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Abstract

Magnetic resonance imaging (MRI) is an indispensable diagnostic imaging technique used in the clinical setting. MRI is
advantageous over X-ray and computed tomography (CT), because the contrast provided depends on differences in the density
of various organ tissues. In addition to MRI systems in hospitals, more than 100 systems are used for research purposes in
Japan in various fields, including basic scientific research, molecular and clinical investigations, and life science research,
such as drug discovery, veterinary medicine, and food testing. For many years, additional preclinical imaging studies have
been conducted in basic research in the fields of radiation technology, medical physics, and radiology. The preclinical MRI
research includes studies using small-bore and whole-body MRI systems. In this review, we focus on the animal study using
small-bore MRI systems as “preclinical MRI”. The preclinical MRI can be used to elucidate the pathophysiology of diseases
and for translational research. This review will provide an overview of previous preclinical MRI studies such as brain, heart,
and liver disease assessments. Also, we provide an overview of the utility of preclinical MRI studies in radiological physics
and technology.

Keywords Magnetic resonance imaging - Preclinical MRI - Small-animal high-field MRI equipment - Permanent magnet
animal MRI equipment

1 Introduction

Recently, several imaging modalities, including magnetic
resonance imaging (MRI) [1-3], radiography, computed
tomography (CT) [4-9], positron emission tomography
(PET) [10, 11], single-photon emission computed tomog-
raphy (SPECT) [12, 13], electron microscopy, autoradi-
ography, optical imaging, and ultrasound (US) [14-17],
have been applied in biomedical, genetic, toxicologic, can-
cer, cardiology, and pharmacological research worldwide.
These are all noninvasive imaging modalities with proven
clinical applications that have been extended to in vivo
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and ex vivo research specimens as small as mice, rats, and
marmosets [9, 18, 19]. The ability to perform noninvasive
repeated imaging in the same animal enables us to study
the longitudinal progression of diseases or treatments using
these modalities. Moreover, the localization of morphologi-
cal and functional changes in the organ systems of small
animals provides information on embryonic development
[20], genetic mutations [21], potential therapeutic treatments
[22, 23], environmental factors, and their impacts [24-26].
Preclinical research, also known as translational research,
plays a critical role in the development of clinical practice.
Using animal models and other laboratory techniques such
as MRI and CT to investigate the mechanisms of diseases
and develop potential treatments, researchers can develop
new diagnostic tools, therapies, and preventive measures
that can improve human health. In recent decades, the
importance of preclinical imaging has been shown by the
increasing number of commercial imaging systems available
for most modalities. Preclinical imaging studies have been
conducted for many years in basic research in the fields of
radiological technology, medical physics, and radiology. The
preclinical MRI research includes studies using small-bore
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and whole-body MRI systems. In this review, “preclinical
MRI” mainly define for the animal study of small-bore MRI.
While, human whole-body MRI systems are also available
for preclinical use. However, we will only address some of
them in whole-body MRI systems in this review.

1.1 Preclinical MRI platform in Japan

MRI is an essential diagnostic imaging technique in clinical
practice. Its advantage over radiography and CT lies in its
ability to provide a contrast that depends on density differ-
ences in organ tissues. The number of MRI machine density
in Japan is the largest in the world, exceeding 50 per million
population, and MRI plays an important role in diagnostic
imaging, similar to radiography, CT, and US. In addition to
hospital MRI systems, Japan has more than 100 “Research
MRI equipment,” which is used in numerous fields, includ-
ing basic research, molecular and clinical elucidation of the
mechanism, and life science research, such as drug discov-
ery, veterinary medicine, and food testing. Over the years,
considerable efforts have been made to apply clinical MRI
imaging techniques to small-animal experiments. However,
only a limited number of researchers and technicians can
access preclinical MRIs in Japan. One possible reason is that
preclinical MRI systems can be very expensive to purchase
and maintain. In particular, the recent depreciation of the yen
and exchange rate fluctuations have become a major prob-
lem for purchases of medical and scientific equipment from
outside Japan. In addition, the lack of specialized personnel
is another reason for the low number of users of the preclini-
cal MRI equipment. The acquisition of MRI measurement
techniques and animal experimental techniques is essential
for the use of preclinical MRI. Such human resources are
still scarce in Japan. Saito and his collaborators launched a
new platform for MRI research, supported by the Advanced
Research Equipment Platform within the Project for Promot-
ing Public Utilization of Advanced Research Infrastructure
within the Ministry of Education, Culture, Sports, Science,
and Technology (MEXT), Japan (https://mripf.jp/). By vir-
tually connecting such as remote operating, and data share
using crowd system for research MRI equipment in differ-
ent facilities across Japan, they aimed to create a research
environment that could be shared by researchers across the
country, thus allowing them access to the most advanced
MRI equipment in the country. To date, the platform has
published more than 80 paper results (https://mripf.jp/archi
ve.html) [23, 27-43].

Several press releases have been issued to date on the
achievements of this platform. For example, the research-
ers identified that homozygous truncating mutations in the
gene encoding Bcl-2-associated athanogene (BAG) co-
chaperone 5 (BAGS) caused inherited dilated cardiomyopa-
thy in patients. Then, preclinical cardiac MRI imaging and
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echocardiography revealed left-ventricular dilatation and
reduced systolic function in the hearts of BAGS5 knock in
mice compared to those of wild-type mice without apparent
histological abnormalities [28].

In addition, task-free functional connectivity in animal
models such as rat and mice provide an experimental frame-
work to examine connectivity phenomena under controlled
conditions and allows for comparisons with data modalities
collected under invasive or terminal procedures in preclini-
cal neuroscience study using small-bore MRI. Currently, ani-
mal acquisitions are performed with varying protocols and
analyses that hamper result comparison and integration in
worldwide. StandardRat is a consensus rat functional mag-
netic resonance imaging acquisition protocol tested across
20 centers which include National Institutes for Quantum
Science and Technology (QST) in Japan. This protocol and
processing pipeline described here is openly shared with the
neuroimaging community to promote interoperability and
cooperation toward tackling the most important challenges
in neuroscience [32]. Thus, their platform will continue to
actively disseminate the latest preclinical and translational
research using preclinical MRI.

1.2 Preclinical MRI equipment

The preclinical MRI research includes studies using small-
bore and whole-body MRI systems [44]. This paper focused
on studies using small-bore MRI systems for several reasons.
First, small-bore MRI systems are specifically designed for
preclinical research and are optimized for imaging small
animals such as mice and rats. This allows for higher spa-
tial resolution and sensitivity compared to whole-body MRI
systems, which are designed for larger animals and humans.
Second, small-bore MRI systems are more widely used in
preclinical research than whole-body MRI systems, and
therefore, there is a larger body of literature available for
review and analysis. Finally, the researchers have chosen
to focus on small-bore MRI systems because they may be
more accessible to researchers, especially those in academic
or small-scale research settings who may not have access to
whole-body MRI systems. Indeed, preclinical MRI is still
not accessible for researchers and technicians in the field of
radiological physics and technology. Therefore, this review
provides an opportunity for more researchers to become
familiar with preclinical MRI. It is important to note that the
choice of MRI system used in preclinical research depends
on the research question and the animal model being stud-
ied. Whole-body MRI systems may be more appropriate for
certain types of research, such as studies on large animals
or on whole-body physiology. Ultimately, the choice of
MRI system depends on the specific needs and goals of the
research project.
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High-field superconductor and permanent magnet MRI
systems for preclinical and small-animal use are available
from several manufacturers (Bruker, Agilent, MRSolution,
Mediso, Japan REDOX, among others) and differ from those
used clinically. The number of preclinical and small-animal
high-field MRI systems and permanent magnet animal MRI
systems installed at facilities in Japan currently exceeds 100,
with static magnetic field strengths of 1.0 T, 1.5 T, 4.7 T,
7 T, and 9.4 T, and the highest magnetic field of 11.7 T
in Japan. The author administered two 7 T MRI and 1.5 T
permanent magnet machines at Osaka University and the
National Cerebral and Cardiovascular Center Research
Institute (Fig. 1). Figure 1A shows that preclinical 7 T MRI
(16 cm small bore, for mice and rats) consists of 150 days of
helium autonomy with a nitrogen compressor system. Fig-
ure 1B shows that preclinical 7 T MRI (30 cm wide bore,
for mice, rats, and rabbits) consists of a zero helium boil-off
technology, nitrogen-free, and auto-bed system (AutoPac™).
The motor-driven automatic positioning system simpli-
fies animal handling and allows streamlined calibrated

7T-MRI (16 cm bore)

Fig.1 A Preclinical 7 T MRI (16 cm small bore, helium autonomy
150 days with nitrogen compressor system). B Preclinical 7 T MRI
(30 cm wide bore, zero helium boil-off technology, nitrogen-free

g

7T-MRI(30 cm bore)

positioning for effortless and reproducible precision during
routine scanning. Permanent magnet systems have a limited
number of sequences that can be used for imaging; how-
ever, superconducting systems can be used for fast imaging
sequence such as echo-planar imaging (Fig. 1C).

In preclinical small-bore high filed MRI, diffusion ten-
sor imaging (DTI) [45], magnetic resonance spectroscopy
(MRS) [30, 46], magnetic resonance angiography (MRA)
[47], arterial spin labeling (ASL) [48], susceptibility-
weighted imaging (SWI) [49], and other imaging techniques
that use these sequences are available. ASL, SWI, chemical
exchange saturation transfer imaging (CEST) [23, 29, 31,
50], Q-space imaging (QSI) [51], and relaxation time meas-
urements of T1-, T2-, and T1rho-mapping [27] are available
and can be used for most imaging methods applied in clini-
cal practice.

Furthermore, the number of available sequences increases
every year due to regular software updates. Preclinical
equipment typically uses a dedicated animal bed and an
attached MRI coil (Fig. 2A). Phantoms were also prepared

1.5T-MRI(Permanent magnet)
auto-bed system). C Preclinical 1.5 T MRI (open permanent mag-

net gradient, with the motor-driven automatic positioning system
AutoPac™)

Coil and bed

Phantom

Fig.2 A Coils and bed (mice cradle bed with 23 mm brain coil and a 60 mm rat body coil). B Phantom (top: quality control for 60 mm coil,
right: hand-made diluted series phantom, and bottom: quality control for 40 mm)
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for the maintenance of these coils (Fig. 2B). Some imaging
methods can be modified more extensively than clinical sys-
tems, including respiratory synchronization, electrocardiog-
raphy synchronization, and phased-array coils in the case of
higher end systems. Additionally, the system is compatible
with 2!'P and 13C coils, making it possible to perform multi-
nuclear MRS [52, 53].

1.3 Previous reports of preclinical MRl research
in the journal of radiological physics
and technology

Several studies on radiological physics and technology
(RPT) have reported the use of MRI in animals. The first
report on RPT was published by Yamamoto et al. in 2009
[54]. Their study attempted to evaluate the feasibility of
developing a whole-body 3 T MRI system for small ani-
mals. The quality of various images, including anatomic
T1W, T2W, time-of-flight magnetic resonance angiog-
raphy (TOF-MRA), and dynamic susceptibility contrast
images, was assessed in rats [54]. This small-animal imag-
ing system with clinical scanners is important to directly
address clinical questions and identify the origins of signal
changes, including various disease conditions, in a clini-
cal setting. In 2011, a second study by Nagata et al. on
RPT for animal MRI research evaluated the Mn content in
various organs of rats and the change in Mn content after
glucose stimulation in vivo and in vitro using MRI and
polarized Zeeman atomic absorption spectrophotometry,

Control

Ndufs4 KO

respectively, to investigate the feasibility of Mn-enhanced
MRI for estimating p-cell mass and function in the pan-
creas [55]. They used a permanent MRI system for small
animals. MRI studies were performed using a 1.5 T MRI
system for animal experiments (MRmini SA, DS Pharma
Biomedical Co., Ltd, Osaka, Japan), in which a solenoid
coil of 38.5 mm diameter was used as the radiofrequency
coil. The new MRI equipment (MR VivoLVA) was trans-
ferred to the Japanese redox system.

Their preclinical MRI study used a 7 T MRI Bruker pre-
clinical system. Their study aimed to use CEST; Fig. 3A,
B, D and E) and MRS (Fig. 3C, F) with 7 T MRI for the
early detection of intracerebral lactate in a mitochondrial
disease model without brain lesions [56]. CEST imaging
has emerged as a powerful tool for detecting biomarkers
such as pH, glucose, and protein concentration in vivo.
CEST MRI has been used to investigate a wide range of
diseases, including cancer, stroke, and neurodegenera-
tive disorders, and has shown promise as a noninvasive
method for disease diagnosis and monitoring. Saito et al.
used Ndufs4-knockout (KO) mice as a Leigh syndrome
model [46, 57] and wild-type (WT) mice as controls. Brain
MRI and '"H-MRS were performed. CEST has the potential
to be a sensitive tool for detecting intracerebral lactate in
some diseases and clarifying related physiological func-
tions. Another study detected intracerebral lactate in a
mitochondrial disease model using CEST and MRS with
7 T MRI [56]. Therefore, preclinical MRI studies in RPT
journals were initially reported using clinical machines for

Fig.3 Lactate-CEST imaging of mouse brains. The MTR asymmetry maps of 0.5 ppm and 1.0 ppm of the KO mice (A, B) are higher than those
of the control WT mice (D, E). Lactate levels in KO mice (C) are significantly higher than those of control mice (F)
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animal experiments, followed by permanent magnet and
superconducting animal machines.

1.4 Anesthesia and physiological monitoring
for small-animal MRI research

The most important factor in preclinical and small-animal
MRI examinations is the degree to which animal movement
can be controlled. In clinical MRI, the subject's movement
during imaging must be minimized as much as possible, and
the scan timing and movement of the organs must be accu-
rately monitored and synchronized with the imaging and
factored into the reconstruction process. An overview of the
anesthetics used in the MRI of mice and rats and biological
monitoring during MRI is described.

Laboratory animals are anesthetized for various purposes,
many of which aim to reduce pain. The Animal Welfare
Law stipulates that animal experiments should be conducted
using methods that cause minimal pain. Compared to inject-
able anesthetics, inhalation anesthetics induce safe general
anesthesia that can be used for short or long periods of time,
allowing easy adjustment of the depth of anesthesia, and
the animal awakens in a short time. However, in isoflurane-
anesthetized rats, even a short hypoxic episode can have
long-lasting effects on cerebrovascular regulation [58].
In recent years, inhalation anesthesia machines specially
designed for small animals have become available from sev-
eral manufacturers and are relatively easy to use. Isoflurane
and sevoflurane are used most frequently in MRI. In their
laboratory, several types of isoflurane inhalation anesthesia
machines are used: one for imaging (Fig. 4A), which can
be operated from the side of the console, and the other for
induction before imaging. Furthermore, some anesthetics
are used, with attention paid to differences in animal strains
and sexes. Mice tend to be hypothermic compared to rats,
and their body temperature is affected by thermal insulation,

room temperature, and other factors. Therefore, it is neces-
sary to consider variations in the depth of anesthesia, even
at the same dose, depending on age, concomitant drugs,
body condition, and manipulated genes. In their laboratory,
body temperature was maintained at 37 °C by circulating
55 °C warm water in a tube placed near the abdomen during
imaging.

The physiological monitoring of rodents and marmo-
sets during MRI is generally performed using non-blood-
intensive techniques. Monitoring equipment and instruments
should be MRI-compatible to avoid noise and artifacts in the
image, as well as for safety reasons. In the imaging of mice
and rats, respiration and body temperature were measured,
and electrocardiograms were used (Fig. 4B). In marmoset
imaging, pulse rate and blood oxygen saturation (SpO,) were
measured simultaneously. Marmoset imaging is performed
mainly using an MRI-compatible animal biomonitoring
device (SAI), and SpO, measurements are performed using
pulse oximetry. Accurate and precise monitoring of body
temperature, respiration, and electrocardiography can reduce
the risk of death in experimental animals.

1.5 Preclinical MRI for brain and neuroimaging

Preclinical MRI targets include the spine, lung, liver, arter-
ies, kidney, heart, knee, and rectum of rodents (Fig. SA-H)
and small primates, as well as tissue and biological samples
with a resolution of <50 um. This is a major distinction from
clinical imaging, as rodents, such as mice and rats, require
imaging under anesthesia. Although imaging while awake
is sometimes used to measure brain function in marmosets,
it is technically difficult, because the coil shape for prone
position must be made, the keep of the prone position is dif-
ficult, and MRI noise training for subject animals is required.

Neuroimaging in preclinical MRI studies is the most
widely used modality, as well as in clinical MRI research.

Anesthetizer

Physiological monitoring

Fig.4 A Anesthetizer and B biological monitoring (ECG, respiratory, and body temperature)
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Fig.5 A Mouse spine, B mouse
lung, C Rat liver, D mouse MR
angiography, E rat kidney, F
Rat heart cine imaging, G rat
knee, and H mouse rectum

Neuroimaging techniques, such as DTI, fMRI, and MRS,
provide a noninvasive evaluation of brain structure and
activity and have been used to determine the possible
mechanisms of cognitive aging in humans. Studies using
DTI (Fig. 6A), fMRI, and MRS in animal models have been
applied as an integrative set of techniques to bridge localized
cellular and molecular phenomena and broader in vivo brain
alterations in disease models.

Onishi et al. [23]and Tanoue et al. [59] established ortho-
topic brain tumor mouse and rat models and performed mul-
tiparametric MRI analysis. A brain tumor model was cre-
ated by transplanting C6 rat glioma cells directly into the
brain (Fig. 6B). They then used the C6 glioma rat model to
evaluate tumor changes caused by chemotherapy at differ-
ent doses of temozolomide (TMZ) in terms of quantitative
values measured by neurite orientation dispersion and den-
sity imaging (NODDI) and amide proton transfer imaging
using a 7 T MRI system. Microstructural changes caused
by TMZ-induced tumor growth inhibition can be evaluated
using multiparametric MRI analysis [23].

Stroke is the second most common cause of death and the
third most common cause of disability-adjusted life years
lost worldwide [60]. Ischemic stroke is caused by poor blood
flow in the brain. Therefore, a highly reproducible animal
model that can verify new MRI findings for cerebral infarc-
tion is necessary. Studies on in utero cerebral infarction mod-
els are underway. Hypoxic-ischemic encephalopathy (HIE)
is caused by perinatal asphyxia and causes serious impair-
ments, including mental retardation, epilepsy, and cerebral
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palsy. Ohki et al. evaluated the effects of CEST on ischemic
regions in HIE compared to DWI and MRS using 7 T MRI
(Fig. 6C and Fig. 7A-F) [32]. The CEST MTR maps did not
correspond to the hyperintense areas of DWI at O to 2 and
24 h after the onset of HIE (Fig. 7B and E). Changes in the
multi-offset CEST signal may be primarily related to brain
metabolites and pH alterations, such as those caused by lac-
tate, after the onset of HIE (Fig. 7C and F). Furthermore,
they evaluated the utility of NODDI to longitudinally assess
the severity of HIE. Using NODDI, quantitative maps for the
intracellular volume fraction (ICVF), orientation dispersion
index (ODI), and isotropic volume fraction (ISO) are gener-
ated. Their NODDI results revealed reduced FA at 168 h and
elevated ICVF, ISO, or ODI at varying time points from 1
to 168 h in severe vs. mild HIE. This suggests that NODDI
is useful for identifying the severity of the HIE model in the
early phase. NODDI is a potential method to determine the
severity of neonatal HIE in rats.

Stroke can be classified as ischemic or hemorrhagic.
As mentioned above, ischemic stroke is caused by a loss
of blood supply to an area of the brain and is a common
form of stroke. Hemorrhagic stroke is caused by bleeding
in the brain due to ruptured blood vessels. Hemorrhagic
stroke can be further divided into intracerebral hemorrhage
(ICH) and subarachnoid hemorrhage (SAH). They created
a rat model of ICH and compared quantitative susceptibil-
ity mapping (QSM) with the conventional MRI during the
longitudinal evaluation of ICH. To establish this model, col-
lagenase was injected into the right striatum of Wistar rats.
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Fig.6 A DTI of the rat brain,

B rat glioma; C DWI of the rat
brain stroke model, D ASL of
the rat brain stroke model, E, F,
and G T2WI, SWI, and QSM of
a rat brain hemorrhage model,
respectively

Stroke

Fig.7 A DWI of ischemic

rat brain as 2 h later, B CEST
image of ischemic rat brain as
2 h later, C MRS of ischemic
rat brain as 2 h later, D DWI of
ischemic rat brain as 24 h later,
E CEST image of ischemic rat
brain as 24 h later, and F MRS
of ischemic rat brain as 24 h
later

2h later

24h later

QSM and conventional MRI were performed at 0, 1, 7, and
28 days after surgery using 7 T MRI. The susceptibility,
normalized signal value, and area of the hemorrhage site
were compared during the image analysis (Fig. 6E, F and G).
In this preclinical study using a rat model of ICH, temporal
evaluation of ICH using QSM suggested the possibility of

MTR asymmetry

MTR asymmetry

detecting asymmetric iron deposition in relation to normal
areas of the brain.

Therefore, neuroimaging in preclinical MRI studies of
diseases affecting the central nervous system has a multi-
tude of uses and areas of applied research similar to clini-
cal MRI research. In the future, neuroimaging in preclinical
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MRI studies will be more widely used, as well as in clinical
MRI research.

1.6 Preclinical MRI for heartimaging

Preclinical MRI is a powerful tool for noninvasive imaging
of the heart in animal models. It can provide high-resolu-
tion, detailed images of the heart and surrounding structures,
allowing researchers to study cardiac function, morphology,
and tissue composition. Moreover, some of the advantages
of preclinical MRI for heart imaging include noninvasive,
high resolution, and multimodality.

MRI does not require any invasive procedures, mak-
ing it a safe and convenient option for repeated imaging of
animals. Also, MRI can provide high-resolution images of
the heart and surrounding structures, allowing for detailed
analysis of cardiac function, morphology, and tissue com-
position. For assessment of cardiac function, MRI can be
used to assess various aspects of cardiac function, such as
cardiac output, left-ventricular ejection fraction, and myo-
cardial strain [16, 17, 33, 34, 61] (Fig. 5F) Furthermore,
MRI can be used to characterize various aspects of cardiac
tissue, such as fibrosis, inflammation, and lipid deposition
for characterization of cardiac tissue.

In Japan, around 200,000 deaths attributed to cardiac dis-
eases reported annually, most of which comprise myocardial
infarction (MI). Cardiovascular magnetic resonance (CMR)
imaging has recently attracted attention in the evaluation of
MI and cardiac function and myocardial tissue-level char-
acteristics. Onishi et al. [33] performed that CMR of MI
model rats was acquired on days 3 and 9 after MI using
preclinical 7 T MRI, and cardiac function and myocardial
strain values were calculated (Fig. 8 and Fig. 9). Rat control
cine images and images on days 3 and 9 were evaluated by
measuring the left-ventricular ejection fraction (LVEF) and
three strain values in the circumferential (CS), radial (RS),

Fig.8 Representative short-axis
view cine magnetic resonance
images. Control (A, D), 3 days
after the onset of myocardial
infarction (B, E), and 9 days
after the onset of myocardial
infarction (C, F). End-systolic
phase of the rat heart (A, B, C)
and end-diastolic phase of the
rat heart (D, E, F). White dotted
circles: infarcted area (cited
from Tomography 2023, 9(2),
871-882, Fig. 3)

End-systolic

End-diastolic
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and longitudinal directions (LS). In this study, CS decreased
significantly 3 days after MI, but there was no difference
between images on days 3 and 9. Also, both 2-chamber (2ch)
and 4-chamber (4ch) LS values were significantly decreased
3 days after MI. Myocardial strain analysis is, therefore, use-
ful for assessing the pathophysiology and myocardial tissue
strain of MI. Overall, preclinical MRI has the potential to
greatly advance their understanding of cardiac physiology
and pathophysiology.

1.7 Preclinical MRI for liver imaging

Preclinical MRI for liver imaging in animal models can
obtain high-resolution imaging of the liver and can provide
information on the structure, function, and metabolism of
the liver [27, 62-64] (Fig. 5C). One of the advantages of
preclinical MRI is its ability to perform dynamic imag-
ing, which can track the uptake and distribution of contrast
agents in the liver [64]. This can be particularly useful in
the study of liver function and disease, as contrast agents
can provide information on liver perfusion, blood flow, and
hepatocyte function. In addition, preclinical MRI can be
used to study liver pathology, including the development
and progression of liver disease, such as fibrosis and cir-
rhosis. MRI can also be used to monitor the response to
therapy in animal models of liver disease, providing valuable
information on the efficacy of potential treatments. Over-
all, preclinical MRI can provide valuable insights into liver
function and disease.

Arihara et al. [27] and Saito et al. [30] measured the
relaxation times such as T1lrho and T2 values the liver of
acute liver inflammation model administered carbon tetra-
chloride (CCl4) or a thioacetamide (TAA) after dispensed,
and they compared and examined whether each relaxation
time can be used for detect acute liver inflammation. The
T1rho value changed significantly compared to the T2 value,

Control 3rd day 9th day

A
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4ch LS

2ch LS

9th day

Fig.9 Strain-encoded functional magnetic resonance imaging of the
end-systolic left ventricle. 4ch LS, 4ch view longitudinal strain; 2ch
LS, 2ch view longitudinal strain; CS, short-axis view circumferential
strain; RS, short-axis view radial strain. A, E, I LS in the long-axis
4ch view. B, F, J LS in the long-axis 2ch view. C, G, K CS in the
short-axis view. D, H, L RS in the short-axis view. A, B, C, E Con-
trol, E, F, G, H 3 days after the onset of myocardial infarction, and I,

and a continuous change was observed even after 6 days
CCl4 administration. While, TAA injection study, liver
T1rho and T2 relaxation times significantly increased 3 days
after TAA injection compared to pre-injection (Fig. 10 and

CS >20

(03

10

-10

<-20

J, K, L 9 days after the onset of myocardial infarction. The color bar
shows the scale of the strain based on the end-diastolic left ventricle,
with maximum contraction shown in red and minimum contraction
in blue. White arrows: infarcted area. Red arrow: contracting area.
Yellow arrows: reduced functionality (cited from Tomography 2023,
9(2), 871-882, Fig. 6)

Fig. 11). Comparing the two TAA models, the high-dose
group showed more prolonged T1rho relaxation times than
the low-dose group. Three days after TAA administration,
the T1rho relaxation time was significantly increased by 45%

Fig. 10 A-E Color-coded magnetic resonance liver T1rho maps showing representative results in the control (A), 300 mg/kg TAA injection (B,
C), and 400 mg/kg TAA injection D, E models. TAA thioacetamide (cited from Metabolites. 2022, Apr 27; 12(5):396, Fig. 1)
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Control

300 mg/kg Day 3

300 mg/kg Day 10

¢ 7§ .80 [ms]

Fig. 11 A-E Color-coded magnetic resonance liver T2 maps showing examples from animals of the control (A), 300 mg/kg TAA injection (B,
(), and 400 mg/kg TAA injection (D, E) groups. TAA thioacetamide (cited from Metabolites. 2022, Apr 27; 12(5):396, Fig. 2)

in the high-dose group in comparison to 29% in the low-dose
group (Fig. 10). In T2 maps, in the high-dose group, this
parameter was also significantly increased on day 3, and
this increase recovered by day 10 after TAA administration
(Fig. 11). Thus, relaxation maps of liver may use for diag-
nosing an acute liver inflammation. In addition, Saito et al.
have assessed the liver function in some liver injury and dis-
ease models using a dynamic contrast-enhanced MRI with
Gd-EOB-DTPA [64-66]. The DCE-MRI with Gd-EOB-
DTPA is useful for evaluating some hepatic injury and dis-
ease models same as human examinations.

1.8 The challenges for further development
of preclinical MRI

There are several challenges that must be addressed to fur-
ther develop preclinical MRI research in the future. Pre-
clinical MRI systems and infrastructure can be expensive
to acquire and maintain, which can limit their accessibility
for researchers. This is particularly true for high-field MRI
systems such 7 T-, 9.4 T-MRI, which are often the most
powerful and high resolution but also the costliest. Also,
MRI systems must be compatible with a wide range of ani-
mal models, including various sizes, species, and strains.
This requires careful design and engineering of the imaging
equipment and software. To ensure comparability and repro-
ducibility of results, it is important to establish standardized
protocols for preclinical MRI data acquisition and analysis.

@ Springer

Despite these challenges, preclinical MRI research has
already led to important advances in our understanding of
disease mechanisms and potential therapies. As technology
continues to advance and new imaging techniques are devel-
oped, it is likely that preclinical MRI research will continue
to play a key role in advancing medical science in the future.

2 Conclusion

Although preclinical imaging systems have been installed
in many universities and research facilities, their recogni-
tion remains low. Preclinical imaging studies have been
conducted for many years in basic research in the fields of
radiation technology, medical physics, and radiology. In
addition to RPT, we believe that both societies have great
potential in terms of the technology and knowledge accumu-
lated by the Japanese Society of Radiological Technology
and JSMP, as well as in terms of providing human resources.
There remains much potential for applied research, includ-
ing fusion research in radiotherapy, such as MRI-LINAC,
and nuclear medicine, such as PET-MRI. We believe that
preclinical MRI research holds great promise in the future
of this field.

Acknowledgements This work was the result of using research equip-
ment shared in the MEXT Project for promoting public utilization of
advanced research infrastructure (Program for Advanced Research
Equipment Platforms MRI Platform), Grant Nos. JPMXS0450400022



Preclinical magnetic resonance imaging and spectroscopy in the fields of radiological... 57

and JPMXS0450400023. This study was partly funded by the Japa-
nese Society of Radiological Technology (JSRT) Research Grant
(2019, 2020, and 2021) with Hitoshi Kubo, Keigo Hikishima, Daisuke
Kokuryo, and Junichi Hata.

Funding Open Access funding provided by Osaka University.

Declarations

Conflict of interest The author declares no conflict of interest.

Ethical approval This study needs no ethics approval.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

Shaffer A, Kwok SS, Naik A, Anderson AT, Lam F, Wszalek T,
et al. Ultra-high-field MRI in the diagnosis and management of
gliomas: a systematic review. Front Neurol. 2022;13: 857825.
Ni R. Magnetic resonance imaging in tauopathy animal models.
Front Aging Neurosci. 2021;13: 791679.

Mohr H, Foscarini A, Steiger K, Ballke S, Rischpler C, Schilling
F, Pellegata NS. Imaging pheochromocytoma in small animals:
preclinical models to improve diagnosis and treatment. EINMMI
Res. 2021;11(1):121.

Clark DP, Badea CT. Advances in micro-CT imaging of small
animals. Phys Med. 2021;88:175-92.

Zhou Y, Chen H, Ambalavanan N, Liu G, Antony VB, Ding Q,
et al. Noninvasive imaging of experimental lung fibrosis. Am J
Respir Cell Mol Biol. 2015;53(1):8-13.

Saito S, Ninomiya K, Sawaya R. 12 usefulness of micro-CT
in preclinical study. Nihon Hoshasen Gijutsu Gakkai Zasshi.
2022;78(2):203-6.

Teramoto A, Saito S. 9. development of micro-CT and Its appli-
cation of preclinical research. Nihon Hoshasen Gijutsu Gakkai
Zasshi. 2018;74(8):813-7.

Saito S, Murase K. Detection and early phase assessment of radi-
ation-induced lung injury in mice using micro-CT. PLoS ONE.
2012;7(9): e45960.

Saito S, Murase K. Visualization of mouse spinal cord micro-
scopic structures by use of ex vivo quantitative micro-CT images.
Radiol Phys Technol. 2013;6(1):7-13.

Adler SS, Seidel J, Choyke PL. Advances in preclinical PET.
Semin Nucl Med. 2022;52(3):382—402.

Shidahara M, Funaki Y, Watabe H. Noninvasive estimation of
human radiation dosimetry of (18)F-FDG by whole-body small
animal PET imaging in rats. Appl Radiat Isot. 2022;181: 110071.
Concilio SC, Russell SJ, Peng KW. A brief review of reporter
gene imaging in oncolytic virotherapy and gene therapy. Mol Ther
Oncolytics. 2021;21:98-109.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Serkova NJ, Glunde K, Haney CR, Farhoud M, De Lille A,
Redente EF, et al. Preclinical applications of multi-platform imag-
ing in animal models of cancer. Cancer Res. 2021;81(5):1189-200.
Masuda K, Taenaka H, Asanuma T, Nakatani S. Comparison of
the effects of angiotensin II receptor antagonist monotherapy and
combination therapy with a diuretic on cardiac function in spon-
taneously hypertensive rats. J Echocardiogr. 2012;10(4):125-31.
Nakano S, Masuda K, Asanuma T, Nakatani S. The effect of
chronic renal failure on cardiac function: an experimental study
with a rat model. J Echocardiogr. 2016;14(4):156-62.

Inagaki T, Pearson JT, Tsuchimochi H, Schwenke DO, Saito S,
Higuchi T, et al. Evaluation of right coronary vascular dysfunc-
tion in severe pulmonary hypertensive rats using synchrotron
radiation microangiography. Am J Physiol Heart Circ Physiol.
2021;320(3):H1021-36.

. Saito S, Tanoue M, Masuda K, Mori Y, Nakatani S, Yoshioka

Y, Murase K. Longitudinal observations of progressive cardiac
dysfunction in a cardiomyopathic animal model by self-gated
cine imaging based on 11.7-T magnetic resonance imaging. Sci
Rep. 2017;7(1):9106.

Sawada K, Fukunishi K, Kashima M, Imai N, Saito S, Aoki I,
Fukui Y. Regional difference in sulcal infolding progression
correlated with cerebral cortical expansion in cynomolgus mon-
key fetuses. Congenit Anom (Kyoto). 2017;57(4):114-7.

Saito S, Mori Y, Yoshioka Y, Murase K. High-resolution
ex vivo imaging in mouse spinal cord using micro-CT with
11.7T-MRI and myelin staining validation. Neurosci Res.
2012;73(4):337-40.

Wu D, Richards LJ, Zhao Z, Cao Z, Luo W, Shao W, et al. A dif-
fusion MRI-based spatiotemporal continuum of the embryonic
mouse brain for probing gene-neuroanatomy connections. Proc
Natl Acad Sci U S A. 2022. https://doi.org/10.1073/pnas.21118
69119.

Carli S, Chaabane L, De Rocco G, Albizzati E, Sormonta I, Cal-
ligaro S, et al. A comprehensive longitudinal study of magnetic
resonance imaging identifies novel features of the Mecp2 deficient
mouse brain. Neurobiol Dis. 2023;180: 106083.

Saito S, Hasegawa S, Sekita A, Bakalova R, Furukawa T,
Murase K, et al. Manganese-enhanced MRI reveals early-
phase radiation-induced cell alterations in vivo. Cancer Res.
2013;73(11):3216-24.

Onishi R, Sawaya R, Tsuji K, Arihara N, Ohki A, Ueda J, et al.
Evaluation of temozolomide treatment for glioblastoma using
amide proton transfer imaging and diffusion MRI. Cancers
(Basel). 2022;14(8):1907.

Manno FAM, Kumar R, An Z, Khan MS, Su J, Liu J, et al. Struc-
tural and functional hippocampal correlations in environmental
enrichment during the adolescent to adulthood transition in mice.
Front Syst Neurosci. 2021;15: 807297.

Sawada K, Saito S, Horiuchi-Hirose M, Murase K. Enhanced heat
shock protein 25 immunoreactivity in cranial nerve motoneurons
and their related fiber tracts in rats prenatally-exposed to X-irra-
diation. Congenit Anom (Kyoto). 2014;54(2):87-93.

Sawada K, Saito S, Horiuchi-Hirose M, Mori Y, Yoshioka Y,
Murase K. Dose-related cerebellar abnormality in rats with pre-
natal exposure to X-irradiation by magnetic resonance imaging
volumetric analysis. Congenit Anom (Kyoto). 2013;53(3):127-30.
Arihara N, Saito S, Sawaya R, Onishi R, Tsuji K, Ohki A,
et al. Evaluation of liver T(1rho) and T(2) values in acute liver
inflammation models using 7T-MRI. Magn Reson Imaging.
2022;88:20-4.

Hakui H, Kioka H, Miyashita Y, Nishimura S, Matsuoka K, Kato
H, et al. Loss-of-function mutations in the co-chaperone protein
BAGS cause dilated cardiomyopathy requiring heart transplanta-
tion. Sci Transl Med. 2022;14(628):eabf3274.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1073/pnas.2111869119
https://doi.org/10.1073/pnas.2111869119

58

S. Saito, J. Ueda

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Kuribayashi S, Saito S, Sawaya R, Takahashi Y, Kioka H,
Takezawa K, et al. Creatine chemical exchange saturation transfer
(Cr-CEST) imaging can evaluate cisplatin-induced testicular dam-
age. Magn Reson Med Sci. 2022. https://doi.org/10.2463/mrms.
mp.2021-0125.

Saito S, Arihara N, Sawaya R, Morimoto-Ishikawa D, Ueda J.
Metabolites alterations and liver injury in hepatic encephalopathy
models evaluated by use of 7T-MRI. Metabolites. 2022;12(5):396.
Sawaya R, Kuribayashi S, Ueda J, Saito S. Evaluating the cisplatin
dose dependence of testicular dysfunction using creatine chemi-
cal exchange saturation transfer imaging. Diagnostics (Basel).
2022;12(5):1046.

Grandjean J, Desrosiers-Gregoire G, Anckaerts C, Angeles-
Valdez D, Ayad F, Barriere DA, et al. A consensus protocol for
functional connectivity analysis in the rat brain. Nat Neurosci.
2023;26(4):673-81.

Onishi R, Ueda J, Ide S, Koseki M, Sakata Y, Saito S. Appli-
cation of magnetic resonance strain analysis using feature
tracking in a myocardial infarction model. Tomography.
2023;9(2):871-82.

Ueda J, Saito S. Evaluation of cardiac function in young Mdx
mice using MRI with feature tracking and self-gated magnetic
resonance cine imaging. Diagnostics (Basel). 2023;13(8):1472.
Gao S, Miura Y, Sumiyoshi A, Ohno S, Ogata K, Nomoto
T, et al. Self-folding macromolecular drug carrier for cancer
imaging and therapy. Adv Sci (Weinh). 2023. https://doi.org/
10.1002/advs.202304171.

Kurahashi T, Nishime C, Nishinaka E, Komaki Y, Seki F, Urano
K, et al. Transplantation of chemical compound-induced cells
from human fibroblasts improves locomotor recovery in a spinal
cord injury rat model. Int J Mol Sci. 2023;24(18):13853.
Mahara A, Shima K, Soni R, Onishi R, Hirano Y, Saito S,
Yamaoka T. In vivo MR imaging for tumor-associated initial
neovascularization by supramolecular contrast agents. Colloids
Surf B Biointerfaces. 2023;230: 113525.

Matsubayashi K, Shinozaki M, Hata J, Komaki Y, Nagoshi N,
Tsuji O, et al. A shift of brain network hub after spinal cord
injury. Front Mol Neurosci. 2023;16:1245902.

Murase S, Sakitani N, Maekawa T, Yoshino D, Takano K,
Konno A, et al. Interstitial-fluid shear stresses induced by ver-
tically oscillating head motion lower blood pressure in hyper-
tensive rats and humans. Nat Biomed Eng. 2023;7(11):1350-73.
Nakano T, Natsuyama T, Tsuji N, Katayama N, Ueda J, Saito
S. Longitudinal evaluation using preclinical 7T-magnetic reso-
nance imaging/spectroscopy on prenatally dose-dependent
alcohol-exposed rats. Metabolites. 2023;13(4):527.

Okuno T, Hata J, Haga Y, Muta K, Tsukada H, Nakae K, et al.
Group surrogate data generating models and similarity quantifi-
cation of multivariate time-series: a resting-State fMRI STUDY.
Neuroimage. 2023;279: 120329.

Skibbe H, Rachmadi MF, Nakae K, Gutierrez CE, Hata J,
Tsukada H, et al. The brain/MINDS marmoset connectivity
resource: an open-access platform for cellular-level tracing
and tractography in the primate brain. PLoS Biol. 2023;21(6):
e3002158.

Sumiyoshi A, Shibata S, Lazarova D, Zhelev Z, Aoki I, Baka-
lova R. Tolerable treatment of glioblastoma with redox-
cycling “mitocans”: a comparative study in vivo. Redox Rep.
2023;28(1):2220531.

Zhou J, Zaiss M, Knutsson L, Sun PZ, Ahn SS, Aime S, et al.
Review and consensus recommendations on clinical APT-
weighted imaging approaches at 3T: application to brain tumors.
Magn Reson Med. 2022;88(2):546-74.

Saito S, Sawada K, Hirose M, Mori Y, Yoshioka Y, Murase
K. Diffusion tensor imaging of brain abnormalities induced by

Springer

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

prenatal exposure to radiation in rodents. PLoS ONE. 2014;9(9):
e107368.

Takahashi Y, Kioka H, Shintani Y, Ohki A, Takashima S, Sakata
Y, et al. Detection of increased intracerebral lactate in a mouse
model of Leigh syndrome using proton MR spectroscopy. Magn
Reson Imaging. 2019;58:38—43.

Saito S, Sawada K, Mori Y, Yoshioka Y, Murase K. Brain and
arterial abnormalities following prenatal X-ray irradiation in mice
assessed by magnetic resonance imaging and angiography. Con-
genit Anom (Kyoto). 2015;55(2):103-6.

Ohki A, Saito S, Hirayama E, Takahashi Y, Ogawa Y, Tsuji M,
et al. Comparison of chemical exchange saturation transfer imag-
ing with diffusion-weighted imaging and magnetic resonance
spectroscopy in a rat model of hypoxic-ischemic encephalopathy.
Magn Reson Med Sci. 2020;19(4):359-65.

Schweser F, Preda M, Zivadinov R. Susceptibility weighted MRI
in Rodents at 9.4 T. Methods Mol Biol. 2018;1718:205-34.
Saito S, Mori Y, Tanki N, Yoshioka Y, Murase K. Fac-
tors affecting the chemical exchange saturation transfer of
Creatine as assessed by 11.7 T MRI. Radiol Phys Technol.
2015;8(1):146-52.

Hikishima K, Yagi K, Numano T, Homma K, Nitta N, Nakatani T,
Hyodo K. Volumetric g-space imaging by 3D diffusion-weighted
MRI. Magn Reson Imaging. 2008;26(4):437-45.

Viale A, Reineri F, Santelia D, Cerutti E, Ellena S, Gobetto R,
Aime S. Hyperpolarized agents for advanced MRI investigations.
Q J Nucl Med Mol Imaging. 2009;53(6):604—17.

Morikawa S, Kido C, Inubushi T. Observation of rat hind limb
skeletal muscle during arterial occlusion and reperfusion by 31P
MRS and 1H MRI. Magn Reson Imaging. 1991;9(3):269-74.
Yamamoto A, Sato H, Enmi J, Ishida K, Ose T, Kimura A, et al.
Use of a clinical MRI scanner for preclinical research on rats.
Radiol Phys Technol. 2009;2(1):13-21.

Nagata M, Kagawa T, Koutou D, Matsushita T, Yamazaki Y,
Murase K. Measurement of manganese content in various organs
in rats with or without glucose stimulation. Radiol Phys Technol.
2011;4(1):7-12.

Saito S, Takahashi Y, Ohki A, Shintani Y, Higuchi T. Early detec-
tion of elevated lactate levels in a mitochondrial disease model
using chemical exchange saturation transfer (CEST) and magnetic
resonance spectroscopy (MRS) at 7T-MRI. Radiol Phys Technol.
2019;12(1):46-54.

Saito S, Tanoue M, Ohki A, Takahashi Y. 19 application of
chemical exchange saturation transfer imaging using ultra-
high filed MRI. Nihon Hoshasen Gijutsu Gakkai Zasshi.
2019;75(10):1194-9.

McCarthy WJ, Vogelzang RL, Nemcek AA Jr, Joseph A, Pearce
WH, Flinn WR, Yao JS. Excimer laser-assisted femoral angio-
plasty: early results. J Vasc Surg. 1991;13(5):607-14.

Tanoue M, Saito S, Takahashi Y, Araki R, Hashido T, Kioka H,
et al. Amide proton transfer imaging of glioblastoma, neuroblas-
toma, and breast cancer cells on a 11.7T magnetic resonance
imaging system. Magn Reson Imaging. 2019;62:181-90.

Feigin VL, Forouzanfar MH, Krishnamurthi R, Mensah GA, Con-
nor M, Bennett DA, et al. Global and regional burden of stroke
during 1990-2010: findings from the Global Burden of Disease
Study 2010. Lancet. 2014;383(9913):245-54.

Saito S, Masuda K, Mori Y, Nakatani S, Yoshioka Y, Murase K.
Mapping of left ventricle wall thickness in mice using 11.7-T mag-
netic resonance imaging. Magn Reson Imaging. 2017;36:128-34.
Murase K, Assanai P, Takata H, Matsumoto N, Saito S, Nishiura
M. Kinetic analysis of superparamagnetic iron oxide nanopar-
ticles in the liver of body-temperature-controlled mice using
dynamic susceptibility contrast magnetic resonance imaging
and an empirical mathematical model. Magn Reson Imaging.
2015;33(5):600-10.


https://doi.org/10.2463/mrms.mp.2021-0125
https://doi.org/10.2463/mrms.mp.2021-0125
https://doi.org/10.1002/advs.202304171
https://doi.org/10.1002/advs.202304171

Preclinical magnetic resonance imaging and spectroscopy in the fields of radiological... 59

63.

64.

65.

Murase K, Assanai P, Takata H, Saito S, Nishiura M. A simple
and inexpensive system for controlling body temperature in small
animal experiments using MRI and the effect of body temperature
on the hepatic kinetics of Gd-EOB-DTPA. Magn Reson Imaging.
2013;31(10):1744-51.

Saito S, Obata A, Kashiwagi Y, Abe K, Murase K. Dynamic
contrast-enhanced MRI of the liver in Mrp2-deficient rats using
the hepatobiliary contrast agent Gd-EOB-DTPA. Invest Radiol.
2013;48(7):548-53.

Moriyama Y, Saito S, Kobayashi S, Ogihara R, Koto D, Kitamura
A, et al. Evaluation of concanavalin A-induced acute liver injury
in rats using an empirical mathematical model and dynamic con-
trast-enhanced MR imaging with Gd-EOB-DTPA. Magn Reson
Med Sci. 2012;11(1):53-60.

66. Saito S, Moriyama Y, Kobayashi S, Ogihara R, Koto D, Kitamura

A, et al. Assessment of liver function in thioacetamide-induced
rat acute liver injury using an empirical mathematical model and
dynamic contrast-enhanced MRI with Gd-EOB-DTPA. ] Magn
Reson Imaging. 2012;36(6):1483-9.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Preclinical magnetic resonance imaging and spectroscopy in the fields of radiological technology, medical physics, and radiology
	Abstract
	1 Introduction
	1.1 Preclinical MRI platform in Japan
	1.2 Preclinical MRI equipment
	1.3 Previous reports of preclinical MRI research in the journal of radiological physics and technology
	1.4 Anesthesia and physiological monitoring for small-animal MRI research
	1.5 Preclinical MRI for brain and neuroimaging
	1.6 Preclinical MRI for heart imaging
	1.7 Preclinical MRI for liver imaging
	1.8 The challenges for further development of preclinical MRI

	2 Conclusion
	Acknowledgements 
	References




