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RESUMO 

As micro e nano partículas magnéticas (MNPMs) são matérias com grande potencial para 

sistemas de entrega direcionada de fármaco, devido suas propriedades magnéticas e seu 

tamanho reduzido. Entretanto, para melhores informações e eficiência do processo de 

direcionamento é necessário técnicas capazes de detectar, localizar e imagiar as MNPMs 

dentro do organismo. Atualmente há algumas técnicas disponíveis, porém com algumas 

inviabilidades como alto custo, ausência de portabilidade e restrições para a 

experimentação animal. Desta maneira, a Biosusceptometria de Corrente Alternada 

(BAC) é uma técnica biomagnética capaz de detectar e realizar o imagiamento 

quantitativo das MNPMs in vitro, ex vivo, in vivo e em tempo real. Os resultados obtidos 

até o momento são reconstruções bidimensionais, restrita a aquisição em um único plano. 

Com o intuito de gerar imagens tomográficas e quantitativas utilizando a BAC, propomos 

um arranjo octogonal de bobinas detectoras e excitadoras disposto em uma geometria 

circular, possibilitando a aquisição em diferentes projeções. Esta configuração formada 

por múltiplas bobinas de detecção e excitação permitiu o teste de diferentes métodos e 

configurações de ativação das bobinas. Esses métodos permitiram uma análise mais 

profunda da estabilidade do problema inverso. Os resultados mostraram que a adição de 

bobinas de detecção resultou em uma melhor reconstrução, devido a quantidade de 

informações adicionadas no problema. Os resultados apresentados podem ter enormes 

impactos no desenvolvimento de futuras metodologias BAC que podem auxiliar no 

desenvolvimento de sistemas de entrega de medicamentos direcionados e possíveis 

aplicações in vivo de materiais micro e nano magnéticos. 

Palavras-chave: Micro e Nano Materiais Magnéticos, Biosusceptometria de Corrente 

Alternada, Imagiamento Quantitativo e Tomográfico. 

  



 
 

ABSTRACT 

Micro and nano magnetic particles (MNMPs) are materials with great potential for drug 

delivery systems and magnetic hyperthermia agents, due to their magnetic properties and 

small size. However, for better targeting process efficiency, techniques capable of 

detecting, locating and imaging MNPMs within the organism are necessary. Currently 

there are some techniques available, but with some disadvantages such as high cost, lack 

of portability, and restrictions for animal experimentation. Thus, Alternating Current 

Biosusceptometry (ACB) is an alternative biomagnetic technique capable of detecting 

and performing quantitative imaging of MNMPs in vitro, ex vivo, in vivo, and in real-

time. So far, the ACB results presented were restricted to quantitative planar images. To 

generate quantitative tomographic images using the ACB, we propose an octagonal array 

of pick-up and excitation coils arranged in an octagonal geometry, enabling acquisition 

in different projections. This configuration formed by multiple pick-up and excitation 

coils allowed us to test different methods and setups of coils activation. These different 

methods and setups enabled a deeper analysis of the ACB inverse problem stability and 

details. The results showed that the addition of pick-up coils resulted in a better 

reconstruction due to the amount of information added to the problem. Here we show for 

the first time the ACB quantitative tomographic reconstruction of magnetic materials 

distribution. The data presented here can have huge impacts on the development of future 

ACB methodologies that may assist in developing targeted drug delivery systems and 

possible in vivo applications of micro and nano magnetic materials. 

Keywords: Micro and Nano Magnetic Materials, Alternating Current Biosusceptometry, 

Quantitative and Tomographic Imaging.
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INTRODUÇÃO GERAL 

Atualmente, as micro e nano partículas magnéticas (MNPMs) são materiais muito 

interessantes, principalmente em relação às suas propriedades magnéticas que 

possibilitam sua detecção e direcionamento dentro do organismo através da aplicação de 

campos magnéticos externos (1,2). Assim, as MNPMs podem ser utilizadas para 

investigar processos biológicos, auxiliar no diagnóstico atuando como agente de contraste 

de técnicas como a ressonância magnética, e no aprimoramento de técnicas terapêuticas 

como a hipertermia magnética (3,4,5). A capacidade de ligação entre os agentes 

terapêuticos e os transportadores magnéticos contribui para a administração de doses 

baixas e uma liberação controlada de fármacos através da redução da distribuição 

sistêmica (6). Desse modo, as metodologias capazes de realizar imagens quantitativas das 

MNPMs são necessárias para avaliar o processo e a eficiência da liberação controlada de 

fármacos que utilizam essas tecnologias (2).  

A imagem por ressonância magnética (MRI – do inglês Magnetic Ressonance 

Imaging), o imagiamento de partículas magnéticas (MPI – do inglês Magnetic Particle 

Imaging) e o imagiamento por magnetorelaxometria (MRXI – do inglês 

Magnetorelaxometry Imaging) são técnicas empregadas na reconstrução e quantificação 

de distribuição de MNPMs. A MRI pode utilizar as MNPMs como agentes de contraste 

e, desta forma, as imagens e a quantificação são estimadas indiretamente através das 

alterações que esses materiais causam nas propriedades do meio (7,8). O MPI mensura a 

amplitude de harmônicos gerados através da resposta não linear da magnetização das 

MNPMs quando sob influência de campos alternados de alta amplitude e frequência 

(9,10). A MRXI mede o perfil de decaimento da magnetização das MNPMs após aplicar 

e cessar um campo magnetizante externo (11,12). Apesar das diferenças nos princípios 

físicos explorados, as três técnicas citadas possuem boa resolução espacial e 

sensibilidade. No entanto, esses métodos apresentam algumas restrições como: campo de 

visão (FOV – do inglês field of view) de tamanho limitado, alta complexidade 

instrumental e operacional, necessidade de ambiente magneticamente ou 

eletromagneticamente blindado e pouca acessibilidade para a experimentação animal, 

principalmente devido ao alto custo instrumental e operacional (13,14). 

A Biosusceptometria de Corrente Alternada (BAC) é um método biomagnético com 

histórico de aplicações das MNPMs em estudos in vitro (15,16,17), in vivo (18,19,20) e 
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ex vivo (18,21), capaz de gerar imagens bidimensionais qualitativas (22,23) e, mais 

recentemente, quantitativas (24,25). O diferencial da BAC é a portabilidade, 

versatilidade, baixo custo instrumental e operacional, e ausência da necessidade de 

blindagem magnética ou eletromagnética.  

Recentes avanços possibilitaram a solução do problema inverso atrelado à técnica 

BAC para reconstruir imagens bidimensionais e quantitativas de distribuições de 

nanopartículas magnéticas (NPMs) (24,25). Inicialmente foram desenvolvidas 

abordagens baseadas em escaneamentos planares utilizando o sensor BAC mono-canal. 

Essa modalidade apresentou resolução espacial milimétrica e sensibilidade de alguns 

miligramas de NPMs (24). Também, já foi mostrado a possibilidade da obtenção de 

imagens em tempo real utilizando sensores BAC de múltiplos canais. Em comparação 

com o método de escaneamento planar, o uso do arranjo extenso de bobinas reduz a 

quantidade total de sinais adquiridos. Apesar do método de múltiplos canais preservar a 

sensibilidade do sistema, esta modalidade reduz drasticamente a resolução espacial do 

sistema. A viabilidade do método BAC de múltiplos canais para ensaios in vivo foi 

apresentada em um recente estudo que mostrou a influência do carcinoma hepatocelular 

na biodistribuição de NPMs em modelo animal por imagens quantitativas em tempo real 

(26).  

Apesar da boa performance nos ensaios in vitro e in sílico, além do aumento da 

versatilidade da técnica relacionada à capacidade de gerar imagens quantitativas, as 

reconstruções baseadas no problema inverso atrelado à técnica são restritas às imagens 

bidimensionais. Isso ocorre porque os atuais modelos instrumentais BAC apresentados 

até o momento foram desenvolvidos para a aquisição de sinais em uma única projeção. 

Dentre as propostas de aplicação da BAC existem diversos parâmetros associados à 

fenômenos volumétricos, como a biodistribuição in vivo de NPMs, ou a desintegração de 

comprimidos, que podem ser mal interpretados ou impossíveis de serem determinados 

através de imagens planares. A resolução de problemas associados à distribuição em 

profundidade e possíveis sobreposições de materiais podem ser alcançada através de 

imagens tomográficas.  

A principal característica das imagens tomográficas é a reconstrução da imagem por 

meio de sinais adquiridos através de múltiplas projeções. As atuais limitações 

instrumentais da BAC para escaneamentos planares tornam a reconstrução de imagens 

tomográficas via BAC dependente do desenvolvimento de novos métodos para a 
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aquisição de sinais em diferentes arranjos e projeções. Nesse trabalho apresentamos uma 

nova abordagem instrumental de BAC com arranjo de sensores em formato de um 

octógono regular de bobinas excitadoras e detectoras (BAC8) que podem atuar 

independentes uma das outras. Esse modelo possibilita o controle do perfil do campo 

magnetizante no FOV através do sequenciamento e modulação das bobinas excitadoras e 

a aquisição em 8 diferentes projeções através das bobinas detectoras. A ativação dos 

sensores em sequenciamentos não triviais resulta no elevado número de informações não-

mutuas, o que torna o problema inverso da técnica mais estável, com melhor performance 

e possibilita a reconstrução de imagens tomográficas. Foram propostos dois métodos de 

aquisição de sinais, sistema BAC8 fixo e sistema BAC8 transladando em 5 posições, e 

em cada método de aquisição foram aplicados 4 diferentes setups de ativação das bobinas. 

A performance dos modelos foi avaliada através de experimentações in vitro e in sílico 

de diferentes distribuições de ferrita de manganês micro estruturada nos FOVs utilizados. 

Além disso, também mostramos a possibilidade da reconstrução de imagens tomográficas 

com múltiplos slices por meio de experimentações in sílico. 
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1. Introduction 

Micro and nanostructured magnetic materials (MNMMs) are successfully 

employed in a wide range of biomedical applications, mainly because of their 

small size and magnetic characteristics (1, 2). Also, there is the possibility to 

detect and control these materials within the organism by applying external 

magnetic fields. These materials can be applied in several tasks, including cell-

separating techniques, immunoassays, drug delivery systems, and as contrast 

agents and magnetic tracers (2-7). In this way, biomedical applications of 

MNMMs require techniques to detect, locate, and quantify these materials 

distributed in biological tissues. Therefore, the possibility of performing images 

related to the delivery and localization of magnetic materials at sites of interest is 

very important for developing new methodologies for more effective therapies.  

Some imaging systems are able to reconstruct and quantify distributions of 

micro and nanostructured magnetic materials. Among these, the most promising 

imaging systems are Magnetic Resonance Imaging (MRI) (8), Magnetic Particle 

Imaging (MPI) (9, 10), and Magneto Relaxometry Imaging (MRXI) techniques (11, 

12). Despite their excellent performance, these systems present some 

disadvantages such as high complexity, lack of portability, limitations in the size 

of the field of view (FOV), need for the magnetic or electromagnetic shielded 

environment, and restrictions for animal experimentation related to high 

instrumental and operational costs (9, 13).  

The Alternating Current Biosusceptrometry (ACB) is a biomagnetic technique 

that detects micro and nanostructured magnetic materials in vivo, in vitro, and ex 

vivo (14-18). The ACB is a portable and versatile system, already available for in 

vivo and real-time detection of magnetic materials, which allows better 

investigations of the magnetic materials behavior of the within the organism. In 

the past, the ACB system was able to perform qualitative imaging of magnetic 

materials in vivo and real-time (19, 20). Recently, our group presented an inverse 

problem solution related to the ACB system (single channel and multi-sensor), 

allowing quantitative 2D reconstructions of magnetic material distributions in 

gypsum phantoms (21, 22). To date, there are two main imaging methodologies 

related to the ACB system: i) the spatial plot of ACB signal intensity, which is a 

simple methodology and results in qualitative images, and ii) solving the inverse 

problem related to the ACB system, which is a more complex methodology, but 

resulting in quantitative images. It is important to mention that both 

methodologies presented so far are restricted to reconstructing only 2D 

distributions of magnetic materials. Thus, there is still a lack of methodologies 
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able to perform quantitative tomographic imaging of micro and nanostructured 

magnetic materials using the ACB system. 

The inverse problem solution related to the ACB system allows estimating the 

position and the mass of magnetic materials distributed in a determined FOV 

from a set of acquired signals (21). This result is achieved by solving a set of 

equations that describe the ACB system response to materials distributions in the 

voxels of the FOV. The problem stability and its reconstruction accuracy hardly 

depend on ACB signal acquisition methodology. To reconstruct quantitative 

tomographic images of the distribution of MNMMs using the ACB system, it is 

necessary to modify its current signal acquisition methodology.  

Several methods were reported to improve the reconstruction efficiency of 

similar imaging systems, such as the use of multiple excitation fields (which 

increases information regarding the positioning and quantity of magnetic 

materials) (11), the parameters optimization related to the inverse problem 

stability that results in the best choice of excitation coil activation sequence (23), 

and selecting optimal configurations of magnetic fields, excitation coil and sensor 

positioning (24). 

The current ACB acquisition methodology is based on a FOV scanning where 

the sensors’ axis is perpendicular to the FOV’s plane. Here, we propose a 

different ACB setup based on a different acquisition approach to reconstruct 

tomographic images of magnetic materials distributions. In such an approach, 

the sensor is arranged in an regular octagonal array of coils, where their axes are 

parallel to the FOV plane to obtain different projections of the magnetic material 

distribution. Also, the new setup is composed of multiple pick-up and excitation 

coils, which allowed us to record information in several different projections and 

employ different methods to improve the inverse problem stability and, 

consequently, the reconstruction quality. 
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2. Materials and Method 

2.1 ACB Octagonal System 

The ACB single channel (ACB-SC) sensor is composed of two pairs of exciting 

and pick-up coils, as shown in Figure 1A-1B, which works as a double magnetic 

flux transformer. When there is a magnetic material near the pick-up coils, an 

unbalance of the system’s magnetic flux occurs, and a corresponding electrical 

signal is generated. This signal can be recorded using a lock-in amplifier, an 

analog-to-digital (A/D) board and a computer. The electric signal intensity 

depends on the distance between the sensor and the magnetic sample, coil's 

geometries, electronic parameters, and the amount and magnetic susceptibility 

of the magnetic material.  

In this work, we developed an ACB Octagonal System (ACB8), composed of 

an array of eight ACB-SC sensors positioned in a regular octagonal geometry 

around a circle with a radius of 4 𝑐𝑚 (Figure 1C). The excitation coils system is 

independent, so the coils can be activated in many different sequences. Also, the 

system is built in a way that the pick-up coils can acquire the signal from 

magnetized materials inside the central circle regardless of which excitation coils 

setup is active. The excitation coils were built with 280 turns of AWG 24 copper 

wire, with an inner diameter of 2,5 𝑐𝑚. The pick-up coils were built with 560 

turns of AWG 36 copper wire, with an inner diameter of 2 𝑐𝑚. The baseline 

between the excitation and pick-up coils pairs is 15 𝑐𝑚. 

 

Figure 1. (A) Schematic representation of the Alternate Current Biosusceptometry (ACB) system. The blue 

rows indicate the pick-up coils, and red rows indicate the excitation coils. (B) Representation of the ACB 

single channel sensor (ACB-SC). (C) Representation ACB Octagonal System composed of an array of eight 

ACB-SC sensors positioned in a regular octagonal geometry. 

2.2 Forward Problem and Solution of Inverse Problem 

The inverse problem related to the reconstruction of magnetic materials 

sensordBo atdistributions is commonly classified as an ill-conditioned problem. 

This is related to the fact that the problem can have many solutions (many 

magnetic material distributions which can generate the same set of intensity 
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signals), or the solution procedure is unstable, where small errors in the data, 

related to the measurement procedure, can be amplified resulting in large errors 

in the solution.   In this way, the solution's stability can be strongly dependent on 

the ratio between the number of information (equations) and the number of 

unknowns, and the quality of this information (i.e., repeated, similar or 

inaccurate information can deteriorate the solution). 

Here, we tested four different methodologies for the ACB8 signal acquisition, 

as described in the section 2.4. Each of the methodologies comprises a different 

set of information (with different quality and number of information) used to 

reconstruct the magnetic materials distribution. Therefore, to mathematically 

describe the new ACB8 system and its acquisition methodologies, let 𝑁𝑘 be the 

number of voxels to be imaged, 𝑁𝑝  and 𝑁𝑒 the number of pick-up and excitation 

coils employed in the a-th methodology, respectively. Consequently, the ACB 

forward model described by Biasotti et. al (2021), can be formulated as 

𝑽𝒂 = 𝑳𝒂. 𝑿𝑻𝑴  (1) 

where 𝑽𝒂 ∈ ℝ𝑁𝑒𝑁𝑝 is the induced signal vector, 𝑳𝒂 ∈ ℝ𝑁𝑒𝑁𝑝×𝑁𝑘 is the sensitivity 

matrix of the system and 𝑿𝑻𝑴 ∈ ℝ𝑁𝑘 is the amount of magnetic material vector 

that represents the distribution of magnetic material in the k voxels of the imaged 

FOV (21, 24). The sensitivity matrix elements of the ACB8 system related to the 

acquisition methodology a, are given by 

𝐿𝑛,𝑠,𝑘 =
1

√2

|𝜒𝑚|𝜔 

𝜇0𝐼𝑟
( 𝑩𝒎𝑛,𝑘

∙ 𝑩𝒓𝑠,𝑘
) (2) 

where 𝜒𝑚 is the mass magnetic susceptibility, 𝜔 is the angular frequency of the 

alternating current,  𝜇0 is the magnetic permeability in the vacuum, 𝐼𝑟 is the 

reciprocal current, 𝑩𝒎𝑛,𝑘
 is the magnetizing field amplitude of the n-th excitation 

coil, and 𝑩𝒓𝑠,𝑘
 is the reciprocal field of the s-th pick-up coil, in the k-th voxel, when 

using the acquisition methodology a. 

There are several linear optimization techniques to estimate the most 

probable solution of an inverse problem. Here, we employed the determination 

of the Moore-Penrose pseudo-inverse matrix (𝑳+ = (𝑳𝑇𝑳)−1𝑳𝑇), applying the 

Truncated Singular Value Decomposition (TSVD) regularization method to 

estimate the inverse matrix 𝑳+, as described previously (21, 25). Thus, the ACB 

inverse problem solution is given by 

𝑿𝑻𝑴 = 𝑳+𝑽 (3) 

2.3  Calculated Sensitivity Matrix and its Calibration  
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The calculated sensitivity matrix 𝑳𝒄𝒂𝒍 was built in in silico, as previously 

described by our group. Briefly, we employed the Hanson and Hirshman`s 

computationally efficient expressions for the Biot-Savart field of filamentary 

segments to calculate both 𝑩𝒎𝑛,𝑘
 and 𝑩𝒓𝑠,𝑘

, and consequently to calculate each 

𝐿𝑛,𝑠,𝑘 element of each 𝑳𝒄𝒂𝒍 matrix (26). Each turn of each coil was approximated 

by 36 rectilinear segments, which results in calculation errors below 1% (25). 

Also, the magnetic field at a specific location was the sum of magnetic fields from 

all rectilinear segments.  

The 𝑳𝒄𝒂𝒍 matrix elements are composed by the magnetic field amplitudes and 

constant values of frequency, current, magnetic permeability in the vacuum, 

mass magnetic susceptibility, and, when using an A/D board, there is a 

conversion factor that must be considered. Also, it is interesting to include the 

system`s noise to the problem. Despite these factors be calculable, here we 

experimentally determined a calibration factor representing all these constant 

values together. Thus, we experimentally recorded (using the A/D board) the 

response of all detectors when a phantom of MnFe2O4 (400 𝑚𝑔) was placed in in 

the central voxel of the FOV. This process was performed repeatedly until 

reaching a convergence of values, and the mean value obtained was chosen as 

the calibration factor. The calibration factor represented the variability of each 

sensor response and was employed as a multiplicative correction factor. 

The calculations were performed by each voxel position, and each voxel was 

subdivided into 125 calculation points to account for the magnetic gradient field 

within each voxel. Note that the 125 points are distributes in both horizontal and 

vertical directions of the voxel, and the mean values of these 125 points 

represented one voxel, which in its turn composes one tomographic slice. 

It is important to mention that our group previously showed that the 𝑳𝒄𝒂𝒍 

mathematical-computational method presented good and valuable results, and 

could be employed to replace the experimental determination of the 𝑳 matrix 

(21). Also, this method is much less time and material consuming, and is less 

susceptible to experimental inaccuracies. 

2.4 Coils Setups and Positioning for Signal Acquisition 

We tested four different coil setups and two different system positioning 

methods for the ACB8 system, resulting in eight different signal acquisition 

methods. The setups were based on the amount of excitation and pick-up coils 

simultaneously active, and the positioning methods are based on a single static 

acquisition (fixed method, shown in Figure 2A) or an acquisition in which the 

system is translated 1 cm in five different positions (center, right, left, forward 
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and backward – translated method, shown in Figure 2B), with one complete 

acquisition in each position.The single static acquisition method enabled a FOV 

with a volume of 7 𝑥 7 𝑥 1 𝑐𝑚3 , subdivided into 37 isovolumetric voxels of 1 𝑐𝑚3, 

while the acquisition with the system translated enabled a 5 𝑥 5 𝑥 1 𝑐𝑚3 FOV, 

subdivided in 21 voxels isovolumetric voxels of 1 𝑐𝑚3. In both cases, each voxel 

was subdivided into 125 calculation points to account for the magnetic gradient 

field inside one voxel. 

 

Figure 2. Schematic representation of the two different system positioning methods for the ACB8 

system.The green square shows the system configuration for performing the fixed method, with FOV 

subdivided in 37 voxels.The orange squares shows system configuration for performing the translated  

method, wich is shifted 1 cm to five different positions (center, forward, righ, backward and left), with FOV 

subdivided in 21 voxels. 

The coils setups studied are described below: 

Coil setup 1 (CS1): the eight sensors were activated in sequence, where only one 

sensor was active at a time, as shown in Figure 3 (first row in blue). 5 s of signal 

acquisition were performed by each sensor, and the mean value obtained for each 

sensor was used in the reconstruction algorithm. This setup made available a 

sensitive matrix with dimensions of 𝑳 ∈  ℝ8×37. 

Coil setup 2 (CS2): this setup was the same as the Coil setup 1, but with the 

opposite excitation coil also active (Figure 3, second row in orange). This method 

was implemented to increase the magnetic field amplitude in the FOV’s center. 

Thus, the setup 2 also resulted in a sensitive matrix with dimensions of 𝐿 ∈

 ℝ8×37. 

Coil setup 3 (CS3): eight excitation coil pairs were activated in sequence, with six 

pick-up coils simultaneously active when each excitation coil was active. In this 

method, the signals of the two neighboring pick-up coils of the active excitation 

coil were discarded in the reconstruction due to a very low-quality information 

they added in the inverse problem (Figure 3, third row in green). This method 

resulted in a sensitive matrix with dimensions of 𝐿 ∈  ℝ48×37. 

Coil setup 4 (CS4): this setup was the same as the CS3, but with the opposite 

excitation coil also active. As the opposite excitation coil was also active, we 

discarded the signals from four pick-up coils: two neighboring pick-up coils of 

each of the two excitation coils active (Figure 3, fourth row in yellow). This 

method resulted in a sensitive matrix with dimensions of 𝐿 ∈  ℝ16×37. Note that 
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the projections 5, 6, 7 and 8 were discarded because of the symmetry to the 

projections 1, 2, 3 and 4. 

When using the translated method, one can multiply the number of sensors by 

five in each coil setup presented. Thus, we obtained sensitivity matrices with 

dimensions of 𝐿 ∈  ℝ40×21, 𝐿 ∈  ℝ40×21, 𝐿 ∈  ℝ240×21, and 𝐿 ∈  ℝ80×21.  

 

Figure 3. Schematic representation of the coil’s setups for signal acquisition. Each row shows a specific coil 

setup (CS): CS1 - blue; CS2 - orange; CS3 - green; and CS4 - yellow. In the columns are represented the coils 

activation sequence and projection for each setup: blue circles represent active pick-up coils, while red circles 

represent active excitation coils. 

2.5 Evaluation of Inverse Problem Stability  

We evaluated the inverse problem stability through two figures of merit: the 

homogeneity of system’s spatial sensitivity and the condition number of the 

sensitivity matrix.  

The sensitivity map measures the absolute response of the system to a material 

positioned in each of the voxels and is given by 

𝑺 = [ ∑ |𝐿𝑖,0|
𝑁𝑝𝑁𝑎

𝑖=0
, ∑ |𝐿𝑖,1|

𝑁𝑝𝑁𝑎

𝑖=0
, … , ∑ |𝐿𝑖,𝑘|

𝑁𝑝𝑁𝑎

𝑖=0
 ] (4) 

The homogeneity of spatial sensitivity is represented as the variation coefficient 

of the sensitivity map, and is calculated as 

𝐶𝑉(𝑺) =
𝑆𝑇𝐷(𝑺)

𝜇(𝑺)
 (5) 

where 𝑆𝑇𝐷(𝑺) is the standard deviation and 𝜇(𝑺) is the mean value of 𝑺. The 

inhomogeneity across the FOV reduces the inverse problem stability due to the 
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amplifications of errors associated with inhomogeneous distributions of mass 

inside the voxels, and imprecisions in the positions of the phantoms. 

The condition number is a commonly employed method to evaluate the inverse 

problem stability, and was widely employed in similar studies (27, 28). This 

parameter can be calculated as 

𝜅(𝑳) =
max(𝝈(𝑳))

min(𝝈(𝑳))
 (6) 

where 𝝈 is the vector of 𝑳 matrix singular values. High values of 𝜅(𝑳) are 

associated to more instable solutions, i.e., the solution is more susceptible to 

perturbations in the measured signal (intrinsic system noise, and imprecisions in 

instrumental and operational processes).  

2.6 Evaluation of ACB-8 Performance and Validation of in silico Model 

 

2.6.1 Models of Magnetic Material Distribution 

We built test phantoms made of manganese ferrite (MnFe2O4) 

microparticles (50 − 100 µ𝑚). The phantoms were immobilized in gypsum, 

using different magnetic material amounts. We built five cube phantoms with 

dimensions of 1 × 1 × 1 𝑐𝑚3containing 400 mg of manganese ferrite 

microparticles, and a bar phantom with dimensions of 3 × 1 × 1 𝑐𝑚3 containing 

3000 𝑚𝑔 of manganese ferrite microparticles. We employed the cube phantoms 

in two different combinations to form different distributions of magnetic material 

in the FOV. The phantoms were combined and placed in different configurations 

in the FOV, as described in the next section.  

2.6.2 In vitro Assays 

To evaluate the performance of the proposed methods in the 

reconstruction, we combined the cube phantoms in different geometries along 

the FOV. As the coils setups and the system positioning methods (fixed and 

translated methods) enabled different FOV dimensions, we employed different 

phantom combinations in each case. 

For the fixed method, we used 8 different phantom distributions: two cubes 

placed with the face-to-face distance of 1, 3, and 5 𝑐𝑚 (combinations A, B, and C, 

respectively); two phantom bars placed vertically in the FOV with distances of 1 

and 3 𝑐𝑚 between the bars’ surfaces (D and E, respectively); two phantom bars 

placed horizontally with distances of 1 and 3 𝑐𝑚 between the bars’ surfaces (F 

and G, respectively); and a cross formed by five cube phantoms positioned in the 

center of the FOV (H). For the translated method, we studied 3 different phantom 
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distributions: one bar positioned vertically at the center of the FOV; one bar 

positioned horizontally at the center of the FOV, and a cross using five cubes in 

the center of the FOV (A, B, and C, respectively). 

2.6.3 In silico Assays 

The same distributions studied in the in vitro assays were simulated to 

calculate the in silico signals. Through simulations, the induced voltage was 

calculated in each of the detectors by solving the forward problem (using the 

Hanson and Hirshman method, and also the calibration factor we determined, as 

described before), considering the specific parameters of each acquisition 

method, and the coordinates and distributions of magnetic material in the voxels. 

To obtain a more realistic situation, we added the ACB8 realistic noise in the 

calculations, as described by Coene et al., 2014 (29). The results calculated in silico 

were compared with the results obtained in vitro to verify the efficacy and 

realness of the in silico experiments for future works. 

2.7 Parameters for imaging quality evaluation 

The imaging quality was assessed by the quantification precision and the 

geometric quality of the reconstructed images (27, 30). The quantification 

precision was calculated as the absolute relative difference ( 𝑋𝑑𝑖𝑓𝑓) percentage 

between the sum of the estimated magnetic material mass (𝑋𝑒𝑠𝑡,𝑡𝑜𝑡) in the k voxels 

in the reconstructed images, and the sum of nominal mass in the k voxels of the 

FOVs (𝑋𝑛𝑜𝑚,𝑡𝑜𝑡). Thus, 𝑋𝑑𝑖𝑓𝑓 can be calculated as 

𝑋𝑑𝑖𝑓𝑓 = |
𝑋𝑒𝑠𝑡,𝑡𝑜𝑡

𝑋𝑛𝑜𝑚,𝑡𝑜𝑡
− 1| . 100% (7) 

Person's correlation coefficient (CC) was calculated to verify the linear correlation 

between the estimated (𝑿̅𝒆𝒔𝒕) and nominal (𝑿̅𝒏𝒐𝒎) distribution vectors, which 

contains the amount of magnetic material in each voxel of the reconstructed and 

nominal distributions, respectively. The Pearson coefficient represent the 

geometric quality of the reconstructions, and was determined by 

 

𝐶𝐶 = |
∑ (𝑋𝑒𝑠𝑡,𝑘−𝑿̅𝒆𝒔𝒕).(𝑋𝑛𝑜𝑚,𝑘−𝑿̅𝒏𝒐𝒎)𝑘

√∑ (𝑋𝑒𝑠𝑡,𝑘−𝑿̅𝒆𝒔𝒕)
2

𝑘 .√∑ (𝑋𝑛𝑜𝑚,𝑘−𝑿̅𝒏𝒐𝒎)
2

𝑘

| (8) 

3. Results 

3.1.Stability of Inverse Problem Solution 

The Figure 4 shows the sensitivity map for each acquisition method (fixed and 

translated) and coils setups (1, 2, 3, and 4). In all of the maps it is possible to 
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observe that there is a profile of a low sensitivity in the FOV’s central areas and 

high sensitivity in its the peripheries. As the fixed method has a larger FOV and 

a larger distance between the sensors and the central voxels, it presents a higher 

gradient in radial sensitivity. In the other hand, the translated method has a 

smaller FOV (because of the translational approach, which shrank the FOV 

dimensions in 1 cm in each of the translated directions), and consequently, the 

gradient in radial sensitivity is lower. Note that the difference between the 

sensitivity maps scales is associated to the differences in the number of signals 

acquired by each method (number of pick-up coils with high quality information, 

i.e., not discarded), and the increase of magnetizing field intensity when more 

than 1 exciting coil is active. 

 

Figure 4.  Sensitivity maps of the two different system positioning methods (fixed and translated method) 

are shown in each row, for each coils setup in each column. The first row shows the fixed method a FOV of 

7 × 7 × 7 𝑐𝑚3, and second row shows the translated method a FOV of 5 × 5 × 5 𝑐𝑚3. 

The homogeneity of spatial sensitivity along the FOV is represented as the 

variation coefficient of the sensitivity map, shown in Table 1. In accordance to the 

sensitivity map image, the fixed method has a lower homogeneity of spatial 

sensitivity (higher gradient in radial sensitivity) when compared to translated 

method, for all of the coil’s setups. In both acquisition methods, the CS2 shown a 

smaller CV value, i.e., an increase of homogeneity, when compared to 𝐶𝑆1. This 

behavior was expected due to the use of the opposite excitation coil, which 

increases the magnetizing field homogeneity in the FOV. On the other hand, the 

homogeneity of spatial sensitivity is higher for the CS3 than for the CS2. In this 

case, the homogeneity improvement is related to the use of multiples pick-up 

coils at the same time, which increases the reciprocal field (detecting field) 

homogeneity in the FOV. The CV value found for CS4, is higher than for CS3, 

indicating a loss of homogeneity in its FOV. This happens because of the 
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reduction from 6 to 4 pick-up coils, which was not compensated by the increase 

of magnetizing field homogeneity (two excitation coils in this case). Since the 

inverse problem stability is strongly dependent of the FOV’s spatial sensitivity 

homogeneity, the CS3 is the best option according to the CV values.   

In addition to coefficient of variation, Table 1 also shows the number of 

condition (k) found for each method and setup, which is related to the inverse 

problem stability. We obtained the same values of k for both CS1 and CS2. For 

the CS3, we found a huge increase in the k value. When using the CS4, the k value 

was higher than for CS1 and CS2, but lower than for CS3. This result indicates 

that the k parameter is strongly dependent of the number of acquired signals and 

the differences in signal intensity for different sensors (as higher is the difference 

between the maximum and minimum signal intensities detected by the most 

sensitive and less sensitive sensors, respectively, in the same method, the higher 

is the k value for this method). More specifically in the case of the CS3, the pick-

up coils far from active excitation coils show a very low signal intensity when 

compared to the closer pick-up coils. Thus, analyzing the k values, the CS3 

presents the lowest stability in inverse problem solution. This happens mainly 

because of the high impact of the system intrinsic perturbations and the 

experimental inaccuracies in the low-signal channels. However, we emphasize 

that even the CS1 and CS2 showed the highest stabilities in inverse problem, 

these sequences carry a low number of information, and the solution may not 

converge to a good solution. 

Table 1. 𝐶𝑉 and 𝜅  values of each positioning method for each coils setup (CS). Coefficient of variation (𝐶𝑉) 

shows the spatial homogeneity of the system, and 𝜅 shows the number of conditions of the sensitivity matrix. 

Method 
𝑪𝑽 𝜿 

𝑪𝑺 𝟏 𝑪𝑺 𝟐 𝑪𝑺 𝟑 𝑪𝑺 𝟒 𝑪𝑺 𝟏 𝑪𝑺 𝟐 𝑪𝑺 𝟑 𝑪𝑺 𝟒 

Fixed 0.95 0.91 0.80 0.85 1.88 1.88 19076.65 602.95 

Translated 0.61 0.56 0.47 0.53 7745.43 1718.10 580.58 796.99 

 

3.2. Fixed Method 

Figure 5 shows the reconstruction results for the fixed method, while Tables 

2 and 3 show the 𝑋𝑑𝑖𝑓𝑓 and CC values obtained for the in vitro experiments and in 

silico calculations, respectively. 
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Figure 5. In vitro and in silico reconstructed images of different distribution of manganese ferrite 

microparticles in the FOV using the fixed method for each coil setup. The row shows the different 

distributions used, where the mass was varied (A, B, C - 800 mg; D, E and F – 6000 mg; G and H – 2000 mg). 

Table 2. 𝐶𝐶 and  𝑋𝑑𝑖𝑓𝑓 values for the in vitro reconstructions of the signal of different distributions of 

manganese ferrite microparticles in the FOV 

Distribution 
𝑿𝒏𝒐𝒎 

(mg) 

𝑿𝒅𝒊𝒇𝒇 (%) 𝑪𝑪 

𝑪𝑺 𝟏 𝑪𝑺 𝟐 𝑪𝑺 𝟑 𝑪𝑺 𝟒 𝑪𝑺 𝟏 𝑪𝑺 𝟐 𝑪𝑺 𝟑 𝑪𝑺 𝟒 

A 800 97.19 95.56 70.40 94.63 -0.18 -0.19 0.40 0.00 

B 800 94.49 89.16 36.79 88.80 -0.15 -0.15 0.39 -0.07 

C 800 88.01 79.01 87.82 83.02 0.85 0.86 0.85 0.81 

D 6000 91.87 85.28 18.68 87.66 -0.31 -0.30 0.61 -0.04 

E 6000 76.50 65.12 27.93 72.10 -0.17 -0.17 0.84 -0.54 

F 6000 91.92 84.67 18.10 87.88 -0.31 -0.31 0.60 -0.05 

G 6000 75.42 65.12 27.72 72.50 -0.17 -0.17 0.83 -0.55 

H 2000 95.25 89.88 2.74 91.54 -0.36 -0.35 0.94 -0.01 
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Table 3. 𝐶𝐶 and  𝑋𝑑𝑖𝑓𝑓 values for the in silico reconstructions of the signal of different distributions of 

manganese ferrite microparticles in the FOV 

Distribution 
𝑿𝒏𝒐𝒎 

(mg) 

𝑿𝒅𝒊𝒇𝒇 (%) 𝑪𝑪 

𝑪𝑺 𝟏 𝑪𝑺 𝟐 𝑪𝑺 𝟑 𝑪𝑺 𝟒 𝑪𝑺 𝟏 𝑪𝑺 𝟐 𝑪𝑺 𝟑 𝑪𝑺 𝟒 

A 800 95.01 92.17 2.96 92.02 -0.20 -0.20 0.83 0.05 

B 800 85.46 83.40 0.92 83.24 -0.07 -0.07 0.96 0.30 

C 800 30.76 32.36 5.27 32.46 0.86 0.86 1.00 0.90 

D 6000 92.96 90.22 0.24 90.20 -0.32 -0.32 0.99 -0.16 

E 6000 79.81 77.64 0.20 77.62 -0.18 -0.17 0.99 0.54 

F 6000 92.95 90.22 0.39 90.20 -0.32 -0.32 0.98 -0.17 

G 6000 79.80 77.63 0.81 77.61 -0.18 -0.17 0.99 0.54 

H 2000 95.22 92.36 9.27 92.26 -0.36 -0.35 0.92 -0.15 

 

As shown in Figure 4 the fixed method presented the highest 

heterogeneities in the sensitivity maps for all coils setups. Therefore, it is possible 

to note that Figure 5 shows a low geometrical accuracy in reconstructing the most 

magnetic materials geometry for all of the coil’s setups, except for the CS3 in silico 

(𝑋𝑑𝑖𝑓𝑓  <  10% and 𝐶𝐶 > 0.8  – Table 3). Analyzing Figure 5, Table 2 and 3, we 

noticed that the CS1, CS2 and CS4 presented the lowest performance to quantify 

and reconstruct tomographic distributions, even in low perturbation conditions 

such as in the in silico environment. In such cases, probably the ratio between the 

number of acquired signals (information added to the problem) and voxels to be 

determined (unknowns) did not allow a better convergence of reconstruction to 

the nominal distribution. As commented before, the CS3 showed the highest 

reconstruction performance (in terms of image quality, 𝑋𝑑𝑖𝑓𝑓 and CC values) for 

all magnetic materials distributions, probably due to the highest number of 

simultaneous activated pick-up coils employed and amount of information 

added to the problem. Note that for the CS3 the sensitivity matrix presents 

dimensions of 𝐿 ∈  ℝ48×37, while the dimensions are 𝐿 ∈  ℝ8×37, 𝐿 ∈  ℝ8×37, 𝐿 ∈

 ℝ16×37, for the CS1, CS2, and CS4, respectively.  

The CS3 in vitro was able to reconstruct some distributions with relative accuracy 

(C and H distributions), but the method performance is lower for the other 

distributions. However, the CS3 in silico results showed a very good performance 

in reconstructing all of the distributions. The differences between the in vitro and 

in silico results for the CS3 is related to the stability characteristics of the inverse 

problem solution presented in the previous section (k values). It is important to 

note that in our study, the in silico calculations considered the system’s realistic 

noise conditions. Thus, in accordance with the k values presented in the previous 

section (k = 19076.65), the CS3 results presented in Figure 5 confirms that this 
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setup is more susceptible to inaccuracies of the experimental conditions. It is 

important to mention that even the CS4 presenting a higher magnetizing field in 

the FOVs center (two excitation coils active simultaneously – the sensor’s one and 

the opposite one), the fact of discarding the signals from the neighboring pick-up 

coils decreases the amount of information to the problem. Thus, this result lead 

to the conclusion that the amount of information added to the problem is more 

important than the magnetic field intensity for the sensitivity map homogeneity 

and consequent reconstruction quality. 

 

3.3.Translated Method 

Figure 6 shows the nominal and reconstructed distributions of magnetic 

materials for all of the coil’s setup and phantoms studied in the translated 

method case. Tables 4 and 5 show the 𝑋𝑑𝑖𝑓𝑓 and CC values obtained for the in vitro 

experiments and in silico calculations, respectively, for the translated method as 

well. 

 

Figure 6. In vitro and in silico reconstructed images of different distributions of manganese ferrite 

microparticles in the FOV using the translated method for each coil setup. The row shows the different 

distributions used, where the mass was varied (A and B - 3000 mg, C – 2000 mg).  

Table 4. 𝐶𝐶 and  𝑋𝑑𝑖𝑓𝑓 values for the in vitro reconstructions using translated method of the signal of 

different distributions of manganese ferrite microparticles in the FOV. 

Distribution 
𝑿𝒏𝒐𝒎 

(mg) 

𝑿𝒅𝒊𝒇𝒇 (%) 𝑪𝑪 

𝑪𝑺 𝟏 𝑪𝑺 𝟐 𝑪𝑺 𝟑 𝑪𝑺 𝟒 𝑪𝑺 𝟏 𝑪𝑺 𝟐 𝑪𝑺 𝟑 𝑪𝑺 𝟒 

A 3000 1.15 54.50 24.73 4.95 0.84 0.92 0.95 0.62 

B 3000 5.11 56.87 25.23 4.51 0.87 0.94 0.94 0.70 

C 2000 10.36 38.71 3.22 12.18 0.58 0.88 0.94 0.91 
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Table 5. 𝐶𝐶 and  𝑋𝑑𝑖𝑓𝑓 values for the in silico reconstructions using translated method of the signal of 

different distributions of manganese ferrite microparticles in the FOV. 

Distribution 
𝑿𝒏𝒐𝒎 

(mg) 

𝑿𝒅𝒊𝒇𝒇 (%) 𝑪𝑪 

𝑪𝑺 𝟏 𝑪𝑺 𝟐 𝑪𝑺 𝟑 𝑪𝑺 𝟒 𝑪𝑺 𝟏 𝑪𝑺 𝟐 𝑪𝑺 𝟑 𝑪𝑺 𝟒 

A 3000 6.88 0.86 0.87 0.05 0.92 1.00 1.00 1.00 

B 3000 5.73 1.02 0.89 0.15 0.92 1.00 1.00 1.00 

C 2000 2.79 1.00 1.15 0.40 0.99 1.00 1.00 1.00 

 

The results obtained for the translated method are far more exciting than 

for the fixed method. In the case of the translated method, there are more 

information with relevant quality added to the problem, thus increasing the 

reconstruction quality and accuracy. It is important to mention that despite the 

higher number of information added to the problem (times five when compared 

to the fixed method), when using the translational method, both excitation and 

detection coils approximate to the central voxels of the FOV, increasing the 

system’s sensitivity in this region, which improves the quality of the information 

added to the problem. For the translated method, in terms of image quality, the 

CS3 presented the best results again, in both in vitro and in silico situations, with 

and CC > 0.93 for the in vitro experiments, and CC = 1 for the in silico calculations. 

As commented before, the better results achieved with CS3 method is related to 

the higher information added the problem (𝐿 ∈ ℝ240×21), and also the differences 

between the in vitro experiments and in silico calculations are related to the 

inverse problem stability (k = 580.58) and consequent impacts of experimental 

inaccuracies in the solution obtaining process. When comparing the k values 

obtained for the fixed and translated methods, it is possible to observe that for 

fixed method the CS3 k value was the larger one, while for the translated method 

it was the lowest one, probably due to the number of high-quality information 

added to the problem. Furthermore, all of the setups presented relative better CC 

and 𝑋𝑑𝑖𝑓𝑓 results for the translated method than for the fixed method. 

Figure 7 shows a comparison between the fixed and translated methods in 

the case of the distribution phantom composed by five cubes forming a cross 

shape. It is possible to see that the translated method presented a superior 

reconstruction quality in almost all of the setups and for both in vitro experiments 

and in silico calculations. These results are also corroborated by the 𝑋𝑑𝑖𝑓𝑓 and CC 

values presented in the Tables 2, 3, 4, and 5. As expected, the translated method 

added information to the problem and also improved the sensitivity map 

homogeneity, which had huge impacts on the reconstruction quality. 
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Figure 7. In vitro and in silico reconstructed images of distributions of manganese ferrite microparticles in 

the cross geometry using the fixed and translated method for each coil setup. The phantom cross has 2000 

mg of manganese ferrite microparticles. 

4. Discussion and Conclusion 

Techniques capable of reconstruct spatial distributions of micro and 

nanomagnetic materials non-destructively brings attention of the scientific 

community, mainly because of its potential of determining the fate of these 

materials within the body (31). The possibility of performing quantitative 

imaging of MMNMs in vivo is of paramount importance for the efficiency 

assessment in several biomedical applications of these materials, such as drug 

delivery systems and magnetic hyperthermia (32, 33). To date, there are few 

techniques with high potential for in vivo quantitative imaging of MNMMs, 

where the most promising are the MPI , MRXI , MRI and Magnetic Susceptibility 

Imaging (10, 34-37). Despite these techniques present good sensitivity and spatial 

resolution, they also involve high costs and complexity, which limits them to be 

widely studied and applied (specially in animal experiments) (21). 

In the past few years, our group published some papers showing the ACB 

system as a new alternative technique for magnetic materials in vivo and real-

time imaging (20, 38). In such studies, the ACB presented good and valuable data. 

Comparing to other biomagnetic techniques, is simpler, more versatile, does not 

need shielded environment, and presents low operational and instrumental 

costs. More recently, we proposed two ACB setups and their respective inverse 

problem solutions, which resulted in quantitative planar reconstructions of 

magnetic nanoparticles (21, 22). The first setup was based on a scanning 

approach, where the system was able to perform planar images with at least 1 

cm-1 of spatial resolution. Despite the system presented a very good spatial 

resolution, the system presented a relative large acquisition time and the 

possibility of only performing planar images. The second setup was based on a 

static system composed by two excitation coils and several pick-up coils 

simultaneously active, which hugely decreased the acquisition time of the ACB 
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system. Still, there is a lack of performing tomographic imaging of magnetic 

materials using the ACB system. 

In this work, we developed a new setup of the ACB system (ACB8) to perform 

quantitative tomographic imaging of magnetic microparticles. The new setup is 

based on eight independent sensors arranged in a regular octagonal geometry, 

which enables different combinations of pick-up and excitation coils activation. 

Since the ACB8 allows to activate different coils simultaneously, we studied the 

performance of four different sequence setups of coils activation, and two types 

of signal acquisition method: sensor fixed and translating through five positions. 

Furthermore, we evaluated the inverse problem stability through the analysis of 

spatial sensitivity homogeneity and the condition number, i.e., the impact of 

experimental perturbations in the inverse solution. We found that the central area 

of the FOV presents the lowest sensitivity for all of the four coils setups, which 

was expected because of the ACB signal intensity decay profile with the distance. 

Previously our group showed a signal decay factor of 𝑟−6 for distances greater 

than 2 cm between the sensor surface and the detected material (39, 40). This 

sensitivity differences between the central voxels and the peripheral ones 

(sensitivity maps inhomogeneities) induces a high instability in the inverse 

problem solution process, which is strongly related to the high signal variations 

caused by the imprecisions in the magnetic material radial position. This 

characteristic reflects in the lower performance found for the in vitro experiments 

when compared to the in silico calculations, which is evident when comparing 

the in vitro and in silico CS3 results. Moreover, the high signal intensity of the 

regions closer to the excitation coils are so large that they make the contribution 

from smaller signals insignificant in the inverse problem solution process, 

reducing the amount of high quality information.  

Analyzing the CV values presented in the results section is possible to observe 

that when additional excitation and pick-up coils are active, the spatial sensitivity 

homogeneity increases. Furthermore, when pick-up coils are detecting the 

magnetic materials response from an another sensor’s excitation coil magnetizing 

field (i.e., the pick-up coil detecting without the influence of their own excitation 

coils), their signal are less dependent of the material’s radial position than when 

both pick-up and excitation coils from the same sensor are active together. This 

is confirmed by the CV lower values for CS3 and CS4 in comparison to CS1 and 

CS2, for the fixed method. In addition, even the condition number k indicating 

that inverse problem solution is more stable for CS1 and CS2 for the fixed 

method, this does not guarantee a higher reconstruction performance, which is 

also strongly dependent of the CV value. The k values indicated that CS3 and CS4 

are susceptible to a high amplification of perturbations (fixed method), but they 
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also carry a high amount of information that will increase convergence of the 

reconstruction to the nominal distribution, when in favorable experimental 

conditions. Note that the main reason of the low quality reconstruction of the 

CS1, CS2, and CS4 setups is the low number of signals acquired.   

In regards to the translated method, CS3 and CS4 showed better results than 

the fixed method. The improvement in sensitivity map homogeneity happens 

because the pick-up coils are closer to the materials during the translations 

(smaller FOV), increasing their sensitivity in the FOV. In this way, low intensity 

signals that were made insignificant by higher intensity signals in the fixed 

method, become more significant in the translated method. However, as before, 

the increased sensitivity (added by the new set of information of the closer pick-

up coils translated) brings more instability to the inverse problem solution, 

mainly because of the high dependence of the magnetic material radial position. 

This fact is evident when analyzing the k values found for the translated method, 

which increased for the CS3 and CS4 when compared to the fixed method.  

In this way, our results showed that the translated method presented the best 

performance for tomographic reconstructions of magnetic materials 

distributions. In special, the translated CS3 setup showed the best combination 

of 𝑋𝑑𝑖𝑓𝑓 and CC values. In addition, the main issues found when using the ACB8 

associated with the methods (fixed and translated) and setups (CS1, CS2, CS3, 

and CS4) studied here, are the high dependence of the magnetic material radial 

position in the FOV, and a low signal intensity in the center of the FOV, as 

expected. To improve the system’s performance, one can increase the sensitivity 

map homogeneity, increasing the magnetic field amplitudes only in the FOV’s 

center, and the number of excitation and pick-up coils, which would add more 

information to the problem. Therefore, future works can rotate the entire system 

and perform new sets of signal acquisition to “create” more sensors in 

intermediary positions, and also add large excitation coils parallel to the system’s 

plane (magnetic field orthogonally oriented to the FOV). The first improvement 

can bring more information to the problem, while the second can improve the 

sensitivity map homogeneity. It is important to mention that when adding these 

excitation coils parallel to the sensor plane, is of paramount of importance to 

build them with an inner radius that allow the phantoms, or animals, cross the 

system’s FOV to perform several tomographic slices, and consequently a 

volumetric reconstruction. Still, other works suggests to modulate the excitation 

coils current to increase the FOV homogeneity and the amount of information in 

the problem, and also optimize the activation sequence of the coils to avoid low 

quality information signals (23, 25, 27, 41). 
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Here, we presented a new ACB system setup that enabled the quantitative 

tomographic imaging of magnetic micro particles distributions. The results 

found here show the ACB8 potential to be future employed as a tool for 

quantitative tomographic imaging of organs and small animals. The ACB8 

system presented a lower spatial resolution and quantification efficiency when 

compared to the standard techniques, but also presents advantages as the low 

cost, high versatility, and portability. We believe that with some instrumental 

improvements, it is possible to improve the results found here, increasing the 

system’s spatial resolution and quantification power. Furthermore, the inverse 

problem details discussed here, as the sensitivity map homogeneity, coefficient 

of variation, and condition number impacts on the ACB inverse problem solution 

can bring light on future works, and lead to a better understanding of the ACB 

system inverse problem and new strategies to find better inverse solutions.  
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