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In the present study, we used benchtop magnetic resonance imaging (BT-MRI) for non-invasive and con-
tinuous in vivo studies of in situ forming poly(lactide-co-glycolide) (PLGA) implants without the use of
contrast agents. Polyethylene glycol (PEG) 400 was used as an alternative solvent to the clinically used
NMP. In addition to BT-MRI, we applied electron paramagnetic resonance (EPR) spectroscopy to charac-
terize implant formation and drug delivery processes in vitro and in vivo.

;<eyf’V°rfd5: N We were able to follow key processes of implant formation by EPR and MRI. Because EPR spectra are
]\T/l[ ]gt“ orming implants sensitive to polarity and mobility, we were able to follow the kinetics of the solvent/non-solvent

Benchtop NMR exchange and the PLGA precipitation. Due to the high water affinity of PEG 400, we observed a transient
EPR accumulation of water in the implant neighbourhood. Furthermore, we detected the encapsulation by BT-
MRI of the implant as a response of the biological system to the polymer, followed by degradation over a
period of two months. We could show that MRI in general has the potential to get new insights in the
in vivo fate of in situ forming implants. The study also clearly shows that BT-MRI is a new viable and much
less expensive alternative for superconducting MRI machines to monitor drug delivery processes in vivo
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in small mammals.
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1. Introduction

Injectable in situ forming implants (ISFI) based on biodegrad-
able polymer solution have received considerable attention in the
past years. They represent an alternative to common parental for-
mulations such as implants or microspheres [1,2]. Injected as a li-
quid they subsequently solidify and form a subcutaneous depot.
ISFI have several advantages compared to pre-shaped implants,
as they are simple to fabricate and avoid invasive techniques such
as surgery or the use of needles with large diameters for its
implantation. The formation process of an in situ implant can be
triggered via temperature and pH changes [3,4], ionic or chemical
cross-linking [5,6] or solvent exchange [7]. So far only systems
based on solvent exchange are commercially available products.
Examples include Atridox® [8] which is used for the periodontal
delivery of doxycycline and Eligard® [9], a subcutaneous depot
for leuprolide. In both systems, poly(lactide-co-glycolide) (PLGA)
polymers are dissolved in the water miscible, physiologically com-
patible organic solvent N-methyl-2-pyrrolidone (NMP). After injec-
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tion, the polymer precipitates due to the solvent (NMP)/non-
solvent (body fluids) exchange. As a result, an implant is formed
at the injection site. It is obvious that the phase inversion dynamics
of PLGA solutions are very critical for the drug release behaviour. A
slow conversion of the polymer solution into a solid implant will
cause an initial burst release. In order to control the burst effect,
several formulation parameters have been examined to influence
the rate of polymer precipitation. The concentration and type of
PLGA, type of solvent or co-solvent and additives all influenced
the in vitro drug release [10,11]. McHugh et al. developed a dark-
ground video imaging technique to visualise and quantify the
phase inversion dynamics of several PLGA solutions [12,13]. How-
ever, this technique is limited to in vitro experiments and the eval-
uation of thin films over a small time scale (minutes to few hours).
Unfortunately, there is only very limited knowledge about the
in vivo situation, due to the difficulty to study such complex sys-
tems. Most frequently applied analytical methods for the in vivo
characterization of implants, such as chromatography, infrared
spectroscopy and histological staining microscopy require the sur-
gical extraction of the implants and special sample preparation
that may lead to artefacts [14]. In addition, these procedures ex-
clude continuous studies with the same sample on a single animal.
Conventional in vivo experiments require a large number of ani-
mals, which does not comply with the international efforts to re-
duce the number of animal experiments. Because of their non-
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destructive nature, magnetic resonance techniques (e.g. magnetic
resonance imaging (MRI) and electron paramagnetic resonance
(EPR) spectroscopy) are well suited for serial and real time
in vivo measurements [15,16]. By means of EPR spectroscopy, we
were able to detect the replacement for the organic solvent NMP
by water inside PLGA-implants online both in vitro and in living
mice [17]. Furthermore, the precipitation of a model drug sub-
stance within the polymer was monitored. Both the kinetics of sol-
vent/non-solvent exchange and polymer precipitation showed
good in vitro-in vivo correlation. However, EPR spectroscopy gave
no direct information about the response of the biological system
to the implant (e.g. edema, inflammation or encapsulation). In
addition, we got no spatial information about the shape and size
of the formulation after injection and its disappearance from the
injection site. To circumvent these limitations, we applied mag-
netic resonance imaging (MRI) as a complementary non-invasive
method to EPR spectroscopy.

In general, '"H-MRI is a non-invasive imaging method that de-
tects the local concentration and physical state of protons. It has
been used to monitor hydration, swelling and erosion of non-
coated and coated tablets or implants [16,18,19]. Recently, it has
been investigated to follow carbon dioxide formation in floating
tablets [20] and the fate of several parental formulations such as
oils, lipid emulsion and water solutions of block co-polymers after
subcutaneous injection [21].

Although MRI has proven to be useful in a number of biomedi-
cal applications and diagnostic tool in clinics, there are only a few
reports dedicated to drug delivery research [16,22]. The main rea-
sons for its rare application are the high installation and running
costs of common superconducting MRI machines. An alternative
option is the use of commercial, low-cost benchtop NMR systems
with permanent magnets [23,24]. The successful implementation
of BT-MRI for the in vitro characterization of tablets [20,25,26]
and scaffolds [27] encouraged us to explore the possibility of BT-
MRI for pre-clinical in vivo studies.

Contrast agents and markers are often used in biomedical and
clinical MRI. But in drug delivery research their use has to be crit-
ically analysed. The addition of contrast agents may influence the
general properties of the formulation, affecting stability, release
rates or its biocompatibility. It was, therefore, the aim of the pres-
ent study to evaluate the use of benchtop MRI for studying ISFI
without the use of marker substances and contrast enhancing
agents. We investigated the process of polymer precipitation and
solvent/non-solvent exchange during implant formation in living
mice. In addition, we followed the response of the biological sys-
tem and implant degradation over a period of 2 months. Further-
more, we conducted an in vivo/in vitro correlation study of the
solvent exchange process by EPR spectroscopy.

2. Materials and methods
2.1. Sample preparation

PLGA (Resomer RG503H, 50:50 M ratio, p,L-lactide/glycolide,
Mw 34,000, Boehringer Ingelheim, Germany) was dissolved in N-
methyl-2-pyrrolidone (Merck, Germany) or PEG 400 (Lutrol 400,
BASF, Ludwigshafen, Germany) upon stirring at room temperature.
The formed solution had a final concentration of 30% (w/v) PLGA.
For EPR measurements, the lipophilic stable nitroxyl radical 4-ben-
zoyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl = (Tempolbenzoate,
TB, Sigma, Germany) was incorporated in the PLGA-solutions up
to a final concentration of 5 mmol per kg PLGA.

For calibration measurements, TB was dissolved in mixtures of
NMP/phosphate buffer or PEG 400/phosphate buffer (pH 7.4) at a
concentration of 0.25 mM. Aliquots of 1 ml were taken and mea-

sured with a 1.1-1.3 GHz EPR spectrometer (MagnetTech, Ger-
many). Recently, we presented an EPR method [17] to determine
dissolution induced changes in micropolarity. Briefly, the values
of the isotropic hyperfine-splitting 2ay (distance first to third peak)
were determined from the spectra and plotted against the concen-
tration of NMP and PEG 400 in different NMP-buffer and PEG 400-
buffer mixtures. The obtained calibration curves (Fig. 1) showed
that the hyperfine-splitting parameter 2ay corresponded to the
NMP and PEG 400 concentrations in the dilution series. The regres-
sion coefficients for both calibration curves were R = 0.99. The EPR
data also show that PEG 400 is slightly more polar compared to
NMP.

2.2. In vitro EPR studies

For in vitro monitoring of the in situ forming implant formation
200 pl of the TB-containing polymer solution was injected through
a 25 gauge needle into 50 ml of 0.1 M phosphate buffer (pH 7.4;
37 °C) placed in an incubation shaker (30 rpm). The polymer solu-
tions were injected into perforated plastic capsules placed in the
buffer solutions, where the implants formed immediately. At
determined time points the implants were taken out the buffer,
the capsules were dried with paper, wrapped into plastic foil to
prevent drying and subsequently transferred to the EPR spectrom-
eter. The EPR measurements were performed by an L-band spec-
trometer (MagnetTech, Germany) with a re-entrant resonator,
operating at a microwave frequency of about 1.1-1.3 GHz. Mea-
surement parameters were set to modulation amplitude 0.14 mT,
scan width 10 mT, scan time 30 s, centre field 49.1 mT, conversion
time 0.2 ms and number of accumulations 3. All measurements
were taken in triplicate, data are reported as mean + SEM. The
“Cu3 v.6.1” program (MagnetTech, Germany) was used for data
recording. The program “Analysis” (MagnetTech, Germany) served
for calculation of polarity shifts inside the implants by determining
2an. The proportion of immobilized TB inside the polymers was
calculated from EPR spectra fitted with “Nitroxide Spectra Simula-
tion—Freeware Version. 4.99-2005" (“Jozef Stefan” Institute,
Department of Solid State Physics, Ljubjana, Slovenia) according
to Kempe et al. [17].

2.3. In vivo MRI studies

The animal experiments protocol was approved by Animal Eth-
ics Committee of the state Saxony-Anhalt, Germany. Female BALB/
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Fig. 1. Dependence of the isotropic hyperfine-splitting 2ay in different NMP-buffer
and PEG 400-buffer mixtures. The hyperfine-splitting parameter correspond to the

NMP and PEG 400 concentrations and can therefore be used to determine phase
inversion-induced changes in micropolarity inside the implants.
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¢ mice (20-25 g) were housed under controlled conditions (12 h
light/dark schedule, 24 °C) and received mice chow and tap water
ad libitum. About 200 pul of the polymer solution or PEG 400, as
control, was injected in to the lower back of the mice. The mice
were anesthetized prior to injection and each measurement by
inhalation of isoflurane (Forene®, Abbott, Germany) (initial 41/
min; maintain 2 I/min mixed with oxygen 4 I/min by a Drager Va-
pour System, Drdger, Germany). MRI measurements were carried
out at regular intervals after every 10 min within the first hour
after injection and then after 2 h, 3 h, 6 h and 24 h. The subsequent
measurements were performed once a week up to 2 months. Two
50 pl glass capillaries filled with PEG 400 were used as a standard.
All measurements were performed in triplicate.

For the MRI measurements, a 20 MHz NMR benchtop system
(prototype based on Maran DRX2, Oxford Instruments Molecular
Biotools, UK) was used. The system is capable of T1 and T2 relaxa-
tion time measurements, determination of diffusion coefficients
and 3D imaging. The BT-MRI machine is equipped with 23 mm
sample access, suitable for small animals and keeps a constant
temperature of 37 °C inside the coil. The mice were placed on glass
slides with a fixed inhalation mask for anesthetization. A standard
spin-echo sequence was applied with a spin-echo time (TE) of
9.8 ms and a repetition time (TR) of 178 ms. Sixteen averages were
used resulting in an acquisition time of about 352 s for each image.
The field of view was 40 mm x 40 mm with a resolution of
128 x 128 points. Five slices with a thickness of 3 mm and a sepa-
ration of 3.5 mm were obtained.

3. Results and discussion

Although NMP is used in commercial products, its use is contro-
versially discussed. NMP is described as a mild irritant to the eyes,
the mucous membranes and the skin, and harmful to muscles
[28,29]. Beyond that the solvent NMP facilitated the degradation
of proteins and polymers based on lactic and glycolic acid [30,31].
Therefore, we used polyethylene glycol (PEG) 400 as well-tolerated
non-toxic solvent for PLGA [32] and compared it to NMP. PEG 400 is
considered to be among the safest organic solvents and has been
used for injectable formulations of lorazepam (Antivan®) [33].
Low molecular weight PEGs have already been used as a solvent
or co-solvent for ISFI [32,34]. The addition of PEG 400 into PLGA/
NMP-based formulations suppressed the initial burst release of
aspirin, but did not prolong the total release period [34].

3.1. In vitro EPR studies

EPR spectroscopy provides unique information in several fields
of pharmacy [15]. The measurements of micropolarity and micro-
viscosity can be used to characterize the direct environment to
which potential drugs are exposed prior to their release from bio-
degradable polymers. The hyperfine coupling parameter (2ay) and
the rotational correlation time (t.) are typical parameters that
could be obtained from EPR spectra. The rotational correlation time
describes the tumbling behaviour of spin markers, such as nitroxyl
radicals, and can directly be related to the microviscosity of the
surrounding system [35]. In high viscous or solid media, the rota-
tional motion is restricted resulting in higher t. values compared
to low viscous media, where the radicals can tumble free. The
hyperfine coupling parameter depends on the polarity of the direct
nitroxide environment. Polar environments (e.g. high water con-
tent) cause high 2ay values (Fig. 1). Therefore, EPR is capable to de-
tect polarity shifts due to solvent/non-solvent exchange inside the
implant.

The polymer solutions were injected into buffer solutions and
formed immediately an implant. After injection the solvents dif-

fused into the surrounding aqueous environment, while water dif-
fused into the PLGA matrix. NMP posses a good water solubility
and is described as typical fast inverting system [10]. Within 1 h,
water replaced about 49.5 + 0.5% of the NMP inside the implant
(Fig. 2). On the other hand, PEG 400 showed a faster solvent/non-
solvent exchange. After 1h, the PEG 400 content inside the im-
plants decreased to 28.3 + 0.24%. After 6 h, the PEG 400 was com-
pletely replaced by water. This fast and complete exchange was
not observed for PLGA/NMP implants, where 42.4 +0.3% NMP
was still present in the implant after 6 h, although the initial ex-
change was also very fast (Fig. 2). The faster PEG exchange was
not unexpected, because NMP is a better solvent for PLGA than
PEG 400. At high polymer concentrations, as in our study, the vis-
cosity is lower in good solvents than in poor solvents [36]. The spin
probe TB tumbles more slowly in PLGA/PEG 400 solutions (TB rota-
tion correlation time t. = 1.222 + 0.001 ns) compared to PLGA/NMP
solutions (t. =0.095 £ 0.015 ns), which reflects a higher viscosity.
In addition, PEG 400 as polar protic solvent has a strong hydrogen
bond capacity and therefore a better water affinity than the polar
aprotic solvent NMP [30].

Two major diffusional processes play a major role in the forma-
tion of in situ forming implants, the diffusion of the solvent out of
the polymer/solvent system and the diffusion of the non-solvent
(buffer, biological fluid) into the PLGA/solvent system. The solvent
outflow results in an increase in the polymer concentration. At a
certain concentration, phase separation occurs and the polymer
precipitates. A faster polymer precipitation for the PLGA/PEG 400
systems compared to NMP was observed. This phenomenon can
also be explained by the high water affinity and lower PLGA solu-
bilising capacity of PEG 400. After 2 h, 99.0 + 0.01% of the TB was
immobilized in the precipitated PLGA/PEG 400 implants (Fig. 3
top). Whereas only 95.6 + 1.0% of the TB precipitated inside the
PLGA matrix within 24 h from PLGA/NMP solutions. The residual
1-4% corresponds to a compartment with a viscosity comparable
to aqueous solutions of TB, reflecting water entrapped in the inter-
connecting pores of the PLGA network. After two weeks, we ob-
served a steady increase in this mobile compartment (Fig. 3
bottom), indicating further water penetration inside the implant
accompanied by TB solubilisation and starting polymer degrada-
tion. Similar results we obtained from pre-shaped PLGA implants,
where after a lag time the contribution of the mobile part to the
EPR spectrum increased steadily with time [18]. No EPR signals
were detectable after 2 months, which indicate a complete TB re-
lease within this time period.
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Fig. 2. In vitro kinetics of the solvent/non-solvent exchange inside the implants
(obtained by EPR spectroscopy).
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Fig. 3. Top: in vitro distribution of precipitated TB in the implant during implant
formation within in the first 24 h, as a marker for the PLGA precipitation. Bottom:
in vitro distribution of mobile TB inside the implants. The slight increase in the
mobile compartment inside the implants after 2 weeks indicates water diffusion
inside the implant.

3.2. In vivo MRI studies

The MRI signal intensities depend on the total amount of pro-
tons in the sample, their relaxation times and the MRI parameters.
All MR images were acquired in a T1 weighted mode. NMP and
water posses nearly equal T1 times and give, therefore, similar con-
trast in MRI (Table 1). In contrast to NMP, PEG 400 possesses a
much lower T1 relaxation time (Table 1) and is, therefore, quite
distinguishable from water till concentrations of 25% (Fig. 4). Un-
der the present conditions, the imaging sequence is finished before
the magnetization of the free water proton is able to return to equi-
librium and therefore water appears dark. PEG 400 with its lower
relaxation time appears brighter in the images than water. Thus,

Table 1
T1 relaxation times in different tissues and samples measured at 20 MHz.

T1 (s)
Buffer 2.95+0.026
NMP 2.19+0.034
PEG 400 (50%) 0.60+0.12
Muscle 0.57 £0.92
Fat 0.15+0.70
PEG 400 0.13+0.026

the MRI experiments were only performed with PEG 400 as sol-
vent. Also in mice we can easily distinguish the PLG/PEG 400 im-
plant solution from the surrounding tissue, since the contrast
and signal intensities were very good (Fig. 5). The polymer solution
with nearly the same relaxation times as subcutaneous fat appears
bright. It can easily be detected under the skin and distinguished
from subjacent muscle tissue, which appears darker in the MRI im-
age. In addition to the location of the implant, anatomical details
can be visualised. One can differentiate skin from back and leg
muscles, subcutaneous fat and the urine filled bladder (Fig. 5). All
formulations were injected in the lower back of the mice in posi-
tion of the bladder to easily relocate the implants during the re-
peated measurements. In initial trials, we injected pure PEG 400
to get more information about the solvent distribution and disap-
pearance from the injection site. MR images were taken repeatedly
every 10 min within the first hour after injection and then after 2,
3, 6 and 24 h (Fig. 6). The PEG 400 spread rapidly after injection un-
der skin and dissipated over the whole lower back. PEG 400 at-
tracts water, which caused a subcutaneous edema. The edema
was already detectable after 30 min and had a maximum size after
1 h. Between 1 and 3 h it could easily be localized macroscopically

PEG 400
(50 %)

PEG 400
(25 %)

PEG 400 (100 %)

Fig. 4. In vitro MRI image of capillaries filled with different PEG 400-water
mixtures showing the dependency of the MRI signal intensity on the PEG 400
content.
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Fig. 5. In vivo MRI image 5 min after s.c. injection of PLGA/PEG 400 implant
solution, showing the location of the implant and anatomical details of the mice.
Two capillaries filled with PEG 400 placed under the abdomen of the mice served as
internal standard.
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Fig. 6. In vivo MRI images of the distribution and disappearance of PEG 400 after s.c. injection. White circle mark the point of injection, white arrows indicate subcutaneous
edema. Two capillaries filled with PEG 400 placed under the abdomen of the mice served as internal standard.

Fig. 7. In vivo MRI images of the distribution and disappearance of PLGA/PEG 400 implant solution after s.c. injection. White circle mark the point of injection, solid white
arrows indicate subcutaneous edema and dashed white arrows point to connective tissue adhesion on implant surface. Two capillaries filled with PEG 400 placed under the
abdomen of the mice served as internal standard.
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and was palpable under the skin. The water/PEG 400 mixture was
eliminated within few hours. After 6 h, the edema consisting only
of water was solely detectable by MRI. After 24 h, it disappeared
completely. The edema formation can be attributed to local condi-
tions and the physical properties of PEGs. The subcutaneous space
offers a reduced volume flow away from injection site compared to
i.v. or i.m. injection [33]. PEGs are known to be osmotically active.
This effect is widely used in medicine to stimulate the gastrointes-
tinal mobility [37]. All the mice gained weight steadily during the
study. Macroscopic evaluations at the injection sites showed no
untoward local reaction. We do not suppose edema formation for
NMP, as NMP poses skin permeation enhancement properties
[38] and rapidly diffuses from injection site [17]. In a recent study,
we could not observe any edema formation for the PLGA/NMP
solutions [17]. Studies on rats and dogs showed also no vasodilata-
tion, erythema or edema [39].

In contrast to PEG 400, the polymer solution did not disperse
rapidly after injection. The polymer concentrated locally at the
point of injection (Fig. 7). The precipitated PLGA appeared dark in
the image due to the shorter relaxation times of the solid polymer
[18]. A part of the solvent is entrapped in the core of the forming im-
plant. The bright intensity of the implants’ core faded with time.
Water penetrated inside the implant and replaced the PEG 400.
The PEG 400 dispersed in the surrounding subcutaneous space
and caused the same edema as observed for the pure solvent. The
largest extent was also detectable after 1 and 2 h by MRI and is vis-
ible and palpable externally. After 3 h, the edema diminished and
was no more detectable after 24 h. Like in the in vitro EPR measure-
ments PEG 400 was eliminated after 6 h. Within the first week, the
size and shape of the PLGA implant did not change remarkably.
Similar results were obtained from subcutaneous implanted PLGA
tablets [18]. But we observed the development of a bright ring
around the implant, with a good contrast to the subjacent darker
muscle tissue. The bright ring can be attributed to the encapsula-
tion of the implant which was verified by visual examination after
sacrificing at the end of the experiment. The formation of connec-
tive tissue capsules as biological response to polymers based on lac-
tic acid is a common observed phenomenon. Fibrous capsule
formation or the association of connective tissue bands have al-
ready been reported as well as with common pre-shaped implants
of PLA and PLGA [14,18], microparticles of PLGA-PEO-PLGA [40]
and ISFI of PLGA/NMP [39] and poly(lactide-co-caprolactone)/
NMP [41]. The onset of the decrease in the implant size after
2 weeks corresponds to the increase in the mobile compartments
detected by EPR. The degradation occurred faster in vitro than
in vivo. The implant was no more detectable after 7 weeks by MRI
and after 8 weeks by visual histological examination, respectively.
The faster in vivo degradation may have several reasons. On the
one hand, the development of a more acidic microenvironment
in vivo, due to the autocatalytic degradation mechanism of PLGA
and different buffer capacities in vitro and in vivo, has been reported
to cause faster degradation of PLGA scaffolds in vivo [14]. On the
other hand, additional factors like enzymatic degradation in vivo
or different implant shapes and therefore different surface areas
might also contribute.

4. Conclusions

This is the first MRI study which monitors the formation and
disappearance of in situ forming implants. It was conducted with
a newly developed in vivo benchtop MRI Imager without the use
of contrast agents in a non-invasive and continuous manner. PEG
400 provided an excellent MRI signal and contrast to the biological
tissue. Hence, we were able to follow the process of solvent/non-
solvent exchange and polymer precipitation. The results were in

good agreement with previous EPR measurements. Due to the high
water affinity of PEG 400, we observed the formation of subcutane-
ous edema. Even though it is regarded as a well-tolerable and bio-
compatible solvent, the local injection of high amounts has to be
critically revised. Recently, Schoenhammer et al. reported that
low molecular PEGs accelerate the degradation of PLGA in solution
as a result of transesterification. So the stability of PLGA in PLGA/
PEG 400 solutions may be another obstacle in its use as alternative
solvent. Beside the formation of the transient edema, we observed
encapsulation of the implant as a response of the biological system
to the polymer, followed by degradation over a period of two
months. We could show that MRI has the potential to get new in-
sights in the in vivo fate of in situ forming implants as well as par-
enteral formulations. The obtained results with the prototype of
the Benchtop apparatus are a proof that BT-MRI is a new alterna-
tive for superconducting MRI machines for in vivo MRI on mam-
mals. We anticipate that due to its low installation and running
costs, BT-MRI will be used more frequently in pre-clinical research.
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