977; Toyama, Ichise, Liow, Modell, et al.,
2004; Toyama, Ichise, Liow, Vines, et al., 2004). While the
molecular mechanisms underlying the actions of anesthetics
on the brain are not fully understood, the anesthetic state is be-
lieved to result from multiple molecular targets in the differ-
ent brain and central nervous system regions. Anatomically,
each anesthetic action occurs at different regions, resulting in
distinct electroencephalogram signatures (Hemmings et al.,
2005: Purdon, Sampson, Pavone, & Brown, 2015).

We hypothesized that various anesthetic regimens might
also induce different glucose metabolic characteristics within
the brain.

The aim of the present study was to use PET to identify
changes in glucose metabolism caused by isoflurane and ket-
amine combined with xylazine, which are frequently used
anesthetics in small rodents. Therefore, we analyzed the dif-
ferential effects of these anesthetics on FDG uptake and phar-
macokinetics through the following quantification methods:
(a) the standardized uptake value (SUV), (b) voxel-based
analyses (VBAs), and (c) kinetic analysis.

2 | MATERIALS AND METHODS

2.1 | Animals

Thirty-three male Wistar rats (350 + 62 g), obtained from
Animal Facility Center from Medical School at the University

of Sao Paulo, Brazil, were given at least 7 days to acclimate to
the vivarium of the Laboratory of Medical Investigation - LIM
43 in a climate-controlled room with a 12-hour circadian cycle
and free access to food and water. On the day of the experi-
ment, the animals were subjected to surgery for implantation
of a cannula into the femoral artery and to PET under anesthe-
sia with either isoflurane (I) or ketamine-xylazine (KX).

All procedures were in accordance with ethical principles
adopted by the Brazilian College of Animal Experimentation
and approved by the Ethical Committee for Animal Research
of School of Medicine, University of Sao Paulo (protocol
026/14).

The procedures performed during the study are depicted
in Figure 1. Each step of the experimental protocol is ex-
plained below.

22 1

In all of the animals, anesthesia was induced with 5% isoflu-
rane (FORANE, Baxter Healthcare Corporation) in 2 L/min
02 using a duly calibrated vaporizer (SUMMIT Anesthesia).
Baseline serum glycemia was measured during the step of
anesthesia induction; the values were 6.71 + 1.03 mmoV/L (I)
and 7.00 + 1.09 mmol/L (KX).

Following induction, the animals were divided into two
groups per anesthetic selected for maintenance of anesthesia:

Anesthesia and general procedures

e I group (n = 15): maintenance via inhalation of isoflurane
at concentrations of 2.0%—2.5%.

e KX group (n = 18): maintenance through intraperitoneal
injection of racemic ketamine combined with the alpha-2
agonist xylazine (DOPALEN and ANASEDAN, Sespo
Inddstria e Comércio Ltda) in doses of 100 and 10 mg/kg,
respectively. The first dose was administered during in-
duction, and half of the standardized dose per animal was
administered every 30 min to a total of 200 mg/kg of ket-
amine and 20 mg/kg of xylazine over the duration of the
experiment (1.5 hr).

The animals remained on a surface heated to 37°C for the
experimental duration to avoid hypothermia.

Before administration of the radiopharmaceutical, a can-
nula with an internal diameter of 0.58 mm and an external
diameter of 0.96 mm (Becton Dickinson PE50) was inserted
into the femoral artery for blood sample collection (Jespersen,
Knupp, & Northcott, 2012).

The mean time between the onset of induction and FDG
injection was 30 min. The total experiment time was 90 min.

23 |

After the general procedures, image acquisition and arte-
rial blood collection were started synchronically with the

Positron emission tomography
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FIGURE 1 The flowchart is representing the data acquisition and processing protocol. Software used: PMOD (PFUS and PKIN tools),

VINCI, SPM, and SAMIT. K;: net glucose consumption; K;: blood-to-tissue FDG transport rate; k;. tissue-to-blood FDG transport rate; ks:
metabolized FDG rate; NLR: nonlinear regression; V4 volume of distribution; VOIs: volumes of interest. * Adjusted parameters: lumped constant,

glycemia, injection and acquisition synchrony

injection of the radiopharmaceutical. In each group, a bolus
injection of either 46.2 + 8.8 MBq (I) or 47.0 + 6.0 MBq
(KX) of FDG was administered into the penile vein.

The dynamic images were acquired in list mode with a
LabPET 4 system (Gamma Medica-Ideas, Northridge, CA)
(Bergeron et al., 2009, 2014) over 1 hr. The acquired data
were divided into 20 images (six series with the following
numbers and durations: 8/30, 2760, 2/120, 2/150, 3/300, and
3/600 s). Reconstruction was performed using the OSEM-2D
method (20 iterations, four subsets, FOV = 60 mm, high res-
olution mode), which resulted in 0.500 x 0.500 x 0.597 mm
voxels. The data were corrected for radionuclide decay and
random coincidences.

Simultaneous with PET image acquisition, 17 arterial
blood samples were collected from the femoral artery at the
PET acquisition time-points 0, 5, 10, 20, 30, 40, 50, 60, 90,
120, 180, 300, 450, 600, 900, 1,800, and 3,600 s. The count

rate per minute for an aliquot of 50 pl of sampled blood was
measured with a gamma scintillation counter (Wallac Wizard
3, Perkin-Elmer) and the counts obtained were corrected for
radionuclide decay and converted to activity concentration
(kBg/m1) based on the gamma scintillation counter calibra-
tion factor, which was previously determined on the day of
the experiment. The activity levels of samples were corrected
for the accumulated FDG activity in red blood cells following
the method formulated by Wu et al. (2007). The result was
used as arterial input function.

2.4 | Data analysis

2.4.1 | Standardized uptake value

The set of dynamic images for each animal was automatically
co-registered using the T2-MRI template available in PMOD
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FIGURE 2 Two-tissue compartment model describing FDG
pharmacokinetics, including blood-to-tissue FDG transport rate (K;),
tissue-to-blood FDG transport rate (k,), phosphorylation to FDG-6-

phosphate (ks), and dephosphorylation (ks)

software, version 3.4 (PMOD Technologies Ltd., Zurich,
Switzerland) and the mean SUV was generated by projection
VOIs on the dynamic images.

Mean SUV was calculated using the following equation
(Strauss & Conti, 1991):

_ Cpr(t)

SUV=3/w)

where Cpgyp(t) is the mean FDG concentration in dynamic im-
ages; A is the FDG activity injected into the animal corrected
for radionuclide decay and residual remaining in the syringe;
W is the animal’s body weight.

A volume of interest (VOI) designated the whole brain
consisting of the thalamus, cerebellum, hypothalamus, hip-
pocampus, caudate nucleus, putamen, and cortex as defined
in Schiffer’s brain atlas available in the PMOD software and
used to obtain the mean SUV. The cortex/brain SUV ratio
(SUVr) was calculated for all of the animals using the previ-
ously established VOIs.

To calculate the differences in metabolism between the
groups, we considered the last 30 min of the study.

2.5 | Kinetic analysis

Kinetic analysis was performed with the PMOD Kinetic
package using the irreversible 2-tissue compartment (2TCM)
and Patlak methods. The groups were reduced for I: n= 11
and KX: n= 15.

In PMOD, the dynamic images were automatically co-
registered with the T2-MRI template available in the soft-
ware and the time-activity curves (TACs) for the whole brain
were obtained through the application of the previously de-
scribed VOIs. For both methods, the input function obtained
from the arterial blood samples was adjusted using the tri-
exponential function.

2.6 | Two-tissue compartment model

For the 2TCM (Figure 2), we assumed that FDG is exchanged
between compartments as each compartment represents a

homogeneous physiological or biological entity, and the
rates of FDG transfer between compartments are described
by first-order differential equations.

18F_Fluorodeoxyglucose is transported from the plasma
to the tissue as free FDG and is then metabolized to FDG-
6-PO,. Its concentrations in the compartments are repre-
sented by the plasma concentration, C*p; tissue-free FDG
concentration, C*; and metabolized FDG concentration,
C*,. In addition to concentrations, the 2TCM also allows
assessment of the rate of FDG transfer between compart-
ments (K,, k,. k;, and k,) and the net FDG consumption
(K;):

Kk

&=§+h

The brain represents an irreversible model of FDG me-
tabolism because the dephosphorylation rate of FDG-6-
phosphate in brain tissue is small enough that it can be
ignored (k, =0) (Sokoloff et al., 1977).

The net FDG uptake rate (K;), transfer rates (K, k,, and
k3) were calculated for all animals.

2.7 | Patlak

To employ Patlak’s linearizing method (Patlak & Blasberg,
1985; Patlak, Blasberg, & Fenstermacher, 1983), one
should assume that at least one of the compartments would
irreversibly retain the radiopharmaceutical and that the du-
ration of the test will suffice for the plasma and tissue com-
partments to attain the stationary phase. In the case of brain
metabolism of FDG, k, =0 and the irreversible model can
be adopted.

The net FDG uptake rate (K;) and the volume of distribu-
tion were obtained for all of the animals, represented by the
slope and intersection of the fit with the y-axis.

2.8 | Voxel-based analyses

Voxel-based analyses were performed using Statistical
Parametric Mapping (SPM8) and Small Animal Molecular
Imaging Toolbox (SAMIT) software (Wellcome Department
of Cognitive Neurology, University College London, UK)
(Garcia et al., 2015).

The last three images acquired in the dynamic study were
selected, and the mean concentration was calculated with
PMOD software, resulting in one static image representing
the last 30 min of the test. Each static image was manually
aligned using the FDG Wistar template and was then cut and
resampled to generate a 180 x 180 x 180 matrix using VINCI
software (VINCI 4.45, Max Planck Institute for Metabolism
Research, Cologne, Germany). The dimensions of the result-
ing voxel were 0.2 x 0.2 x 0.2 mm.
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FIGURE 3 The whole brain mean SUV variation curves for the
I group (solid line, n = 15) and the KX group (dotted line, n = 18)

The images thus generated were spatially normalized for
the template using the affine registration algorithm and the
activity concentration data (kBg/ml) extracted from the im-
ages were converted to SUV. Application of a mask removed
extracerebral signals, and the final image was smoothed with
a 0.8-mm isotropic Gaussian kernel.

The analysis was performed with and without global nor-
malization (proportional scale) to verify the global and re-
gional actions of the anesthetics on the cerebral metabolism
of glucose. The supraliminal clustering coordinates were at-
tributed to the brain areas using a rat brain atlas (Paxinos &
Watson, 2007).

2.9 | Statistical analysis

The obtained values are described as the means and standard
error of the mean (mean + SEM). The biometric variables,
SUV, and kinetic analysis were subjected to nonparametric,
bivariate statistical tests; statistical analysis was performed
with SPSS 22.0 (SPSS Inc., Chicago, IL, USA). The Mann-
Whitney test was used to compare continuous measures be-
tween groups and p values below 0.05 were considered to
be statistically significant. Moreover, the magnitude of the
difference between groups was assessed using the Cohen’s d
effect size index.

In the analysis performed with SPM software, we used
the unpaired ¢ test to compare between groups (I vs. KX).
Illustrative images of areas with relative increases or de-
creases in the metabolism in the KX group compared with the
I group were generated with a cutoff point for visualization of
p <0.05, uncorrected. For the interpretation of the difference
between groups, T maps with p=0.001 (uncorrected) were
plotted; only areas with a minimum extension of 200 voxels
were considered and only clusters with p <0.001 corrected
for multiple comparisons (family-wise error - FWE) were
considered significant.

Eavpanumlweawcine FENS|ES

TABLE 1 SUV (mean + SEM) for the last 30 min of the study, p
and effect size obtained for whole brain (WB), cortex (CTX), and
CTX/WB

Suv n Mean + SEM I d
WB
I 15 1.879 £0.010 <0.001 1.60
KX 18 1305 £0.077
CTX
I 15 1.777 £ 0.094 <0.001 1.38
KX 18 1301 £0.076
CTX/WB
I 15 0947 +0.007 <0.001 -2.69
KX 18 1.001 +0.003
Note. SUV: standardized uptake value.
*Mann-Whitney test.
3 | RESULTS
3.1 | Standardized uptake value

The curves of the variation of the brain mean SUV per time-
point of PET acquisition and type of anesthetic are depicted in
Figure 3 and Table 1. As Figure 3 shows, the behaviors of the
mean SUV time curves were similar. However, glucose uptake
was higher in the I group from the start of the study onward.

The data relative for the whole brain (WB) and cortex
(CTX) to the last 30 min of the test for I and KX group are de-
picted in Figures 4, 5, and Table 1. Figure 4 depicts the mean
and corresponding standard deviation of the mean for the WB
and CTX. Figure 5 depicts the relationship between the mean
SUV for the cortex and the whole brain.

In Figure 4, one may notice that the mean SUV for the
last 30 min of the study emphasizes the difference in FDG
uptake between the groups. The mean SUV for WB was re-
duced in the KX group compared with that in the I group
(KX [n= 18]: 1.305 £ 0.077 vs. I [n= 15]: 1.879 + 0.010;
p <0.001; d: 1.60).

In Figure 5, the CTX/WB SUV for the last 30 min of the
study denotes a smaller reduction in the glucose metabolism
in the CTX of the KX group animals in relationship with WB
when compared with the I group (KX [ = 18]: 1.001 +0.003
vs. I [n=15]:0.947 £ 0.007; p < 0.001).

3.2 | Voxel-based analyses

Comparisons conducted without global normalization indi-
cate that the reduction in glucose consumption was signifi-
cantly higher in the KX group than in the I group.

The VBA method with global normalization by the pro-
portional scale showed differences in relative glucose me-
tabolism levels between the groups subjected to the tested
anesthetics (Figure 6).
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FIGURE 4 Difference in the mean SUVs for the last 30 min of
the test for WB (I: 1.88 vs. KX: 1.31; p < 0001) and CTX (I: 1.78 vs.
KX: 1.30; p < 0.001)
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FIGURE 5 Cortex/brain SUVr for the last 30 min of the test for
the I and KX groups (I: 0.95 vs. KX: 1.00; p < 0.001)

While the animals in the KX group showed a lower global
metabolic activity compared with the I group, as shown by
the mean SUV, metabolic reduction in the relationship with
mean uptake followed different patterns of distribution in
each group. The metabolic reduction induced by ketamine-
xylazine was proportionally lower relative to the mean uptake
in the cortical structures compared to that in the isoflurane
group, resulting in an apparent pattern of “increased” activ-
ity in these areas. The subcortical structures/basal ganglia
and the cerebellum showed opposite behavior, exhibiting

Isoflurane vs Ketamine/Xylazine

3 8 3 ™ 8
Increases Decreases

FIGURE 6 Reprsentative SPM images of the SUVs between
rats maintained under isoflurane or ketamine/xylazine anesthesia
during the FDG uptake period. T-map data (visualization cutoff point:
p < 0.05; uncorrected) are depicted using Mango as a multislice
coronal MRI template overlay (Schwartz et al., 2006). The color

bar was set to a minimum of three and a maximum of eight for both
increases and decreases in glucose uptake relative to the mean uptake
for the subjects anesthetized with isoflurane (n = 15) compared to the
subjects anesthetized with ketamine/xylazine (n = 18). [Colour figure
can be viewed at wileyonlinelibrary.com]

relatively reduced activity concerning average consumption,
in the KX group. Table 2 describes the areas that showed the
most significant differences in relative metabolism between
the groups when a rigid threshold to the statistical maps
(p < 0.001; minimum area 200 voxels) was applied. In the
relationship with the average metabolism, ketamine-xylazine
induced a smaller relative reduction of glucose metabolism in
the primary somatosensory cortex bilaterally, the amygdaloid
area and the endopiriform nucleus and a higher relative reduc-
tion of glucose metabolism in the medial vestibular nucleus.

33 1

Application of Patlak’s method (Table 3) revealed a re-
duced volume of distribution of FDG under the influence
of ketamine-xylazine. Despite the lower mean value and the
higher effect size, the net FDG consumption (represented

Kinetic analysis
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TABLE 2 Areas exhibiting relative
changes in glucose metabolism as measured
via FDG-PET and determined by SPM
processing, with global normalization,
between the I and KX groups. The cutoff
point for visualization, p < 0.001, and
minimum significant area, 200 voxels

Number of voxels
Comparisons® in the area
Ketamine/Xylazine (inclease)"
Right primary soma- 607
tosensory area
Left somatosensory area 1,068
Anterior amygdaloid 295
area/Endopiriform
nucleus

Ketamine/Xylazine (reduction)®
Medial vestibular nucleus 3344

pFWE pFDR  p(unc)
<0001 0013 <0.001
<0001 0022 <0.001
<0001 0038 <0.001
<0001 <0001 <0.001

6.35

6.14
5.96

6.72

Nates. pFDR: corrected p value for multiple comparisons by means of the false discovery rate method; pFWE:
cormrected p value for multiple comparisons by means of the family-wise error method; p(unc): uncomrected p
value for multiple comparisons.

*Comparison between the I and KX groups via SPM processing with global normalization. *Relative increase in
FDG uptake in the KX group compared with that in the I group. “Relative decrease in FDG uptake in the KX
group compared with that in the I group.

by K;) did not significantly differ between the KX and I
groups.

The 2TCM method (Table 3) showed a difference in the
Glutl-mediated glucose transport into the cells. Transport
was reduced under the influence of KX compared with the I
group. None of the other analyzed transfer constants showed
a statistically significant difference.

4 | DISCUSSION
After Sokoloff’s article (1977), several studies analyzed the
effects of anesthetics on brain glucose metabolism utilizing
FDG-PET in various animal species. According to the reports
in the literature, most general anesthetics, such as isoflurane,
halothane, propofol, ketamine associated with xylazine reduce
brain metabolism as shown by reductions in FDG absorption
varying from 22% to 66% (Alstrup & Smith, 2013; Lee et al.,
2010; Mizuma et al., 2010; Noda, Takamatsu, Minoshima,
Tsukada, & Nishimura, 2003; Toyama, Ichise, Liow, Vines,
etal., 2004). In contrast to the diffuse brain metabolic reduc-
tion induced by most anesthetics, previous studies have found
that ketamine changes the metabolism heterogeneously (Freo
& Ori, 2004; Matsumura et al., 2003; Toyama, Ichise, Liow,
Modell, et al., 2004; Toyama, Ichise, Liow, Vines, et al., 2004).
In the present study, we investigated the effects of the an-
esthetics isoflurane and ketamine-xylazine on FDG uptake in
the rat brain. We found differences in the global and relative
glucose uptake levels between both anesthetics and their in-
fluence on the glucose pharmacokinetics.

4.1 | Global glucose uptake

The mean SUV value for the whole brain found in the present
study showed a reduction of the global brain metabolism with

TABLE 3 NetFDG consumption, volume of distribution, and
transfer constants (mean + SEM) obtained with Patlak’s and 2TCM
methods for the whole brain

o Mean + SEM  p* d
Patlak

K;
I 11 0.018 +0.002 0.052 0.88
KX 15 0.014 +0.001

Va
| 11 0.760 +0.054 0.001 155
KX 15 0.505 +0.038

2TCM

K,
| 11 0.283 +0.022 0.001 1.47
KX 15 0.173 £0.019

k,
| 11 0.353 £0.048 0.754 0.13
KX 15 0.331 £0.046

ks
I 11 0.023 +0.002 0.205 —-0.49
KX 15 0.030 +0.005

K,
| 11 0.018 +0.001 0.056 0.80
KX 15 0.014 +0.001

Notes. K, (pmoVmin/100 g): blood-to-tissuc FDG transport rate; k, (min~'):
tissue-to-blood FDG transport rate; ks (min~"): phosphorylation to FDG-6-
phosphate; Kz net FDG consumption.

*Mann-—Whitney test.

combination ketamine-xylazine compared with isoflurane
(KX [n=18]: 1.305 £ 0.077 vs. I [n= 15]: 1.879 + 0.010;
p <0.001:d: 1.60). Although K; is not statistically significant
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between groups, the effect size is >0.8 regardless of the
method of calculating (Patlak: (KX [n= 15]: 0.018 + 0.002
vs. I [n=11]: 0014 £ 0.001; p=0052; d: 0.88); 2TCM
(KX [n=15]: 0018 £+ 0.001 vs. I [n=11]: 0.014 + 0.001:
p=0.056; d: 0.80)). This finding agrees with the results
of previous studies, which showed that both combination
ketamine-xylazine and isoflurane alone induced accentuated
reductions in glucose uptake in the brain (Matsumura et al.,
2003; Mizuma et al., 2010; Toyama, Ichise, Liow, Modell,
et al., 2004; Toyama, Ichise, Liow, Vines, et al., 2004).

According to the kinetic analysis performed following
Patlak’s method (Table 3), the volume of FDG distribution
decreased in the KX group (KX [n = 15]: 0.505 +0.038 vs.
I [n=11]: 0.760 £0.054; p <0.001; d: 1.55). Such a re-
duction might be accounted for by two mechanisms: (a) ket-
amine increases the levels of norepinephrine by reducing its
uptake, resulting in peripheral vasoconstriction, which leads
to increases in the systolic and diastolic arterial pressure,
attended by a reflex decrease in the heart rate; in turn, iso-
flurane reduces the peripheral resistance, with a consequent
decrease in the arterial pressure; and (b) ketamine acts on
the sympathetic nervous system, promoting lipolysis in the
adipose tissue, resulting in elevation of the plasma fatty acid
concentration (Carruba, Bondiolotti, Picotti, Catteruccia, &
Da Prada, 1987; Sano et al., 2016). As a consequence of the
reduction in the intravascular volume and greater competition
with fatty acids as extraneuronal metabolic substrates, the
FDG concentration increased, and the volume of distribution
decreased in the KX group. The data from 2TCM (Table 3)
show that transfer constant K, was reduced in the KX group
(KX [n=15]: 0.173 £ 0019 vs. I [n=11]: 0.283 + 0.022;
p<0001; d: 1.47). Transfer constant K, represents Glutl-
mediated glucose transport across brain membranes and in
the context of an acute glycemia increase; the substrates
glucose and FDG compete for transporters, resulting in re-
duced FDG uptake (Orzi et al., 1988; Viglianti et al., 2017).
Increased glycemia during the use of anesthetics, including
isoflurane, has been reported in several studies (Saha, Xia,
Grondin, Engle, & Jakubowski, 2005; Sano etal., 2016).
Sano etal. (2016) found that the combination ketamine-
xylazine (50 and 10 mg/kg, respectively) and isoflurane (at
a concentration of -2.5%) caused equal-magnitude increases
in glycemia among anesthetized animals. However, our result
indicates a decrease in K, only in the KX group, which may
be a result of a more marked increase in the glycemia of the
individuals in the group or another aspect not yet known.

Therefore, future studies are needed to evaluate other fac-
tors that influence the pharmacokinetics of glucose in the
brain of anesthetized animals.

The difference between the magnitude of the effect in
SUV and K;; for the whole brain can be explained by the met-
abolic differences between the groups. The KX group pres-
ents a reduction of the intravascular volume, an increase of

the concentration of FDG and consequent decrease of K.
Compared with the KX group, the group I does not show
these differences that are considered in K; but not in SUV
values. Therefore, the SUV value should not be more valued
than the K.

In addition to SUV analyses and FDG kinetics, we com-
pared 30-minute images of the whole brain using VBA. The
result of the comparison without the use of global normaliza-
tion (proportional scale) indicated that the cerebral metabo-
lism of KX-anesthetized animals is decreased in comparison
with animals anesthetized with isoflurane, which agree with
our results of SUV and K;.

4.2 | Relative differences

In addition to the difference in the global metabolism, rela-
tive differences are also relevant to the study of new drugs or
the pathophysiology of brain diseases.

Upon discussing the relative variations in metabolism, we
should first stress that the VBA method includes a step for
normalization of brain metabolism before the analysis of re-
gional variations between groups. Detection of “increased”
activity in region “X"” might mean that intervention caused:
(a) an increase in region “X" activity compared with the
mean metabolism of the brain or (b) a smaller reduction in
region “X" activity compared with the mean metabolism of
the brain. This caution in interpretation applies to all studies
on brain metabolism that use techniques similar to VBA.

Considering that the global metabolism is more strongly
reduced by ketamine-xylazine compared with isoflurane,
the areas with “higher” activity in the KX group represent
smaller metabolic reductions compared with mean metab-
olism of the brain, rather than a real increase in the me-
tabolism by comparison to the I group, as can be seen in
Figure 4 and 5. Therefore, in the present study, the VBA
method indicated that the bilateral primary somatosensory
cortex, amygdaloid area, and endopiriform nucleus pre-
sented lower reductions relative to the mean metabolism
in KX-anesthetized rats compared to those in isoflurane-
anesthetized rats (Table 2).

As is known, the effects of anesthetics on relative me-
tabolism differ as a function of the drug used. The inhaled
agents, like isoflurane, act at multiple targets in the brain and
central nervous system, enhancing and blocking different re-
ceptors and channels (Purdon et al., 2015). Ketamine acts on
the brain mainly through binding to NMDA receptors, block-
ing the excitatory glutamatergic input to inhibitory interneu-
rons, thus causing excitatory activity on pyramidal neurons.
Impaired control of the pyramidal neurons is the leading
cause of the increase in brain metabolism. The higher activity
of these neurons might account for clinically recognizable ex-
acerbations of limbic system functions (Brown, Solt, Purdon,
& Johnson-Akeju, 2015).



ANEXOS

86

PRANDO &7 AL

In our study, in addition to the primary somatosensory cor-
tex, the amygdala and endopiriform nucleus showed relative
increases in metabolism in the KX group compared with the I
group. Similar to the amygdaloid area and the claustrum, the
endopiriform nucleus is also a part of the cortical sublayer,
namely, a transitional area below the cortical layer and above
the intermediate area in the developing cortex. Recent studies
have suggested that the cortical sublayer structures are part
of an interhemispheric circuit that interconnects infralim-
bic cortical areas of both brain hemispheres. The laminar
analysis of cortical neurons that project to the endopiriform
nucleus performed by Watson, Smith, and Alloway (2017)
showed that the cortico-endopiriform neurons originate in
layers 2-5, which include the internal and external pyramidal
layers (Watson et al., 2017). Thus, our findings suggest that,
in addition to the amygdala, the endopiriform nucleus is also
involved in the limbic release effect induced by ketamine.

By comparison to the KX group, the I group showed a
relative metabolic increase only in the medial vestibular nu-
cleus. Other studies have also reported relative metabolic in-
creases in the vestibular nucleus of animals anesthetized with
isoflurane (Shimoji et al., 2004; Spangler-Bickell, De Laat,
Fulton, Bormans, & Nuyts, 2016).

In addition to the global reduction of the metabolism and
regional variations in the glucose consumption resulting from
the direct effects of the anesthetics on the brain, changes in
biodistribution might also be studied as functions of alter-
ations in the glucose transport and metabolism mechanisms.

The most critical limitations of the present study were
(a) the failure to measure blood glucose at different times to
compare if the increased blood glucose caused by xylazine
and isoflurane could lead to a decrease in K, and (b) the lack
of a nonanesthetized control group to compare the global and
regional biodistributions of FDG and the SUV.

The measurement of the effects of anesthetics on the brain
performed in the present study — which we consider to be
one of the most representatives in this field for associating
quantification methods and comparing different anesthetics
— provides parameters likely to contribute to future studies
on the effects of anesthetics and, more particularly, to iden-
tify potential confounding factors in the assessment of other
drugs or experimental models targeting the central nervous
systems of anesthetized animals.

Through various methods of FDG-PET quantification,
the present study found that anesthesia with the combination
ketamine-xylazine induced a global reduction in glucose me-
tabolism compared to isoflurane. The VBA method revealed
a difference in biodistribution of FDG induced by the anes-
thetics. The animals anesthetized with KX exhibited a more
marked FDG uptake pattern in the cortex and part of the lim-
bic system relative to the mean brain uptake, while the ani-
mals in the I group demonstrated a more significant reduction
of uptake compared to the mean uptake in the same areas.

EJN Turepean umal o Neweioence. FENS|EE

The volume of distribution of FDG and its Glutl-mediated
transport across the brain membranes (K,) decreased in the
KX group.
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