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RESUMO

A proposta deste trabalho consiste na aplicacao da técnica de Biosusceptometria de
Corrente Alternada (BAC) associada ao trato gastrintestinal, com o intuito de estabelecer
uma nova metodologia que possibilite estudos do efeito de doencgas e alteracoes fisioldgicas
na motilidade gastrintestinal. Foram realizados experimentos com ratos para a avaliacao
dos efeitos da cirurgia de gastrectomia vertical na motilidade gastrintestinal, e, de forma
inédita, analisar o transito gastrintestinal regional através de imagens obtidas com o sis-
tema BAC. Além disso, este trabalho apresenta a implementacao de modelos matematicos e
computacionais para a resolugao do problema inverso dos sistemas BAC mono e multi canal
para reconstrucoes quantitativas de distribuigoes 2D de nanoparticulas magnéticas (MNPs).
No estudo da gastrectomia vertical, avaliamos os efeitos do procedimento cirirgico na mo-
tilidade gastrintestinal (esvaziamento gastrico, transito orocecal e contratilidade géstrica),
parametros nutricionais, morfometria e histopatologia do estomago, perfil lipidico e percen-
tual de gordura. O trabalho acerca do transito gastrintestinal regional através de imagens
é uma aplicacao inédita da técnica BAC para a avaliacao de parametros gastrintestinais em
ratos através do escaneamento de amostras, fato que permite a andlise da distribuigao in-
trasegmentar de tracadores magnéticos. A metodologia proposta foi validada com a técnica
de vermelho de fenol, considerada padrao ouro em ratos. Por fim, a resolucao do problema
inverso para sistemas BAC contendo uma e multiplas bobinas detectoras é aplicada para
reconstruir imagens quantitativas de fantomas contendo MNPs. As imagens quantitativas
apresentam os pixels na unidade de massa de nanoparticulas, possibilitando o uso da técnica
BAC em diversas aplicagoes biomédicas envolvendo o uso de MNPs e também para o estudo
do trato gastrintestinal. Os resultados desse trabalho demonstram a aplicagao da técnica
BAC para o estudo do trato gastrintestinal através de distintas metodologias, o que propor-
cionard o desenvolvimento de trabalhos inovadores nas areas de motilidade gastrintestinal,

engenharia biomédica e nanoparticulas magnéticas.



ABSTRACT

This work consists in the application of the Alternate Current Biosusceptometry (ACB)
technique associated with the gastrointestinal tract, aiming to establish a new tool to study
the effects of diseases and physiological alterations in gastrointestinal motility. We performed
studies to evaluate the effects of sleeve gastrectomy in gastrointestinal motility and a novel
ACB application to assess the regional gastrointestinal transit through images. Also, this
study presents the implementation of mathematical and computational models to solve the
inverse problems of the single and multi-channel ACB systems to reconstruct quantitative
images of 2D distributions of magnetic nanoparticles (MNPs). In the sleeve gastrectomy
study, we assessed the effects of the surgical procedure in gastrointestinal motility (gastric
emptying, orocecal transit, and gastric contractility), nutritional parameters, gastric morpho-
metry and histopathology, lipid profile, and adiposity index. The study regarding regional
gastrointestinal transit through images is a novel application of the ACB system to evalu-
ate gastrointestinal parameters in rats through the scanning of samples, which enables an
intrasegmental analysis of magnetic tracers. The proposed methodology was validated with
phenol red, considered the gold standard technique to assess gastrointestinal transit in rats.
We also solved the inverse problem for ACB systems containing one and multiple detection
coils to reconstruct quantitative images of phantoms containing MNPs. The quantitative
images result in pixels intensity in MNPs mass, which enables the application of the ACB
technique for several biomedical applications, and also for the study of the gastrointestinal
tract. Our results show the application of ACB to study gastrointestinal transit through
distinct methodologies, which will enable the development of future studies in the area of

gastrointestinal motility, biomedical engineering, and MNPs.



y) °
Sumario

1 Introducao geral 10

Revisao de Literatura . . . . . . . . . . 11

Referéncias . . . . . . 19

2 Sleeve gastrectomy elicits alterations in gastric motility and morphometry

in obese rats 27
Prefacio . . . . . . . . 28
Abstract . . . . . . 31
Introduction . . . . . . .. 32
Materials and Methods . . . . . . . . . . ..o 33
Results . . . . . . o 38
Discussion and Conclusion . . . . . . . . . .. .0 45
References . . . . . . . . . 48

3 An easy and low-cost biomagnetic methodology to study regional gastroin-

testinal transit in rats 57
Prefacio . . . . . . . . 58
Abstract . . . . . L 59
Introduction . . . . . . .. 59
Materials and Methods . . . . . . . . . . ..o 60
Results . . . . . . 62
Discussion . . . . . . .. 63

References . . . . . 64



4 Single-channel and multi-channel AC Biosusceptometry systems to recons-

truct quantitative images of magnetic nanoparticles 67
Prefacio . . . . . . . 68
Abstract . . . . . L 70
Introduction . . . . . . .. 71
Material and Methods . . . . . . . . .. oo 72
Results and Discussion . . . . . . . . . . .. 76
Conclusions . . . . . . . .. e 81
References . . . . . . . . . 81
5 Conclusao geral 85

A Pharmacomagnetography to evaluate the performance of magnetic enteric-

coated tablets in the human gastrointestinal tract 88
Prefacio . . . . . . . 89
Abstract . . . .. L 90
Introduction . . . . . . .. 90
Materials and Methods . . . . . . . . . . . . 91
Results and Discussion . . . . . . . . . . .o 92

References . . . . . 95



Capitulo 1

Introducao geral

10



11

Revisao de Literatura

A motilidade gastrica é essencial para que o processamento e o esvaziamento de refeicoes
ingeridas ocorram adequadamente. Em humanos, a regiao anatomica do fundo e do corpo
proximal do estomago atuam como reservatorio, proporcionando o processo de acomodagcao
gastrica. Enquanto que as regioes de corpo distal e do antro proximal sao responsaveis pelas
contragoes fasicas, misturando os alimentos ingeridos, o antro distal e o esfincter pildrico
possuem a fungao de triturar e filtrar os alimentos [1, 2.

A acomodagao gastrica consiste em um reflexo pds-prandial que controla o tonus do
estomago, de maneira que o aumento do volume gastrico proveniente da ingestao de alimentos
nao resulta em um aumento da pressao intragastrica [3]. O reflexo da acomodagao possui dois
componentes: a relaxacao receptiva e a relaxacao adaptativa. A relaxacao receptiva ocorre
alguns segundos apds a ingestao do alimento, e é provocada pela estimulagao orofaringea
e gastrica, tendo como resultado, a relaxacao do esfincter esofagico inferior e do estomago
proximal. A relaxacao adaptativa é um processo mais lento, o qual é iniciado pela distensao
gastrica e duodenal, além de ser modulada por macronutrientes, volume ingerido e densidade
caldrica [4, 5]. O reflexo da acomodacgao é mediado pelo nervo vago [6] e pela ativacao de
mecanorreceptores e quimiorreceptores localizados no estomago e no duodeno [7].

O esvaziamento gastrico reflete uma coordenagao motora entre o fundo, corpo, antro,
piloro e o duodeno [8, 9]. Tal coordenacao é regulada pela atividade elétrica do trato gas-
trintestinal (GI) através das células intersticiais de Cajal (ICCs) e do sistema nervoso entérico
[2]. As ICCs sao células marcapasso localizadas em maior densidade na grande curvatura do
estomago, gerar as ondas lentas (do inglés slow waves) [10]. Os picos de atividade das ondas
lentas dao inicio as contragoes mecanicas do estomago, de maneira que a frequéncia de con-
tragao mecanica é modulada pela frequéncia das ondas lentas. Contragoes gastricas iniciadas
no antro (fésicas), de aproximadamente 3 ciclos por minutos em humanos, sao responsaveis
por triturar os alimentos ingeridos em particulas menores (entre 2 e 3 mm), para que atin-
jam um tamanho apropriado para serem esvaziadas através do piloro e digeridas no intestino
[11]. Enquanto os liquidos sao esvaziados do estomago em um perfil mono exponencial, pelo

fato de depender apenas do gradiente de pressao entre estomago e duodeno, as particulas
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sélidas necessitam atingir um tamanho especifico para que sejam esvaziadas [8]. O tempo
entre a ingestao do alimento até o inicio do esvaziamento gastrico de sélidos é definido como
lag-phase, o qual inclui o tempo de acomodagao e o inicio da trituracao dos alimentos [12]. A
regulacao da taxa de esvaziamento gastrico é determinante para a digestao e absorcao de nu-
trientes, a qual é alcancada através do intestino por uma variedade de hormonios. Enquanto
que um esvaziamento gastrico retardado pode resultar em hipoglicemia, uma condicao de
hiperglicemia pode ser alcangada por um esvaziamento géstrico acelerado [1].

De maneira geral, distirbios nao apenas no funcionamento do estomago, mas da motili-
dade GI em si, como gastroparesia, dispepsia, sindrome do intestino irritavel e constipacao,
afetam um grande nimero da populacao mundial, resultando em impactos na qualidade de
vida e em um custo considerdvel para os sistemas de satide [13]. Como resultado, a avalia¢do
da motilidade GI é de extrema importancia tanto na clinica quanto em laboratoérios de pes-
quisa. Atualmente existem inimeras metodologias que possibilitam o estudo de processos
como o esvaziamento e a contratilidade gastrica [14], as quais sdo baseadas em principios
fisicos distintos para a obtencao de seus resultados, apresentando vantagens e desvantagens
de acordo com a aplicagao proposta.

A cintilografia é a técnica considerada padrao ouro para a analise da motilidade gastrica
em humanos, possuindo protocolos bem estabelecidos para a realizacao de medidas de es-
vaziamento gastrico [15]. Essa técnica consiste na ingestdo de uma refei¢ao teste contendo
um radiofdrmaco, sendo o mais comumente utilizado o *™Tc [16]. De acordo com a instru-
mentacao utilizada na cintilografia, uma ou mais gama camaras podem ser utilizadas para
detectar a radiacao proveniente do radiofarmaco, de forma que a variacao na quantidade de
refeicao teste no estomago possa ser analisada. Além de humanos, a cintilografia também é
aplicada para a avaliacao do esvaziamento géstrico em ratos [17]. Em uma medida padrao,
imagens sao obtidas imediatamente apds a ingestao, e 1, 2, e 4 horas apds a ingestao [18]. A
avaliacao do esvaziamento gastrico ¢ realizada através da selecao de regioes de interesse nas
imagens para segmentar o estomago, obtendo-se a porcentagem de radiofdarmaco presente
no estomago em cada um dos tempos determinados, ap6s a ingestao do alimento [14]. Uma
vantagem das imagens de cintilografia é a possibilidade de dividir o estomago de acordo com

sua anatomia ou funcoes fisiologicas, de modo que a distribuicao intragastrica de alimentos,
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a acomodacao findica e a contratilidade gastrica possam ser avaliadas de forma simultanea.
Como resultado, é possivel relacionar sintomas clinicos com disturbios no funcionamento
do estomago [19]. Entretanto, o baixo indice de adesao aos protocolos estabelecidos para
medidas de cintilografia, principalmente em relacao a composicao da refeicao teste, posicio-
namento de pacientes, tempo de aquisicao das imagens e auséncia de valores de referéncia,
contribuem para a dificuldade na padronizacao dos resultados em diferentes centros de me-
dicina nuclear. Além disso, o uso de radiacao ionizante e o alto custo na implementacao e
manutencao dos equipamentos limitam a aplicacao da técnica, principalmente para fins de
pesquisa.

Portanto, a utilizacao de técnicas nao invasivas para a avaliacao da motilidade gastrica
mostra-se relevante. Nesse contexto, a imagem por ressonancia magnética (MRI, do inglés
magnetic resonance imaging) permite a anélise do esvaziamento géstrico, do volume gastrico
e da contratilidade mecanica do estomago sem o uso de radiacao ionizante [20-22]. De ma-
neira analoga a cintilografia, a medida é realizada através da administracao de uma refeicao
teste contendo material para contraste (ndo radioativo), geralmente a base de gadolinio,
seguido por imagens repetidas em um intervalo pré-definido. O esvaziamento gastrico é
quantificado através de regioes de interesse nas imagens [23|. Para a avaliagao da contrati-
lidade géstrica, as dobras no estomago provenientes das ondas de contracao sao analisadas
visualmente para a determinagao da frequéncia de contragao [24]. Apesar da alta qualidade
das imagens de MRI em comparacao a cintilografia, ainda existem poucos estudos compa-
rativos na literatura, entretanto, a MRI possui um alto potencial para se tornar a principal
técnica para estudos envolvendo a motilidade gastrica. Atualmente, a limitacao da técnica é
o alto custo para aquisi¢ao das imagens e manutencao dos equipamentos, além da necessidade
de ambiente blindado [14].

Através de caracteristicas intrinsecas que proporcionam a reducao de custos e complexi-
dade técnica em relagao a cintilografia e a MRI, o teste respiratorio com isétopos estaveis do
carbono permite a andlise do esvaziamento gastrico sem o uso de radiacao ionizante em hu-
manos a ratos [25, 26]. Testes respiratério utilizando isétopos do 3C misturado em refeigoes
solidas ou liquidas foram validados com a cintilografia para medir o esvaziamento gastrico

(27, 28]. Apés a ingestao e esvaziamento gastrico da refeigao teste, o isétopo estavel (e.g.,
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13C-4cido octanoico), é absorvido no intestino e metabolizado, formando ¥*CO, , o qual é
expelido pelo pulmao durante a respiracao. A diferenca entre razao dos isétopos 3CO, e
11C0O, detectado sdo utilizados para estimar a taxa de esvaziamento gdstrico [29]. As princi-
pais vantagens da técnica consistem na auséncia de radiacao ionizante, nao dependéncia de
operadores experientes para realizacao das medidas, além de sua versatilidade, uma vez que
amostras podem ser transportadas para andlises em outros laboratoérios. Entretanto, as me-
didas de esvaziamento gastrico podem apresentar baixa acurdcia em pacientes com doencas
envolvendo o trato GI, pancreas, figado e o sistema respiratério, uma vez que os resultados
dependem da metabolizacao do isétopo estavel [14], e portanto, resultam em uma medida
indireta do processo de esvaziamento gastrico.

Outra vertente para estudos envolvendo a motilidade GI é o uso de capsulas de motilidade
wireless, uma capsula indigestivel capaz de medir o pH, pressao e temperatura através de
um sensor wireless, na medida que a cdpsula é transportada ao longo do trato GI [30].
Nessa técnica, o tempo de esvaziamento géstrico é detectado através da variagao abrupta
de pH entre o estomago e duodeno. Além disso, os perfis de pressao permitem avaliar a
motilidade do estomago, intestino delgado e célon [31]. Estudos de validagao demonstraram
uma correlagao satisfatoria com medidas de cintilografia para o esvaziamento gastrico [32].
Uma vez que, a capsula age como um alimento indigestivel, nao é possivel analisar a dinamica
do esvaziamento géastrico, impossibilitando a realizagao de estudos envolvendo doencas que
alteram a distribuic@o intragastrica de alimentos [15].

Com excecao do teste respiratério com isétopos estaveis do carbono, as técnicas citadas
possuem limitacoes em relacao a aplicacao para experimentacao animal, como o alto custo
e necessidade de ambientes especificos para realizacao das medidas. No caso de estudos pré-
clinicos, envolvendo ratos e camundongos, marcadores nao absorviveis, como o vermelho de
fenol e o carvao ativado sao as técnicas mais indicadas. Para tal, os marcadores sao mistura-
dos em uma refeicao teste, e apés um tempo pré-determinado, os animais sao eutanasiados
para a quantificagdo do marcador em diversos segmentos do trato GI. Na técnica do verme-
lho de fenol, considerada padrao ouro para estudos envolvendo o transito GI em animais, o
trato GI é dividido em vérios segmentos distintos, os quais sao processados e a quantidade

do marcador em cada segmento é quantificada através da espectroscopia ultravioleta 33, 34].
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A técnica do carvao ativado é amplamente utilizada para analise do esvaziamento gastrico e
transito intestinal. A medida consiste em administrar uma refeicao liquida contendo o mar-
cador, seguido pela eutanasia do animal, de modo que a distancia percorrida pelo marcador
no intestino ¢ analisada visualmente [35, 36]. Entretanto, ambas as técnicas apresentam alto
indice de invasividade, resultando no aumento do niimero de animais necessarios para os
estudos, além de inviabilizar medidas repetidas.

Embora técnicas como a cintilografia, MRI e cédpsula de motilidade permitirem a ava-
liacao da contratilidade gastrica, denominadas contragoes fasicas, a andalise do perfil de con-
tragao elétrica (ondas lentas) é essencial para se obter uma avaliagao completa da motilidade
gastrica. A eletrogastrografia cutanea (EGG) é a técnica padrao para tal andlise, e consiste
na fixacao de eletrodos na regiao do estomago para a aquisicao do sinal elétrico proveni-
ente das ondas lentas em humanos a animais [37, 38]. O EGG permite a quantificacao
da frequéncia dominante e do perfil elétrico contratil do estomago de maneira indireta, de-
tectando possiveis arritmias e irregularidades do perfil elétrico [8]. Utilizando-se o EGG,
disritmias da contracao gastrica e alteragoes na amplitude de contracao foram detectadas
em pacientes com diabetes e diversos sintomas GI, como vomito, enjoo e nausea [16]. De
maneira geral, anormalidades no perfil de sinal do EGG estao presentes em até 75% de
pacientes com gastroparesia [37]. Avangos na instrumentacao do EGG resultaram no desen-
volvimento da técnica de mapeamento elétrico de alta resolucao (do inglés high-resolution
electrical mapping). A técnica consiste no uso simultaneo de diferentes canais para detecgao,
podendo conter até 192 eletrodos distintos para mapear o sinal elétrico em uma area de
até 12 cm? [39]. Tal técnica ja foi aplicada para o estudo de pacientes com gastroparesia e
submetidos a cirurgias bariatricas [40, 41]. Entretanto, a técnica de mapeamento elétrico de
alta resolucao é utilizada somente na sala de cirurgia, uma vez que os eletrodos sao posicio-
nados diretamente sob o dérgao, fato que limita sua utilizagao [39]. A técnica do EGG pode
ser considerada como complementar a avaliagao do esvaziamento gastrico em pacientes com
sintomas no trato GI, entretanto, sua utilizagao é limitada devido a uma baixa relacao sinal
ruido, presenga de artefatos de movimento e dificuldades na interpretacdao dos dados [14].

Neste contexto, a biosusceptometria de corrente alternada (BAC) apresenta-se como uma

técnica alternativa para a avaliacao da motilidade GI. Os principios fisicos de funciona-
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mento sao descritos pela lei de inducao de Faraday, e em relacao as técnicas citadas, a BAC
possui vantagens como a auséncia de radiagao ionizante, portabilidade, baixo custo e nao-
invasividade. O sensor BAC é composto por dois pares de bobinas coaxiais separados por
uma distancia fixa (linha de base), de modo que cada par consiste em uma bobina de indugao
(externas) e outra de detecgao (internas). O par de bobinas mais préximo da amostra é atua
como sistema de medida, enquanto que o par mais distante atua como sistema de referéncia.
Amplificadores lock-in e de poténcia sao utilizados para gerar uma tensao alternada com
fase e frequéncia especifica, a qual é aplicada nas bobinas de indugao para gerar um campo
magnético alternado, que ¢é detectado em tempo real pelas bobinas de deteccao. No sensor
BAC, as bobinas de deteccao sao conectadas em configuragao gradiométrica de primeira or-
dem, ou seja, o sinal detectado no sistema de referéncia é subtraido do sinal registrado no
sistema de medida, de modo que o ruido ambiental seja reduzido. A presenga de materiais
com uma alta susceptibilidade magnética préoximo ao sistema de medida resulta em um des-
balanceamento no fluxo magnético total do sistema, gerando um sinal elétrico nas bobinas
de deteccao que é registrado pelo amplificador lock-in. O sinal analégico é convertido em
sinal digital através de uma placa A/D, e os sinais sao armazenados em computador para
processamento e analise. A figura 1 demonstra os componentes que constituem o sistema
BAC.

No sistema BAC, a intensidade de sinal obtida é proporcional a quantidade de material
magnético e inversamente proporcional a distancia entre o sensor e o material magnético.
A proporcionalidade entre a quantidade de material magnético e a intensidade de sinal
permite a determinacao do transito de tragadores magnéticos em diversos segmentos do
trato GI, como estomago, intestino e ceco. Além disso, a atividade contratil dos segmentos
GI é ritmica, com ciclos de contragao e relaxamento ao longo do tempo, de modo que
movimentos da parede de determinados segmentos (e.g., estomago e célon), gerados por
contragoes musculares, alteram a distancia entre o sensor e o material magnético, promovendo
modulagoes no sinal registrado pelo sistema BAC. Tais caracteristicas do sistema viabilizam
medidas do transito GI e da contratilidade de érgaos do trato GI in vivo em humanos e
animais.

Diversos estudos utilizaram a técnica BAC para a avaliagao de parametros envolvendo o
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Placa A/D

Computador
Amplificador lock-in

10 kHz 0.07V 0.15mV
e % e e

Amplificador de poténcia

Figura 1. Componentes do sistema BAC. O amplificador lock-in e de poténcia aplicam uma
tensdo alternada nas bobinas de excita¢do (preto). A presenca de materiais magnéticos gera
um sinal elétrico, o qual é detectado pelas bobinas de detecgao (cinza). O sinal é convertido

através de uma placa A/D e armazenado em computador.

trato GI em humanos e animais, como o esvaziamento géstrico e transito intestinal [42-44],
contratilidade géstrica e colonica [45-47], além de efeitos causados por patologias ou inter-
vengoes cirurgicas em tais parametros [48, 49]. Além de aplicagdes envolvendo a motilidade
GI, a BAC é amplamente utilizada para estudos farmacotécnicos [50, 51], apresentando-se
como uma metodologia alternativa para a andlise de farmacomagnetografia [52]. Em estu-
dos envolvendo a motilidade GI e farmacotécnica, microparticulas de ferrita de manganés
(MnFe;O4 - 50 a 100 pm) ndo absorviveis e inertes em qualquer pH sdo utilizadas como
marcadores ou tragadores magnéticos. Entretanto, Quini et al. [43] propos a utilizacao de
nanoparticulas magnéticas (MNPs, do inglés magnetic nanoparticles) para estudar a mo-
tilidade GI de refeicoes liquidas. Como resultado, a técnica BAC vem sendo atualmente
utilizada em estudos envolvendo a deteccao de MNPs in wvivo [53-56]. Recentemente, a
técnica BAC foi aplicada de forma inédita para mapear a biodistribuicao de MNPs em ratos

através de imagens [57], possibilitando uma nova abordagem para estudos em animais.
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Embora diversas aplicacoes da técnica BAC envolvam a aquisicao de imagens para estudos
de farmacotécnica em humanos [46, 51, 52|, ainda nao ha relatos da utilizacdo de imagens
BAC para a avaliagdo da motilidade GI em animais. Até o momento, as imagens obtidas
consistiam em projecoes bidimensionais da intensidade do sinal adquirido, ou seja, as imagens
apresentam intensidade de pizels correspondentes a valores de tensao, o que nao possibilita
a quantificacao, de modo que os pizels da imagem possuam unidade de massa de do material
magnético utilizado. Para tanto, é necessario o desenvolvimento de modelos matematicos
para aprimorar a BAC, viabilizando a reconstrucao quantitativa de materiais magnéticos.

Desta forma, a presente tese de doutorado engloba a aplicacao da BAC para a avaliacao
de parametros da motilidade GI em ratos, além da implementacao de modelos matematicos
e computacionais para a obtencao de imagens quantitativas visando aplicagoes futuras na
area de gastroenterologia. Primeiramente sera apresentada a utilizacao da BAC no estudo
dos efeitos causados pela cirurgia bariatrica chamada gastrectomia vertical na motilidade
GI de ratos como um todo. A gastrectomia vertical é atualmente a cirurgia bariatrica mais
realizada no mundo, e seus impactos na motilidade GI possuem relevancia, uma vez que a
anatomia do estomago é alterada de forma significativa. Além disso, estudamos de maneira
inédita o transito GI regional ex vivo em ratos através de imagens (nao quantitativas) obtidas
com a técnica BAC. Os dados foram comparados com a técnica padrao ouro, o vermelho
de fenol, demonstrando resultados satisfatérios e apresentando diversas vantagens, como a
possibilidade de visualizar a distribuicao de alimentos dentro de um segmento. Por tltimo,
o terceiro capitulo apresenta a obtencao de imagens quantitativas BAC utilizando MNPs
como material magnético, além de comparar dois sistemas BAC distintos. Os resultados
apresentados aqui demonstram o atual estado da arte da BAC para estudos envolvendo a
gastroenterologia em ratos, o qual contempla novas aplicagoes para metodologias ja utilizadas
em nosso laboratério, além de propor a implementacao de novas metodologias e desenvolve-

las para aplicagoes futuras.
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Prefacio

Este trabalho teve seu inicio em 2018, como o principal topico a ser desenvolvido durante
meu doutorado. A ideia inicial do projeto veio apés o mestrado do Dr. Marcos Calabresi,
orientado do Prof. José Ricardo. Em sua dissertacao, o Dr. Marcos Calabresi abordou as
alteracoes provocadas pela cirurgia de fundectomia na motilidade gastrintestinal de ratos
através da BAC. O trabalho foi entao publicado em 2015 na revista Neurogastroenterology
& Motility, a qual é a principal revista e referéncia na area. Entretanto, a cirurgia abordada
nao é mais comum na rotina clinica.

Portanto, durante a escrita do meu projeto de doutorado, o Dr. Marcos Calabresi e o
Prof. José Ricardo tiveram a ideia de abordarmos a cirurgia de gastrectomia vertical, a qual
¢ a mais realizada no mundo para controle da obesidade. Devido ao fato de ter acompa-
nhado diversos projetos relacionados a motilidade gastrintestinal durante minha iniciacao
cientifica, aceitei a responsabilidade de desenvolver este projeto como tépico principal no
meu doutorado.

Além do fato de trabalhar com ratos, o grande desafio do trabalho foi aprender o proce-
dimento cirirgico da gastrectomia vertical, o qual é extremamente delicado. Primeiramente,
recebi muita ajuda da Dra. Juliana Matos, que no momento era aluna de doutorado do Prof.
José Ricardo, e que possuia uma vasta experiéncia com cirurgia. Além disso, a Profa. Roze-
meire Marques foi essencial para me ensinar todos os protocolos e procedimentos cirturgicos.
Para realizar a cirurgia, tive acesso a toda infraestrutura da Unidade de Pesquisa Experimen-
tal (UNIPEX) da Faculdade de Medicina de Botucatu, sem a qual eu nao teria as melhores
condicoes para desenvolver essa parte tao delicada do projeto.

Por fim, usamos a técnica BAC para avaliar as mudangas na motilidade gastrintestinal
de ratos obesos submetidos a cirurgia de gastrectomia vertical. Aqui utilizamos um modelo
de obesidade através de racao hipercalérica desenvolvida na UNIPEX, e foram realizadas
medidas BAC antes e apds a gastrectomia vertical. Foram avaliados parametros metabdlicos
e bioquimicos, esvaziamento gastrico, transito orocecal, contratilidade gastrica e andlise mor-
fométrica do estomago. Aqui também cabe meu agradecimento a Profa. Madileine Américo,

que em conjunto da Dra. Loyane Almeida e da minha grande amiga Msc. Mariana Machado
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Abstract

Background: Sleeve gastrectomy (SG) is a bariatric procedure resulting in long-term
weight loss, but detailed studies on gastric contractility and gastrointestinal transit in the
same subject are absent. This study aimed to evaluate the effects of SG on gastrointestinal
motility in rats using alternate current biosusceptometry (ACB).

Methods: Male Wistar rats were fed with a high sugar-fat diet for 12 weeks and ran-
domly assigned to two experimental groups: Sham and SG. A 30-day experimental protocol
was carried out in three time points: preoperative, 7, and 30 days after the surgical proce-
dure. GI motility measurements were performed using the ACB technique. Mean gastric
emptying time (MGET), mean cecum arrival time (MCAT), and gastric contractility were
assessed. Moreover, rats from both groups underwent nutritional, lipid profile, and morpho-
metry analysis.

Key Results: MGET and MCAT were accelerated at 7 and 30 days after SG compared
to preoperatively. Gastric dominant frequency was decreased, and the signal presented a
non-stationary and non-sinusoidal profile after the SG procedure. Thirty days after SG,
gastric morphometry showed a reduced thickness of mucosa and muscularis mucosa layers,
while increased leukocyte infiltration indicated inflammation in gastric layers.

Conclusions & Inferences: The resection of the gastric greater curvature induced
severe dysmotility. Acceleration of gastric emptying, orocecal transit, impairment of gastric
contractile activity, and morphometric alterations persist long after SG.

Keywords: Sleeve gastrectomy, AC Biosusceptometry, gastric emptying, orocecal transit

time, gastric contractility
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Introduction

The prevalence of obesity and an overweight condition is increasing globally, and the
comorbidities associated with obesity, such as hypertension and type 2 diabetes mellitus,
result in increased mortality and morbidity [1]. Although strategies such as pharmacotherapy
and lifestyle changes may temporarily alleviate obesity symptoms [2], still bariatric surgery
is the most effective approach, resulting in substantial weight loss with the remission of
obesity-related comorbidities [3].

Sleeve gastrectomy (SG) presents long-term effectiveness of weight loss in the treatment
of morbid obesity [4, 5]. The procedure involves removing the stomach’s fundus and the
greater curvature, but the mechanism to achieve consistent weight loss is complex. The
excised portions of the stomach play a key role in gastrointestinal (GI) function, where the
fundus is responsible for receptive relaxation, and the greater curvature is the dominant site
of the interstitial cells of Cajal (ICC) and responsible for producing ghrelin [6, 7]. The remai-
ning narrow sleeve is characterized by lesser distensibility and higher intraluminal pressure,
resulting in early satiety [8].

GI motility comprises several processes, including gastric emptying, GI transit, contractile
activity (mechanical and myoelectrical), tone, and compliance [9]. Although previous studies
conducted in humans showed that SG accelerates gastric emptying and small bowel transit,
few studies have investigated the effects of SG on gastric contractility [10]. The lack of
studies focusing on the effects of SG on gastric contractility may be related to the high
invasiveness and costs associated with the techniques used [11, 12]. The alternate current
biosusceptometry (ACB) is a low-cost and noninvasive technique extensively used for GI
motility studies in humans and animals [13-18]. ACB enables a real-time assessment of GI
transit (e. g., gastric emptying, orocecal transit) and contractility parameters in the same
measurement using magnetic tracers. Due to practical and ethical challenges on human
subjects, animal models are essential for understanding the effects of SG on the GI tract.
The impact of SG in rats’ weight loss, food intake, and metabolic parameters have been
extensively reported [19-21]; however, the relationship between gastric contractility and

emptying associated with morphometry after SG still remain unclear. This study aimed to
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compare changes in metabolic parameters, GI motility and gastric morphology following SG

in rats.

Materials and Methods

Animals and experimental protocols

The Committee on Animal Research and Ethics approved all the experiments and proce-
dures (CEUA Protocol number 1067) performed following the Ethical Principles in Animal
Research adopted by the Brazilian College of Animal Experimentation (COBEA).

Sixteen 45-day-old male Wistar rats were obtained from the ANILAB Laboratory (Paulinia,
SP, Brazil) and maintained under controlled temperature (24 + 2 °C), humidity (60 + 5%),
and a 12 h light/dark cycle. During 12 consecutive weeks, rats were fed ad libitum on a
high sugar-fat (HSF) diet containing 53.5% carbohydrates, 18.0% proteins, and 16.5% fats,
with an energy density of 4.35 kcal/g. The diet consisted of soybean meal, sorghum, soy-
bean peel, dextrin, sucrose, fructose, lard, vitamins, and minerals. The diet protocol was
developed at the Sao Paulo State University (UNESP), Medical School, Botucatu, Brazil,
and was published previously [22].

At the end of the 12" week, the rats were randomly assigned to one of two groups: Sham
(n = 8) or SG (n = 8). A 30-day experimental protocol was divided into three distinct
time points: preoperative, 7, and 30 days after surgery. The sham group was used only as
a control for the nutritional, lipid levels profile, adiposity index, and morphometric analysis

so that the SG group was its own control for the GI motility measurements.

Surgical techniques

After 12-hour fasting, the rats were anesthetized with ketamine (30 mg/kg) and xyla-
zine (15 mg/kg) injected intraperitoneally. Subcutaneous administration of enrofloxacin (5
mg/kg) and tramadol (10 mg/kg) were performed immediately before surgery. As postope-
rative care, the animals received meloxicam (1 mg/kg) and tramadol (10 mg/kg) subcuta-

neously for three days. After surgery, the rats were fed a liquid diet (HSF diet mixed with
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water) for three days and then returned to the same diet as preoperatively [23].

Sleeve gastrectomy

SG was performed as previously described [23]. Briefly, after a midline abdominal incision
of 1.5 cm from the xiphoid process down, the stomach was exteriorized, and a 7 FR catheter
was passed through the mouth to the duodenum to standardize the size of the gastric sleeve.
The stomach’s fundus and greater curvature were removed with an electric scalpel while
preserving the gastroesophageal junction and the pylorus. The stomach was then closed
with a 4-0 polypropylene suture in two layers creating the gastric sleeve. The muscle layer’s
closure was performed using a 4-0 non-absorbable nylon suture and on the skin with 4-0 silk

sutures.

Sham surgery

A midline abdominal incision was performed for the sham group, and the stomach was
exposed as in the SG surgery groups. The muscle layer and skin closure were performed as

described in the SG surgery. Operative time was prolonged to match the SG surgery time.

Nutritional analysis

Body weight and food consumption were measured 0 (preoperatively) and at 7, 14, 21,

and 30 days after SG or sham surgery. The caloric intake (CI) was calculated as follows [24]:

CI (kcal/day) = daily food consumption (g) x energy density (kcal) (1)

Gastrointestinal motility measurements

The signal intensity obtained from an ACB measurement is directly proportional to the
amount of magnetic material and inversely proportional to the distance between the ACB
sensor and the magnetic material. The direct relation between the amount of magnetic ma-
terial and signal intensity enables the evaluation of GI transit. Furthermore, the contraction

of a stomach containing magnetic material increases the distance between the material and
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the sensor on the abdominal surface. At the same time, the relaxation of the segment de-
creases the distance, and therefore increases the signal registered by the ACB sensor. These
signal modulations allow the assessment of contractile activity noninvasively using the ACB
technique. Details on the instrumentation and working principles are described elsewhere
[16, 25, 26].

GI motility measurements were performed only in SG group rats preoperatively, at 7
and 30 days postoperatively (note that each rat was its control). Gastric emptying, orocecal
transit, and gastric contractility were recorded during the same day. Rats were fasted for 12
h and fed with a 2 g test meal composed of 0.5 g of magnetic tracers incorporated into 1.5
g of standard rat chow (Presence Nutricao Animal, Paulinia, SP, Brazil). Manganese ferrite
(MnFeyO4) microparticles, with a size between 53 and 75 pum, were used as non-absorbable
and inert magnetic tracer at any GI pH [14].

For gastric emptying and orocecal transit measurements, the ACB sensor was placed
on the gastric and cecum projections (based on external anatomical references) to measure
magnetic signal intensity. Subsequent measurements were performed at these two same
points at regular 15 min intervals for 6 h [15].

Thirty minutes after beginning gastric emptying and orocecal transit measurements, the
rats were anesthetized with isoflurane (4.0% induction and 1.5% maintenance) for the gastric
contractility recordings. The rats were kept in a supine position, and the ACB sensor was
positioned in the gastric projection for a 20 min signal recording [15]. The signal was acquired
at a sampling rate of 20 Hz and digitized using an A /D board (MP100 System; BIOPAC Inc.,
Santa Barbara, CA, USA). After the gastric contractility recordings, the gastric emptying

and orocecal transit measurements continued with the awake rats.

ACB data analysis

All raw signals were analyzed in MatLab (Mathworks Inc., Natick, USA). Gastric emptying
and orocecal transit time: Statistical moments were calculated through the temporal average
pondered by magnetic intensity values, normalized by the area under the curve [15, 16, 27].
The following parameters were quantified: mean gastric emptying time (MGET), which was

defined as the time t (min) when a mean amount of magnetic tracer was emptied from the
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stomach; mean cecum arrival time (MCAT), defined as the time t (min) when occurred an
increase occurred in the mean amount of tracer in the cecum.

Gastric contractility: Firstly, the signal was filtered by a bi-directional Butterworth band-
pass filter with a cut-off frequency of 1.0 — 9.0 cycles per minute (cpm). Afterward, Fast
Fourier transform (FFT) was used, and the highest peak of each FFT was considered the
gastric dominant frequency. Gastric contractility signals were also visually analyzed regar-
ding the waveform. Signal waveforms presenting a morphology of irregular peaks (e. g.,
spikes) were classified as non-sinosoidal. Moreover, Running Spectral Analysis (RSA) was
used to identify frequency variations over time. In this case, signals were classified as non-
stationary [28]. The percentage of time in which the gastric dominant frequency was outside
the normal frequency range was determined as the abnormal rhythmic index (ARI). The
normal frequency range was the mean + 2 x SD of the gastric dominant frequency obtained

preoperatively [29, 30].

Lipid profile and body fat analyses

On the 31%* day after surgery, the sham and SG group rats were killed by decapitation
under deep anesthesia with ketamine. Blood samples were collected in non-additive tubes,
and a laparotomy was performed to collect fat pads. The serum was separated by centrifu-
gation at 1,490 g for 15 min at 4 °C and stored at -80 °C to assess serum parameters. Serum
levels of total cholesterol (TC), triglycerides (TG), and high-density lipoproteins (HDL-C)
were measured by the enzymatic methodology [31]. Values of very-low-density lipoprotein
(VLDL-C) were estimated according to the calculation proposed by Knoptholz et al. [32].

Fat pads of adipose tissue were dissected, dipped in saline, and after the excess was
removed tissues were weighted. The total body fat was measured from the sum of the
individual fat pad weights: visceral, retroperitoneal, and epididymal fat. The adiposity

index (%) was calculated as follows [33]:

Total body fat
Body weight

Adiposity index (%) = x 100 (2)
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Gastric morphometry analysis

Tissue samples from the gastric body were fixed in 10% neutral buffered formalin for 24
hours, dehydrated with serial alcohol and xylol solutions. Samples were included in paraffin,
and histological cuts were performed with 4 pum thickness, stained with hematoxylin and
eosin (HE). Images were acquired using an Eclipse E200-Nikon optical microscope (Nikon),
in objective x10, equipped with a 5.0 MP digital camera system (model ISH 500, Opton),
and connected to a computer with an image capture program (TCapture). All analyses
were performed using ImageJ software (NIH). The morphometric analysis was carried out
by measuring the gastric mucosa, muscularis mucosa, and submucosa thickness. Further-
more, histopathological examination was performed using a graded assessment of leukocyte

infiltration (Table 1) [34, 35].

Table 1. Histopathological scoring criteria. HPF: high power field.

Pathological state Score

0 Absent

1 2-10/HPF
Leukocyte infiltration 2 11 - 20/HPF

3  21-30/HPF

4 >31/HPF

Statistical analysis

All parameters were tested for normality using the Shapiro-Wilk test, and results were
expressed as mean £+ SD or median (interquartile range). A comparison of nutritional analy-
sis, lipid profile, body fat, gastric morphometry, and histopathology between the sham and
SG group was carried out by the unpaired Student’s t-test (normal distribution) or Mann-
Whitney test (non-normal distribution). The difference between GI parameters for the same
animal during the three distinct measurements was determined by one-way analysis of va-
riance (ANOVA) followed by the post hoc Tukey’s test (normal distribution) or by the

Friedman test followed by post hoc Dunn’s test (non-normal distribution). Values of p <
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0.05 were considered statistically significant. All statistical analyses were performed using

GraphPad Prism 6 software (GraphPad Software, La Jolla, USA).

Results

Gastrointestinal motility

Figure 1 shows an example of the gastric emptying and orocecal transit curve profile,
respectively, obtained after ingesting test meal for the same rat preoperatively (day 0), at 7

and 30 days after SG.
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Figure 1. Example of individual curves of (A) gastric emptying and (B) orocecal transit

preoperatively (day 0) and at 7 and 30 days postoperatively.

The MGET (Figure 2A) was significantly decreased on the 7" (83.2 4+ 13.3 min, p <
0.001) and 30" (88.3 + 8.5 min, p < 0.0001) postoperatively day compared to preoperatively
(113.9 + 3.7 min). The MCAT decreased from 259.6 + 16.1 min preoperatively to 236.0 +
17.6 min (p < 0.05) and 230.0 4+ 6.2 min (p < 0.05) at 7 and 30 days after SG, respectively
(Figure 2B).
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Figure 2. Gastric emptying and orocecal transit results before and after SG. (A) Mean
gastric emptying time (MGET) and (B) Mean cecum arrival time (MCAT) preoperatively
(day 0), and at 7 and 30 days after surgery. Data are presented as mean + SD. *p < 0.05,
**p < 0.001, and ***p < 0.0001 vs. day 0.

Figure 3 shows a 10-min signal excerpt and the respective RSA of each gastric activity
acquisition (preoperatively and at 7 and 30 days postoperatively) for the same rat. Before
surgery, the gastric activity had a sinusoidal waveform and a narrow band of frequency
(Figure 3A). However, the postoperatively measurements presented significant differences in
gastric dominant frequency of contraction and signal waveform. Figure 3B shows a non-
stationary signal related to gastric contractility 7 days after SG. Furthermore, Figure 3C
shows the gastric contractility 30 days after SG, which can be observed that the signal
morphology is non-sinusoidal. The RSA after 30 days shows a relatively narrow frequency
range, and bradygastria compared to before SG. Overall, 7 days after SG, we found non-
stationary or non-sinusoidal waveform in 87.5% (7 out of 8 rats) of the signals. Considering
30 days after SG, 6 out of 8 rats presented abnormal gastric contractility patterns, with

75.0% and 62.5% of non-sinusoidal and non-stationary signals, respectively.
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Figure 3 Example of mechanical gastric contractility signals (left panel) and their respective
RSA (right panel) obtained (A) preoperatively and at (B) 7 and (C) 30 days after SG in the

same animal.

Figure 4 shows the quantification of the gastric contractility measurements. The gastric
dominant frequency at 7 (3.7 £ 0.2 cpm) and 30 (3.6 + 0.5 cpm) days postoperatively were
significantly decreased compared to preoperatively (4.5 + 0.4 cpm) (p < 0.01). As a result
of the lower frequencies and the non-stationary characteristics of the signals postoperatively,

the ARI was significantly increased from 2% (0 — 48.9) preoperatively to 95% (52.1 — 100)
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at 30 days after SG (p < 0.05).
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Figure 4. Gastric contractility parameters before and at 7 and 30 days after SG. (A)
Gastric dominant frequency and (B) abnormal rhythmic index (ARI). Frequency results
are expressed as the mean + SD, and ARI results are expressed as (medians; interquartile
intervals). *p < 0.05 vs. day 0 (ANOVA followed by Tukey multiple comparison test) and
#p < 0.05 vs. day 0 (Friedman test followed by the Dunn multiple comparison test).

Nutritional analysis

Figure 5A shows the animal’s body weight during the 30-day experimental protocol.
From day 0 to day 30, the sham rats’ mean body weight increased 8.7%, while the SG
rats’ mean body weight decreased 10.6%. As a result, on day 30, the SG rats’ mean body
weight was approximately 16.9% lower than the sham rats’ mean body weight (423.4 + 42.9
g SG, 509.4 £ 19.5 g sham, p < 0.01). After SG, rats displayed an initial decrease in daily
caloric mean intake at 7 (p = 0.17) and 14 days (p = 0.27) after surgery, but no significant

differences were found between the groups (Figure 5B).
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Figure 5. Nutritional analysis. (A) Body weight and (B) caloric intake of sham and SG rats
throughout the 30 days of study. Data expressed as mean + SD. *p < 0.05 and **p < 0.01
represents difference between the Sham and SG groups for the same time point (unpaired

Student’s t-test).

Lipid profile and body fat analyses

Serum levels of lipids and body fat results are shown in Table 2. Rats submitted to SG
presented a mean adiposity index 53.7% lower than the sham group rats (p < 0.001). Howe-
ver, no significant differences were found for TC, TG, HDL-C, and VLDL-C levels between
the sham and SG rats.

Table 2. Serum levels of lipids and adiposity index of sham and SG groups. Data are

presented as mean + SD.

Parameters Sham (n =8) SG (n = 38)
Adiposity index (%) 54+ 1.7 2.9 £+ 0.9%*
TC (mg/dl) 106.5 £ 24.6  94.0 £ 22.4
TG (mg/dl) 68.0 £ 28.0  51.8 + 13.8
HDL-C (mg/dl) 20.0 £ 3.3  28.6 + 3.8
VLDL-C (mg/dl) 133459 92425

**p < 0.001 vs. Sham (unpaired Student’s t-test).
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Gastric morphometry analysis

Gastric morphometry and histopathological analyses are presented in Figure 6. The
stomach of the sham group (Figure 6A) showed a typical histological structure of the gastric
muscular layer, and no leukocyte infiltration was observed (Figure 6B). In contrast, tissue
remodeling was observed in SG rats (Figure 6C), showing multiple leukocyte infiltration
in muscularis mucosa, submucosal, and mucosa layers of gastric body (Figure 6D). Gastric
tissue alterations were evaluated using a pathological score (Figure 6E) and were associated
with significantly higher leukocyte infiltration in SG rats compared to sham rats (p < 0.0001).
Inflammatory cell infiltration was observed in the muscular, submucosa, and mucosa layers
after 30 days of SG. In morphometry analysis, SG rats had a lower thickness in both the
gastric mucosa and muscularis mucosa layers compared to the sham rats (p < 0.0001, Figure

6F). No difference was observed in the thickness of the submucosa layer between the groups.
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Figure 6 Effect of SG on gastric body samples. Histological photomicrographs using HE
stain of Sham (x 10 objective [A] and x 40 objective [B]) and SG rats (x 10 objective [C]
and x 40 objective [D]), Leukocyte infiltration score (E) and gastric morphometry analysis

(F). ** p < 0.001 and *** p < 0.0001 vs. sham.
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Discussion and Conclusion

Our study reported significant alterations after SG surgery in gastric emptying, orocecal
transit time, gastric mechanical activity, and gastric morphometry.

The rats’ body weight results showed an initial decrease 7 days after the surgical pro-
cedure for the sham and SG groups, presumably an acute reflex of the liquid diet after the
procedure. Until the end of the experimental period, the rats’ body weight increased as
expected, but the SG group presented a significantly lower body weight growth than the
sham group. Even though not statistically significant, our results showed an initial decrease
in daily caloric intake of SG rats for the first 14 days after surgery, followed by a gradual
increase up to the baseline caloric intake until the end of the experimental protocol. This
unexpected behavior of caloric intake may be related to the loss of the restrictive gastric
capacity due to restrictive enlargement or dilatation observed. Similarly to Guimaraes et
al. [19], we observed a considerable gastric dilatation post mortem in rats submitted to SG,
which might explain the lack of a reduced caloric intake in SG rats. Sleeve dilatation was also
reported in humans, but it was not necessarily related to the procedure success in achieving
weight loss [36]. In addition, the SG rats’ weight loss without reducing caloric intake may
also result from an accelerated GI transit or malabsorption of nutrients after the procedure,
which was also reported in humans [37].

The preoperative gastric emptying curve profile was characterized by an initial test meal
retention, representing the accommodation reflex. In contrast, the gastric emptying curve
profile after SG showed an exponential decay with the accommodation reflex absence. As a
result, the MGET was significantly accelerated at both 7 and 30 days after SG. Chambers et
al. [20] also reported a greatly accelerated gastric emptying using scintigraphy in a rodent SG
model, which was connected to impaired inhibitory feedback from the intestine and increased
gastric intraluminal pressure. Fundus, which is the distensible region of the stomach and
responsible for the accommodation reflex and controlling the gastric intraluminal pressure,
when removed, promotes an increased gastric intraluminal pressure that accelerates gastric
emptying [8, 38]. Although the gastric intraluminal pressure and impaired responses at

the intestine level were not assessed in our study, the alterations in gastric contractility and
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tissue remodeling of the gastric muscular layer found may have contributed to the accelerated
gastric emptying.

In our results, signals before SG were characterized by stationary and sinusoidal wa-
veforms with a narrow band of frequencies, as expected [15, 39]. However, the signal’s
waveform after SG showed distinct characteristics. For instance, the presence of irregular
peaks (non-sinusoidal waveform) and frequency drifts (non-stationary waveform) during the
gastric contractility acquisition. Furthermore, bradygastria was observed after SG. All these
findings suggest a difficulty for the stomach muscles to contract properly after the excision
of the greater curvature. It is worth noting that gastric contractility was still erratic 30 days
after SG, and further studies may focus on whether these alterations can persist long after
SG.

The mechanical gastric contractility results from gastric slow waves originated from elec-
trical activity in the ICCs [40, 41]. The ICCs along the stomach show efficient entrainment,
and the highest slow wave frequency, which is present in the greater curvature, controls all
sites simultaneously, resulting in a gastric dominant frequency [42-45]. In mice studies, se-
parating the antrum from the corpus caused a significant decrease in the antrum slow wave
dominant frequency [45]. Furthermore, in a proximal gastrectomy model in rats, the exci-
sion of the upper corpus region resulted in bradygastria [15]. In our study, SG removed the
greater curvature of the stomach, which presumably interferes with the ICCs network, and
there was a decrease in the gastric dominant frequency and severe alterations in the gastric
contractility waveform. There are no gastric contractility studies using a rodent model of
SG in the literature, to the best of our knowledge. In humans, SG significantly increased the
propagation velocity of slow waves and antral propulsions, but no changes were documented
in gastric dominant frequency [11, 12].

Our gastric morphometry results showed a morphological remodeling of the gastric mus-
cular layer after SG. The thickness of the mucosa and muscularis mucosa were decreased
compared to sham rats. Furthermore, histopathological analysis revealed that SG induced
leukocyte infiltration in the muscular, submucosa, and mucosa layers, indicating inflamma-
tion [46, 47]. Inflammation has a remarkable impact on smooth muscle function, which plays

a key role in gastric contractility. For instance, inflammation may modulate the activity or



47

number of ion channels, intracellular signaling molecules, or transcription factors, resulting
in gastric contractility alterations [48]. Moreover, inflammation in the small intestine of rats
has been linked with alterations in the network of ICCs, resulting in uncoupling between ICCs
and smooth muscle cells and consequently impaired contractility [49], which is flagged in our
study by significantly decreased gastric dominant frequency and abnormal waveform after
SG. Nevertheless, further studies are required to specify other possible mechanisms involved
in gastric contractility alterations, such as assessing the ICCs network and its connection to
morphological alterations.

Although only the stomach is resected during SG, motility alterations in the GI tract
beyond the stomach may arise. Our results demonstrate that the orocecal transit curves
presented the same pattern before and after SG, but the magnetic tracer arrived earlier to
the cecum after SG, resulting in a faster MCAT postoperatively. Other studies also observed
an accelerated intestinal transit after SG in both rat model and human subjects, presumably
occurring regardless of the faster gastric emptying [20, 50, 51]. The earlier nutrient arrival
into the distal intestine resulting from the acceleration of both gastric emptying and intestinal
transit has been suggested as a key factor to the improved glucose homeostasis and enhanced
release of glucagon-like peptide-1 (GLP-1) after SG [20, 51-53].

In rats, dye techniques such as phenol red recovery are considered the gold standard
for the assessment of GI transit. However, the phenol red technique requires the sacrifice
of the animal, and therefore a large number of animals is needed to obtain enough data
[54-56]. Other methods such as scintigraphy, 3C breath test, and radiopaque tracers have
been used to assess GI transit in rats. Still, these methods present several drawbacks,
including ionizing radiation and high implementation cost, hindering their use in research
[57, 58]. On the other hand, methods to assess the mechanical gastric contractility in rats
are scarce. While the current gold standard method manometry is highly invasive, magnetic
resonance imaging presents a high complexity to obtain and quantify the data [57, 59]. In
this context, ACB is a noninvasive and low-cost technique to assess GI parameters through
easy implementation and low complexity. A related point to consider is that ACB enables
the simultaneous measurement of distinct GI motility parameters in a single method, which

reduces the necessity of multi-instrumental approaches.
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In summary, this study described the alterations in metabolic parameters, GI motility,
and gastric morphology in rats submitted to SG. MGET and MCAT were accelerated after
SG, presumably as a response to the increased intragastric pressure. The excision of the gre-
ater curvature of the stomach evoked alterations in the gastric contractile activity, such as
bradygastria with non-stationary signals and non-sinusoidal waveforms. Considerable gastric
tissue remodeling was found after SG, with a reduced thickness of the mucosa and muscularis
mucosa layer, in addition to inflammation in the muscular, submucosa, and mucosa layers
determined by leukocyte infiltration, which probably also affected the gastric contractile
activity. The observed GI dysmotility persisted until the end of the 30-day experimental
protocol, indicating that extended follow-up studies are necessary to show evidence of possi-
ble permanent GI motility outcomes after sleeve gastrectomy in rats. Therefore, non-invasive
and reproducible approaches, such as ACB are desirable to perform a long-term follow-up

in the same animal.
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Prefacio

Este trabalho foi idealizado originalmente pelo Prof. José Ricardo em colaboragao com
o Prof. Ricardo Brandt. Apesar de ser da drea de Clinica Médica, o Prof. Ricardo Brandt
sempre demonstrou muito entusiasmo em conciliar seus conhecimentos em gastroenterologia
com pesquisa na area de biomagnetismo. Desta maneira, suas visitas ao Laboratoério de
Biomagnetismo sempre foram muito proveitosas para pensarmos em colaboracoes e pesquisas
futuras.

Dessa forma, a ideia inicial desse projeto era aplicar a BAC para estudar o transito gas-
trintestinal regional através de imagens. Utilizando uma metodologia relativamente simples,
a proposta possuia como inovacao o fato de a BAC possibilitar a visualizacao da distribuicao
intrasegmentar de alimentos, topico pouco explorado na literatura.

A principio, quem iniciou a execugao desse projeto foi o Dr. Fabiano Carlos Paixao (na
época aluno de doutorado), entretanto, ao final do doutorado o projeto foi descontinuado.
Desde o meu inicio no Laboratério de Biomagnetismo, em meados de 2016, acompanhei o
Dr. Ronaldo Matos em seus projetos sobre imagens utilizando o sistema BAC. Desta forma,
recebi a proposta do Prof. José Ricardo de dar continuidade e finalizar este projeto. Fizemos
uma reavaliacao dos dados obtidos até entao, e realizamos mais uma série de experimentos
para complementar o trabalho.

Este trabalho compreende a validagao da BAC para avaliar, através de imagens, o transito
gastrintestinal regional em ratos ez vivo. Para isso, utilizamos também a técnica de vermelho
de fenol, a qual é considerada padrao ouro para este tipo de andlise. A validacao da BAC se
mostrou interessante no que concerne o uso de imagens para estudar o transito gastrintestinal,
fato que nunca havia sido alcancado em nosso laboratério. Além disso, esse trabalho serviu
como base para otimizacoes no sistema BAC, as quais serao exploradas no préximo capitulo.

O resultado final desse projeto foi publicado na revista Biomedical Engineering/ Biome-

dizinische Technik.
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Abstract: The identification of gastrointestinal (GI) motility
disorders requires the evaluation of regional GI transit, and
the development of alternative methodologies in animals has
a significant impact on translational approaches. Therefore,
the purpose of this study was to validate an easy and low-cost
methodology (alternate current biosusceptometry — ACB) for
the assessment of regional GI transit in rats through images.
Rats were fed a test meal containing magnetic tracer and
phenol red, and GI segments (stomach, proximal, medial and
distal small intestine, and cecum) were collected to assess
tracer’s retention at distinct times after ingestion (0, 60, 120,
240, and 360 min). Images were obtained by scanning the
segments, and phenol red concentration was determined by
the sample’s absorbance. The temporal retention profile,
geometric center, gastric emptying, and cecum arrival were
evaluated. The correlation coefficient between methods was
0.802, and the temporal retention of each segment was
successfully assessed. GI parameters yielded comparable
results between methods, and ACB images presented
advantages as the possibility to visualize intrasegmental
tracer distribution and the automated scan of the segments.
The imaging approach provided a reliable assessment of
several parameters simultaneously and may serve as an
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accurate and sensitive approach for regional GI research in
rats.

Keywords: alternate current biosusceptometry; magnetic
imaging; phenol red

Introduction

Evaluation of gastrointestinal (GI) transit time is useful for
identifying motility disorders. Gastroparesis, irritable bowel
syndrome, diabetes, and other diseases are associated with
GI motility disorders. Symptoms from distinct segments of the
GI tract may overlap in clinical practice; therefore, the
assessment of regional GI transit (gastric, small bowel, and
colon) is appropriate [1-3]. Despite the importance of regional
GI transit evaluation, studying meal distribution throughout
the animal’s GI tract is useful. It has been applied in a wide
range of pharmacological and physiological studies, which
may significantly impact translational approaches. More
specifically, this methodology was employed to elucidate the
role of several molecules in the GI transit (aiming both the
study of established drugs side effects [4] and the develop-
ment of new ones for dysmotility treatments [5, 6]), neural
mechanisms involved with GI dysmotility [7, 8], prediction of
plasma concentration of drugs [9], and influence of hormones
[10], aging [11], and injuries [12] in GI function. Therefore,
studies of meal distribution in animals allow us to perform a
careful evaluation of regional GI transit, resulting in essential
information about the dynamics of GI distribution of tracers
segmentally. It is worth to point out that, remarkably, the
assessment of food distribution within a specific GI segment
remains challenging in laboratory and pre-clinical
conditions.

Among the tracers used for studying meal distribution
(radiolabeled, radiopaque, and colorimetric tracers), phenol
red is the gold standard [7, 13, 14]. The technique is based
upon the measurement of light absorbance in processed
samples containing phenol red. Therefore, the division of
the GI tract into different segments enables the quantifica-
tion of phenol red retention in a specific region of the GI
tract. However, phenol red analysis presents some draw-
backs. There is no information about the distribution of
phenol red within the segment, and the samples need to be
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processed. Hence, the development of new methods to
provide a detailed evaluation of the regional GI transit
without sample processing is essential.

The alternate current biosusceptometry (ACB) is a
biomagnetic technique that allows the detection and
monitoring of magnetic tracers in biological systems [15].
ACB was validated in humans for gastric motor function
analysis with scintigraphy and intestinal transit time using
breath hydrogen test [16, 17]. In dogs, ACB demonstrated a
strong correlation with manometry, electromyography,
and electrogastrography [18-20]. In rats, the methodology
was validated for gastric motor function analysis with
strain-gauge [21], and recently several GI motility studies
employing ACB were carried out in rats [22-24].

In a previous feasibility study, the ACB system was
successfully employed to obtain in vitro images of magnetic
powder distribution by scanning the samples. Furthermore,
the tracers’ signal was proportional to the tracer amount in
each pixel of the image [25]. Even though it was noticed the
potential of ACB to study the GI transit using images until
now, there are no reports of a reliable methodology to
perform such tasks in animal experiments. In this present
study, we developed and validated an easy and low-cost
methodology based on the ACB imaging technique, with
ferrite microparticles as tracer, to evaluate the regional GI
transit in rats ex vivo.

Materials and methods
Magnetic microparticles

As a magnetic tracer, we employed manganese ferrite (MnFe,0,)
microparticles (Ferroxcube, El Paso, USA) with a relative magnetic
permeability (i) of 3,000 [15] and sizes between 53 and 75 pm. The
magnetic material and its size were chosen because it is non-absorbable
and also inert at any pH [21].

AC biosusceptometry fundamentals and imaging
methodology

The single-channel ACB is composed of two coaxial pairs of coils; one
pair is the reference system, and the other is the measurement system.
Each pair consists of an induction and a detection coil. The reference
and measurement systems are connected in a gradiometric configura-
tion to minimize the background signal and increase the signal-to-noise
ratio. An alternate current is applied to the induction coils, generating a
magnetic flux in the detection coils. The presence of magnetic materials
near the detection coil disbalances the system’s total magnetic flux,
thus generating a voltage [26]. The system’s working principle can be
modeled, as shown in Eq. (1) [15, 27]:
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Where V), is the measured voltage in the detection coils, yo is the
vacuum magnetic permeability, I, is the reciprocal current, from the
reciprocal principle where the B, (r) is the reciprocal field produced by
this current, B, () is the induction coil applied field and y (7, w) is the
magnetic susceptibility in the volume for a given induction field
frequency. Note that this equation is valid for any geometry and can be
solved numerically. Also, assuming symmetric geometries for each GI
segment and that the magnetic field produced by the magnetic
material magnetization is uniform in the detection coil cross-section,
this equation can be solved straightforward.

Figure 1 shows a schematic of the ACB imaging methodology.
A lock-in amplifier (SR830, Stanford Research Systems, Sunnyvale,
USA) generates a signal of 0.7 V at 10 kHz, which is amplified to
40 V by a power amplifier (TIP 800, Ciclotron, Barra Bonita, Brazil)
and applied to the inductor coils. The electrical signal generated in
the detection coils returns to the lock-in amplifier, which processes
the output signal to acquire the 10 kHz component and converts it
to a DC signal. The signal is recorded online (LabVIEW 2010, Na-
tional Instruments, Austin, USA), digitized by an A/D card (DAQ-
Pad-6015, National Instruments, Austin, USA), and stored in a
computer.

We attached the samples into a CNC XYZ-stage with a precision of
0.1 mm, controlled using specific software (MachMill, Newfangled
Solutions LLC, Livermore Falls, USA), and connected with LabVIEW
for data recording. The measurement of each position consists of 1s
acquisition with the sample still, and the mean value of each
measurement point is used to reconstruct the image. Each signal
intensity was related to a pixel value proportional to the concentration
of magnetic tracer in the measurement position. Raw images were
processed (MatLab, Mathworks Inc., Natick, USA) with background
correction and spline interpolation.

ACB characterization

A cylindrical phantom with 1.3 mm diameter and 2 mm height,
containing 4.4 mg of magnetic microparticles, was used for the
sensitivity tests. For the axial sensitivity tests, the phantom was moved
at fixed distances from 2 to 20 mm. The phantom was moved laterally
at 25 mm of distance from the detection coil for the transversal
sensitivity test, with a fixed distance of 2 mm.

A 30 x 200 mm phantom was constructed to simulate a rat small
intestine, which consisted of seven cylindrical holes (1.3 mm diameter
and 2 mm height) at distinct distances (40, 30, 20, 15, and 10 mm)
containing 5 mg of magnetic microparticles. The phantom was positioned
at2mm from the detection coil and scanned in a 50 x 220 mm array with a
step of 5 mm. The scanning was repeated in 10 different days at distinct
times, and the area under the curve for each image was calculated. The
dispersion of the results was expressed in terms of the coefficient of
variation (CV) using Eq. (2):

cv=2x100 e)
Iul
Where o is the standard deviation to the mean pu of the 10
measurements.
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Figure 1: Experimental setup of ACB imaging. The sample is attached to a computer-controlled CNC XYZ-state, which is scanned using a fixed
ACB sensor. The lock-in amplifier generates a signal, which is amplified and delivered to the inductor coils (black lines). The electrical signal
from the samples returns from the detector coils (gray lines) to the lock-in amplifier is digitized by an A/D card and stored in a computer for

signal and imaging processing.

Animals and experimental design

We used 25 male Wistar rats (250-300 g) from the Animal Laboratory
(ANILAB, Paulinia, SP, Brazil), housed under controlled temperature
(24 + 2 °C), humidity (60 + 5%) and a 12 h light/dark cycle with ad
libitum access to chow (Presence Nutricdo Animal, Paulinia, SP,
Brazil) and tap water. The animals were handled according to the
Ethical Principles in Animal Research of the Brazilian College of
Animal Experimentation and the Bioscience Institute/UNESP Ethics
on the Use of Animals (protocol number 1032).

We divided the rats into five distinct groups (0, 60, 120, 240, and
360 min), according to the time after test meal ingestion in which they
were euthanized. Rats were fasted for 12 h and fed with a 3.015 g test
meal composed of 0.5 g of magnetic microparticles and 0.015 g of
phenol red (Merck, Darmstadt, Germany), incorporated into chow
(2.5 g). It is worth pointing out that the O min group was performed
10 min after the feeding interval, as with all the other groups. We
euthanized the rats by cervical dislocation, and a midline laparotomy
was performed. The gut was carefully removed and stretched, then
excised to obtain five consecutive segments: stomach, proximal
(~40%), medial (~30%), and distal small intestine (~30%), and
cecum.

To obtain the ACB images, we scanned the stomach and cecum in
an 85 x 85 mm array; proximal small intestine in a 50 x 720 mm array;
and medial and distal small intestine in a 50 x 480 mm array. All the
scans were performed with a step of 5 and 2 mm distance between the
detection coil and the samples. After background correction and
interpolation, images were segmented with a 30% threshold of the
maximum pixel value, and the area under curve normalized by the
number of non-zero value pixels was calculated.

The methodology to quantify the amount of phenol red is widely
described in the literature [7, 14, 28]. Briefly, we added the segments into
100 mL of 0.1 N NaOH solution. Next, homogenized the segments using
an electric mixer for 30 s. After 20 min, we centrifuged 10 mL of the
supernatant for 10 min (2,800 rpm). We precipitated the proteins in 5 mL
of the homogenate with 0.5 mL of trichloroacetic acid (20% wt vol™),
and then the solution was centrifuged again for 20 min. Finally, we
added 3 mL from the supernatant to 4 mL of 0.5 N NaOH, and the
absorbance of the samples was read by an Ultrospec 2,000 Spectro-
photometer (Pharmacia Biotech, USA) at 560 nm.

Data and statistical analysis

Using Eq. (3), we calculated the ACB imaging and phenol red retention
(%) in each GI segment:

TR,
T TR,

R, 3
Where R, is the retention in segment x, TR, is the tracer recovered in
segment x, and TR, is the total tracer recovered. Retention values for
each segment were used to calculate the geometric center of GI transit
[29, 30], a quantitative evaluation of the distribution and progression
of the tracer along the GI tract, accordingly to Eq. (4):

R, xn

5
=3 =

n=1

)

Where GC is the geometric center, R, is the tracer retention in segment
number n, and R; is the total retention. The geometric center ranges
from 1 to 5, which means that a value of 1indicates maximal retention
in the stomach, and 5 indicates maximum retention in the cecum.
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We obtained the GI transit statistical moment through the
temporal average pondered by retention value curves, normalized by
the area under the curve [31]. The following parameters were calculated:
Mean Gastric Emptying Time (MGET), defined as the time ¢t (min) when a
mean amount of tracer is emptied from the stomach; Mean Cecum
Arrival Time (MCAT), defined as the time ¢t (min) when occurred an
increase in the mean amount of tracer in the cecum. We used the
Pearson correlation to determine the correlation between the
methodologies.

Statistical differences between ACB image and phenol red were
determined with Student’s t-test for paired means. Values of p<0.05
were considered statistically significant. We performed all analyses
and figures using GraphPad Prism 7.05 (GraphPad Software, La Jolla,
California, USA). All of the results are presented as mean + standard
deviation.

Results

Figure 2A shows the axial sensitivity of ACB. Figure 2B shows
the ACB signal when the phantom was moved laterally from
the detection coil. The spatial resolution was 13.8 mm,
measured as the full width at the half maximum (FWHM) of
the curve. The image of the phantom (Figure 2C) shows that
ACB imaging was able to solve two distinct structures with a
distance of 15 mm. Still, when the distance decreases to
10 mm, the separate structures were not differentiated, which
confirms the FWHM result. Furthermore, a CV of 1.89% was
obtained from 10 repeated measurements, reinforcing the low
dispersion and inter-day variability of the methodology.
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Figure 3 shows examples of ex vivo ACB images acquired
at different time points. Figure 3A shows the images for all
segments at 60 min after test meal ingestion, while Figure 3C
shows the images for all segments at 360 min. Figure 3B, D are
the local distribution of pixels intensity along each segment
length for 60 and 360 min, respectively.

Geometric center values are shown in Figure 4. The
tracers GC increased with time, ranging from 1.18 + 0.12 to
3.81 + 0.51 for ACB images and from 1.14 + 0.06 to
3.94 + 0.51 for phenol red.

Figure 5 shows the temporal retention profile of each
segment for the ACB images and phenol red. Initially, the
tracers were found in the stomach and were progressively
emptied to the small intestine, representing the gastric
emptying process. Gastric retention values ranged from
89.87 + 7.78% to 18.50 + 10.47% for ACB images, and from
90.51 + 6.49% to 15.50 + 13.53% to phenol red. The small
intestine segment retention profile was similar for both
methods. Proximal small intestine showed the lowest
mean retention values compared to all other segments,
which reached the maximum retention of 2.87 + 1.64% for
ACB image (60 min) and 5.87 + 4.03% for phenol red
(120 min). Differently from the proximal segment, medial
and distal segments retention values were increased over
time, suggesting that the intestinal transit is slower in these
segments. Medial small intestine mean retention was
maximum for ACB images at 240 min (22.88 + 14.54%),
while for phenol red, the maximum mean retention was at
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Figure 2: ACB characterization. The intensity of the signal detected as a function of the axial (A) and transversal (B) distance for a cylindrical
phantom containing 4.4 mg of magnetic tracers; (C) reconstructed image of the small intestine phantom.

BMT-2020-0202_proof m 1 February 2021 m 11:24 pm



63

DE GRUYTER

A -
B —

Pinto et al.: Regional gastrointestinal transit in rats through images =—— 5

A
B
. enl——— @&

A —
A

D
A . - _ _ - aodedl A B
0 4 80 10 20 30 40 50 60 700 12 24 48 0 12 24 36 480 4 8
(cm) (cm) (cm) (cm) (cm)

Figure 3: Representative example of normalized ACB images and local distribution of pixels intensity for 60 (A and B) and 360 min (C and D)
after test meal ingestion. Images show the following segments from left to right: stomach, proximal, medial, and distal small intestine, and

cecum.
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Figure 4: Geometric center values representing the progression of
tracers from the stomach (segment number 1) to the cecum (segment
number 5).

120 min (15.54 + 9.51%). For the distal segment, the
maximum mean retention was 28.93 + 10.41 (240 min) for
the ACB image and 24.21 + 10.56 (360 min) for phenol red.
For the first two moments (0 and 60 min), the cecum
retention values were negligible, attesting that the tracers
were still in transit, which started to reach the cecum after
120 min. The mean retention values of the 240 min group
showed a significant difference between the methods
(p<0.01), suggesting that the phenol red arrived at the
segment faster than the magnetic tracer.

We also quantified GI transit parameters by statistical
moments. MGET values were 128.84 + 29.63 min and
125.51 + 30.83 min for ACB images and phenol red,
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Figure5: Temporalvariation of retention values (%) in each segment
obtained from (A) ACB images and (B) phenol red data.

respectively. MCAT values were 279.31 + 21.16 min for ACB
image and 260.43 + 24.26 min for phenol red. No statistical
difference was found in the parameters between the
methods.

The Pearson correlation coefficient between the
methods was R=0.802 with p<0.001 (Figure 6), which
represents a strong correlation and low dispersion.
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Figure 6: Pearson correlation between ACB image and phenol red
retention values.

Discussion

The ACB imaging methodology was able to acquire images
from the magnetic microparticles incorporated in the test
meal for the assessment of regional GI transit in rats, showing
the potential of ACB imaging as an alternative tool for these
analyzes. Methods that apply radioactive markers to assess
the GI transit require a high implementation cost, the neces-
sity of specific equipment and installations, and the use of
ionizing radiation, which makes phenol red and ACB imaging
more suitable for the use in laboratories. Even though, ACB
imaging presented several advantages in comparison to
phenol red: the automatic scan of the segment, which does
not require sample processing; the possibility of tracer
distribution visualization by images; and a more precise data
quantification, once that it takes into account the tracer
distribution within a given segment, which makes ACB
imaging suitable for studies of injuries or diseases that affect
the food distribution in a specific segment.

Geometric center quantification showed that both
methods were able to detect tracers’ progression, once that
the GC was shifted through the segments as the time after the
test meal increased (Figure 4). The GI transit parameters
(MGET and MCAT) were comparable to the ones found in the
literature for in vivo measurements [22, 24, 32|, which
reinforces our results’ reliability.

The temporal data showed the dynamics of the tracers
through the GI tract (Figure 5). It was possible to observe the
gastric emptying and cecal filling for both tracers. As for the
small intestine, a gradient of propagation velocities of
contraction that decreases aborally has been reported in
dogs [33]. In rats, by using phenol red as a tracer, Sawamoto
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et al. [9] estimated the GI transit profile of different
segments. The paper shows that the small intestine’s transit
rate constant was maximum at the duodenum (proximal
segment) and minimum at the ileum (distal segment). These
previous studies corroborated our results once we found a
retention gradient for the different small intestine segments.
The proximal small intestine had the lowest mean retention
compared to other small intestine segments, while the distal
segment showed the highest values. Moreover, the increased
mean retention values in the distal segment may be a
consequence of the ileocecal valve, which separates the small
intestine and cecum and consequently accumulates the
tracers. We observed this accumulation in Figure 3A, C, where
the local distribution of pixels intensity shows a peak at the
end of the distal small intestine segment; therefore, the
magnetic tracer is concentrated in the ileocecal valve.

Another finding was that the phenol red was delivered
to the cecum faster than the magnetic tracer (Figure 5). This
difference is probably because phenol red is part of chime’s
liquid phase, while the magnetic tracer is a non-digestible
solid [15]. Therefore, the magnetic microparticles may be
more reliable than phenol red for solid meal studies in the
small intestine and cecum.

The study of regional GI transit in laboratory animals is
essential, once that is the first step to achieve clinical trials
of drugs or diseases. In this present work, we used rats to
validate the ACB imaging, since phenol red requires the
euthanasia of the animals, and that the spatial resolution
of ACB limit its application to ex vivo images (for small
animals — it is worth to point out that for humans the
system might be able to solve different segments and even
intrasegmental distributions). Even though improvements
in the methodology or the system’s characteristics may
result in a spatial resolution that enables in vivo images in
rats, in the current state of the art, further studies may
address the effects of drug, diets, or diseases, specifically
on each region of the GI tract in rats.
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Prefacio

No inicio de 2019, nosso laboratorio escreveu um projeto em parceria com o Prof. Oswaldo
Baffa Filho (USP Ribeirdo Preto) e o Prof. Andris Figueiroa Bakuzis (UFG) para o programa
Probral, fruto da parceria entre a CAPES e o Servigo Alemao de Intercambio Académico
(DAAD) para fomento de projeto de pesquisa em parceria ao Physikalisch-Technische Bun-
desanstalt (PTB).

O PTB é o instituto nacional de metrologia da Alemanha, o qual possui sua sede em
Berlin. Dentro de inumeras linhas de pesquisa, o PTB é referéncia mundial no estudo de
nanoparticulas magnéticas, area que nosso laboratério iniciou os estudos recentemente. Fe-
lizmente, o projeto foi aceito, o qual resultou na oportunidade para alunos das trés universi-
dades do Brasil (UNESP, USP e UFG) irem para Alemanha, além da visita de pesquisadores
do PTB ao Brasil. Em Outubro de 2019, tive a oportunidade de viajar para Alemanha, e
permanecer durante seis meses como pesquisador visitante no PTB em Berlin. O objetivo da
minha visita foi primeiramente aprender as técnicas utilizadas no PTB, as quais sao pratica-
mente Unicas no mundo, e além disso, os pesquisadores do PTB nos ajudaram a aprimorar
a técnica BAC, mais especificamente em relagao ao problema inverso, o qual sempre foi um
topico almejado pelo Prof José Ricardo, desde seu mestrado.

Como resultado, houve uma extraordinaria troca de conhecimento entre todos os labo-
ratorios, o qual culminou no desenvolvimento de intimeros projetos. Entre tais projetos
desenvolvidos, este trabalho consiste na resolucao do problema inverso para os sistemas
mono e multi canal da BAC. Através do problema inverso, as imagens obtidas apresentam
como unidade massa de particulas, e nao mais a unidade de tensao. Devido a essa imple-
mentacao, a BAC pode ser utilizada como técnica alternativa para diversos estudos na area
de nanoparticulas magnéticas.

Portanto, este trabalho é apenas um projeto inicial de véarios que foram e estao sendo
desenvolvidos. Neste capitulo o enfoque foi dado a resolugao do problema inverso para estudo

futuros envolvendo o transito gastrintestinal.
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Abstract

Non-invasive magnetic imaging techniques are necessary to assist biomedical applications
of magnetic nanoparticles by detecting their distribution. In alternate current biosuscepto-
metry systems, an alternate magnetic field is applied to magnetize the magnetic nanopar-
ticles through excitation coils, and pick-up coils acquire its response. In this present work,
we compared the single- and multi-channel alternate current biosusceptometry systems to
reconstruct quantitative images of magnetic nanoparticles by solving the inverse problem.
The magnetic nanoparticle type Perimag was used to prepare a total of 12 cubic phantoms
and two phantoms designed with the shape of a rat’s stomach. The single-channel system
presented a sensitivity of 0.76 mg, while for the multi-channel system, a value of 1.01 mg was
found. Furthermore, the single-channel system distinguished between the different stomach
phantom sizes, while for the multi-channel, the images were very similar. We presented
two alternate current biosusceptometry systems to reconstruct quantitative images of mag-
netic nanoparticles. Our results demonstrate that both systems showed sensitivity in the
milligram scale and may be used as a tool for magnetic nanoparticles and gastroenterology

studies with a low cost and portability.

Keywords: alternate current biosusceptometry, inverse problem, magnetic nanoparticles
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Introduction

Magnetic nanoparticles (MNPs) present great versatility due to their physical and che-
mical characteristics such as reduced size, composition, and magnetic properties, enabling
several biomedical applications as a cancer treatment by hyperthermia and controlled drug
delivery [1].Thus, techniques capable of detecting, locating, and quantifying MNPs in the
biological environment are indispensable to assist biomedical applications [2, 3]. For this
purpose, different techniques were developed to reconstruct MNPs spatial distributions ba-
sed on the MNPs magnetic properties. The highly sensitive Magnetorelaxometry (MRX),
Magnetic Particle Imaging (MPI), and Magnetic Susceptibility Imaging (MSI) have been
used in MNPs studies [4-6]. Despite the fact that each of these techniques employs distinct
physic properties of the MNPs,; all of them use magnetic field sensors to detect the MNPs
response after or during exposure to a magnetizing field. To reconstruct quantitative spatial
MNP distributions, an ill-posed inverse problem must be solved, and distinct strategies have
been adopted (e.g., multiple magnetizing fields and magnetic field sensor, magnetic field
gradients, and frequency decodification) [5, 7].

The Alternate Current Biosusceptometry (ACB) is a coil-based magnetic technique that
detects magnetic materials through a lower instrumental and operational cost and less te-
chnical effort than MRX, MPI, and MSI [8, 9]. Although ACB imaging approaches have
been recently applied to study the regional gastrointestinal transit in rats ex vivo [10] and
to map the biodistribution of MNPs in rats in vivo [11], there is currently no quantitative
ACB imaging.

In the current state of the art, there are two methodologies to reconstruct MNPs spatial
distributions using ACB: a scanning approach employing a single-channel system or multiple
detection coils. The scanning approach consists of moving a single-channel ACB system
to register the MNPs signal in a predetermined number of spatial points [10, 12]. The
multi-channel ACB system uses multiple distinct detection coils to simultaneously record
the MNPs signal in multiples space points. The images are reconstructed in a field-of-view
(FOV) determined by the system’s geometric and acquisition characteristics [11].

In this comparison study, we used the single- and multi-channel ACB systems to re-
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construct 2D quantitative imaging of MNPs distribution. Twelve gypsum cubes and two
phantoms simulating a rat’s stomach containing different MNPs mass were used to evaluate
both ACB system’s precision to reconstruct and quantify MNPs distributions. We compa-
red both systems for solving the inverse problem to reconstruct the phantoms distributions,
aiming for future applications in in vivo MNPs biodistribution and gastrointestinal transit

studies.

Material and Methods

ACB system and instrumentation

The ACB system works as a double flux transformer with an air core and is composed
of a sensor and electronic devices. The sensor consists of one pair of excitation coil, while
the number of detection coil pairs depends on the system adopted (e.g., one pair for the
single-channel and multiple pairs for the multi-channel system). Each pair of excitation and
detection coils can be divided into two sub-systems: the reference and the measurement sys-
tem. The reference system is placed far from the sample to subtract the environmental noise,
while the measurement system is used to detect the samples’ signal. The electronic devices
include a lock-in amplifier (SR830, Stanford Research Systems, USA), an audio amplifier
(TTP 800, Ciclotron, Brazil), and an A/D board (DAQPad 6015, National Instruments,
USA). The lock-in is used to generate an AC voltage with a specific phase and frequency,
amplified by the audio amplifier to feed the excitation coils, resulting in an AC magnetic
field for the sample’s magnetizing. When a magnetic material is near the sensor, there is an
imbalance in the measurement system’s magnetic flux. The electric signal difference between
measurement and reference system is the ACB signal due to material magnetization. The
signals are read-out as a voltage by the lock-in amplifier, which is then acquired at a 20 Hz
sampling rate using the A/D board and LabView software (National Instruments, USA).
In this present work, we used the single- and multi-channel ACB systems described in the

following sections.
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Figure 1. Representation of the single- (A) and multi-channel (B) ACB systems. The inner

coils act as detection coils, and the outer coils act as excitation coils.

Single-channel ACB system

The single-channel ACB sensor is composed of one pair of excitations and one pair of
detection coils, with 137 mm of distance between each coil of the same pair, as shown in
Figure 1A. The sensor was developed with the excitation coils with a radius of 8.36 mm
(AWG 24) and 150 turns, while the detection coils with a radius of 10.34 mm (AWG 36)
and 450 turns.

Multi-channel ACB system

The multi-channel ACB sensor consists of one pair of excitations and nineteen pairs of
detection coils (Figure 1B). A baseline of 137 mm separates the coils. The excitation coils
present a radius of 62.43 mm (AWG 20) with 135 turns, while each detection coils were
developed with a radius of 8.36 mm (AWG 32) with 1200 turns.

ACB forward model and inverse problem

The magnetic flux generated in the ACB detection coils by an extensive magnetized

source can be described as [13]:
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1

(bm B ,U/O-Z'r

/V (V) (Ba(V) - B, (V))dV 1)

where ¢, is the magnetic flux in the detection coil, py is the magnetic permeability in
vacuum, [, is the reciprocal current, y, is the volumetric magnetic susceptibility of the
material, B, is the excitation field, and B, the reciprocal field. This continuous forward
model was built considering the reciprocal principle by interchanging the detection and
sample position to compute the generated signal [13].

However, for quantitative imaging, a discrete forward model is necessary. Therefore,
we discretize the problem, dividing a field-of-view (FOV) in k voxels. Thus, the voltage
generated in a single detection coil by an MNPs mass (X ypy) in the k-th voxel is calculated
by Faraday’s law:

o __d [

Vi = - dt A (Hyg - Her) - x(w) - X ek (2)

where V}, is the voltage induced in the detection coil, H,.j and H, j, are the reciprocal and the
excitation field, respectively, in the k-th voxel, and x(w) is the frequency-dependent mass
susceptibility due to the presence of X y;nypr MNPs mass in the k-th voxel. When considering
distinct ACB systems, Equation 2 can be extended to M sensor positions (single-channel
scanning) or N detection coils (multi-channel). The separation of geometric parameters and
material properties of the MNPs from the MNPs mass inside the k-th voxel in Equation 2

can be written as [14]:

V:ZL-XMNP’k:L'XMNP,k (3)
k

where V is a vector containing the induced voltage in each detection coil, L is the sensitivity
matrix of the system (system transfer function), which includes both the geometric parame-
ters of the system and MNPs properties, and X y;npy is the MNPs distribution vector that

represents the MNPs mass in each voxel. The L possesses the dimensions of (N - M) x k,
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where M is the number of points in which the sensor is translated during signal acquisition,
and N is the number of detection coils. Note that the sensitivity matrix can be determined
a priori either by simulations or experimentally.

Equation (3) may be solved by employing the Moore-Penrose pseudo-inverse matrix
(LT = (LTL)"'L"), which is a minimum norm estimation obtained by a truncated singu-
lar value decomposition (TSVD). This approach has shown to be feasible for similar MNPs

imaging problems with other magnetic techniques [15, 16]:

XMNP,est = L+ -V (4)

where X yrnpest is the estimated MNPs distribution.

MNPs phantoms

The MNP type Perimag® plain (micromod, Rostock, Germany) was immobilized in
gypsum for phantoms production. A total of 12 cubic phantoms (1.2 x 1.2 x 1.2 cm?) with
an MNPs mass ranging from 0.04 to 4.81 mg was prepared. Two phantoms were designed
with the shape of a rat’s stomach with different dimensions, aiming to simulate a normal
rat’s stomach and a resected stomach due to a surgical procedure (e.g., sleeve gastrectomy).
Both stomach phantoms were prepared using the same MNPs concentration, resulting in an
MNPs mass of 4.50 mg for the normal stomach and 2.38 mg for the resected stomach. Figure

2 shows a single cube and the stomach-shaped phantoms used.

Measurements and imaging quality parameters

During all signal acquisition, the phantoms were positioned at a 1 mm distance from
the detection coils’ surface. A current of 500 mA and 180 mA was applied to the single-
and multi-channel ACB systems, respectively. The single-channel ACB measurements were
carried out by a scanning approach, performed using a 2D CNC stage with a precision of
0.1 mm. FEach phantom was positioned in the center of a 110 x 50 mm? FOV, and the

sensor was moved with a step of 5 mm, stopping 1 s for the signal acquisition in each
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position. Furthermore, multi-channel ACB measurements were performed by positioning
each phantom in the center of the system’s FOV and acquiring the signal for 30 s.

We established two parameters to assess the reconstructed image quality. The Pear-
son Correlation Coefficient (R) was used to determine the linearity between the nominal
(X mNPnom) and the estimated (X prnvpest) MNPs distributions [17]. Furthermore, the quan-
tification accuracy was evaluated by the absolute relative percentual difference (X npaiff)

between (X pnpnom) and (X pynpest). The sensitivity of each system was defined as the

lower MNPs amount in which primarily result in (Xynpairr) < 20%.

A B

Figure 2. Phantoms produced for the ACB measurements: (A) gypsum cube and (B)

normal and resected stomach-shaped phantoms.

Results and Discussion

The sensitivity matrices’ singular values may be used to evaluate the inverse solution’s
stability [18]. The TSVD method used to calculate the pseudo-inverse matrix L™ has the
truncated singular values of the sensitivity matrix L as parameters. As a result, the ma-
ximum number of voxels containing MNPs, which can be simultaneously reconstructed, is
determined by the number of not null singular values above the truncation threshold. There-
fore, the obtained normalized singular values for both ACB systems using a voxel of 5x5x12

3

mm® are shown in Figure 3. The sensitivity matrix L,, for the multi-channel ACB system

is of dimensions ([19 - 1] x 220), and the optimal truncation threshold value (based on
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Xmnpdirs found was 10%. The fast decay is resulted from the system of equations, which
provides only 19 equation to solve a FOV containing 220 voxels. This situation is referred to
as an ill-conditioned problem. The sensitivity matrix L, for the single-channel ACB system
is of dimensions ([1 -288] x 220) with truncation threshold of 2%, showing a significantly

slower decay of singular values.
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Figure 3. Normalized singular values for the single- and multi-channel ACB systems with

the truncation threshold used (dashed lines) in TSVD for model inversion.

Figure 4 shows the nominal distribution and the quantitative reconstruction of a single
gypsum cube containing MNPs for both systems in a FOV of 110 x 50 x 12 mm?®. Figure
5 shows the correlation coefficient and Xy/npqir¢ profiles obtained by measuring 12 cubes
with different concentrations of MNP using the single and multi-channel ACB systems.
Both systems presented a high correlation coefficient (R > 0.7) for cubes with an MNPs
mass above 0.28 mg (Figure 5A). However, for lower concentrations, the R values decrease
exponentially. Furthermore, the multi-channel ACB system R values presented a faster decay
compared to the single-channel system. The Xy;npqiss results are shown in Figure 5B. For

better visualization, we used a Xy npqifs threshold of 150%. As in the correlation coefficient
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results, both systems presented a similar profile. Considering the condition adopted to
determine each system’s sensitivity, the single-channel presented a sensitivity of 0.76 mg,

while for the multi-channel system, a value of 1.01 mg was found.
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Figure 4. Nominal distribution and quantitative reconstruction of a single gypsum cube

containing MNPs for the single- and multi-channel ACB systems.

Figure 6 shows the nominal distribution and the reconstructed quantitative images of
the stomach-shaped phantoms. For the normal stomach phantom, the single-channel ACB
reconstructed yielded a correlation coefficient of 0.94 and a Xy npairr of 0.39%, while the
multi-channel ACB reconstruction presented a correlation coefficient and Xy pq;ry values of
0.77 and 10.50%, respectively. Regarding the resected stomach phantom, the image obtained
with the single-channel ACB resulted in a correlation coefficient of 0.94 and a Xy/npairs of
0.11%. The multi-channel ACB image presented a correlation coefficient of 0.76 and a
Xmnpairs of 11.32%. These results indicate that the single-channel ACB reconstructed
images presented an increased quality compared to the multi-channel ACB. While the first

system distinguished between the different phantom sizes, both multi-channel ACB images
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were very similar, corroborated by the lower values of the correlation coefficient.
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Figure 5. Imaging quality parameters: (A) correlation coefficient and (B) Xynpaifs of
the quantitative reconstruction of gypsum cubes containing MNPs for the single- and multi-
channel ACB systems. Xy/npqifs values were truncated with a threshold of 150% for better

visualization.

In previous studies from our group, the single-channel ACB system was used to detect
manganese ferrite nanoparticles coated with citrate (Cit-MnFe,Oy) in a mass range between
10.0-30.0 mg [9, 19, 20]. Even though the MNP type was different from the one used in this
work, according to our results, both single- and multi-channel ACB systems present enough
sensitivity to be used for in vivo MNP studies in rats. Although the reconstructions’ imaging
quality obtained using the single-channel ACB system was superior to the multi-channel,
some considerations must be performed regarding in vivo experiments. The single-channel
scanning approach to get the data takes about 6 minutes, while the multi-channel works
in real-time at a 20 Hz sampling rate. Therefore, we consider the multi-channel the best
option for biodistribution studies of MNP since the system acquires the signals in real-time,
enabling longer measurement times [11]. However, for in vitro and ex vivo applications, the
single-channel ACB system provides a better quantification quality. It is worth pointing

out that based on other techniques, such as MRX, MPI, and MSI, the ACB system can be
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considerably improved in terms of sensitivity and spatial resolution, which may be addressed

in further studies.

Nominal distribution  Single-channel ACB  Multi-channel ACB g
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Figure 6. Nominal distribution and quantitative reconstruction of the normal (first line)
and resected (second line) shaped phantoms a single gypsum cube containing MNPs for the

single- and multi-channel ACB systems.

Aiming for future applications in gastroenterology, both systems’ sensitivity suggests
that gastric emptying measurements in vivo using rats is feasible since the variation of MNP
mass due to the gastric emptying can be quantified as we obtained using cubes with different
concentrations of MNP. Although scintigraphy and magnetic resonance imaging techniques
use reconstructed images to evaluate gastric emptying [21], to the best of our knowledge,
quantitative images have never been used to assess gastric emptying in vivo. To achieve this,
rats may be fed with a test meal containing either solid (e.g., manganese ferrite micropar-
ticles) or fluid (e.g., MNPs) particles, then anesthetized using an inhalational anesthetic as

isoflurane in predetermined times, as it’s adopted in scintigraphy studies [22]. Even though
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a multi-channel ACB measurement is performed in real-time, we consider that the scanning
approach using the single-channel ACB is preferable since it presents an increased sensitivity
and better reconstruction quality of the image. However, a multi-channel ACB measurement
of a few minutes would yield to gastric emptying and gastric contractility simultaneously,

which must be considered depending on the objectives.

Conclusions

In this work, we presented two ACB systems and they forward model and an inverse
problem solution that enabled quantitative imaging of MNPs. The results demonstrated that
both systems presented a sensitivity in the mg scale, although the single-channel ACB system
yielded better reconstruction quality results. Also, the ACB systems provide quantitative
data, which can be employed as a tool for MNPs and gastroenterology studies with a low

cost, high versatility, and portability.
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Conclusao geral

A presente tese de doutorado apresenta a aplicacao da técnica de Biosusceptometria de
Corrente Alternada (BAC) em estudos envolvendo a motilidade gastrintestinal de ratos, além
do desenvolvimento de modelos matematicos e computacionais para a resolugao do problema
inverso, com o intuito de reconstruir imagens quantitativas de nanoparticulas magnéticas
(MNPs).

No primeiro capitulo, ratos foram submetidos a cirurgia de gastrectomia vertical, e pude-
mos analisar seus efeitos em diversos parametros da motilidade gastrintestinal. Os resultados
obtidos demonstram que a cirurgia resultou em uma aceleragao do esvaziamento gastrico
e transito orocecal, além da diminuicao da frequéncia dominante de contracao gastrica e
alteragoes no perfil de contratilidade gastrica. Mudancas na morfometria do estomago e
também a presenca de inflamacao em diferentes camadas do tecido gastrico fortalecem as
alteragoes encontradas na motilidade gastrica. Em comparagao com as técnicas comumente
utilizadas no estudo da motilidade gastrintestinal em ratos, a BAC apresenta diversas van-
tagens, como a auséncia de radiacao ionizante, facil manuseio e baixo custo.

Além disso, desenvolvemos uma metodologia para reconstruir imagens do transito gas-
trintestinal regional em ratos, através do escaneamento de diferentes segmentos do trato. A
metodologia proposta foi validada com a técnica de vermelho de fenol, considerada padrao
ouro para tais estudos em ratos. Nesse contexto, a BAC apresenta como vantagens a possi-
bilidade da visualizagao intrasegmentar de tragadores magnéticos, além de nao necessitar o
processamento das amostras para analise.

Por fim, o terceiro capitulo demonstra a resolugao do problema inverso para a recons-
trucao de imagens quantitativas de MNPs utilizando sistemas BAC contendo uma e miltiplas
bobinas detectoras. Para tal, foram construidos fantomas contendo MNPs em diversas con-
centragoes, além de fantomas simulando o estomago de ratos. Imagens quantitativas sao
de extrema importancia, pois apresentam os pixels com unidade de massa de MNPs. Tal
caracteristica das imagens permite o uso da BAC em diversas aplicagoes biomédicas, como
hipertermia magnética e drug delivery, com o intuito de se saber precisamente a quantidade

de MNPs entregue ao tecido alvo. Além disso, tal metodologia pode ser empregada no futuro
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para a andlise do transito gastrointestinal de ratos através de imagens quantitativas.
Acreditamos que os dados resultantes deste trabalho possam auxiliar no desenvolvimento
de futuras aplicagoes da técnica BAC, fornecendo uma metodologia versatil e de baixo custo

para estudos envolvendo a motilidade gastrintestinal e MNPs.
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the performance of magnetic
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Prefacio

Este trabalho consiste no resultado final da tese de doutorado do Dr. Uilian de Andreis.
Uma vez que o Dr. Uilian de Andreis nao seguiu na carreira académica apds o término do
doutorado, sua tese nao foi publicada de imediato.

No inicio de 2020 aceitei a proposta do Prof. José Ricardo em resgatar esse trabalho,
que fora concluido em 2010. Portanto, revisei toda a tese do Dr. Uilian de Andreis, e com a
ajuda de outros alunos do Prof. José Ricardo (André Péspero, Gustavo Serafim e Guilherme
Soares) e da Profa. Luciana Coré, finalizamos a escrita desse importante trabalho para o
nosso laboratorio.

Este trabalho demonstra a primeira utilizacao da BAC em conjunto com parametros
farmacocinéticos (andlise denominada farmacomagnetografia) para o estudo da performance
de comprimidos entéricos no trato gastrintestinal. Apesar de eu nao ter contribuido na parte
experimental do trabalho (afinal, ainda estava no inicio do ensino médio), sei da dificuldade
que ¢é realizar pesquisa com humanos, e admiro o trabalho realizado pelo Dr. Uiliam de
Andreis e todos que participaram de seu doutorado. Como resultado final, este trabalho foi

publicado na revista European Journal of Pharmaceutics and Biopharmaceutics.
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ABSTRACT
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A magnetic enteric-coated tablet containing diclofenac sodium was produced, and its performance under
physiological and disturbed gastrointestinal motility was assessed through pharmacomagnetography analysis. In
vitro studies were performed using conventional methods and in vivo studies were conducted on healthy vol-
unteers before (control) and after domperidone administration. The magnetic tablet’s gastrointestinal (GI) transit
and disintegration process were monitored using the Alternating Current Biosusceptometry sensors combined
with drug plasmatic concentration. The Gastric Residence Time, Colon Arrival Time, Small Bowel Transit Time,
Disintegration Time and the pharmacokinetics parameters were calculated. The pH-dependent polymers used to
coat the magnetic tablets were able to avoid the premature drug release on gastric or small intestine simulated
medium. Gastric Residence Time was accelerated compared with the control group (p < 0.01). No significant
differences were found regarding small bowel transit, colon arrival, disintegration process, or pharmacokinetics
parameters. A strong correlation between magnetic monitoring and pharmacokinetics parameters analysis was
determinant to evaluate the efficiency in the drug delivery at a specific site in the human gastrointestinal tract. In
addition, a tablet with a damaged coating was used as a proof of concept to show the suitability of our meth-
odology to evaluate the tablet. Our study showed that pharmacomagnetography is a multi-instrumental approach
towards assessing drug delivery and bioavailability.

1. Introduction

systems [1,6]. Particularly, pH-dependent copolymers of methacrylic
acid and methyl methacrylate (Eudragit®) have been widely used to

Colon-specific drug delivery systems have broadly been developed
for local treatment drugs [1,2]. However, colonic delivery systems must
overcome the gastrointestinal (GI) tract physiological variables,
including pH, fluid volume and composition, motility, and transit pat-
terns [3,4].

Moreover, disturbances in normal gastric emptying or small bowel
movements provoked by the drugs, local or systemic disease also
contribute to wide variability in oral drug absorption and bioavailability
[5]1.

Over the past few decades, pharmaceutical technology has succeeded
in exploring different approaches to enhance colon-target drug delivery

* Corresponding author.

achieve such colon-specific drug delivery [7]. These copolymers have a
pH-dependent dissolution and are used as enteric coating agents towards
protecting the drug core from gastric and small intestinal contents and
allowing them to deliver the drug specifically in the colonic region [8].
However, pH-dependent delivery systems could be unpredictable since
the GI environment can be influenced by different intrinsic and extrinsic
factors as well [9].

In the attempt to develop a more reliable formulation, the strategies
include a combination of pH-dependent systems with time-dependent
systems, enzyme-triggered systems, and multiple-layer coating, to pre-
vent earlier drug release [1]. Besides, in vitro testing has also been
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improved to predict the most relevant GI variables that impact drug
delivery [10]. Indeed, in vitro tests guide the pharmaceutical develop-
ment of drug delivery systems. However, in vivo studies are imperative to
evaluate the performance of the dosage forms and the influence of GI
variables on drug release and bioavailability. Hence, non-invasive
technologies that can monitor the dosage form along the GI segments
in association with pharmacokinetics analyses are attractive.

Alternating Current Biosusceptometry (ACB) is a biomagnetic tech-
nique that suits a wide range of biological applications [11-15]. Single
sensor ACB may be used to monitor solid dosage forms in distinct GI
segments [16,17]. This approach enables the determination of the
gastric residence time, small intestine transit time, and orocaecal transit
time. In addition, single-sensor ACB can be used to scan a delimited area
and thus obtain magnetic images of the disintegration process of solid
dosage forms, which is quantified by the image area variation. This
methodology was adopted to assess the floating lag time and tablet
hydration rate of floating tablets in vitro [18], in vivo images of the
disintegration of enteric coated magnetic tablets [16,17], and the in-
fluence of immunosuppressive therapy on GI transit [19]. Furthermore,
the multi-sensor ACB system may be used to simultaneously acquire
signals from different points simultaneously, and obtain magnetic im-
ages in real time without the need for scanning. This approach was used
to study the effect of different compression force levels on tablet disin-
tegration in vitro [20], both stomach and colonic contractility in vivo
[171, and also the colonic motor activity in response to a meal [21].
Therefore, the ACB system has been proven to be a reliable tool for
assessing the interplay between GI motility and drug release.

The simultaneous assessment of a solid dosage form location in the
GI tract and the drug plasmatic concentration is a pharmacomagnetog-
raphy analysis [22]. A magnetic technique very suitable for locating
solid dosage forms in vivo is the Magnetic Marker Monitoring (MMM),
which uses multichannel superconducting interference devices
(SQUIDs) to measure the magnetic field of magnetized tablets [23,24].
Recent applications of pharmacomagnetography employing the MMM
consisted of investigating the bioavailability of extended release tablets
under fasting and fed conditions [25], and also the interplay between
drug bioavailability and intragastric tablet deposition [26], but no
studies about the effects of a disturbed GI transit were found. However,
MMM presents several disadvantages, such as the high cost of imple-
mentation and the necessity of a magnetically shielded room, limiting its
use on a large scale. In contrast, ACB is a low cost and versatile tech-
nique, which does not require a magnetically shielded environment and
can be easily employed in both clinics and laboratories.

This work aimed to use the pharmacomagnetography to evaluate the
GI transit and pharmacokinetics profile of a magnetic enteric-coated
tablet administered to healthy volunteers under physiological and
disturbed GI motility. Therefore, a two-phase clinical study was per-
formed using domperidone as a prokinetic drug to provoke GI peristalsis
increase, which presumably accelerates the GI transit. In addition, a
damaged tablet was used as a proof of concept to highlight the main
advantages of pharmacomagnetography.

2. Materials and methods
2.1. Materials

All the materials used in this study were of analytical grade. Black
manganese ferrite (MnZnFe,O3; diameter of 50 < ¢ < 75 um) was
purchased from Ferroxcube, El Paso, USA. Diclofenac sodium (DS),
isopropyl alcohol (IPA), acetonitrile (ACN), magnesium stearate, and
talc were purchased from Sigma-Aldrich, Brazil. Blanver, Brazil, kindly
supplied microcrystalline cellulose (Microcel®) and sodium starch gly-
colate (Explosol®). Triethyl citrate (Scandinol®) was provided by
Scandiflex, Brazil. Colorcon, Brazil, kindly supplied Acryl-EZE®.
Almapal Tecnologia Validada, Brazil supplied Eudragit®S100 (Degussa,
Rohm Pharma Polymers).
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2.2. Magnetic enteric-coated tablets

Magnetic tablets were obtained manually by direct compression in a
single-punch die set machine (Marconi MA098/C, Piracicaba, Brazil)
using a matrix of 12 mm in diameter. The tablets are composed of 100
mg diclofenac sodium as a model drug, 800 mg ferrite, 300 mg of
microcrystalline cellulose, and 50 mg sodium starch glycolate. The drug
and excipients were mixed, and the mixture was compressed (30 kN).

The tablets consisted of three layers with distinct functions: (1)
Acryl-EZE sub-coat to promote adhesion and prevent interactions be-
tween the core tablet’s and Eudragit S-100 [27]; (2) Eudragit S-100 as a
pH dependent coating to be dissolved in the colon; (3) Acryl-EZE top-
coat to increase the tablets’ stability and protect the Eudragit S-100 from
the pH variations along the GI tract. The tablets were coated by spray-
drying using a bench pan-coating machine (LEMAQ, Sao Paulo,
Brazil). For the sub-coat layer, Acryl-EZE (20%, w/w) was dispersed in
water (80%, w/w) and the solution was applied to the tablets to obtain
0.5% weight gain. For the second layer, a coat solution was prepared by
dissolving Eudragit S-100 dry polymer (17%, w/w) in isopropyl alcohol
(83%, w/w). A mixture of talc (6%, w/w) as a glidant, titanium dioxide
(13%, w/w) as a pigment, magnesium stearate (6%, w/w) as a lubricant,
and triethyl citrate (15%, w/w) as a plasticizer were dissolved in iso-
propyl alcohol (60%, w/w), and added to the coat solution, which was
applied to the tablets to obtain 3% weight gain. Afterward, a top-coat
solution was prepared with Acryl-EZE as described above, and then
applied to obtain a 6% weight gain. During the coating procedures, the
spray rate, inlet temperature, and rotating speed were maintained in
accordance with the manufacturer’s guidelines [28,29].

2.3. Invitro drug release study

The in vitro drug release study was performed using conventional
USP apparatus II (299/3 Ethik Technology, Brazil) based on previous
works [30,31]. It was performed in triplicate, at different pH dissolution
media under paddle agitation at 50 rpm and 37 °C + 0.5. Firstly, the
magnetic enteric-coated tablets were placed in vessels containing 900 ml
of hydrochloric acid, 0.1 N, pH 1.2 for 2 h. The dissolution media was
replaced with a phosphate buffer, pH 6.8, for 3 h. Afterward, the
dissolution medium’s pH was adjusted to pH 7.4, maintaining the drug
release for 3 more hours. Aliquots of 5 ml were taken at 30-minute in-
tervals, filtered through 0.22 pm membranes, and analyzed by UV
spectrophotometry (Ultrospec 2000 Pharmacia Biotech, Brazil) at 280
nm to determine the % of drug release.

2.4. Alternating current Biosusceptometry (ACB)

The ACB technique (Br4Science®, Botucatu, Brazil) was used to
evaluate the gastrointestinal transit and the drug release on healthy
volunteers. ACB sensors consist of induction and excitation coils for non-
invasive monitoring of magnetic signals [32]. For pharmaceutical ap-
plications, solid dosage forms are prepared with ferrite powder (gran-
ulometry 50 < ¢ < 75 pm), a non-toxic, insoluble, and non absorbable
magnetic material. After swallowing the tablet, the ACB sensor was
positioned on the abdominal surface and the magnetic signals, gener-
ated by the magnetic dosage form in response to the applied magnetic
field, were detected as a magnetic flux in the detection coils. Detailed
technical information was reported earlier [33].

2.5. Ethics and participants

This study was approved by the Institutional Ethics Committee at the
Sao Paulo State University (protocol number 195/2015) and was con-
ducted following the Declaration of Helsinki and its revisions. All par-
ticipants gave informed consent before entering the study.

Eight healthy volunteers (3 male, 5 female, aged between 20 and 40
years, body weight between 50 and 80 kg, and body mass index < 22 kg/
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m?) were enrolled in the study. General exclusion criteria included
pregnancy, smoking, abdominal surgery, diabetes, and other chronic
endocrine disorders affecting GI motility, as well as treatment with
prokinetics, anticholinergics, opiates, or macrolide drugs.

2.6. Study protocol

This was a single-center, randomized, double-blind, comparative
study to evaluate the gastrointestinal transit and the pharmacokinetics
of diclofenac sodium before (control) and after domperidone adminis-
tration. It is important to point out that a 7-day washout period sepa-
rated the two treatment arms.

After fasting overnight, subjects ingested 40 mg of placebo or 40 mg
of an immediate release domperidone tablet with 200 ml water. Thirty
minutes later, they received a magnetic enteric-coated tablet with 200
ml of water. They remained in an upright position and the magnetic
measurements were started 5 min after the tablet ingestion. Biomagnetic
monitoring was performed using single-sensor ACB equipment to
monitor gastric and colonic regions (Fig. 1). Each monitoring session
lasted 2 min and was repeated every 15 min until the tablet had
completely left the stomach. From then on, the measurements were
made around the colonic region every 20 min until the magnetic tablet
had reached the proximal colon. Blood samples (5 ml) were collected in
both treatment periods by indwelling venous catheter at pre-defined
time-points: 15 min before dosing to 480 min after magnetic tablet
administration. Samples were immediately centrifuged for serum sam-
ples collected and stored at — 80 °C for further analysis. Participants
remained moderately active during the study day and received stan-
dardized meals at 2 h, 4 h, and 6 h post-dose. Post-dose meals consisted
of 2 slices of bread (50g), 2 slices of ham, 2 slices of cheese, and 100 ml
of orange juice, with a total caloric content of 422.6 Kcal (124.4 Kcal
from fat, 210.1 Kcal from carbohydrate, and 88.2 Kcal from protein).
Lunch, consisting of lasagna (300g) and 100 ml of orange juice with a
caloric content of 483.6 Kcal (157.5 Kcal from fat, 227.2 Kcal from
carbohydrate, and 98.9 Kcal from protein), was served 4 h post-dose.

2.7. Proof of concept

To demonstrate the developed dosage form’s feasibility, we me-
chanically damaged a magnetic enteric-coated tablet before adminis-
tering it to a random volunteer. The measurement followed all the
protocols described in the ‘Study protocol’ section.

cs e

Fig. 1. Colonic region monitored by the ACB mono-channel system. Grey dots
represent each position measured in the abdominal surface.
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2.8. Magnetic data analysis

Magnetic monitoring was performed to generate time series images
used to quantify the disintegration process. The location of the magnetic
tablet was obtained by transferring the data to a mathematical coordi-
nate system according to external anatomical references as described by
Cora et al. [15,33]. Values for the magnetic imaging area were calcu-
lated and expressed graphically as time-intensity curves [16,32].

The following parameters were calculated: Gastric Residence Time
(GRT), defined as the time t (min) from the tablet ingestion until its
emptying from the stomach; Colon Arrival Time (CAT), defined as the
time t (min) it took for the magnetic tablet to enter into the colon; Small
Bowel Transit Time (SBTT), defined as the time (min) elapsed between
GRT and CAT; Disintegration Time (DT), defined as the time when the
spreading of magnetic material promoted a 50% increase in the first
imaging area after colon arrival [34]. Magnetic data were processed and
analyzed in MatLab (Mathworks, Inc., USA) and Origin (OriginLab,
USA).

2.9. Pharmacokinetics analysis

Serum samples were analyzed using a validated high-performance
liquid chromatography (HPLC) method [35]. Briefly, 500 ul of serum
sample and 2 ml of acetonitrile (ACN) were mixed for 2 min in a 15 ml
tube and then centrifuged for 10 min, 4 °C, at 4.000 rpm. The super-
natant was evaporated to dryness at 40 °C in a water bath in a dry air
stream. Residuals were reconstituted in 200 pl of the mobile phase
(ACN/water, 50:50% v/v, pH = 3.3) and centrifuged for 10 min, 4 °C, at
14.000 rpm. Samples of 100 ul were analyzed in an HPLC system (GE
Healthcare, Chicago, USA) with a quaternary chromatographic pump,
UV detector (. = 280 nm), a computer interface system controller
(UNICORN 5.11), and a 150 mm x 4.6 mm RP-Cg reversed-phase
column.

The following pharmacokinetic parameters were calculated: Tlag,
defined as the time at which the first detection of the diclofenac sodium
was found in plasma; Cmax, defined as the maximum plasma concen-
tration of diclofenac sodium; Tmax, defined as the time taken to achieve
maximum plasma concentration (Cmax); AUC0-480, defined as the area
under the plasma concentration curve versus full measurement time (0:
480 min.).

2.10. Statistical analysis

Data are presented as the mean =+ standard deviation (SD). Magnetics
and pharmacokinetic parameters were compared between both treat-
ments using the paired Student t-test. Values of p < 0.05 were consid-
ered statistically significant. The correlation coefficient was used to
compare the magnetic parameter with pharmacokinetics. All data
analysis and statistics were performed with GraphPad Prism (GraphPad
Software, La Jolla, USA).

3. Results and discussion

Fig. 2 illustrates the diclofenac sodium release profile from the
magnetic enteric-coated tablet. It was observed that at pH 1.2, pH 6.8,
and pH 7.4 a total of 2.6%, 19.2%, and 71.3% of the drug was released,
respectively. Our approach consisted of applying multiple layers by
combining copolymers of the methacrylic acid (Eudragit S100 and
Acryl-EZE) to protect the dosage form from disintegration and early
release in the stomach or small intestine [1]. Overall, according to our in
vitro assays, the pH-dependent polymers were able to avoid the pre-
mature release of the drug. An essential prerequisite for pH-dependent
colonic delivery systems is to prevent the immediate release of the
drug, and to do it has to overcome the significant inter-subjects’ vari-
ability of gastric emptying and transit times, in addition to the different
pH values in different gastrointestinal segments [8,36].
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Fig. 2. In vitro diclofenac sodium release profile in vitro over different pHs
related to specific GI tract regions. The study was performed in triplicate. Data
are presented as mean + SD (n = 3).

In terms of oral site-specific solid dosage forms, despite the fact that
significant progress has been made in the use of dissolution study for
estimating in vivo drug release, ongoing efforts are still demanded to
improve the accuracy in reproducing the GI environment [10,37].
Indeed, a good in vitro - in vivo correlation will be expected if current
tests could address all main parameters that can affect the drug release
in the human GI tract. However, the significant changes in gastric
motility and intestinal transit time, promoted by food, co-administration
of drugs, diseases, besides high inter- and intra-individual physiological
variability, can impact the extent of drug absorption [8,38,39].

Although our strategy was to demonstrate that the triple layer
coating was acceptable in the in vitro tests, a proof of concept would be
determinant to evaluate the formulation’s efficiency in the drug delivery
at a specific site in the human GI tract. As such, AC Biosusceptometry
combined with pharmacomagnetography analysis, was used to evaluate
the GI transit of the magnetic tablets, and drug delivery and absorption
processes in vivo, ensuring the relation between the release site (mag-
netic) and absorption (pharmacokinetic).

Similar to pharmacoscintigraphy [40], pharmacomagnetography
comprises the association of a noninvasive technique to evaluate the
behavior of dosage forms in vivo with pharmacokinetics analysis. ACB
has been successfully used as a tool for pharmaceutical research. For the
first time, we were able to demonstrate that pharmacomagnetography is
reliable towards evaluating the gastrointestinal transit of a magnetic
enteric-coated tablet, the site-specific disintegration process, and the
correlation with the drug absorption.

Fig. 3 shows the pharmacomagnetography monitoring of a magnetic
enteric-coated tablet administered to a healthy volunteer before (A) and
after a prokinetic drug (C). Magnetic signals and pharmacokinetic pro-
files (Fig. 3A and C), together with the respective magnetic images
(Fig. 3B and D) represent the GI transit of tablets, the disintegration
process, and the drug release in the colonic region. Despite variable
gastric retention time, it was observed that the tablets only disintegrated
and released the drug at the proximal colon, as expected. Moreover, a
significant and strong correlation between magnetic monitoring and the
pharmacokinetics analysis for the both control (r = 0.88; p = 0.0034)
and domperidone (r = 0.91; p = 0.0014) was observed showing the
magnetic enteric-coated tablet disintegration, the drug release, and the
concurrent absorption ratio (Fig. 4).

Table 1 summarizes the gastrointestinal transit and pharmacoki-
netics parameters calculated for all volunteers before (control) and after
domperidone administration. Domperidone is a dopamine-2 receptor
antagonist used as a prokinetic drug in the management of dyspepsia
[41]. In our study, domperidone was used to disturb the upper gastro-
intestinal motility and to verify if such alterations could influence
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Fig. 3. Pharmacomagnetography monitoring of the magnetic enteric-coated
tablets. Magnetic area and diclofenac sodium plasmatic concentration of a
healthy volunteer before (A) and after (C) administering a prokinetic drug.
Images show the magnetic area increasing over time for a healthy volunteer
before the prokinetic drug (B) and after a prokinetic drug (D).

pharmacokinetics. Overall, only GRT was accelerated compared with
the control group (p < 0.01). No significant differences were found
regarding small bowel transit, colon arrival, disintegration process, or
pharmacokinetic parameters.

The gastrointestinal tract is a complex environment that offers sig-
nificant absorption barriers after oral administration [9]. Thus, meth-
odologies that explore the GI physiological variables and their impact on
oral drug absorption in both health and in disease conditions could help
drug development and analysis. Early studies conducted by our group
investigated GI parameters (e.g., gastric retention time, small intestine
transit time, and orocecal transit time) and their influence on the bio-
pharmaceutical process related to oral solid dosage forms [16,32,42],
However, none had correlated the drug delivery, pharmacokinetic and
GI transit. From then on, improvements in the analysis and methods
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Fig. 4. Correlation between colonic arrival time (CAT) and drug absorption for
(A) control and (B) domperidone administration. Tj,g represents the first plas-
matic concentration after magnetic enteric-coated tablets disintegration, and
CAT the first detecting the tablet in the colon.

allowed us to propose this new approach. Using the ACB as a non-
invasive and radiation-free methodology, pharmacomagnetography
can be useful to fill gaps towards understanding how GI physiology or
diseases influence the drug delivery and absorption processes reliably.

Interestingly, pharmacomagnetography could also identify when the
drug release from the magnetic enteric-coated tablet in the human GI
tract was erratic. As a proof of concept, the enteric coating was me-
chanically damaged before administering to one volunteer. As shown in
Fig. 5, plasmatic concentration occurred clearly before the tablet
entering in the proximal colon, showing that the damaged coating layer
did not allow a site-specific drug release. In terms of pharmaceutical
development, such a situation reinforces the need for methodologies
able to be applied as proof of concept in human subjects, as inappro-
priate disintegration of the dosage form or unpredictable drug release
may result in therapeutic failure and even unexpected side effect. This
example illustrates that only with these two techniques can the in loco
drug release conditions be verified and used as in vivo tablet quality
control.

One of the main drawbacks of our methodology is the high amount of
ferrite used in the formulation. In the current state of the art of the ACB
technique, a high amount of ferrite is needed to achieve an acceptable
signal-to-noise ratio. However, in a recent study (data not published) we
were able to acquire in vivo signals of magnetic tablets in the stomach
with formulations containing 500 mg of ferrite, which is a lower value in
comparison to the one used in this study (800 mg). We emphasize that

Table 1
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ACB systems with improved sensitivity are being developed. Another
important recent contribution in studies carried out in our laboratory,
which has not yet been published, involves solutions to the inverse
problem, that will increase the technique sensitivity and improve the
quality of the images. Thus, we aim to perform in vivo measurements
with 100 mg of ferrite, making tablet size more realistic. Once that the
aim of this study was to propose a pharmacomagnetography analysis
using the ACB for the first time, the formulation preparation must be
improved for further studies.

To sum up, our study presented ACB as an alternative magnetic
methodology to locate magnetic-labeled solid dosage forms in the GI
tract and assess their disintegration process in human subjects. The
pharmacomagnetography analysis performed by the association be-
tween GI and pharmacokinetic parameters results in an essential multi-
instrumental approach to assessing drug delivery, making it possible to
assess motility’s interference on the release process and determine the
dosage form’s disintegration region.
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Fig. 5. Example of pharmacomagnetography analysis showing the gastroin-
testinal transit (black line) and drug release (red line) from a magnetic enteric-
coated tablet. In this volunteer, the drug release occurred during the small in-
testine transit before reaching the proximal colon. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Comparison of the gastrointestinal transit and pharmacokinetic parameters before (control) and after domperidone administration to healthy volunteers. Data are

expressed as mean + SD and median.

Control Domperidone
Subjects GRT SBTT CAT DT Tiag Tmax Cmax AUG,. GRT SBTT CAT DT Thag Tmax Crnax AUC,.
(min) (min) (min) (min) (min) (min) (ng/ 480 (1g. (min) (min) (min) (min) (min) (min) (ng/ 480 (ug
ml) h/ml) ml) h/ml)
1 75 75 150 45 165 300 4.7 484.0 45 165 210 21 195 255 3.5 398.2
2 120 90 210 41 195 360 2.2 316.3 90 90 180 30 195 270 2.8 202.6
3 120 90 210 18 210 240 3.5 542.4 45 150 195 25 210 225 4.5 489.1
4 90 105 195 38 210 240 8.0 735.4 60 105 165 21 180 210 5.3 705.8
5 135 165 300 23 240 315 2.1 918.5 90 90 180 15 165 180 1.8 514.3
6 90 120 210 23 210 240 6.5 634.9 60 180 165 23 180 270 7.9 735.4
7 45 180 225 15 225 240 3.3 637.3 30 240 270 15 255 285 4.2 574.5
8 45 150 195 23 210 240 7.9 735.4 30 135 165 30 180 210 5.2 705.8
Mean 90.0 121.9 211.9 28.3 208.1 271.9 4.8 625.5 56.2 144.4 191.3 22.5 195.0 238.1 4.5 540.7
SD 34.0 38.8 42.0 11.3 21.9 47.1 2.4 182.4 23.7 51.3 35.6 5.8 27.8 37.1 1.8 181.9
Median 90.0 112.5 210.0 23.0 210.0 240.0 4.1 636.1 52.5 142.5 180.0 22.0 187.5 240.0 4.3 544.4

* Indicates p < 0.01 compared with control (Student’s t-test). GRT, gastric retention time; SBTT, small bowel transit time; CAT, colon arrival time; DT, disintegration
time; Tj,q, time for the first drug concentration at the plasma; Tpax, time to peak plasma concentration; Cpax, peak plasma concentration; AUC.4g0, area under the

plasma concentration-time curve from time zero to the last quantifiable time point.
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