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Preface

Our foundation intends to contribute to the health and medical care of the nation, by subsidizing

scientific research and appealing to the society through seminars. It should be noted, that the

effect of the magnetic field is generated from some basic phenomena interacting with the

complex mechanism of the body. The effect can only be clarified by a long-term persistent

effort, not by short-sighted research.

It is a regrettable tendency in the present scientific sector that researchers are mostly interested

in achieving successful results for acquiring a degree or achievement in a short period, focusing

on obvious cause-effect relationship or phenomenon which invites quantitative descriptions. In

view of such a tendency, our foundation prefers to support researchers who persistently attack a

particular problem expecting long-term results rather than those who rush into short-term

results.

This report is the summary of research which our foundation supported in the fiscal year 2024

It includes a wide range of topics from basic aspects to practical applications, intending to pave

new ways in this area. It is our hope that the report will motivate researchers with similar

interests to start communication and contribute to the development of magnetic health science.

Director   Makoto Kotani

The Watanabe Foundation
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Abstract 

The feasibility of time-dependent diffusion-weighted imaging (td-DWI) for fat phantoms 
and brown adipocytes (BA) derived from human induced pluripotent stem cells was 
investigated. Apparent diffusion coefficient (ADC) measurements at multiple diffusion 
times (DT16–DT676 ms) showed three distinct diffusion time-dependence patterns. In 
the absence of fat suppression, lipid proton signals from triglycerides influenced ADC 
measurements, plateauing at approximately 40% fat content. Cell viability was 1% in the 
BA after MR imaging. These findings demonstrate that td-DWI can detect diffusion time 
dependence in fat phantoms. However, maintaining cell viability will be necessary for 
future studies. 
Keywords: induced pluripotent stem cells, brown adipocyte, apparent diffusion 
coefficient 

 
1. PURPOSE 
Human brown adipose tissue plays a role in 
thermoregulation through heat production and in 
energy metabolism(1). A technique for inducing 
brown adipocytes from human induced pluripotent 
stem cells (iPSCs) has been established(2-4)，and it is 
expected to be applied as a treatment for metabolic 
diseases such as obesity．However, no non-invasive 
method has been established for observing the 
engraftment and proliferation of adipocytes, and there 
is a need for such an evaluation method.  

Diffusion weighted imaging (DWI) is 
method of imaging based on the differences in the 
Brownian motion of water molecules within biological 
tissue and non-invasively assess the tissue’s 

microstructure. Conventional DWI measures the 
diffusion coefficient at a single diffusion time. In 
contrast, time-dependent diffusion-weighted imaging 
(td-DWI) acquires more detailed microstructural 
information by measuring the apparent diffusion 
coefficient (ADC) at multiple diffusion times (5, 6)．
The aim of this study was to investigate td-DWI 
sequence parameters in phantoms with varying fat 
content and in brown adipocytes (BA) derived from 
human induced pluripotent stem cells (iPSCs), to 
explore the potential for adipocytes. 
 
2. METHOD 
(1) Containers for MR imaging 
The holder and microtubes for MR imaging were 
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fabricated in collaboration with the Core Facility 
Centre at Institute of Science Tokyo using a 3D printer 
(KEYENCE AGILISTA-3100). The holder has been 
designed to securely hold the microtubes in the 
centrifuge tube (AGC Techno Glass Co., Ltd., 
2363-025-MYP) and ensure positional reproducibility 
during MR imaging. The microtubes were designed 
with a screw-lock mechanism and lids to enable the 
filling, sealing and removal of cell suspensions. The 
material used was transparent resin (KEYENCE 
AR-M2). 
(2) MR imaging protocols 
Referring to previous study (7), we fabricated a fat 
phantom modeled after the human body and evaluated 
the optimal td-DWI parameters specifically for 
adipocyte in advance. The composition of the 
fabricated phantom is shown in Table 1. 
 
Table 1. Fat phantom components 
Fat 
content, % 

Water, 
μL 

Coconut 
oil, μL 

Tween-80, 
μL 

Gelatin 
(Sigma-Aldrich®), g 

0 975 0 0 0.025 

20 749 218 24 0.025 

40 523 437 48 0.025 
60 297 655 72 0.025 
Density: Water 1.0 g/mL, Coconut oil (FUJIFILM Wako Pure Chemical 
Corporation) 0.916 g/ mL, Tween-80（bioWORLD）1.080 g/mL 
 

MR imaging was performed using a 9.4 T 
system (660 mT/m; Bruker Biospin) and a 23 mm 
inner diameter solenoid coil (Takashima seisakusho 
Co.,Ltd). The parameters for diffusion-weighted, 
gradient-stimulated echo (STEAM) imaging were as 
follows: Diffusion time (Δδ/3): 16, 36, 64, 100, 144, 
196, 256, 324, 400, 484, 576 and 676 ms; diffusion 
direction: 1; b-values: 900 and 2,225 s/mm²; Gradient 
duration (δ): 2.4 ms; TR: 5,000 ms; TE: 15.8 ms; FOV: 
24 × 24 mm²; Matrix size: 64 × 64; Resolution: 0.375 
× 0.375 mm²; slice thickness: 0.5 mm; number of 
averages: 1; acquisition time: 10 min 40 s × 12 
(multi-diffusion time) × 6 terms. The MR room 
temperature was set to 22 °C. 
(3) Culture of brown adipocytes derived from 

human iPSCs 
Preliminary experiments were conducted at Institute of 

Science Tokyo and the RIKEN Institute after 
confirmation was obtained that they were exempt from 
human ethics review. The induction of differentiation 
into BA using human iPSCs was carried out in 
accordance with established protocols (4)．The BA 
differentiation induction medium contained IMDM, 
Ham’s F-12, 1/100 Chemically Defined Lipid 
Concentrate, 1/100 Insulin Transferrin Selenium, 50 
µg/mL ascorbic acid-2-phosphate, and GlutaMAX™ 
Supplement. 

Human iPSCs were dissociated using 
TrypLE Express and seeded onto Corning Elplasia 
multi-well plates at a density of approximately 2,000 
cells per spheroid. On day 8 of differentiation 
induction, the cells were seeded onto i-Matrix-coated 
plates. The cells were harvested on day 10. 

 We examined cell viability and pellet 
thickness following the formation of BA pellets at 
room temperature (Table 2). Cell viability was 
measured using trypan blue staining. Based on the 
results of preliminary experiments, three cell 
concentration conditions were selected for this 
experiment: 10 × 105 cells, 20 × 10⁵ cells and 25 × 10⁵ 
cells, as these were predicted to yield cell viability of 
50% or higher after 10 hours. 
 
Table 2．Cell viability at room temperature 

Elapsed time 
Cell viability（%） 

10×105 cells 60×105 cells 

0 100 100 

12 56.9 18.0 

18 37.7 14.9 

 
(4) Preparation of phantoms and BA prior to imaging 
Fat phantoms with different fat contents were stored at 
4 °C and allowed to return to room temperature prior 
to imaging. Furthermore, BA was adjusted to cell 
counts of 10×105 cells (S1), 20×105 cells (S2), 20×105 
cells (S3) and 25×105 cells (S4), injected into tubes 
together with culture medium, and then transported 
from the culture facility to the imaging facility at room 
temperature.  

Before MR imaging, the sample was 
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centrifuged at room temperature (1,000 rpm × 3 
minutes) to confirm the presence of the BA pellet. The 
BA was then transferred to a microtube, filled with 
culture medium and capped. These were inserted into 
commercially available microtubes (VIOLAMO) and 
centrifuged (room temperature, 300 rpm × 3 min, 700 
rpm × 3 min) to form a pellet (Figure 1C). The 
thickness of the formed BA pellet was approximately 
0.3 mm. Each fat phantom and the microtubes S1–S4 
were carefully placed in a holder, after which they 
were filled with a fluorinated inert liquid (Galden, 
Solvay Specialty Polymers Japan) and imaged using 
the td-DWI sequence previously evaluated.  
(5) Cell viability and AQP7 expression 
After MR imaging, BA was removed from the 
microtubes, and cell viability was assessed. 
Furthermore, the expression of aquaporin 7 (AQP7) 
was confirmed by fluorescent histochemical staining 
of the BA samples (S1–S4) on later days. AQP7 is 
responsible for the membrane permeability of water 
and glycerol in adipocyte membranes (8, 9)，as its 
expression influences the movement of water between 
the intracellular and extracellular spaces, it is thought 
to be involved in the diffusion-time dependence of 
td-DWI. In this study, the following procedures were 
performed. After removing the culture medium, the 
samples were washed twice with 1×PBS and fixed in a 
4% PFA/PBS solution at room temperature for 15 
minutes. Following fixation, the samples were washed 
three times with PBS for 5 minutes each and stored at 
4°C. 

  Blocking was performed for 1 hour using a 
solution of 1×PBS, 5% BSA and 0.1% Tween-20. 
After washing with PBS, the samples were incubated 
with anti-AQP7 antibody (SC-376407 FITC, Santa 
Cruz Biotechnology, diluted 1:100) for 2 hours. 
Following washing with PBS, the nuclei were stained 
with DAPI and the sections were mounted with a 
fluorescent mountant. Observation of the fluorescent 
histochemical staining was carried out at the 
Bioscience center, Institute of Science Tokyo. 

 
(6) Image Analysis 

After MR imaging, the DICOM data were converted 
to NIfTI format using dcm2niix (version 1.0). Using 
Fiji ImageJ (version 2.16), nine regions of interest 
(ROIs) were manually defined at the centre of the 
microtubes on the NIfTI images (Figure 2) and applied 
to all conditions. The mean intensity values within 
each ROI were calculated using an automated macro 
script. The ADC was calculated from the obtained 
values.  

 
3. RESULTS 
Figures 3A–D show the ADC (×10⁻³ mm²/s) for 
phantoms with different fat contents. Figures 3E–I 
show the ADC for diffusion times (DT16–DT676 ms) 
for each cell count condition (S1–S4) across the 1st to 
6th terms. 

In the 0% fat phantom, the ADC increased 
from 0.178×10⁻³ mm²/s (DT16) to 0.291×10⁻³ mm²/s 
(DT676), and the inter-term variation was smaller in 
the short diffusion time domain and increased after 
DT484. A similar increase was observed in the 40% fat 
phantom, and the inter-term variation was smallest of 
all conditions (DT16; CV 0.9%). In contrast, for the 
20% fat phantom, the value at DT16 was 1.515×10⁻³ 
mm²/s; it peaked at DT324 (1.811×10⁻³ mm²/s) and 
then declined. The 60% fat phantom exhibited similar 
results.  

The ADC values for DT16 under each BA 
condition were: S1; 1.534×10⁻³ mm²/s, S2; 1.213×10⁻³ 
mm²/s, S3; 1.522×10⁻³ mm²/s, S4; 1.531×10⁻³ mm²/s, 
with only S2 showing a lower value compared to the 
other conditions. Compared to DT16, a decrease in 
ADC was observed for S1 and S4 in DT676, whereas 
CM, S2 and S3 showed almost no change. 

Figures 4a–l show comparisons of ADC 
values across all conditions for each diffusion time and 
each term. When ADC values were classified 
according to their diffusion time-dependent patterns, 
three distinct patterns were observed: (1) increasing 
with diffusion time (fat content 0% and 40%), (2) 
increasing to decrease (fat content 20% and 60%), and 
(3) plateau to decrease (CM, S1–S4) (Figure 4). The 
phantom with a fat content of 0% exhibited the lowest 
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inner diameter solenoid coil (Takashima seisakusho 
Co.,Ltd). The parameters for diffusion-weighted, 
gradient-stimulated echo (STEAM) imaging were as 
follows: Diffusion time (Δδ/3): 16, 36, 64, 100, 144, 
196, 256, 324, 400, 484, 576 and 676 ms; diffusion 
direction: 1; b-values: 900 and 2,225 s/mm²; Gradient 
duration (δ): 2.4 ms; TR: 5,000 ms; TE: 15.8 ms; FOV: 
24 × 24 mm²; Matrix size: 64 × 64; Resolution: 0.375 
× 0.375 mm²; slice thickness: 0.5 mm; number of 
averages: 1; acquisition time: 10 min 40 s × 12 
(multi-diffusion time) × 6 terms. The MR room 
temperature was set to 22 °C. 
(3) Culture of brown adipocytes derived from 

human iPSCs 
Preliminary experiments were conducted at Institute of 

Science Tokyo and the RIKEN Institute after 
confirmation was obtained that they were exempt from 
human ethics review. The induction of differentiation 
into BA using human iPSCs was carried out in 
accordance with established protocols (4)．The BA 
differentiation induction medium contained IMDM, 
Ham’s F-12, 1/100 Chemically Defined Lipid 
Concentrate, 1/100 Insulin Transferrin Selenium, 50 
µg/mL ascorbic acid-2-phosphate, and GlutaMAX™ 
Supplement. 

Human iPSCs were dissociated using 
TrypLE Express and seeded onto Corning Elplasia 
multi-well plates at a density of approximately 2,000 
cells per spheroid. On day 8 of differentiation 
induction, the cells were seeded onto i-Matrix-coated 
plates. The cells were harvested on day 10. 

 We examined cell viability and pellet 
thickness following the formation of BA pellets at 
room temperature (Table 2). Cell viability was 
measured using trypan blue staining. Based on the 
results of preliminary experiments, three cell 
concentration conditions were selected for this 
experiment: 10 × 105 cells, 20 × 10⁵ cells and 25 × 10⁵ 
cells, as these were predicted to yield cell viability of 
50% or higher after 10 hours. 
 
Table 2．Cell viability at room temperature 

Elapsed time 
Cell viability（%） 

10×105 cells 60×105 cells 

0 100 100 

12 56.9 18.0 

18 37.7 14.9 

 
(4) Preparation of phantoms and BA prior to imaging 
Fat phantoms with different fat contents were stored at 
4 °C and allowed to return to room temperature prior 
to imaging. Furthermore, BA was adjusted to cell 
counts of 10×105 cells (S1), 20×105 cells (S2), 20×105 
cells (S3) and 25×105 cells (S4), injected into tubes 
together with culture medium, and then transported 
from the culture facility to the imaging facility at room 
temperature.  

Before MR imaging, the sample was 
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ADC values across all conditions and was clearly 
distinguishable from the other conditions. The 
phantoms with fat contents of 40% and 60%, as well 
as CM, S1, S3 and S4, showed values of a similar 
magnitude, whilst only S2 exhibited lower values than 
the other BA conditions. Furthermore, no significant 
differences were observed between the individual 
terms under any of the conditions. 

The cell viability of S1 to S4 immediately 
after imaging was 1% in all conditions. Fluorescent 
immunostaining using anti-AQP7 antibodies was 
performed on BA samples that had been fixed 
promptly after imaging; however, no expression of 
AQP7 was observed in any of the samples. 

 
4. DISCUSSION 
The ADC in the 0% fat phantom ranged from 0.178 to 
0.291 × 10-3 mm²/s (Figure 3A), which was lower than 
the self-diffusion coefficient in water at 20 °C (2.025 × 
10-3 mm²/s)(10)．This result is thought to be due to the 
three-dimensional network structure of gelatin 
physically restricting the diffusion of water molecules. 

As fat suppression was not used in this study, 
the inter-term variability observed in the 20% and 60% 
fat phantoms may be attributed to the mixed signal 
from water protons and triglyceride molecules 
affecting the ADC. Furthermore, as the proton peaks of 
triglyceride molecules have different relaxation 
times(11), the signal ratio between water and 
triglycerides may have changed due to T2 decay in the 
long diffusion time range, potentially causing 
variations between terms. 

In the ADC of BA, a decreasing trend in 
ADC was observed from DT16 to DT676 in both S1 
and S4. However, as cell viability was only 1%, this is 
believed to be due to the presence of dead cells and the 
diffusion characteristics of the culture medium. The 
decline in cell viability is thought to have been caused 
by physical stress resulting from two hours of transport, 
around 15 hours of standing and repeated pellet 
formation. Reasons for failing to detect AQP7 
expression may include loss of antigenicity due to 
dead cells and signals below the detection limit due to 

low cell numbers and expression levels of AQP7 in 
BA. 

This study demonstrated that td-DWI could 
detect diffusion time dependence in phantoms and can 
capture differences in ADC resulting from variations in 
fat content. We also confirmed that, in the absence of 
fat suppression, lipid proton signals interfere with the 
ADC, and that this effect plateaus at a fat content of 
40%. In future study, the important tasks will be 
ensuring an adequate number of cells and shortening 
transport time it takes to transport them and improving 
the containers used for MR imaging. Furthermore, 
imaging cells in a spherical suspension culture state 
without detaching the cells could be expected to 
reduce stress and ensure sufficient volume.  
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by physical stress resulting from two hours of transport, 
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expression may include loss of antigenicity due to 
dead cells and signals below the detection limit due to 

low cell numbers and expression levels of AQP7 in 
BA. 

This study demonstrated that td-DWI could 
detect diffusion time dependence in phantoms and can 
capture differences in ADC resulting from variations in 
fat content. We also confirmed that, in the absence of 
fat suppression, lipid proton signals interfere with the 
ADC, and that this effect plateaus at a fat content of 
40%. In future study, the important tasks will be 
ensuring an adequate number of cells and shortening 
transport time it takes to transport them and improving 
the containers used for MR imaging. Furthermore, 
imaging cells in a spherical suspension culture state 
without detaching the cells could be expected to 
reduce stress and ensure sufficient volume.  
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Figure 3. Apparent diffusion coefficients (ADC, ×10⁻³ mm²/s) and diffusion times (DT16–DT676 ms) for the 1st 
to 6th terms. A) Phantom with 0% fat content, B) Phantom with 20% fat content, C) Phantom with 40% fat 
content, D) Phantom with 60% fat content, E) Culture medium (CM), F) S1; brown adipocytes derived from 
human induced pluripotent stem cells (BA), 10×105 cells, G) S2; BA 20 × 105 cells, H) S3; BA 20 × 105 cells, I) 
S4; BA 25 × 105 cells. 
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Figure 4. Apparent diffusion coefficients (ADC, ×10⁻³ mm²/s) for terms 1 to 6 at each diffusion time (DT) 
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Abstract 
This study aimed to construct a novel intracerebral drug delivery system combining nasal administration 

with magnetic targeting, and developed iron oxide nanoparticle-encapsulated PLGA nanoparticles 
(IONP@PLGA). Magnetic field application was confirmed to significantly enhance the uptake of 
IONP@PLGA by glioma cells. Furthermore, applying a magnetic field to the brain after nasal administration 
in rats significantly improved the brain translocation of IONP@PLGA. This approach improves brain 
translocation following nasal administration and demonstrates potential utility as a platform technology for 
future control of intracerebral drug distribution. 

[Research Progress and Results] 

[Introduction] 

The blood–brain barrier (BBB) strictly limits the 
transport of substances into the brain. Therefore, the 
use of drug delivery system (DDS) technology is 
essential for the efficient delivery of drugs to the 
brain. Meanwhile, a nose-to-brain pathway that 
transports drugs from the nasal cavity directly to the 
brain has been suggested to exist, and brain delivery 
research exploiting this route has been actively 
pursued. However, nose-to-brain delivery tends to 
result in biased distribution toward brain regions near 
the nasal cavity, limiting the brain regions that the 
drug can reach. Consequently, a new methodology 
capable of precisely controlling drug distribution 
within the brain is required for the broad application 
of this approach to the treatment of brain diseases. 

As a method for controlling the pharmacokinetics 
of drugs, “magnetic targeting,” which utilizes 
magnetic materials and an external magnetic field, 
has been actively studied; however, its application to 
nose-to-brain delivery has not yet been reported. We 
therefore hypothesized that combining nose-to-brain 
delivery with magnetic targeting would enable 
efficient, disease site-selective drug delivery within 
the brain. The aim of this study was to design a 
magnetically guided DDS carrier suitable for nasal 
administration and to develop a system capable of 
delivering drugs to targeted sites within the brain 
through nasal administration combined with 
magnetic targeting. 

[Methods] 

As a DDS carrier capable of simultaneously 

loading a magnetic material and a drug, iron oxide 
nanoparticles (IONPs) were encapsulated in 
poly(lactic-co-glycolic acid) (PLGA) nanoparticles 
to prepare IONP@PLGA. The basic 
physicochemical properties of IONP@PLGA were 
evaluated by electron microscopy and particle size 
measurement using dynamic light scattering. Next, 
the cellular uptake of IONP@PLGA under magnetic 
field exposure was measured using the glioma cell 
line C6. Furthermore, IONP@PLGA was 
administered intranasally to rats, and brain 
translocation and intracerebral distribution were 
evaluated after applying a magnetic field to the brain. 

[Results and Discussion] 

Preparation of IONP@PLGA 

IONPs were prepared by the conventional co-
precipitation method using FeCl₃ and FeSO₄, 
yielding a standard particle size of 26 nm. To 
improve the encapsulation efficiency into PLGA 
nanoparticles, the IONP surface was cationically 
modified with (3-aminopropyl)triethoxysilane 
(APTES). IONP@PLGA was prepared by mixing an 
acetone solution of PLGA with an aqueous solution 
containing the IONPs under stirring. The resulting 
particles had an average particle size of 
approximately 200 nm and a zeta potential of 
approximately 13 mV. Electron microscopy revealed 
punctate structures inside the spherical particles, 
suggesting that the IONPs were encapsulated within 
the PLGA nanoparticles. 

Uptake by C6 Glioma Cells 

Coumarin-6-labeled IONP@PLGA was added to 
C6 cells, a magnetic field was applied from beneath 
the culture using a magnetic plate, and the cells were 
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cultured for a defined period before quantifying the 
intracellular Fe content. At all time points from 1 to 
4 hours, the magnetic field-exposed group showed 
significantly higher cellular uptake than the non-
exposed group. This result was consistent with the 
coumarin-6 fluorescence observations, 
demonstrating that magnetic field exposure promotes 
the cellular uptake of IONP@PLGA. Because 
IONP@PLGA also allows simultaneous 
encapsulation of a drug, loading it with an anticancer 
agent in the future is expected to enhance the 
therapeutic efficacy of drug therapy. 

Evaluation of Brain Translocation In Vivo 

After intranasal administration of IONP@PLGA 
to rats, a magnetic field was applied to the brain 
using a neodymium magnet, and brain translocation 
and intracerebral distribution were evaluated. 
Magnetic field exposure increased the brain 
translocation of IONP@PLGA by approximately 3-
fold. IONP@PLGA also showed higher brain 
translocation than IONP alone (Fig. 1). 

 
Fig. 1) Accumulation of iron in the brain after administration of IONPs 
or IONPs@PLGA with or without a magnetic field. Data represent mean 
± S.D. (n = 3) and analyzed with one-way ANOVA with Tukey’s test. 
Significant at **P < 0.01; ***P < 0.001; ****P < 0.0001. (b) 
Representative in vivo imaging system (IVIS) images of untreated rats 
(left), rats treated with DiR-IONPs@PLGA without a magnetic field 
(middle), and rats treated with IONPs@PLGA with a magnetic field 
(right). 

[Conclusion] 

In this study, IONP@PLGA was developed as a 
magnetically responsive DDS carrier, and its 
enhanced uptake by glioma cells under magnetic 
field exposure was confirmed. Furthermore, 
applying a magnetic field to the brain after intranasal 
administration in rats was demonstrated to improve 
brain translocation. However, precise control of drug 
distribution within the brain has not yet been 
achieved. Combining this approach with the future 
development of medical devices capable of pinpoint 
magnetic field application is expected to expand its 
application to the treatment of brain diseases. 
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Abstract 
     This study aimed to clarify neural circuits underlying the monitoring and 
adjustment of response inhibition. Using fMRI, resting-state network analysis, and TMS 
during a stop-signal task, we identified candidate fronto-parietal regions involved in 
post-error behavioral adjustment and found evidence suggesting that these regions 
contribute to subsequent stopping performance in a time-dependent manner. 
 
Keywords: response inhibition, stop-signal task, functional MRI, transcranial magnetic 
stimulation, fronto-parietal network 

 
1. Purpose 
Response inhibition is a cognitive function that enables 
individuals to suppress inappropriate actions and select 
appropriate behavior according to changes in the 
environment. It is one of the key executive functions 
supporting adaptive behavior in humans. For example, 
the ability to stop suddenly after detecting danger 
immediately after starting to walk is essential for 
flexible behavioral control in daily life. Impairment of 
response inhibition is also known to be associated with 
various psychiatric and neurological disorders, 
including attention-deficit/hyperactivity disorder, 
obsessive-compulsive disorder, and addiction. 

Previous studies have shown that response 
inhibition involves multiple brain regions, including 
the posterior inferior frontal cortex (pIFC), 
presupplementary motor area (preSMA), intraparietal 
sulcus (IPS), and basal ganglia. Using functional 
magnetic resonance imaging (fMRI) combined with 
transcranial magnetic stimulation (TMS), we 
previously demonstrated that the right pIFC contains 
functionally distinct subregions: the ventral pIFC 
(vpIFC), which is involved in stopping per se, and the 
dorsal pIFC (dpIFC), which is involved in the 

monitoring and adjustment of response inhibition1), 2). 
More recently, by combining fMRI, TMS, and 
transcranial ultrasound stimulation (TUS), we clarified 
large-scale brain circuits supporting response 
inhibition from visual processing to action stopping3). 

However, the neural circuits underlying 
monitoring after response inhibition and behavioral 
adjustment in subsequent trials remain incompletely 
understood. In particular, it remains unclear what kind 
of neural processing occurs after failed stopping and 
how such information is reflected in subsequent 
behavioral control. 

The present study aimed to clarify the neural 
components and temporal dynamics of the circuits 
underlying post-error monitoring and behavioral 
adjustment during response inhibition. In particular, 
we sought to identify brain regions activated during 
failed response inhibition and to examine their causal 
contribution using TMS intervention, thereby 
elucidating the neural basis of behavioral adjustment 
after failed stopping. 
 
2. Method 
We conducted an fMRI experiment in healthy adults 
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using the stop-signal task, a representative task for 
investigating response inhibition4). In this task, 
participants responded to visually presented arrow 
stimuli by pressing either the left or right button in go 
trials. In a subset of trials, a stop signal was presented, 
and participants were required to suppress the ongoing 
motor response. In the present study, we focused 
particularly on brain activity during failed response 
inhibition and explored brain regions involved in 
monitoring and behavioral adjustment after failed 
stopping. 
 In the fMRI analysis, we compared brain 
activity associated with successful and failed stop trials 
and extracted regions showing characteristic activity 
during failed stopping. In addition, resting-state fMRI 
data were used to analyze functional connectivity 
among the identified candidate regions. This analysis 
was performed to examine how each region was 
positioned within large-scale brain networks. 

Furthermore, we conducted a causal 
intervention experiment using TMS targeting 
candidate regions identified from the fMRI and 
resting-state network analyses. While participants 
performed the stop-signal task, single-pulse TMS was 
applied to candidate regions as a transient intervention, 
and its effects on subsequent stopping performance 
were evaluated. By applying stimulation at different 
time points during the task, we examined the time 
periods during which each brain region may contribute 
to behavioral adjustment after failed stopping. 
 
3. Results 
The fMRI analysis identified candidate regions 
showing activity during failed response inhibition. In 
addition to the dpIFC and IPS, which we had 
previously reported, the middle frontal cortex (MFC) 
and anterior preSMA were identified as additional 
candidate regions. 

The dpIFC and IPS had been implicated in 
behavioral monitoring and adjustment after response 
inhibition in our previous studies1), 2). The present study 
further suggested the involvement of the MFC and 
anterior preSMA. These regions showed increased 

activity during failed stopping and may be involved in 
subsequent behavioral adjustment. 

Resting-state fMRI-based functional 
network analysis further suggested that these regions 
were located within a broader network centered on the 
fronto-parietal network. This finding indicates that 
monitoring and behavioral adjustment after failed 
response inhibition may be supported not by a single 
brain region, but by a distributed network composed of 
multiple frontal and parietal regions. 

In addition, the single-pulse TMS 
experiment showed that stimulation of candidate 
regions at specific time periods during failed stopping 
affected performance in the subsequent stop trial. The 
effects varied depending on stimulation timing, 
suggesting that time-dependent neural processing 
occurs after failed stopping and that this processing 
may be reflected in subsequent behavioral control 
(Figure 1). 
 

 

 
4. Discussion 
In this study, we examined the neural circuits 
underlying the monitoring and adjustment of response 
inhibition by combining fMRI-based activity analysis, 
resting-state fMRI-based network analysis, and causal 
intervention using TMS. 
 The results suggest that, in addition to the 
dpIFC and IPS, which have been considered candidate 
regions in previous studies, the MFC and anterior 

Figure 1. Single-pulse TMS applied to candidate 
regions suggested that neural processing during 
specific time periods of failed stopping may 
influence performance in the subsequent stop 
trial. 
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preSMA may also be involved in behavioral 
adjustment after failed stopping. In particular, the 
finding that these regions were positioned within the 
fronto-parietal network supports the possibility that 
monitoring and adjustment after response inhibition 
are supported by network dynamics involving multiple 
brain regions. 
 The time-specific TMS intervention further 
suggested that neural activity during specific time 
periods during failed stopping may influence response 
inhibition performance in the subsequent trial. This 
finding indicates that response inhibition should not be 
understood simply as a binary process of whether 
stopping succeeds or fails. Rather, it should be 
considered a dynamic control process that includes 
monitoring after failed stopping, evaluation of 
behavioral outcomes, and updating of behavioral 
strategy in subsequent trials. 
 The findings of this study may also 
contribute to understanding the pathophysiology of 
psychiatric and neurological disorders associated with 
impaired response inhibition. For example, in 
disorders such as ADHD and obsessive-compulsive 
disorder, abnormalities may exist not only in stopping 
ability itself but also in behavioral adjustment after 
failed stopping. The candidate neural circuits 
suggested by this study may provide a basis for 
understanding such pathophysiological mechanisms. 
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Abstract 

Magneto-liposomes, functionalized lipid bilayer vesicles containing magnetic nanoparticles 
(MNPs), are expected to serve as nanosized carriers for drug delivery systems. It is suggested 
that the magnetic response of magneto-liposomes strongly depends on the spatial distribution 
of MNPs in the vesicle. In this study, we have developed a characterization method for 
magneto-liposomes using the Cotton-Mouton effect under an alternating magnetic field. 
 
Keywords: magneto-liposome, magnetic nanoparticles, Cotton-Mouton effect 

 
1. Purpose 

Magnetic liposomes are lipid bilayer vesicles 
functionalized with magnetic nanoparticles (MNPs) and 
are expected to serve as carriers in drug delivery systems 
(DDS). By using a magnetic field to accumulate 
magnetic liposomes at the target site and then increasing 
membrane fluidity through heat generation and 
rotational motion of the MNPs induced by an alternating 
magnetic field, locally selective drug release can be 
achieved. Furthermore, since MNPs serve as contrast 
agents for magnetic resonance imaging (MRI), their 
accumulation in the target tissue can be confirmed. 
Additionally, when targeting cancer cells, effective 
treatment in combination with magnetic hyperthermia is 
anticipated. 

Differences in the spatial distribution of MNPs within 
magnetic liposomes strongly influence their 
functionality. For example, the drug-release efficiency 
varies depending on whether the MNPs are adsorbed to 
the membrane or suspended in the internal aqueous 
phase. It has been reported that this spatial distribution 
can be altered by factors such as lipid composition, ionic 
strength, and pH of the aqueous phase, and surface 
modification of MNPs¹). Therefore, verification is 
necessary whenever the preparation conditions change. 

While transmission electron microscopy (TEM) is 
conventionally used for verification, it is time-
consuming and labor-intensive, and issues such as shape 
changes due to sample drying and difficulties in 
statistical analysis exist. It is desirable to characterize 
magnetic liposomes using methods that allow direct 
measurement of the dispersion. 

MNP suspensions exhibit a significant Cotton-
Mouton effect (CME)²). CME is a general term for 
optical anisotropy (linear dichroism and linear 
birefringence) caused by the magnetic field orientation 
of particles. By measuring CME under an alternating 
magnetic field (AC-CME), the orientation dynamics of 
MNPs can be observed. The objective of this research 
project is to clarify the differences in AC-CME resulting 
from the spatial distribution of MNP and to apply this as 
a method for characterizing magneto-liposomes. 

 
2. Methods 
AC-CME measurement 
 The apparatus for AC-CME measurement (Fig. 1) 
has been reported previously3). In order to observe the 
phase transition of the lipid bilayer, we conducted a 
detailed investigation of the relationship between the set 
temperature of the circulating water used for coil 
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cooling and the sample temperature. We performed 
CME measurements over the range of 20–60 °C with an 
accuracy of ± 0.5 °C relative to the target temperature. 
The intensity of the alternating magnetic field was swept 
over a range of up to 15 mT, and the frequency was 
swept over 0.3 Hz to 40 kHz. 

 
CME induced in MNP suspension under an 

alternating magnetic field 𝐻𝐻 = 𝐻𝐻0cos⁡(2𝜋𝜋𝜋𝜋𝜋𝜋)  with 
the frequency f, oscillates with 2f, and then the 
retardation can be written as  

 
𝑅𝑅2𝑓𝑓(𝑡𝑡) = 𝑅𝑅2𝑓𝑓

′ cos(4𝜋𝜋𝜋𝜋𝜋𝜋) + 𝑅𝑅2𝑓𝑓
′′ sin(4𝜋𝜋𝜋𝜋𝜋𝜋) 

 
where 𝑅𝑅2𝑓𝑓

′ ，𝑅𝑅2𝑓𝑓
′′   are the in-phase (imaginary) and 

quadrature (real) components. We precisely measured 
𝑅𝑅2𝑓𝑓
′   and 𝑅𝑅2𝑓𝑓

′′   with a lock-in amplifier, and plotting 
their values against f yielded the CME frequency 
spectrum. The Cole-Cole equation, which is given by 
 

𝑅𝑅2𝑓𝑓 = 𝑅𝑅0
1 + (𝑖𝑖4𝜋𝜋𝜋𝜋𝜏𝜏0)𝛽𝛽

 

 
with the amplitude at lower frequencies R0, the 
imaginary unit i, the time constant 0, and the parameter 
 indicating the distribution of 0, fits well CME 
frequency spectra4). 
MNP 

Maghemite（-Fe2O3）MNPs were synthesized by the 
co-precipitation method. The average diameter was 
estimated to be 9 nm from the transmission electron 
microscope． The ζ-potential was + 45 mV. 
Magneto-liposome 
 Magneto-liposome was prepared by the Bangham 
method. The inner wall of a round-shaped flask was 
covered with a thin layer of 1,2-Dihexadecanoyl-sn-

glycero-3-phosphocholine (DPPC) by using an evaporator. 
Hydration of the DPPC layer with an MNP suspension 
yields a magneto-liposome. Furthermore, an extruder was 
used to homogenize the magneto-liposomes' average 
diameter. Three types of filters with pore sizes of 100 nm, 
200 nm, and 400 nm were used in the extruder. The 
viscosity  of the external aqueous phase was adjusted by 
adding glycerol. 
 
3. Results 
 The AC-CME for the magneto-liposome dispersion 
oscillated at a frequency of 2f. Since CME is caused by 
the magnetic orientation of MNP, the rotational 
relaxation time of the MNP can be estimated based on 
its frequency dependence. Figure 2a shows the CME 
frequency spectrum for a magneto-liposome suspension. 
Here, only the orthogonal component (imaginary part) 
is shown. As the viscosity of the external aqueous phase 
increased, the peak shifted toward lower frequencies. 
Estimating 0 from the reciprocal of the peak frequency 
revealed a proportional relationship with the viscosity of 
the external aqueous phase (Fig. 2b). Furthermore, the 
rotational relaxation time calculated from the liposome 
diameter obtained by dynamic light scattering was in 
good agreement with τ₀, suggesting that the MNP 
adsorbs onto the lipid membrane and rotates along with 
the liposome. Similar results were obtained for 
magneto-liposomes of different sizes. 

 

Figure 3a shows the temperature dependence of the AC-
CME frequency spectra of a magneto-liposome 
dispersion. As the temperature rises, the viscosity of the 
outer aqueous phase decreases, shifting the peak toward 
higher frequencies. A steep shift was observed near 

 
Figure 1 The experimental setup for the measurement of AC-CME．
QWP: quarter wavelength plate, WP: Wollaston prism, BAP: balanced 
amplified photo-detector. The laser light of 785 nm in wavelength was 
used for the light source. 
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Figure 2 (a) The viscosity evolution of AC-CME frequency spectra, and 
(b) the dependence of 0 on ． 
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40 °C. A sharp decrease was also observed in τ₀, as 
estimated from the frequency spectrum (Fig. 3b). This 
temperature coincides with the gel-to-liquid crystal 
phase transition temperature (Tm = 41 °C) of the DPPC 
bilayer. It is known that membrane fluidity increases in 
the liquid crystal phase at higher temperatures⁵). In the 
gel phase, membrane fluidity is low, and only the 
rotation of the liposomes is responsible for the 
orientation relaxation of the MNPs. In contrast, in the 
liquid-crystal phase, because the membrane is fluid, 
both the rotation of the MNPs within the membrane and 
that of the liposomes contribute to orientation relaxation. 
It is plausible that the increase in membrane fluidity 
accompanying this phase transition caused the abrupt 
shift in the spectrum to higher frequencies. 

 
4. Discussion 
 The dependence of the CME frequency spectrum on 
the viscosity of the external aqueous phase indicated 
that the MNP particles rotated with the liposome 
membrane. Furthermore, its temperature dependence 
revealed that the MNP particles were adsorbed onto the 

membrane. Additionally, the size of the magneto-
liposomes estimated from τ₀ was nearly equal to the 
pore size of the filter used in the extruder, indicating that 
the magneto-liposomes were not aggregated. This result 
suggests that the MNP particles were adsorbed on the 
inner side of the liposome. 
Thus, the CME frequency spectrum of magneto-

liposomes provides useful insights into the spatial 
distribution of MNPs within the vesicles. In future 
studies, we will measure the CME frequency spectra of 
magneto-liposomes containing negatively charged 
MNPs or MNPs with different shapes (e.g., rod-shaped) 
to verify the effectiveness of this method. 
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Figure 3 (a) The temperature evolution of AC-CME frequency spectra 
for a magneto-liposome, and (b) relaxation time as a function of the 
temperature. 
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cooling and the sample temperature. We performed 
CME measurements over the range of 20–60 °C with an 
accuracy of ± 0.5 °C relative to the target temperature. 
The intensity of the alternating magnetic field was swept 
over a range of up to 15 mT, and the frequency was 
swept over 0.3 Hz to 40 kHz. 
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with the amplitude at lower frequencies R0, the 
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Hydration of the DPPC layer with an MNP suspension 
yields a magneto-liposome. Furthermore, an extruder was 
used to homogenize the magneto-liposomes' average 
diameter. Three types of filters with pore sizes of 100 nm, 
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3. Results 
 The AC-CME for the magneto-liposome dispersion 
oscillated at a frequency of 2f. Since CME is caused by 
the magnetic orientation of MNP, the rotational 
relaxation time of the MNP can be estimated based on 
its frequency dependence. Figure 2a shows the CME 
frequency spectrum for a magneto-liposome suspension. 
Here, only the orthogonal component (imaginary part) 
is shown. As the viscosity of the external aqueous phase 
increased, the peak shifted toward lower frequencies. 
Estimating 0 from the reciprocal of the peak frequency 
revealed a proportional relationship with the viscosity of 
the external aqueous phase (Fig. 2b). Furthermore, the 
rotational relaxation time calculated from the liposome 
diameter obtained by dynamic light scattering was in 
good agreement with τ₀, suggesting that the MNP 
adsorbs onto the lipid membrane and rotates along with 
the liposome. Similar results were obtained for 
magneto-liposomes of different sizes. 

 

Figure 3a shows the temperature dependence of the AC-
CME frequency spectra of a magneto-liposome 
dispersion. As the temperature rises, the viscosity of the 
outer aqueous phase decreases, shifting the peak toward 
higher frequencies. A steep shift was observed near 

 
Figure 1 The experimental setup for the measurement of AC-CME．
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amplified photo-detector. The laser light of 785 nm in wavelength was 
used for the light source. 
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Figure 2 (a) The viscosity evolution of AC-CME frequency spectra, and 
(b) the dependence of 0 on ． 
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Abstract 

     Conjugation of mAb–IRDye700DX (mAb-IR700) to dextran-coated 
superparamagnetic iron oxide nanoparticles (nanomag-D-spio) yielded nanomag-D-spio-
mAb-IR700, enabling dual imaging (IR700 fluorescence/MRI) and targeted cytotoxicity 
upon 690-nm irradiation. The conjugate retained antigen selectivity, exhibited activatable 
NIR fluorescence after cellular uptake, generated negative T1- and T2-weighted MRI 
contrast, and demonstrated robust, cycle-enhanced photothermal performance.  
Keywords: iron nanoparticle, near infrared photoimmunotherapy (NIR-PIT), theranostics 
imaging, magnetic resonance imaging (MRI), photothermal therapy (PTT) 

 
1. Introduction 
Antibody preparations, particularly antibody-drug 

conjugates (ADCs), have recently become key drugs in 
cancer and infectious disease treatments. Against this 
backdrop, the applicant has conducted research on Near 
Infrared Photoimmunotherapy (NIR-PIT), which 
involves attaching photosensitizers to antibodies as 
ADCs1. This therapy employs a mechanism entirely 
distinct from conventional anticancer modalities. After 
the antibody-photosensitizer complex binds to the 
tumor target site, irradiation with near-infrared light 
triggers a photochemical reaction that leads to cell lysis. 
The authors demonstrated this photochemical reaction-
induced cell death in 20182. Due to the specificity of this 
cell death, NIR-PIT is attracting attention and is 
anticipated as the “fifth cancer treatment” (Figure 1). 
Furthermore, the authors elucidated its detailed 
molecular mechanism and named this novel cell death 
“Photochemosis”3.  

Variable efficacy among patients who are treated 
with ADC is a big issue in the clinic, attributed to 
differences in target antigen expression and ADC 
metabolism between individuals. Understanding the 
extent of target binding relative to ADC administration 
could enable ADC optimization. Regarding NIR-PIT, 

quantifying target binding prior to light irradiation 
would enable flexible optimization of light dose to 
maximize therapeutic efficacy for each patient. To 
address these challenges, it would be groundbreaking to 
evaluate the actual accumulation of antibody 
preparations and ADCs at the patient's target lesion site 
using existing imaging techniques. This research aims 
to establish a next-generation photodynamic composite 
cancer therapy platform for cancers that remain 
incurable, realizing photothermal-chemotherapeutic 
nanotherapeutics that simultaneously achieve magnetic 
imaging and treatment. 

 

Figure 1．．Scheme of NIR-PIT 
 
2. Method 
2.1 Antibody Conjugation 
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Bridged panitumumab-IR700 via carboxylic acid 
crosslinking with carbodiimide compounds (Antibody 
Fe-nano conjugates; AFC, pan-IR700-AFC). 
Transmission electron microscopy images of the 
prepared drug were acquired using a JEM-F200 
microscope. The absorbance of the drug was measured 
using a UV-1900i Plus (Shimadzu Corporation). 
 
2.2 Drug Property Evaluation Methods 
Magnetic properties were detected using a vibrating 
sample magnetometer (Riken Electronics). MR images 
were acquired using an MR imager (MR VivoLVA). 
Real-time temperature-labeled thermal images were 
recorded using a FLIR C2 IR thermal camera (FLIR 
Systems, Inc.). 690 nm laser irradiation was performed 
using an MLL-III-690 (Changchun New Industry 
Optoelectronic Technology Co., Ltd.). The Fenton 
reaction was tested by mixing 1 mM GSH solution with 
drug mixtures containing 10 μg/mL 
methylchloroisothiazolin-4-one (MB) and 20 mM 
hydrogen peroxide (H2O2) under different pH values 
(5.4, 6.4, or 7.4) and temperature conditions. To 
investigate enhanced ·OH generation under NIR 
irradiation, laser irradiation (200 mW/cm²) was applied 
after adding 10 μg/mL MB and 20 mM H2O2 under pH 
5.4 conditions. As a control, 10 μg/mL MB was mixed 
into each sample at the same concentration. ·OH 
generation was evaluated based on MB degradation and 
measured by the decrease in absorbance via 
spectrophotometry. 
 
2.3 in vitro Cell Evaluation Method 
Binding to EGFR-overexpressing A431 and MDA-
MB-468 cells, and EGFR-low-expressing H661 cells 
was evaluated by measuring binding via flow cytometry. 
Cells (1 × 105) were incubated with pan-IR700-AFC in 
RPMI-1640 complete medium at 37°C for 6 hours. A 
competitive assay with excess panitumumab (1 µg) was 
performed to confirm the binding specificity of the 
novel conjugate. Cells were analyzed using a flow 
cytometer (DxFLEX; Beckman Coulter), and results 
were analyzed using FlowJo v10 (Beckman Coulter).  
Fluorescence microscopy observations were performed 

using A1Rsi; Nikon Instech. A431 cells (2 × 104) were 
seeded in glass-bottom dishes and cultured for 24 hours. 
Subsequently, 10 μg/mL pan-IR700-AFC was added to 
the culture medium, and cells were cultured at 37°C for 
6 hours. Cells were then washed twice with PBS. 
Propidium iodide (final concentration 2 μg/mL) and 
SYTOX blue (final concentration 2 μg/mL), used to 
detect cell death, were added 20 minutes prior to 
microscopic observation. Cells were irradiated with 
NIR light (16 J/cm2), and continuous microscopic 
images were acquired. 
 
2.4 in vivo Imaging Evaluation 
All in vivo procedures were performed in accordance 
with the policies of the Nagoya University Animal 
Experiment Committee. All mice were purchased from 
SLC Japan Co., Ltd. Mice were anesthetized with 
isoflurane during experimental procedures. A431-luc-
GFP cells (2 × 106 cells) were implanted into the right 
dorsal region of 8–12-week-old Balb/C-Slc-nu/nu mice. 
Tumors exceeding 1 cm in diameter were used. IR700 
fluorescence imaging was performed using PEARL 
(LICOR) and MRI imaging using MR VivoLVA. 
 
3. Results 
3.1 Antibody Conjugation to Iron Nanoparticles 
Iron nanoparticles (IONP), antibody (anti-EGFR 
antibody panitumumab), and IR700 were used to create 
iron nanoparticle-antibody complexes (Antibody Fe-
nano conjugates; AFC) via a condensation reaction of 
COOH functional groups (pan-IR700-AFC; hereinafter 
AFC). Iron nanoparticles with a size of 20 nm were used 
(Figure 2a). Panitumumab, an anti-EGFR antibody, was 
used. After evaluating multiple conditions, the reaction 
was performed to prepare the conjugate. In absorbance 
measurements, the absorbance of the antibody-IR700 
complex was quenched and disappeared upon 
attachment to the iron nanoparticles (Figure 2b). 

 

18



Figure 2. Properties of the Antibody Fe-nano 
Conjugates (AFC) 
a. AFC composition: Schematic diagram of 
panitumumab-IR700 and iron nanoparticle binding 
b. Absorption spectra of AFC, iron nanoparticles, and 
pan-IR700 
 

3.2 Magnetic Imaging Evaluation of AFC, 
Photothermal Effect, and Fenton Reaction 

The negative contrast effect of the AFC prepared in 
Section 2.1 was evaluated under T1-weighted and T2-
weighted MRI conditions. A concentration-dependent 
negative contrast effect was observed (Figure 3a). 
Furthermore, photothermal effects under 690 nm near-
infrared irradiation were evaluated, yielding a favorable 
temperature increase (Figure 3b). Additionally, a Fenton 
reaction using methylene blue demonstrated irradiation-
dose-dependent enhancement, confirming that this 
material provides Chemodynamic Therapy (CDT) 
effects in addition to photothermal effects (Figure 3c).     
The thermal conversion efficiency (PCE) of this 
material was 29.21%, confirming sufficient 
photothermal effects. 

 

Figure 3. MRI Contrast, Photothermal, and Fenton 
Reaction Capabilities of Iron Nanoparticles 
a. MRI Negative Contrast Capability of Iron 
Nanoparticles 
b. Photothermal Effect of Iron Nanoparticles 
c. Fenton Reaction of Iron Nanoparticles 
 

3.3 In vitro evaluation of AFC's activatable 
fluorescent probe and magnetic imaging 

Based on the results in Figure 2b, it was considered 
that ferricarbotran nanoparticles quenched the 
fluorescence of pan-IR700, and AFC did not retain 
fluorescence. To investigate the possibility of 
dequenching (re-emission) due to intracellular 
metabolism, dequenching was examined by adding 
10% SDS. Upon SDS addition, the quenched 
fluorescence reappeared and increased by 2-3 fold 
(Figure 4a). This confirmed that AFC is an activatable 
probe that binds to cells, undergoes endocytosis into the 
cell, and then emits fluorescence. Furthermore, to 
evaluate stability in blood, assessment in mouse serum 
revealed that dequenching did not occur and the probe 
remained stable in blood (Figure 4b). 

To examine targeting, AFC binding was analyzed 
using a flow cytometer on EGFR-high-expressing 
cancer cells (breast cancer: MDAMB-468, skin cancer: 
A431) and EGFR-low/non-expressing cancer cells 
(lung cancer: H661, mouse cells: 3T3). Fluorescence of 
pan-AFC was observed in EGFR-high cells, and this 
fluorescence was inhibited by the addition of excess 
panitumumab, suggesting specific binding. In contrast, 
no fluorescence was detected in EGFR-low/non-
expressing cells, confirming no binding (Figure 4c). 
Furthermore, when imaging cell aggregates in tubes 
while bound, AFC-bound samples appeared as negative 
contrast agents on MRI, while IR700-containing 
samples could be evaluated by fluorescence (Figure 4d). 

Next, in vitro cell death effects were examined. Both 
pan-IR700 and AFC induced cell death upon 690 nm 
light irradiation via photochemosis. However, AFC 
induced significantly greater cell death, likely due to the 
additive effects of its Fenton reaction and thermoelectric 
effects (Figure 4e). 
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Figure 4. Properties of AFC and Target Cell Death 

Effects 
a. Evaluation of AFC's Decoupling Ability 
b. Evaluation of AFC's Stability in Blood 
c. Fluorescence Evaluation of AFC's Target Cell 

Binding 
d. MRI Contrast Ability and Fluorescence Evaluation 

of AFC-Bound Cell Clusters 
e. Quantitative Evaluation of AFC Target Cell 

Binding and Cell Death Induction by 690 nm 
Light Irradiation 

 

3.4 In vivo evaluation of AFC as an activatable 
fluorescent probe and magnetic imaging agent 

To evaluate magnetic imaging and IR700 fluorescence 
in vivo, we assessed the in vivo dynamics of AFC via 
intravenous administration in a mouse human tumor 
xenograft model (Figure 5a). 

The imaging progression shows the tumor region, 
originally appearing as high intensity on T1- and T2-
weighted MRI, gradually becoming negative over 1 to 
9 hours. After peaking between 12 hours and 1 day, the 
drug began to clear again from day 2, with dynamics 
detected as an MRI molecular targeted negative contrast 
agent, returning to pre-administration levels by day 7 
(Figure 5b). IR700 fluorescence gradually increased 
immediately after administration, peaked between 9 and 
12 hours, remained stable until day 2, and then gradually 

decreased from day 3 (Figure 5b). This demonstrated 
that AFC can be used as a dual-imaging agent: IR700 
fluorescence for molecularly targeted imaging and the 
magnetic particles for MRI-negative contrast. 

 

 

Figure 5. In vivo pharmacokinetics of AFC and its effect 
on target tumors 
a. Imaging procedure for MRI and IR700 fluorescence 
in vivo evaluation 
b. Time-course IR700 fluorescence and MRI images of 
mouse tumor models 
 
4. Discussion 
We developed an AFC by integrating panitumumab-
IR700 with iron nanoparticles (dextran-coated 
superparamagnetic iron oxide), creating a magnetically 
trackable EGFR-targeted NIR-PIT platform. This 
yielded a single diagnostic agent with MRI visibility 
and cytotoxicity under near-infrared irradiation. In vitro, 
this complex retained EGFR selectivity and induced 
stronger cell death than panitumumab-IR700 alone. 
This suggests that the photochemical cell death 
mechanism (photochemosis) of NIR-PIT is 
synergistically enhanced, further augmented by PTT 
(photothermal therapy) and CDT (photochemical death). 
These multiple cell death mechanisms are thought to 
contribute to enhanced antitumor effects. It is expected 
to function as a new platform capable of evaluating the 
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extent of NIR-PIT drug binding. 
Moving forward, we plan to conduct studies using 

mouse models to verify its efficacy as a preclinical test. 
If efficacy is confirmed, it could become a drug capable 
of simultaneously delivering NIR-PIT, CDT, and PTT 
in combination. Inorganic particle drugs are not 
currently approved, and we intend to continue future 
research. 
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Abstract 
     Abnormalities and alterations in the glycolytic pathway in the pathology of 
neurodegenerative diseases and brain aging have recently received much attention. 
Hyperpolarized [1-13C]pyruvate magnetic resonance spectroscopy (MRS) holds great 
promise for neurological applications because it enables real-time detection of glycolytic 
and oxidative phosphorylation fluxes in vivo. In this study, we compared hyperpolarized 
[1-13C]pyruvate metabolism in the brains of awake mice and isoflurane-anesthetized 
mice using a custom-built awake mouse restraint device with MR spectroscopic imaging 
(MRSI), which enables spatial mapping of metabolism. Furthermore, we compared 
hyperpolarized [1-13C]pyruvate metabolism in the brains of young and aged mice using 
awake MRSI. The results demonstrated that hyperpolarized [1-13C]pyruvate MRSI under 
awake conditions is useful for the spatial detection of abnormalities and alterations in 
glycolysis and oxidative phosphorylation flux in the brains of mice. Thus, the use of 
hyperpolarized [1-13C]pyruvate MRSI has potential in pathological and mechanistic 
studies of brain diseases and brain aging. 
 
Keywords: hyperpolarized [1-13C]pyruvate, chemical shift imaging, mouse brain, awake 
condition, aging 

 
1. PURPOSE 

Despite the increasing prevalence of Alzheimer’s 
disease (AD) associated with the progression of a 
super-aging society, the mechanisms underlying its 
onset remain unclear. Recently, increasing attention 
has been paid to the involvement of metabolic 
abnormalities in the pathophysiology of AD. Pyruvate 
is a key metabolic intermediate at the intersection of 
glycolysis and aerobic metabolism. In brain energy 
metabolism, the astrocyte–neuron lactate shuttle has 
been proposed, in which lactate produced from 
pyruvate in astrocytes is supplied to and utilized by 
neurons (Figure 1). We have previously demonstrated, 
using clinical proton (¹H) magnetic resonance 
spectroscopy (MRS), that increases in reactive 

astrocytes and lactate concentrations in the posterior 
cingulate cortex of patients with Alzheimer’s disease 
correlate with disease severity 1）. In addition, clinical 
positron emission tomography studies have suggested 
that cerebral glucose metabolism declines with aging 
in the human brain 2）. The aim of this study was to 
elucidate, in detail, alterations in brain energy 
metabolism associated with AD pathology and aging 
in the living brain by applying hyperpolarized MRS 
technology, which enables highly sensitive, real-time 
measurements of pyruvate metabolism in vivo. To 
spatially visualize brain energy metabolism using 
hyperpolarized [1-¹³C]pyruvate as a contrast agent, we 
established an experimental system that enables 
hyperpolarized MRS evaluation of the mouse brain 
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under awake conditions. Furthermore, by applying this 
system to aged mice, we sought to present examples of 
applications that could contribute to basic neuroscience 
research and brain disease studies aimed at elucidating 
mechanisms of brain development and aging through 
novel in vivo information on brain energy metabolism. 

 

 
Figure 1. Brain energy metabolism (astrocyte–neuron 
lactate shuttle). 
 
2. METHOD 
 To compare brain metabolism of hyperpolarized 
[1-¹³C]pyruvate between awake and 
isoflurane-anesthetized mice, we developed an 
MRI-compatible awake mouse restraint device and a 
head plate for securely fixing the mouse to the device, 
thereby establishing a dedicated measurement system 
(Figure 2) 3）. Two-month-old C57BL/6N mice and 
C57BL/6J mice aged either 2.5 months (young) or 19 
months (aged) were used in the experiments. Under 
isoflurane anesthesia, a head plate was attached to the 
skull of each mouse. Hyperpolarized MRS 
measurements were performed using a BioSpec 3T 
preclinical MR scanner (Bruker BioSpin). After 
positioning the mouse fixed in the awake restraint 
device inside the MR scanner, T2-weighted images 
were acquired. Subsequently, a hyperpolarized 
[1-¹³C]pyruvate solution (10 µL per g body weight) 
was administered via the tail vein, and ¹³C free 
induction decay chemical shift images were acquired 
starting 4 seconds after injection. Peak intensities of 
each metabolite were measured and overlaid on the 
T2-weighted images to generate hyperpolarized ¹³C 

metabolite maps. 
 

 
Figure 2. Blueprint (left) and schematic diagram (right) 
of the awake mouse restraint device. 
 
3. RESULTS 
Construction of a measurement system enabling 
hyperpolarized MRS evaluation of the mouse brain 
under awake conditions 
 

 

Figure 3. Evaluation of hyperpolarized [1-13C]pyruvate 
metabolism in the orbitofrontal cortex (OFC) and 
hippocampus of isoflurane-anesthetized and awake 
C57BL/6N mice using magnetic resonance imaging 
(MRSI). 
 

Using the developed awake mouse restraint device 
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and an MRSI method that enables spatial visualization 
of metabolism, we compared brain metabolism of 
hyperpolarized [1-¹³C]pyruvate between awake and 
isoflurane-anesthetized mice. Signals corresponding to 
lactate derived from hyperpolarized [1-¹³C]pyruvate, 
an indicator of glycolytic flux, were detected in 
multiple brain regions, including the OFC and 
hippocampus (Figure 3) 3 ） . In contrast, signals 
corresponding to bicarbonate derived from 
hyperpolarized [1-¹³C]pyruvate, an indicator of 
oxidative phosphorylation flux, were below the 
detection limit in the OFC and hippocampus under 
isoflurane anesthesia but were detectable under awake 
conditions. 
 
Analysis of age-related changes in brain energy 
metabolism using awake hyperpolarized 
[1-¹³C]pyruvate MRSI 

Using awake MRSI, we compared hyperpolarized 
[1-¹³C]pyruvate metabolism between young and aged 
mouse brains. No significant difference in the 
lactate-to-pyruvate ratio was observed between young 
and aged mice (Figure 4) 3）. Similarly, no significant 
difference in the bicarbonate-to-pyruvate ratio was 
observed in the OFC between young and aged mice. 
However, in the hippocampus, the 
bicarbonate-to-pyruvate ratio was significantly 
reduced in aged mice compared with young mice. 
 

 
Figure 4. Comparison of hyperpolarized [1-13C]pyruvate

metabolism in the OFC and hippocampus between 
young and aged C57BL/6J mice using awake MRSI 
 
4. DISCUSSION 

The results of this study demonstrate the feasibility 
of spatially mapping metabolism from hyperpolarized 
[1-¹³C]pyruvate to lactate and bicarbonate in the awake 
mouse brain. Furthermore, the established awake 
hyperpolarized ¹³C MRSI evaluation system revealed 
age-related reductions in oxidative phosphorylation 
flux in brain regions including the hippocampus, with 
the magnitude of these changes differing across brain 
regions. This study provides experimental evidence 
that hyperpolarized [1-¹³C]pyruvate MRSI under 
awake conditions is a useful tool for the spatial 
detection of abnormalities and alterations in glycolytic 
and oxidative phosphorylation fluxes in the mouse 
brain, a widely used disease model. In the future, 
hyperpolarized [1-¹³C]pyruvate MRSI is expected to 
be applied to pathophysiological studies of brain 
diseases, evaluation of disease-modifying therapies, 
and basic neuroscience research aimed at elucidating 
the mechanisms of brain development and aging. 
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Abstract 
     This study aimed to bridge transcranial magnetic stimulation (TMS) and 
magnetoencephalography (MEG) by integrating experimental and computational 
approaches. First, motor evoked potentials (MEPs) were successfully recorded from 
trunk muscles, identifying optimal stimulation parameters. Second, the precision and 
accuracy of resting motor threshold (RMT) estimation were quantitatively evaluated, 
demonstrating early convergence of precision and later achievement of accuracy. Finally, 
simulation studies based on the Lorentz reciprocity theorem were initiated to estimate 
TMS-induced electric fields. These findings contribute to improving the reliability and 
interpretability of TMS-based neuromodulation. 
 
Keywords: transcranial magnetic stimulation (TMS), magnetoencephalography (MEG) 

 
1. PURPOSE 

Among non-invasive brain stimulation 
methods, transcranial magnetic stimulation (TMS) is 
the only technique capable of directly inducing action 
potentials in the human brain. 
Magnetoencephalography (MEG) provides superior 
spatial resolution compared to electroencephalography 
(EEG) and offers high temporal resolution, allowing 
precise estimation of neural activity sources. Despite 
their complementary strengths, studies integrating 
these two modalities remain limited. The present study 
aimed to bridge TMS and MEG through both 
experimental and computational approaches. 

Repetitive TMS (rTMS), which delivers 
stimuli at a constant rhythm, has attracted considerable 
attention for its therapeutic effects on neuropsychiatric 

disorders. However, the parameter space of rTMS is 
vast, making it neither efficient nor rational to directly 
design therapeutic protocols without sufficient 
physiological grounding. Motor evoked potentials 
(MEPs), elicited by TMS over the primary motor 
cortex, are widely used as a practical measure to 
estimate TMS effects. In this study, we first explored 
novel target muscles for TMS-MEP by focusing on 
trunk muscles (Section 2-1). We then evaluated the 
performance of resting motor threshold (RMT) 
measurements in terms of precision and accuracy 
(Section 2-2), both of which have already been 
reported as published studies. Furthermore, to facilitate 
integration with MEG, we initiated simulation studies 
based on the Lorentz reciprocity theorem (Section 
2-3).  
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2. METHOD 
2-1. MEP recording from trunk muscles 

Healthy volunteers were recruited, and 
MEPs were recorded from trunk muscles, specifically 
the external oblique muscle, using TMS. Participants 
were divided into younger and older groups, and 
written informed consent was obtained from all 
individuals without contraindications to TMS. A 
double-cone coil was used, and the stimulation site 
was explored around the Cz position based on the 
international 10–20 system to identify the hot spot 
where the largest MEP amplitude was obtained. 

In the younger group, coil orientation was 
systematically varied in eight directions at 45-degree 
intervals to evaluate its effect on corticospinal 
excitability, particularly on indirect waves (I-waves). 
Surface electromyography (EMG) was recorded from 
the right external oblique muscle, while participants 
maintained mild voluntary contraction. The active 
motor threshold (AMT) was determined for each 
condition, and responses were recorded at 120% of 
AMT. Stimulation was applied to both hemispheres, 
allowing comparison between contralateral and 
ipsilateral responses. MEP latency and threshold were 
analyzed statistically across conditions. 
 
2-2. Precision and accuracy of TMS-MEP 

In clinical laboratory medicine, performance 
of a test is evaluated in terms of precision (the 
reproducibility of repeated measurements) and 
accuracy (the closeness to the true value). In this study, 
the performance of RMT estimation using TMS was 
assessed from these two perspectives. 

A total of 53 healthy participants were 
included, and MEPs were recorded from the right first 
dorsal interosseous muscle. A figure-of-eight coil was 
used, and two target amplitudes (0.05 mV and 0.2 mV) 
were defined as RMT0.05 and RMT0.2, respectively. 
Threshold estimation was performed using a sequential 
adaptive algorithm based on maximum likelihood 
estimation (MLE). For each condition, 30 trials were 
conducted, and stimulation intensity was updated 
based on the presence or absence of MEPs. 

Precision was defined as whether the last 
three estimates fell within ±2% of the maximum 
stimulator output (MSO), while accuracy was defined 
as whether each estimate fell within ±5% of a 
reference value calculated from the mean of the final 
six trials. The convergence point was defined as the 
first trial at which these criteria were satisfied and 
maintained thereafter. Data from all sessions were 
pooled for analysis. 
2-3. Simulation of TMS effects 

In recent years, attempts have been made to 
estimate TMS effects using EEG in addition to MEPs. 
In this study, we focused on the correspondence 
between the MEG inverse problem and the TMS 
forward problem based on the Lorentz reciprocity 
theorem. Numerical simulations were conducted using 
head models to improve the estimation of 
TMS-induced electric fields. Specifically, simulations 
were performed using SimNIBS, in which tissue 
parameters were varied to examine their effects on the 
spatial distribution and magnitude of induced electric 
fields. 
 
3. RESULTS 
2-1. MEP recording from trunk muscles 

MEPs from the external oblique muscle 
were successfully obtained in all participants with 
contralateral stimulation, whereas ipsilateral MEPs 
were observed only in a subset of participants in both 
younger and older groups. Analysis of coil orientation 
revealed that stimulation inducing an antero-medial 
current in the brain produced the shortest onset latency 
and the lowest AMT for both contralateral and 
ipsilateral conditions (Fig. 1, cited from ref 1). 
Specifically, contralateral stimulation yielded a latency 
of 15.8 ± 1.4 ms and an AMT of 44.9 ± 7.5% MSO, 
while ipsilateral stimulation showed a latency of 17.8 
± 1.9 ms and an AMT of 56.1 ± 10.0% MSO. 
Furthermore, contralateral stimulation resulted in 
significantly shorter latency and lower AMT compared 
to ipsilateral stimulation. These findings suggest that 
an antero-medial current direction is optimal for 
activating trunk muscles via TMS. 
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1. PURPOSE 

Among non-invasive brain stimulation 
methods, transcranial magnetic stimulation (TMS) is 
the only technique capable of directly inducing action 
potentials in the human brain. 
Magnetoencephalography (MEG) provides superior 
spatial resolution compared to electroencephalography 
(EEG) and offers high temporal resolution, allowing 
precise estimation of neural activity sources. Despite 
their complementary strengths, studies integrating 
these two modalities remain limited. The present study 
aimed to bridge TMS and MEG through both 
experimental and computational approaches. 

Repetitive TMS (rTMS), which delivers 
stimuli at a constant rhythm, has attracted considerable 
attention for its therapeutic effects on neuropsychiatric 

disorders. However, the parameter space of rTMS is 
vast, making it neither efficient nor rational to directly 
design therapeutic protocols without sufficient 
physiological grounding. Motor evoked potentials 
(MEPs), elicited by TMS over the primary motor 
cortex, are widely used as a practical measure to 
estimate TMS effects. In this study, we first explored 
novel target muscles for TMS-MEP by focusing on 
trunk muscles (Section 2-1). We then evaluated the 
performance of resting motor threshold (RMT) 
measurements in terms of precision and accuracy 
(Section 2-2), both of which have already been 
reported as published studies. Furthermore, to facilitate 
integration with MEG, we initiated simulation studies 
based on the Lorentz reciprocity theorem (Section 
2-3).  
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2-2. Precision and accuracy of TMS-MEP 
The temporal evolution of precision and 

accuracy in RMT estimation was evaluated using 
pooled data from 185 sessions. Precision was achieved 
relatively early, with more than 95% of sessions 
meeting the criterion within approximately 11 trials 
(Fig. 2, cited from ref 2). In contrast, accuracy required 
more trials, reaching the 95% criterion at around 18 
trials for both RMT0.05 and RMT0.2 conditions. 
These results indicate that while stable estimates 
(precision) can be obtained early in the measurement 
process, additional trials are necessary to ensure that 
the estimates accurately reflect the true threshold. This 
suggests that the number of trials in TMS-based 
threshold measurements should be optimized by 
considering both precision and accuracy. 
2-3. Simulation of TMS effects 

This part of the study has not yet reached a 

definitive conclusion. However, preliminary 
simulations using individual MRI-based head models 
suggest that variations in tissue parameters can 
influence both the magnitude and spatial distribution 
of TMS-induced electric fields. 
 
4. DISCUSSION 

In this study, we aimed to integrate 
experimental TMS measurements with computational 
modeling approaches related to MEG to bridge the two 
methodologies. As a result, we successfully published 
findings related to TMS-MEP measurements. 
Although the MEG-related modeling component has 
not yet yielded results sufficient for publication, the 
data obtained thus far provide a valuable foundation 
for improving the predictive accuracy of (r)TMS 
effects in future studies. 
 

Fig. 2. Precision and accuracy of the threshold hunting estimation, from ref 2). 

Fig. 1. MEP latency and AMT for the external oblique muscle, from ref 1). 
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Abstract 
     In this study, we aimed to develop an effective cancer magnetothermal 
chemotherapy using liposome-modified mesenchymal stem cells (MSCs) in combination 
with an alternating magnetic field (AMF). Gemcitabine-loaded liposome-modified MSCs 
significantly inhibited tumor growth, and its effect was further enhanced in combination 
with hyperthermia. On the other hand, the anti-tumor efficacy of liposome-modified 
MSCs was not enhanced by the presence of AMF exposure. This may be attributed to the 
insufficient magnetic flux density of the AMF generator used in this study. Currently, we 
are investigating the optimization of parameters, such as the particle size of iron oxide 
magnetic nanoparticles and their loading amount into MSCs to achieve efficient heat 
generation under an AMF. 
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1. Purpose 

Cancer cells are known to exhibit higher 
thermosensitivity than normal cells, and exposure to 
heat further enhances their sensitivity to anti-cancer 
drugs. Based on these properties, “magnetothermal 
chemotherapy,” which combines localized tumor 
heating using iron oxide magnetic nanoparticles and an 
alternating magnetic field (AMF) with anti-cancer 
agents, is expected to be an effective novel cancer 
therapy. In developing this therapeutic strategy, the 
selective and simultaneous delivery of magnetic 
nanoparticles and anti-cancer drugs to tumor tissues is 
a critical factor determining its therapeutic efficacy and 
safety. 

We have previously developed mesenchymal 
stem cells (MSCs) modified with liposomes 
encapsulating both anti-cancer drugs and iron oxide 
magnetic nanoparticles (liposome-modified MSCs), 
and demonstrated that these cells can accumulate in 
tumor tissues while stably carrying both agents.¹ 

In this study, we aimed to develop an effective 
magnetothermal chemotherapy using liposome- 
modified MSCs in combination with an AMF. 
 
2. Methods 
Preparation of gemcitabine-encapsulated liposome- 
modified MSCs: Gemcitabine (GEM) was 
encapsulated into anionic liposome/atelocollagen 
complexes containing iron oxide magnetic 
nanoparticles, which we previously developed. The 
complex was then added to mouse bone 
marrow–derived MSCs, and the cells were cultured for 
30 min under a magnetic field to obtain 
liposome-modified MSCs. 
Evaluation of the anti-tumor efficacy of 
GEM-encapsulated liposome-modified MSCs with 
hyperthermia: A solid tumor model was established 
by subcutaneous inoculation of B16/BL6 mouse 
melanoma cells. Liposome-modified MSCs were 
intravenously administered to the tumor-bearing mice. 
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After 24 h, the tumor tissues were immersed in a 42 °C 
water bath for 30 min. Tumor volumes were then 
measured over time. 
Evaluation of tumor temperature elevation by 
combining GEM-encapsulated liposome-modified 
MSCs with an AMF: An AMF was applied to the 
tumor tissue for 30 min at 24 h after intravenous 
administration of liposome-modified MSCs to 
tumor-bearing mice. During magnetic field exposure, 
tumor temperature was monitored over time using a 
thermographic camera. 
 
3. Results 

Intravenous administration of GEM-encapsulated 
liposome-modified MSCs to tumor-bearing mice 
resulted in significant inhibition of tumor growth, and 
this effect was markedly enhanced in combination 
with hyperthermia. Notably, hyperthermia alone 
exhibited little tumor growth inhibition. Furthermore, 
the anti-tumor efficacy of GEM-encapsulated 
liposome-modified MSCs combined with 
hyperthermia was substantially greater than that 
observed with the co-administration of GEM and iron 
oxide magnetic nanoparticles combined with 
hyperthermia. 

In contrast, when GEM-encapsulated liposome- 
modified MSCs were combined with an AMF, only a 
slight increase in tumor temperature was observed, and 
the temperature did not exceed 40°C. Consistently, no 
significant difference in anti-tumor efficacy was 
observed between treatments with and without 
application of an AMF. Extending the duration of 
magnetic field exposure from 30 min to 1 h yielded 
similar results. 
 
4. Discussion 

In the solid tumor model, hyperthermia alone did 
not exhibit a significant anti-tumor efficacy, suggesting 

that the enhanced tumor growth inhibition observed 
with GEM-encapsulated liposome-modified MSCs 
under hyperthermic conditions is attributable to 
increased chemosensitivity of cancer cells. Moreover, 
compared with the co-administration of GEM and iron 
oxide magnetic nanoparticles, the superior anti-tumor 
efficacy of GEM-encapsulated liposome-modified 
MSCs is likely due to the simultaneous delivery of 
both GEM and magnetic nanoparticles to tumor tissues 
by MSCs, enabling efficient exposure of 
chemosensitized cancer cells to GEM. 

On the other hand, one possible reason for the 
insufficient heating effect observed with the 
combination of GEM-encapsulated liposome-modified 
MSCs and an AMF is the magnetic flux density. The 
magnetic field generator used in this study provided a 
flux density of 20 mT, which was likely insufficient to 
induce effective heat generation from the iron oxide 
magnetic nanoparticles. We are currently investigating 
the optimization of parameters such as the particle size 
of the magnetic nanoparticles and their loading amount 
in liposome-modified MSCs to achieve efficient heat 
generation under an alternating magnetic field.  
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Abstract 
     In this study, we aimed to develop an effective cancer magnetothermal 
chemotherapy using liposome-modified mesenchymal stem cells (MSCs) in combination 
with an alternating magnetic field (AMF). Gemcitabine-loaded liposome-modified MSCs 
significantly inhibited tumor growth, and its effect was further enhanced in combination 
with hyperthermia. On the other hand, the anti-tumor efficacy of liposome-modified 
MSCs was not enhanced by the presence of AMF exposure. This may be attributed to the 
insufficient magnetic flux density of the AMF generator used in this study. Currently, we 
are investigating the optimization of parameters, such as the particle size of iron oxide 
magnetic nanoparticles and their loading amount into MSCs to achieve efficient heat 
generation under an AMF. 
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1. Purpose 

Cancer cells are known to exhibit higher 
thermosensitivity than normal cells, and exposure to 
heat further enhances their sensitivity to anti-cancer 
drugs. Based on these properties, “magnetothermal 
chemotherapy,” which combines localized tumor 
heating using iron oxide magnetic nanoparticles and an 
alternating magnetic field (AMF) with anti-cancer 
agents, is expected to be an effective novel cancer 
therapy. In developing this therapeutic strategy, the 
selective and simultaneous delivery of magnetic 
nanoparticles and anti-cancer drugs to tumor tissues is 
a critical factor determining its therapeutic efficacy and 
safety. 

We have previously developed mesenchymal 
stem cells (MSCs) modified with liposomes 
encapsulating both anti-cancer drugs and iron oxide 
magnetic nanoparticles (liposome-modified MSCs), 
and demonstrated that these cells can accumulate in 
tumor tissues while stably carrying both agents.¹ 

In this study, we aimed to develop an effective 
magnetothermal chemotherapy using liposome- 
modified MSCs in combination with an AMF. 
 
2. Methods 
Preparation of gemcitabine-encapsulated liposome- 
modified MSCs: Gemcitabine (GEM) was 
encapsulated into anionic liposome/atelocollagen 
complexes containing iron oxide magnetic 
nanoparticles, which we previously developed. The 
complex was then added to mouse bone 
marrow–derived MSCs, and the cells were cultured for 
30 min under a magnetic field to obtain 
liposome-modified MSCs. 
Evaluation of the anti-tumor efficacy of 
GEM-encapsulated liposome-modified MSCs with 
hyperthermia: A solid tumor model was established 
by subcutaneous inoculation of B16/BL6 mouse 
melanoma cells. Liposome-modified MSCs were 
intravenously administered to the tumor-bearing mice. 
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Abstract 
     19F magnetic resonance imaging (19F MRI) enables the visualization of the in vivo 
localization of fluorine-containing probes and has attracted significant attention for tumor 
imaging applications. In this study, we report the development of a nanoscale 19F MRI 
contrast agent by employing lipid nanodiscs, achieving a particle size of approximately 
10 nm. By leveraging the unique structural features of nanodiscs—namely their small 
size and the high mobility of constituent lipid molecules —we incorporated 19F-labeled 
phospholipids into the nanodisc structure to function as an effective contrast agent. The 
resulting probe exhibited reduced hepatic uptake and rapid renal clearance in vivo. 
Furthermore, surface PEGylation of the nanodiscs successfully enhanced their blood 
circulation time. 
 
Keywords: 19F MRI, nanodisc, lipid, probe 

 
1. PURPOSE 

Magnetic resonance imaging (MRI) is widely used 
in medical applications because it enables noninvasive 
imaging in vivo.1 While conventional MRI detects 
signals from 1H nuclei, 19F MRI obtains signals from 
19F-containing contrast agents, allowing the 
distribution of the agents to be visualized 
independently of 1H MRI. Consequently, 19F MRI has 
attracted considerable attention as a technique for 
visualizing contrast agent distribution with high 
contrast, owing to its negligible endogenous 
background signals. 

In the design of 19F MRI contrast agents, it is 
necessary to incorporate a large number of highly 
mobile 19F nuclei within the probe to increase the local 
fluorine concentration and sensitivity. Based on this 
design principle, emulsions consisting of highly 
mobile fluorinated liquids solubilized by surfactants, as 
well as nanoparticles with emulsion surfaces coated 
with silica or metals, have been developed. However, 

these systems suffer from significant hepatic uptake 
and long -term accumulation, primarily due to their 
large particle sizes (typically exceeding 100 nm) and 
rigid surface properties. 

To develop a 19F MRI contrast agent that satisfies 
these requirements, we focused on lipid nanodsics. 
Lipid nanodiscs are nanoscale particles in which a 
phospholipid bilayer is solubilized into a discoidal 
structure by amphiphilic polymers or proteins, and 
they have recently been explored for drug delivery 
applications.2) The lipid molecules within nanodiscs 
exhibit high mobility due to their translational and 
rotational motions. Therefore, by incorporating 
19F-labeledphospholipids into nanodiscs, it is possible 
to construct nanoparticles containing highly mobile 19F 
nuclei. 

Lipid nanodiscs possess high size stability, do not 
require inorganic materials, and typically have 
diameters of 10-20 nm, making them well suited for 
delivery to tumor tissues. Based on these 
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characteristics, we hypothesized that nanodiscs 
incorporating 19F-labeled phospholipids could servev 
as effective 19F MRI contrast agents for the selective 
visualization of tumor tissues. 

 
2. METHODS 

After preparing liposomes using chemical 
synthesized 19F-labeled phospholipids, discoidal 19F 
MRI contrast agents were obtained by solubilizing the 
liposomes with an amphiphilic polymer, 
styrene-maleic acid copolymer. For surface 
modification, 20 mol% PEGylated phospholipids were 
incorporated during liposome preparation. 

The particle size of the nanoparticle was 
characterized by dynamic light scattering and 
transmittion electron microscopy. The MR relaxation 
properties of the 19F nuclei within the nanoparticles 
were evaluated by 19F MR spectroscopy. Furthermore, 
19F MRI was employed to visualize the distribution of 
the contrast agents in both phantom samples and in 
vivo in mice. 

 
3.RESULTS 

The prepared discoidal MRI contrast agents 
exhibited a particle size of approximately 10 nm, 
demonstrating a substantially smaller size compared to 
conventional 19F MRI contrast agents. The 19F MRI 
signal obtained from the developed probes showed a 
T2 relaxation time exceeding 300 ms, indicating 
performance sufficient for 19F MRI applications. 
Phantom 19F MRI measurements revealed a detection 
limit of 6.54 mM in terms of 19F concentration. This 
value is lower than that of a conventionally prepared 
emulsion-type contrast agent (17.0 mM), highlighting 
the superior signal intensity of the developed probe. 

Upon intravenous administration of the contrast 
agent to mice, no accumulation in the liver was 
observed, while a clear 19F MRI signal was detected in 
the bladder region. In contrast, most conventional 19F 
MRI contrast agents tend to accumulate in the liver. 
The ability of the present probe to avoid hepatic uptake 
is likely attributable to its ultrasmall particle size of 
approximately 10 nm. 

We further evaluated PEGylated nanodiscs in which 
the particle surface was coated with PEG polymers. 
These particles also produced detectable 19F MRI 
signals. Notably, in vivo studies showed that 
PEGylated nanodiscs exhibited slower accumulation in 
the bladder compared to non-PEGyalted probes. PEG 
modification is known to suppress protein absorption 
in the blood stream and enhance ciruculation time. 
These results suggest that polymer coating improvs 
blood retention and consequently reduces the rate of 
renal clearance. 

 
4. DISCUSSION 

In this study, by applying a lipid nanodisc-based 
strategy to 19F MRI contrast agent design, we 
successfully introduced highly mobile 19F nuclei into 
ultrasmall nanoparticles of approximately 10 nm, 
thereby developing a 19F MRI contrast agent with an 
exceptionally small size. Owing to its nanoscale 
dimensions, the developed probe exhibited minimal 
hepatic uptake and rapid renal clearance. Furthermore, 
the contrast agent remained in circulation for 
approximately 2 hours, suggesting that surface 
functionalization with targeting ligands could further 
enable application in tumor imaging and the 
visualization of biological processes in vivo, 

 
Figure 1 1H/ 19F MRI images of mice following 
intravenous (tail vein administration of a 
non-PEGylated nanodisc MRI probes and (b) 
PEGylated nanodisc MRI probes. 
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Abstract 
  This study aims to develop a new method for magnetospinography (MSG) to 
noninvasively evaluate lumbar nerve function. We measured MSG in ten healthy 
volunteers using new stimulation methods: lateral femoral cutaneous nerve, saphenous, 
and femoral nerve stimulation. MSG visualized neural current in lumbar spinal area via 
lumbar foramen after each nerve stimulation. Lateral femoral cutaneous nerve 
stimulation effectively visualized the L2/3 foramen, while saphenous nerve stimulation 
was superior for the L4/5 foramen. Femoral nerve stimulation provided significantly 
higher current intensity for upper lumbar spinal area. Development of novel nerve 
stimulation enabled MSG to visualize neural currents flowing through the lumbar region 
with high spatial resolution. 
 
Keywords: magnetospinography, magnetoneurography 

 
1. Purpose 

Lumbar diseases, such as lumbar disc herniation and 
spinal canal stenosis, cause lower limb pain, numbness, 
and gait disturbance due to nerve compression, 
significantly restricting activities of daily living. 
Diagnosis typically involves physical examinations 
combined with imaging evaluations such as X-ray and 
magnetic resonance imaging (MRI). However, 
identifying the responsible lesion is often difficult 
when nerve compression on imaging is mild or 
multilevel. While electrophysiological functional 
evaluations are commonly used, detailed assessment of 
the cauda equina and nerve roots is challenging due to 
their deep anatomical location. Therefore, a 
non-invasive method for detailed neural functional 
evaluation has been required. 

We focused on the magnetic fields generated around 
neural activity currents. Unlike electrical currents, 

which vary in conductivity across biological tissues, 
magnetic fields penetrate tissues uniformly. This 
allows for the undistorted measurement of deep 
structures, such as the spinal cord and cauda equina, 
from the body surface. While 
magnetoencephalography and magnetocardiography 
are clinically established, applying this technology to 
the spine has been difficult because the magnetic 
signal intensity is much weaker than that of the brain 
or heart. To overcome this, we develop a 
magnetospinography (MSG) system utilizing highly 
sensitive Superconducting Quantum Interference 
Device (SQUID) sensors (Fig. 1). Although we 
previously reported the successful visualization of 
spinal neural activity in healthy subjects, evaluating the 
lumbar intervertebral foramina and upper lumbar spine 
remained difficult1). This study aimed to develop a new 
nerve stimulation method to evaluate neural function 
in these specific regions using MSG. 
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2. Method 
We measured MSG of lumbar spine in 10 healthy 
volunteers. In a magnetically shielded room, the 
subject's lower back lay on SQUID sensors. A new 
nerve stimulation — lateral femoral cutaneous nerve, 
saphenous nerve, and femoral nerve stimulation — 
was applied. The magnetic fields from ascending 
currents in the lumbar region were measured. The 
magnetic signals were converted into current 
distributions using a spatial filter method and 
superimposed onto frontal and lateral lumbar X-ray 
images. Additionally, "virtual electrodes" were used to 
calculate current waveforms at specific points, 
allowing for the evaluation of conduction through 
current intensity and conduction velocity. 
 
3. Results 
MSG measurements were successfully obtained for all 
volunteers following each nerve stimulation. Current 
distribution demonstrated that currents entered the 
spinal canal through the following specific foramen 
(Lateral femoral cutaneous nerve stimulation, through 
the L2/3 and L3/4 foramina (Fig. 2); Saphenous nerve 
stimulation, through the L3/4 and L4/5 foramina (Fig. 
3); Femoral nerve stimulation, through the L2/3 to 
L4/5 foramina (Fig. 4); Peroneal nerve stimulation, 
through the L5/S1 foramen). Virtual electrodes placed 
along the neural pathways captured current waveforms 
propagating cranially. Comparison of current 
intensities at the intervertebral foramina revealed that 
lateral femoral cutaneous nerve stimulation showed a 
higher inflow ratio at L2/3, while saphenous nerve 
stimulation showed a higher ratio at L4/5. 
While femoral nerve stimulation made it difficult to 
isolate currents for individual foramina, the current 

intensity within the upper lumbar spinal canal was 
significantly higher—14 times greater than lateral 
femoral cutaneous nerve stimulation and 18 times 
greater than saphenous nerve stimulation (Fig. 5). 

 

 

 

 
 
4. Discussion 

MSG successfully visualized the current 
distribution ascending from the lumbar 
intervertebral foramina into the spinal canal with 
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high spatial resolution. Our findings suggest that 
lateral femoral cutaneous nerve stimulation is 
most suitable for evaluating the L2/3 foramen, 
while saphenous nerve stimulation is ideal for the 
L4/5 foramen. The significantly higher current 
intensity in the upper lumbar spine during femoral 
nerve stimulation likely results from a larger 
number of activated nerve fibers and minimized 
temporal dispersion due to the proximity of the 
stimulation site to the recording site. These results 
indicate that using level-specific stimulation— 
femoral nerve for the upper lumbar canal, lateral 
femoral cutaneous nerve for the L2/3 foramen, 
and saphenous nerve for the L4/5 foramen—can 
aid in the diagnosis of lumbar radiculopathy, 
which is often clinically challenging. Future 
research will focus on MSG measurements in 
patients with lumbar diseases to advance 
diagnostic and functional evaluation beyond the 
capabilities of current methods. 
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Abstract 
     Cisplatin-induced ototoxicity occurs because cisplatin is not readily cleared from 
the cochlea, leading to excessive accumulation and irreversible damage to cochlear hair 
cell (HC); however, no effective treatment or preventive strategy has been established. 
Here, we evaluated a “magnetic microsurgery” approach in which glutathione-loaded 
superparamagnetic iron oxide nanoparticles capture intracochlear cisplatin and are 
magnetically guided to the round window membrane for extracorporeal retrieval. We 
demonstrated successful cochlear drug recovery, improved cisplatin-induced hearing loss, 
and reduced HC loss, with no mortality or severe adverse events. This platform may 
provide a new therapeutic option for cisplatin ototoxicity and help improve quality of life 
in cancer survivors. 
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1. Introduction and objective 
Cisplatin is a widely used chemotherapeutic agent with 
established efficacy against malignant tumors, but it 
also damages normal tissues and causes adverse effects 
such as myelosuppression, nephrotoxicity, and hearing 
loss. Hearing loss is particularly common (40–80% in 
adults and ~50% in pediatric patients), yet no 
established treatment or preventive strategy exists for 
cisplatin-induced hearing loss. In the inner ear, 
cisplatin is poorly eliminated and can persist within the 
cochlea, leading to excessive accumulation and 
irreversible injury to cochlear sensory structures, 
including cochlear hair cells (HCs) and neurons. 
Conventional approaches—such as antioxidant-based 
protection or chemical neutralization—are limited 
because accumulated cisplatin is not physically 
removed. We therefore sought to develop a strategy for 
extracorporeal elimination of intracochlear cisplatin. 
We focused on glutathione (GSH)-loaded 
superparamagnetic iron oxide nanoparticles (SPIONs), 

which are ~100 nm in size, can access the inner ear via 
the round window membrane, and have both 
antioxidant activity and affinity for binding cisplatin. 
Based on prior in vitro confirmation of cisplatin 
binding and magnetic controllability, we hypothesized 
that intracochlear cisplatin could be captured by 
GSH-SPIONs and guided magnetically to the round 
window for extracorporeal retrieval. The aim of this 
study was to evaluate whether local administration 
reduces ototoxicity and whether magnetic-guided 
retrieval is feasible and safe in vivo. 
 
2. Methods 
Male C57BL/6J mice received transtympanic cisplatin 
to induce hearing loss. GSH-SPIONs were locally 
delivered to the round window, followed by placement 
of a small magnet. Hearing was assessed by auditory 
brainstem response (ABR), and cochlear HC survival 
was quantified by Myosin7a immunostaining and 
confocal microscopy. 
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3. Results 
 No animal deaths or marked health impairments were 
observed after GSH-SPION administration or the 
magnetic microsurgery procedure. Cisplatin caused a 
marked elevation of ABR thresholds. In contrast, 
combined treatment with GSH-SPION and magnetic 
guidance (GSH+magnet) attenuated the 
cisplatin-induced hearing loss, indicating preservation 
of auditory function. Immunostaining showed 
prominent HC loss in the cisplatin group, whereas 
outer HC survival was confirmed in the GSH+magnet 
group. Quantitative analysis demonstrated higher HC 
survival in the GSH+magnet group compared with the 
cisplatin-only model. 
 
4. Discussion 
 Using a magnetic-guided drug retrieval strategy, we 
achieved extracorporeal elimination of intracochlear 
cisplatin through the round window and demonstrated 
associated improvements in auditory thresholds and 
HC survival in a cisplatin ototoxicity model. This 
concept differs from prior approaches that primarily 
aim to protect cochlear tissues or chemically neutralize 
cisplatin without removing the drug that persists and 
accumulates in the cochlea. By directly targeting drug 
retention, magnetic microsurgery aims to shorten 
intracochlear drug residence time and reduce 
cumulative toxic exposure to sensory structures. 
The originality of this work can be summarized in four 
points. First, we enabled selective “capture” of 

intracochlear cisplatin by imparting cisplatin-binding 
affinity to SPIONs via GSH loading. Second, we 
coupled capture with physical removal by leveraging 
magnetic force to guide the cisplatin–nanoparticle 
complex to an anatomical exit point, thereby 
implementing a retrieval pathway rather than relying 
on natural clearance. Third, we integrated cisplatin 
removal with antioxidant therapy through GSH 
loading, providing a dual-function therapeutic material. 
Fourth, we established a minimally invasive surgical 
workflow for localized nanoparticle delivery and 
magnetic guidance at the round window. 
The observed functional and histological benefits, 
together with the absence of overt mortality or severe 
morbidity in treated animals, support the feasibility of 
this platform. Future studies should optimize 
nanoparticle formulation, magnetic strength and 
placement, treatment timing, and retrieval efficiency; 
evaluate longer-term safety, cochlear microanatomy, 
and reproducibility; and define the quantitative 
relationships among retrieved cisplatin burden, 
residual intracochlear drug levels, and hearing 
outcomes. Overall, this work supports a third 
therapeutic paradigm for cisplatin-induced hearing loss 
based on extracorporeal elimination of retained drug. 
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Abstract 

     Auditory mismatch negativity has received significant attention as a potential brain 
marker to investigate pathophysiology of schizophrenia. This study aimed to investigate 
associations between mismatch negativity and white matter alterations in the 
thalamocortical pathways to clarify the networks underlying reduced mismatch 
negativity in individuals with schizophrenia. Mismatch negativity amplitude was 
significantly positively correlated with white matter alterations only in schizophrenia, but 
not in healthy comparison subjects. Our study further helps characterize and interpret 
reduced mismatch negativity as a useful brain marker in the pathophysiology of 
schizophrenia. 
 
Keywords: mismatch negativity, white matter alteration, schizophrenia, 
electrophysiology, diffusion tensor imaging 

 
1. PURPOSE 

Schizophrenia is a mental disorder 
characterized by positive symptoms such as 
hallucinations and delusions, negative symptoms 
such as reduced motivation, and impaired 
cognitive function and functional outcomes; its 
prevalence is approximately 1%. Since the 
disorder typically onset during adolescence, it has 
a profound impact on the lives of those affected. 
However, much about the pathophysiology of 
schizophrenia remains unclear, and existing 
pharmacological treatments have not yielded 
sufficient therapeutic effects. 

The mismatch negativity (MMN) is an 
electroencephalography (EEG) indicator expected 
to aid in elucidating the pathophysiology of 
schizophrenia. The MMN is one of event-related 
potential (ERP) that plays a crucial role in 
information processing within the brain’s 
auditory system. Previously, we reported MMN 
amplitude reduction in patients with 

schizophrenia using EEG and further clarified its 
association with impaired cognitive function and 
functional outcomes. Furthermore, using 
methods to estimate EEG sources, we have 
shown that MMN amplitude reduction in 
patients with schizophrenia is likely to be found 
in the cerebral gray matter, such as the frontal 
and temporal lobes.  

Therefore, it is expected that a more detailed 
investigation of the cerebral neural networks 
underlying MMN will enable the elucidation of 
the pathophysiology of schizophrenia and the 
development of treatments based on this 
understanding. However, previous studies had 
not provided detailed insights into these neural 
network impairments.  

Furthermore, we have previously reported that, 
using diffusion tensor imaging (DTI) with 
magnetic resonance imaging (MRI), impairments 
in the cerebral white matter—which consists of 
structures connecting areas of gray matter and 
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forms neural networks—are also observed in 
patients with schizophrenia, and that these 
impairments are associated with cognitive 
dysfunction. 

In other words, while there have been reports 
of impairments in the cerebral gray matter, 
cerebral white matter, and MMN reduction in 
schizophrenia, there has been no previous 
research that has provided a unified 
understanding of these findings or focused on 
functional impairments within the neural 
network. Furthermore, recent clinical and animal 
model studies have suggested that the neural 
basis for MMN reduction may be associated with 
impairments in the cortico-thalamic pathway 
within the cerebral network. 

Therefore, in this study, we aimed to elucidate 
neural network dysfunction in patients with 
schizophrenia by investigating the association 
between dysfunction in the cortico-thalamic 
pathway—a component of the cerebral white 
matter—and MMN using DTI. Our objective was 
to lay the groundwork for animal model studies of 
schizophrenia and the development of 
neuromodulation therapies, such as magnetic 
stimulation. 

 
2. METHOD 

In this study, MMN and DTI were measured in 
the same group of 30 patients with schizophrenia 
and 26 healthy comparison subjects. We then 
examined the association between MMN 
reduction and white matter alterations to 
elucidate the neural networks underlying these 
abnormalities. 
 
3. RESULTS 
Specifically, an association was observed between 
MMN and DTI indices measures of white matter 
regions, including the cortico-thalamic pathway, 
only in the schizophrenia group; no such 
association was found in the healthy comparison 
group (References 1–3). 

4. DISCUSSION 
These findings suggest that the generation of 

MMN is supported by a neural network involving 
white matter tracts in the cortico-thalamic 
pathway, and that this relationship may be 
impaired in patients with schizophrenia. The 
neural network dysfunction in schizophrenia 
revealed by this study will promote animal 
research that aids in the study of pathologies and 
the development of treatments—areas where 
human studies are difficult due to the invasive 
nature of the procedures. Furthermore, by 
specifically identifying brain regions that can 
serve as targets for therapeutic interventions, 
including magnetic stimulation, this research will 
lay the foundation for the development of a new 
field of research. These findings are expected to 
serve as a cornerstone for the development of new 
treatments for schizophrenia and contribute to 
the well-being of patients and their families. 
 

Acknowledgements 
I would like to thank the Watanabe Foundation for 

supporting this research with the 31st Magnetic 
Research Grant. 

 
REFERENCES 

1) Koshiyama D, Shioda R, Kishigami T, Kirihara K, 
Kasai K. Predictive coding studies using mismatch 
negativity in schizophrenia. 21st Pacific Rim 
College of Psychiatrists & 7th World Association of 
Cultural Psychiatry Joint Congress 2025, Tokyo, 
Japan (September 26, 2025; Symposium) 

2) Koshiyama D, Shioda R, Kishigami T, Kirihara K, 
Kasai K. Electrophysiological studies of 
schizophrenia using mismatch negativity and 
gamma-band auditory steady-state response. ECNS 
Annual Conference 2025 & 7th Basic and Clinical 
multimodal Imaging (BaCI) International 
Conference, Munich, Germany (September 4, 2025; 
Symposium) 

3) Koshiyama D, Shioda R, Kishigami T, Kirihara K, 
Kasai K. Electrophysiological studies of 

40



schizophrenia using mismatch negativity. The 
Korean Society for Brain and Neural Sciences & the 
3rd CJK Neuroscience Meeting, Incheon, Korea 
(August 26, 2025; Symposium) 

 
 

41



Mechanisms Underlying the Alleviation of Chronic Pain by Alternating 

Magnetic Fields 

Masahiro Ohsawa* 
*Faculty of Pharmaceutical Sciences, Teikyo University 

2-11-1 Kaga, Itabashi-ku, Tokyo 173-8605 JAPAN 
 

Abstract 
     We investigated the effects of magnetic stimulation in a rat model of neuropathic 
pain. A single 10-min treatment produced transient analgesia, whereas repeated 
once-daily treatment for 7 days induced sustained analgesic effects. Gene-expression and 
cellular analyses suggested that the treatment modulated peripheral immune and 
inflammatory responses and suppressed spinal astrocyte activation. These findings 
indicate that hybrid magnetic stimulation may represent a novel non-invasive therapeutic 
approach for neuropathic pain. 
 

1. Introduction 
In Japan, which has become a super-aged society, the 
number of patients with chronic pain is increasing, and 
chronic pain has become an important clinical problem 
that markedly reduces quality of life. Although 
pharmacotherapy, physical therapy, and other 
treatments are used for chronic pain, many patients do 
not obtain sufficient relief, and new therapeutic 
approaches are needed (1,2). Existing infrared and 
microwave therapeutic devices can transiently alleviate 
pain through thermal effects and the promotion of 
blood flow, but there are concerns regarding the 
durability of their effects and their safety. Pain 
treatment using repetitive transcranial magnetic 
stimulation (rTMS) has also been attempted; however, 
sufficient analgesic effects are not always obtained, 
and the need for head fixation and prolonged restraint, 
as well as adverse events such as headache, discomfort, 
syncope, and seizures, remains problematic (3). 
Recent studies have reported that extremely weak 
low-frequency magnetic fields activate mitophagy and 
may improve pathological conditions related to 
Parkinson's disease and inflammation. These findings 
indicate that ultra-low-intensity alternating magnetic 

fields can regulate biological responses (4). In the 
present study, we used a novel magnetic stimulation 
device that applies weak alternating magnetic fields, 
combining low- and high-frequency components, near 
a peripheral nerve. We examined its analgesic effects 
in neuropathic pain and investigated the underlying 
mechanisms. 
 
2. Materials and Methods 
2.1 Animals 
Male Sprague-Dawley rats were used. All experiments 
were performed in accordance with the animal 
experimentation guidelines and ethical standards of the 
relevant institutions. Animals were housed under 
controlled light-dark cycle and temperature conditions, 
with free access to food and water. 
 
2.2 Neuropathic pain model 
A chronic constriction injury (CCI) model of the 
sciatic nerve was prepared as a neuropathic pain model 
according to the method of Bennett et al. (5). Under 
2% isoflurane inhalation anesthesia, the left thigh was 
incised and the sciatic nerve was exposed. The sciatic 
nerve was loosely ligated at four sites, 1 mm apart, 
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with 4-0 silk sutures, and the wound was then closed. 
In the sham-operated group, the sciatic nerve was 
exposed but not ligated before closure of the wound. 
 
2.3 Irradiation of alternating magnetic field 
After CCI surgery, magnetic stimulation was 
performed once daily for 10 min by placing the probe 
in contact with the area near the sciatic nerve ligation 
site. Low-frequency stimulation and mixed-wave 
stimulation combining low- and high-frequency 
components were used as stimulation conditions. In 
the sham-treatment group, the probe was placed in the 
same manner, but magnetic stimulation was not 
applied. 
 
2.4 Assessment of mechanical pain threshold 
Pain thresholds were assessed using the von Frey test. 
In the single-stimulation experiment, thresholds were 
measured at 30, 60, 90, and 120 min after stimulation. 
In the repeated-stimulation experiment, pain thresholds 
were evaluated longitudinally (6).  
 
2.5 Gene expression analysis 
After behavioral pharmacological testing, the sciatic 
nerve was collected and total RNA was extracted. 
Comprehensive gene-expression analysis was 
performed by RNA-seq, followed by 
differential-expression analysis and Gene Ontology 
enrichment analysis. To validate the changes detected 
by RNA-seq, the expression of genes related to 
inflammatory responses, immune responses, nerve 
fibers, and myelin was analyzed by quantitative 
RT-PCR. 
 
2.6 Histological and statistical analysis 
Using spinal cord tissue, immunostaining was 
performed for the microglial marker Iba-1 and the 
astrocyte marker GFAP, and glial cell activation in the 
spinal dorsal horn was evaluated. Data are shown as 
the mean ± standard error of the mean. Statistical 
analyses were performed using two-way analysis of 
variance followed by Bonferroni-corrected multiple 
comparisons. 

3. Results 
3.1 Inhibitory effect of magnetic stimulation on 
neuropathic pain. 
In the CCI model, the mechanical pain threshold on 
the ipsilateral side decreased after surgery, confirming 
neuropathic pain-like behavior. When a single 
magnetic stimulation was applied, both low-frequency 
stimulation and mixed-wave stimulation increased the 
pain threshold, with a peak effect at 60 min after 
stimulation, indicating an acute anti-hyperalgesic 
effect. In particular, mixed-wave stimulation produced 
a stronger analgesic effect than low-frequency 
stimulation (Fig. 1A). However, this effect disappeared 
by 120 min after stimulation, and a single stimulation 
alone did not produce long-term improvement in pain 
(Fig. 1B). 

 
Figure 1A. Effect of acute magnetic stimulation 
on decreased pain threshold in the CCI model. 
CCI surgery was performed on day 0, and the 
pain threshold was assessed using the von Frey 
test on day 8. Magnetic stimulation using 
low-frequency or mixed-wave stimulation (low 
and high frequency) was applied for 10 min on 
day 8 after CCI surgery. Pain thresholds were 
assessed at 30, 60, 90, and 120 min after 
stimulation. 
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Figure 1B. Long-term effect of acute magnetic 
stimulation on decreased pain threshold in the 
CCI model. CCI surgery was performed on day 0, 
and pain thresholds were assessed using the von 
Frey test on days 8, 10, and 14. Mixed-wave 
magnetic stimulation (low and high frequency) 
was applied for 10 min on day 8 after CCI 
surgery. 
 
By contrast, when 10-min magnetic stimulation was 
repeated once daily for 7 days, the pain threshold 
increased from the second day after the start of 
stimulation, and a clear improvement in neuropathic 
pain was observed by day 7 (Fig. 2). 
 

  
Figure 2. Effect of magnetic stimulation 
(mixed-wave stimulation) on decreased pain 
threshold in the CCI model. CCI surgery was 
performed on day 0, and the pain threshold was 
assessed using the von Frey test on day 8. 
Magnetic stimulation was applied once daily for 
10 min from day 8 to day 14. During the 

stimulation period, pain thresholds were assessed 
24 h after magnetic stimulation; after completion 
of stimulation (from day 15 onward), 
measurements were performed in the afternoon. 
 
3.2 Gene-expression changes in the injured nerve after 
magnetic treatment 
RNA-seq analysis of sciatic nerve tissue showed that 
CCI markedly altered gene groups related to 
inflammatory responses, wound responses, stress 
responses, and innate immune responses (7) (Fig. 3A). 
In the magnetic-treatment group, the expression of 
inflammatory cytokines, chemokines, 
interferon-related genes, and other genes elevated by 
CCI was reduced, suggesting suppression of 
inflammatory and stress responses. On the other hand, 
altered expression was also observed in genes related 
to adaptive immunity, leukocyte activation, nerve 
fibers, and myelin structural proteins (Fig. 3B). qPCR 
analysis confirmed the RNA-seq findings, including 
reductions in inflammation-related genes, changes in 
immune-response-related genes, and increases in nerve 
fiber- and myelin-related genes.  
 
3.3 Regulation of inflammatory cell response by 
magnetic stimulation 
When magnetic stimulation was applied to 
microglia activated by LPS, the mRNA 
expression of several inflammatory cytokines was 
suppressed. In addition, microglial and astrocyte 
activation was observed in the spinal dorsal horn 
after CCI; however, repeated magnetic treatment 
did not show a clear effect on spinal microglial 
activation, but suppressed spinal astrocyte 
activation. 
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Figure 3A. Transcripts with expression changes 
of at least twofold after CCI surgery (MA plot). At 
the nerve-injury site after CCI surgery, 
approximately 1,200 transcripts were 
upregulated and approximately 1,000 transcripts 
were downregulated. 
 

 
Figure 3B. Transcripts with expression changes 
of at least twofold after magnetic stimulation in 
the CCI model (MA plot). Magnetic stimulation at 
the nerve-injury site resulted in upregulation of 
approximately 150 transcripts and 
downregulation of approximately 400 transcripts. 
 
4. Discussion 
The present study showed that acute and repeated 
stimulation using the magnetic stimulation device 
improves the decrease in pain threshold associated 
with neuropathic pain. Gene-expression analysis of 
peripheral nerves revealed changes in immune 
responses and inflammation-related factors. In the 
central nervous system, magnetic treatment suppressed 

spinal astrocyte activation. These results suggest that 
the analgesic effects of this treatment may involve not 
only the control of inflammation in peripheral nerves 
but also the modulation of glial cell responses in the 
central nervous system (7-10). 
Taken together, these findings suggest that hybrid 
magnetic stimulation of peripheral nerves using this 
device may provide immediate analgesic effects and 
sustained analgesic effects through the regulation of 
inflammation in both peripheral and central nervous 
systems. Future studies will further examine the 
mechanisms underlying functional improvement in 
both the peripheral and central nervous systems, 
including the involvement of the descending 
noradrenergic pain inhibitory system and adrenergic 
α2 receptors on astrocytes (11). 
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Abstract 
Unilateral spatial neglect (USN) affects 33–82% of right-hemisphere stroke patients, 
impairing daily activities and increasing fall risk. This study investigated whether 
transcranial static magnetic stimulation (tSMS)—a cost-effective, comfortable, non-
invasive method—can alleviate USN symptoms. A single patient received 20-minute tSMS 
or sham stimulation over the P3 region for five days each. Evaluations included paper-and-
pencil tests and a Computer-Based Test (CBT). Although paper-and-pencil tests revealed no 
clear neglect, tSMS appeared to facilitate leftward attention, potentially increasing 
subjective task difficulty. Specifically, CBT showed a post-tSMS speed-accuracy trade-off: 
more correct left-sided responses alongside prolonged reaction times. These preliminary 
results suggest tSMS over the contralateral parietal cortex can modulate attentional 
distribution in USN, though further investigation is required to confirm clinical efficacy and 
underlying mechanisms. 
Keywords: transcranial static magnetic stimulation, unilateral spatial neglect 
 

 
1. PURPOSE 

Unilateral spatial neglect (USN) is a clinical 
syndrome primarily observed after right parietal stroke, 
characterized by a rightward bias in spatial attention and 
sensorimotor processing, alongside deficits in arousal 
and working memory 1-3). Affecting 33–82% of right-
hemisphere stroke cases—with one-third progressing to 
a chronic state—USN significantly impairs activities of 
daily living (ADL), increases fall risks, and elevates 
caregiver burden 4-8). 

Although repetitive transcranial magnetic stimulation 
(rTMS) and transcranial direct current stimulation 
(tDCS) can alleviate USN by modulating 
interhemispheric inhibition 9-10), their high cost and 
technical complexity limit integration into home-based 
rehabilitation. Furthermore, these methods often induce 
discomfort or paresthesia, which can compromise 
patient compliance and the validity of sham-controlled 

experiments 11). 
This study investigated the effects of transcranial 

static magnetic stimulation (tSMS)—an affordable, 
user-friendly, and comfortable alternative—in post-
stroke patients with USN 12-13). Due to clinical 
recruitment constraints, we also conducted parallel 
investigations on healthy adults to examine tSMS 
effects on electromechanical delay (EMD) and pain 
thresholds. These concurrent studies aimed to further 
elucidate the physiological mechanisms underlying 
tSMS alongside its clinical evaluation for USN. 

 
2. METHODS 
2.1 Participants 
Four stroke patients presenting with unilateral spatial 
neglect (USN; left USN: n = 3, right USN: n = 1) were 
initially recruited (Table 1). Ultimately, one patient (#4), 
who completed the study protocol without dropping out, 
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was included in the analysis. 
 

Table 1  Participant profiles 

 
2.2 Procedures 

The intervention protocol consisted of sham 
stimulation followed by tSMS, each administered for 
five consecutive days. A two-day washout period was 
implemented between the two conditions. Assessments 
were conducted at three time points: prior to the 
initiation of sham stimulation, prior to the initiation of 
tSMS, and upon the completion of the tSMS period 
(Figure 1). 

For tSMS, static magnetic field stimulation was 
applied using a stimulator consisting of three 
neodymium magnets embedded in a non-magnetic 
housing (diameter: 140 mm; thickness: 48 mm) 14) 
(Figure 2). The device was secured for 20 minutes using 
a multi-axis adjustable stand, with its center accurately 
positioned over the P3 site according to the International 
10-20 system. For the sham condition, a non-magnetic 
cylinder was utilized. 

2.3. Assessment using paper-and-pencil tests 
The assessment included the Line Bisection Test, the 

Line Cancellation Test, and the self-report version of the 
Catherine Bergego Scale (CBS) questionnaire. 
2.4．Computer Based Test15)（Figure 3） 

Gabor patches were presented for 100 ms at one of 
three positions (left, center, or right) on a 14-inch 
monitor. Following stimulus presentation, participants 
were instructed to identify the location as quickly as 
possible by pressing the corresponding arrow keys (left, 
up, or right). The stimuli featured five levels of contrast, 
and the task difficulty was adaptively increased (i.e., 
contrast was reduced) following consecutive correct 
responses. A total of 30 trials (10 trials per position) 
were presented in a randomized order. The inter-
stimulus interval was set at 1200 ± 200 ms following 
each response. 

 
3. RESULTS 
3.1. Assessment using paper-and-pencil tests（Table 2） 

No significant changes were observed in the Line 
Bisection Test. In the Line Cancellation Test, while three 
omissions were recorded on the right side at the 
initiation of sham stimulation, no omissions occurred 
either before or after the tSMS intervention. Regarding 
the CBS self-report, the participant perceived the items 
related to dressing and grooming to be more difficult 

  年年齢齢  性性別別  発発症症後後期期間間  損損傷傷半半球球  ドドロロッッププアアウウトト理理由由  
##11  92 女 58日 右 参加への同意を得られなかった 
##22  89 女 9日 右 USNが認められなかった 
##33  76 男 57日 左 介入期間中に外出をした 
##44  58 男 25日 右  

 

Figure 3. CBT 

Fihure 2. “Shin-jiba” stimulation unit 

Figure 1. Experimental schedule 
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characterized by a rightward bias in spatial attention and 
sensorimotor processing, alongside deficits in arousal 
and working memory 1-3). Affecting 33–82% of right-
hemisphere stroke cases—with one-third progressing to 
a chronic state—USN significantly impairs activities of 
daily living (ADL), increases fall risks, and elevates 
caregiver burden 4-8). 

Although repetitive transcranial magnetic stimulation 
(rTMS) and transcranial direct current stimulation 
(tDCS) can alleviate USN by modulating 
interhemispheric inhibition 9-10), their high cost and 
technical complexity limit integration into home-based 
rehabilitation. Furthermore, these methods often induce 
discomfort or paresthesia, which can compromise 
patient compliance and the validity of sham-controlled 

experiments 11). 
This study investigated the effects of transcranial 

static magnetic stimulation (tSMS)—an affordable, 
user-friendly, and comfortable alternative—in post-
stroke patients with USN 12-13). Due to clinical 
recruitment constraints, we also conducted parallel 
investigations on healthy adults to examine tSMS 
effects on electromechanical delay (EMD) and pain 
thresholds. These concurrent studies aimed to further 
elucidate the physiological mechanisms underlying 
tSMS alongside its clinical evaluation for USN. 

 
2. METHODS 
2.1 Participants 
Four stroke patients presenting with unilateral spatial 
neglect (USN; left USN: n = 3, right USN: n = 1) were 
initially recruited (Table 1). Ultimately, one patient (#4), 
who completed the study protocol without dropping out, 
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following tSMS.  
3.2. CBT（Table3, 4, 5） 

For left-sided stimuli, the number of correct 
responses increased and the number of neglects 
decreased following tSMS; conversely, reaction times 
were prolonged. Regarding bilateral stimuli, no 
significant intervention effect of tSMS was observed, 
although reaction times tended to be shorter compared 
to those for unilateral (left or right) stimuli. No 
remarkable changes were found for right-sided stimuli. 

Stimulus luminance showed no significant differences 
before and after the tSMS intervention, though 
luminance for right-sided stimuli tended to be lower 
than for left-sided or bilateral stimuli. Finally, weighted 
scores for bilateral stimuli decreased post-tSMS, 
whereas no significant changes were observed for right- 
or left-sided stimuli. 

 
4. DISCUSSION 

While conventional paper-and-pencil tests revealed 

Table 2. Paper-and-pencil test results 

Table 3. Results by stimulus position 

Table 5. Weighted scores (Number of correct responses × [1 – Mean luminance]) 

Table 4. Mean luminance by stimulus position 
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no clear neglect tendencies, the findings suggest that 
tSMS may have facilitated leftward attention, 
potentially leading to an increased subjective perception 
of task difficulty. Focusing on pre- and post-intervention 
changes, a speed-accuracy trade-off was observed 
during left-sided stimulation in the CBT, characterized 
by an increased number of correct responses alongside 
prolonged reaction times. Stimulus luminance tended to 
be higher for left-sided and bilateral stimuli relative to 
right-sided stimuli, suggesting that the adaptive task 
presented lower-difficulty stimuli to compensate for the 
impact of left USN. Although weighted scores 
effectively reflected parameter variations between 
conditions and highlighted the influence of left USN, 
they appeared to overemphasize changes in the number 
of correct responses and mean luminance, limiting their 
effectiveness as primary parameters for detecting 
changes in this specific experimental context. The 
absence of significant parameter changes for bilateral or 
right-sided stimuli following tSMS suggests that the 
side effects of extensive static magnetic field exposure 
to the right parietal region were negligible. 
 
5. Concurrent studies 
5.1. EMD 
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all time points or stimulation conditions. However, the 
interval from M-wave onset to the initiation of 
plantarflexion was significantly prolonged in the LG 

and MG under the single-magnet condition. Notably, in 
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findings suggest that static magnetic fields may exert 
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occurring after the excitation of the neuromuscular 
junction and sarcolemma, specifically from the stage of 
cross-bridge formation in contractile proteins onward. 
 
5.2. Pain threshold 
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stimulate Aδ and C fibers, intraepidermal electrical 
stimulation (IES) was delivered via electrodes placed 
over the area innervated by the superficial radial nerve 
on the dorsum of the right hand. Pain thresholds and 
reaction times for both Aδ and C fibers were measured 
before and after the intervention. The pain threshold for 
C fibers increased significantly following single-magnet 
stimulation, whereas no significant differences were 
observed for Aδ fibers (Figure 5). Reaction times for 
both fiber types showed no significant changes post-
intervention. Since the effects of tSMS were specifically 
observed in unmyelinated C fibers, these findings 
suggest that tSMS may serve as an effective adjunctive 
treatment for chronic pain conditions associated with C-
fiber hyperexcitability. 
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Abstract 
     This study investigated the neural mechanisms underlying the effects of repetitive 
peripheral magnetic stimulation (rPMS). We demonstrated that rPMS facilitates 
corticospinal excitability in an intensity-dependent manner, with suprathreshold 
stimulation producing the greatest effects. This facilitation depended primarily on 
large-diameter group I afferent input and occurred without changes in cervicomedullary 
motor evoked potentials, suggesting the involvement of supraspinal mechanisms rather 
than changes in cortico-motoneuronal transmission. In addition, rPMS induced 
direction-dependent modulation of disynaptic Ia inhibition between antagonist muscles. 
These neurophysiological changes may contribute to motor recovery and provide a 
physiological basis for optimizing rPMS-based neurorehabilitation. 
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transcranial magnetic stimulation 
 

 
1. PURPOSE 

Repetitive peripheral magnetic stimulation (rPMS) 
is thought to facilitate motor recovery by enhancing 
corticospinal excitability and has therefore been 
investigated as a potential adjuvant therapy in physical 
rehabilitation after central nervous system (CNS) 
lesions. However, the optimal stimulation parameters 
and the neurophysiological mechanisms underlying its 
therapeutic effects remain poorly understood. The aim 
of this study was to elucidate the neural mechanisms 
underlying motor recovery induced by rPMS. To 
achieve this, we investigated (1) the effects of 
stimulation intensity on corticospinal excitability1), (2) 
the mechanisms underlying the enhancement of 
corticospinal excitability induced by rPMS2), and (3) 
the effects of rPMS on spinal reciprocal inhibition3). 
 

2. METHODS 
Healthy adults received rPMS over the right 

extensor carpi radialis (ECR) or biceps brachii (BB). 
Based on a previous study4), rPMS was delivered at 25 
Hz in cycles of 2 s ON and 2 s OFF. Each session 
consisted of 45 stimulation cycles (3 min), repeated 
five times for a total intervention duration of 15 min. 
Three stimulation intensities were examined: (1) 
subthreshold stimulation (0.9 × motor threshold [MT]), 
(2) suprathreshold stimulation that elicited a slight 
muscle contraction (1.2 × MT), and (3) high-intensity 
stimulation adjusted individually to evoke maximal 
wrist extension movement (mean ± SD: 1.8 ± 0.3 × 
MT). To examine the contribution of group I afferent 
input, the effects of rPMS at the high-intensity were 
also evaluated after the ECR H-reflex had been 
suppressed by upper-arm ischemia. 
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Corticospinal excitability was assessed using motor 
evoked potentials (MEPs) elicited by transcranial 
magnetic stimulation and recorded from the ECR and 
flexor carpi radialis (FCR). In addition, 
cervicomedullary motor evoked potentials (CMEPs) 
elicited by transmastoid electrical stimulation were 
recorded to assess changes at the spinal motoneuron 
level. 

To investigate the effects of rPMS on spinal reflex 
circuits, reciprocal inhibition between the FCR and 
ECR was evaluated. The FCR H-reflex was elicited by 
electrical stimulation of the median nerve at the elbow, 
and changes in the H-reflex conditioned by radial 
nerve stimulation were used to assess disynaptic Ia 
inhibition and D1 inhibition, an index of presynaptic 
inhibition acting on Ia afferent terminals, before and 
after rPMS5). Reciprocal inhibition in the opposite 
direction was also examined by eliciting the ECR 
H-reflex with radial nerve stimulation and evaluating 
its modulation by conditioning stimulation of the 
median nerve. 
 
3. RESULTS 

rPMS increased corticospinal excitability in an 
intensity-dependent manner. Suprathreshold 
stimulation significantly increased MEP amplitudes, 
with higher stimulation intensities producing earlier 
facilitation (Figure 1). In contrast, subthreshold 
stimulation did not induce significant changes in MEP 
amplitude. Furthermore, the facilitatory effect of rPMS 
on MEPs was abolished when group I afferent input 
was suppressed by upper-arm ischemia. 

Comparison of the effects of rPMS on MEPs and 
CMEPs showed that MEP amplitudes increased 
significantly, whereas CMEPs remained unchanged. 
These findings suggest that the increase in MEPs 
induced by rPMS was not attributable to changes in 
cortico-motoneuronal transmission. 

rPMS also modulated spinal reciprocal inhibition in 
a direction-dependent manner. Specifically, disynaptic 
Ia inhibition from the stimulated muscle to its 
antagonist was enhanced, whereas that in the opposite 
direction was attenuated. Neither D1 inhibition nor the 

H-reflex was significantly affected. 
 
4. DISCUSSION 

The present study demonstrated that rPMS 
efficiently facilitates corticospinal excitability when 
delivered at suprathreshold intensities. The findings 
also suggest that group I afferent input, particularly Ia 
afferents, plays a major role in this facilitatory effect. 
Furthermore, the absence of changes in CMEPs 
suggests that the increase in MEPs observed in this 
study is likely to reflect changes at the cortical level 
rather than at the spinal motoneuron level6, 7). These 
findings provide important insights into the neural 
mechanisms underlying the therapeutic effects of 
rPMS and support the use of suprathreshold 
stimulation to maximize its efficacy. 

In addition, rPMS induced direction-dependent 
modulation of spinal reciprocal inhibition. Specifically, 
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disynaptic Ia inhibition from the stimulated muscle to 
its antagonist was enhanced, whereas disynaptic Ia 
inhibition in the opposite direction was attenuated. 
Previous studies have shown that CNS lesions are 
associated with impaired Ia inhibition to spastic 
muscles and excessive Ia inhibition to their 
antagonists8, 9). The bidirectional modulation observed 
in the present study suggests that rPMS may help 
restore the functional balance of spinal reciprocal 
inhibitory circuits. In particular, applying rPMS to the 
antagonist of a spastic muscle may strengthen Ia 
inhibition onto the spastic muscle while 
simultaneously reducing excessive inhibition of the 
non-spastic muscle. Such modulation of spinal 
interneuronal circuits may contribute to motor 
recovery after CNS lesions. Future studies are 
warranted to determine whether these physiological 
changes can be translated into functional recovery in 
individuals with CNS lesions. 

Taken together, the present findings demonstrate 
that rPMS enhances corticospinal excitability through 
group I afferent input while simultaneously inducing 
direction-dependent modulation of spinal reciprocal 
inhibition. These neurophysiological adaptations may 
constitute an important neural basis for the motor 
recovery induced by rPMS. 
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