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Objective: The purpose of this study was to evaluate the magnetic resonance (MR) characteristics and applicability of new,
uniform, extremely small iron-based nanoparticles (ESIONs) with 3-4-nm iron cores using contrast-enhanced magnetic
resonance angiography (MRA).

Materials and Methods: Seven types of ESIONs were used in phantom and animal experiments with 1.5T, 3T, and 4.7T
scanners. The MR characteristics of the ESIONs were evaluated via phantom experiments. With the ESIONs selected by the
phantom experiments, animal experiments were performed on eight rabbits. In the animal experiments, the in vivo kinetics
and enhancement effect of the ESIONs were evaluated using half-diluted and non-diluted ESIONs. The between-group
differences were assessed using a linear mixed model. A commercially available gadolinium-based contrast agent (GBCA) was
used as a control.

Results: All ESIONs showed a good T1 shortening effect and were applicable for MRA at 1.5T and 3T. The relaxivity ratio of
the ESIONs increased with increasing magnetic field strength. In the animal experiments, the ESIONs showed peak signal
intensity on the first-pass images and persistent vascular enhancement until 90 minutes. On the 1-week follow-up images,
the ESIONs were nearly washed out from the vascular structures and organs. The peak signal intensity on the first-pass
images showed no significant difference between the non-diluted ESIONs with 3-mm iron cores and GBCA (p = 1.000). On
the 10-minutes post-contrast images, the non-diluted ESIONs showed a significantly higher signal intensity than did the
GBCA (p < 0.001).

Conclusion: In the phantom experiments, the ESIONs with 3-4-nm iron oxide cores showed a good T1 shortening effect at
1.5T and 3T. In the animal experiments, the ESIONs with 3-nm iron cores showed comparable enhancement on the first-pass
images and superior enhancement effect on the delayed images compared to the commercially available GBCA at 3T.
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New ESIONs as T1 Contrast Agents

INTRODUCTION

Since the recent introduction of 3 tesla (T) magnetic
resonance (MR) scanners and the application of three-
dimensional (3D) gradient echo sequences, contrast-
enhanced magnetic resonance angiography (MRA) has
become an accurate technique for the evaluation of most
vascular structures [1-3]. Contrast-enhanced MRA is usually
performed using gadolinium-based blood pool agents, and
the spatial resolution of MR images can be improved owing
to the T1 shortening effect [4,5]. However, owing to the
potential toxicity of gadolinium ions, they must be bound
to ligands for use as a contrast agent. The half-life of
gadolinium-based contrast agents (GBCAs) is approximately
90 minutes in patients with normal renal function but is
prolonged from 30 to 120 hours in patients with chronic
renal failure. During this time, dissociated gadolinium ions
can compete with calcium ions and cause nephrogenic
systemic fibrosis (NSF). Therefore, several reports and
cases have indicated that GBCAs were the causative agents
of NSF in patients with severe renal impairment or those
receiving dialysis; according to these studies, most of the
reported NSF occurred in patients who received older linear
GBCAs [6-8]. Recently, the incidence of NSF has decreased
considerably with the use of macrocyclic GBCAs. However,
it has also been attributed to the avoidance of GBCA use in

high-risk patients and excessive dose administration [9-11].

Recently, ultrasmall superparamagnetic iron oxides
(USPIOs), which have a crystalline iron oxide core of
less than 50 nm and dextran coating, were introduced in
contrast-enhanced MRA. USPIOs exhibit a T1 shortening
effect owing to the reduction in the volume magnetic
anisotropy and spin disorders on the surface of the
nanoparticles [12]. In addition, the dextran coating of
USPIOs prevents endocytosis by macrophages, permitting
a long plasma half-life [13,14]. With these properties, the
possibility of using USPIOs as an alternative blood pool
MR contrast agent has emerged. However, the previously
reported nanoparticles were larger than 4 nm and still
showed considerable magnetic moment, resulting in
perturbation of the magnetic field and blooming effect.

With the recent advances in synthetic methods, the size
reduction of magnetic nanoparticles to 3-4 nm has become
possible with more stability in the magneto-crystalline
phase and the surface state, resulting in the maximized T1
shortening effect of the magnetic nanoparticles.

The purpose of this study was to evaluate the MR
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characteristics and applicability of new, uniform, extremely
small iron-based nanoparticles (ESIONs) with 3-4-nm iron
cores in contrast-enhanced MRA through phantom and
animal experiments.

MATERIALS AND METHODS

This study was approved by our institutional animal care
and use committee (IRB No. SNUH IACUC 11-0145).

Characteristics of the ESIONs

Seven different types of ESIONs (KEG1-7, Hanwha
Chemical Corp.) with 3-4-nm iron oxide nanoparticle cores
were used in this study. Structurally, the ESIONs were
capped with polyethylene glycol-derivatized phosphine
oxide (PO-PEG), which is called the surface ligand. The
ligand is composed of a phosphine-oxide head group
that strongly binds to the iron oxide nanoparticle core
and the hydrophilic polyethylene glycol tail group that
will be exposed to the aqueous medium. With the surface
ligand, ESIONs could have high colloidal stability and
biocompatibility in aqueous media. The ESIONs were
synthesized via thermal decomposition of the iron-oleate
complex in the presence of oleic acid and oleyl alcohol
in diphenyl ether [14]. After synthesis of the ESIONSs,
ligand exchange with PO-PEG was performed to prevent
aggregation and afford hydrophilic properties. After ligand
exchange, the ESIONs were dispersed in distilled water.
With the surface ligand, the ESIONs finally had a 5-14-nm
overall hydrodynamic diameter. The core size, overall size,
and maximum concentration of the ESIONs are listed in
Table 1.

Table 1. The Iron Core Size, Overall Size, and Maximum
Concentration of ESIONs

Core Size Overall Size (mean) Max1mun}
i) i) Concentration

(mmoL/L)
KEG1 3 5 19.73
KEG2 4 56.32
KEG3 3 10 66.37
KEG4 4 12 82.87
KEG5 3 13 40.36
KEG6 3 5 18.30
KEG7 3 14 12.74
Gd-DOTA NA NA 133.55

ESIONs = extremely small-sized iron oxide nanoparticles, Gd-DOTA =
gadoterate meglumine (Dotarem), NA = not avaliable
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MR Relaxivity of the ESIONs

The phantom was prepared with the ESIONs and serial
dilutions (1/2, 1/4, 1/8, 1/16, 1/32, 1/64, and 1/128 in
normal saline) in 1.5-mL cylindrical tubes. These sample
series were lined up in descending order of concentration
in a plastic plate with multiple wells. To compare the MR
relaxation properties of commercially available contrast
media, we used Dotarem® (Gd-DOTA, Guerbet, Roissy CdG)
as a control and prepared the sample series in the same
manner. To investigate the relaxivity in various magnetic
fields, we performed MR imaging using 1.5T (Signa, GE
Healthcare), 3T (Tim Trio, Siemens), and 4.7T (BioSpec
47/40, Bruker) MR scanners. The MR room temperature was
approximately 22°C.

T1-weighted images were acquired with an inversion-
recovery turbo spin-echo sequence at several inversion
times (TI) at 1.5T and 3T and with a multislice multiecho
(MS-ME) sequence at 4.7T. T2-weighted images were
acquired with a multiple echo spin echo sequence with
multiple echo times (TE) at 1.5T and 3T and with an MS-ME
sequence at 4.7T.

The relaxation curves of the samples were obtained based
on various T1- and T2-weighted images, and the T1 and T2
values of the samples were obtained from the relaxation
curves.

MR relaxivity (r; and r,) was defined as the slope of the
linear regression generated from a plot of the measured
relaxation rate (1/T1 and 1/T2) versus the concentration
of the contrast media and obtained by curve-fitting the
experimental signal intensity (SI) using basic equation (1)
or (2):

SI(TI) =S, (1 -2e™™) (1)
SI(TE) =S, (e - €™/™) (2)

where SI (TI) or SI (TE) indicates the SI as a function of TI
or TE, respectively, and S, corresponds to the steady-state
SI.

After obtaining the relaxation times, we calculated r, and
I, via linear fitting using equation (3):

1 1
Ti (measured) i (solution)
(concentration of contrast material) (3)

where Ti (measured) indicates the longitudinal (T1) or
transverse (T2) relaxation times of a solution containing
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contrast material and Ti (solution) indicates the relaxation
time of the solvent without contrast material.

The mean SI of the samples was measured using the
measurement tool provided by the PACS system (Maroview
5.4, Infinitt). The mean SI was measured under the
assumption that the background signal was constant. The
region of interest of each sample was located in the middle
of the image slice with the largest diameter.

In vivo Kinetics of the ESIONs

To evaluate the in vivo kinetics of the ESIONs, we
performed MRA with a selected ESION showing a good T1
shortening effect (KEG5). Dotarem® was used as a control
for comparison with the commercially available MR contrast
media.

Two 40-week-old New Zealand white rabbits (weight,
3 kg) were prepared for MRA. Complete anesthesia was
achieved after intramuscular injection of ketamine
hydrochloride (100 mg/kg ketamine). The marginal ear
vein was catheterized for the delivery of contrast materials
using a 24-gauge peripheral intravenous angiocatheter.
The animal was placed in the supine position in a standard
head coil, and the abdomen was centered in the magnet (3T,
Tim Trio, Siemens). The doses of KEG5 and Dotarem® were
0.093 and 0.1 mmol/kg, respectively. After the pre-contrast
images were obtained, the contrast material was infused as
a bolus at a constant rate for 10 seconds manually. MRA was
performed with the bolus triggering technique at the left
ventricle using a 3D fast low-angle shot (FLASH) sequence.

Vascular enhancement, organ enhancement, and clearance
of the ESIONs over time were evaluated. MR images were
obtained pre- and immediately post-contrast injection; at 3,
5, 10, 20, 40, 60, and 90 minutes post-contrast; and 1 week
later. The mean SI of the immediate post-contrast image
was measured in the left ventricle, aortic arch, carotid
artery, descending thoracic aorta, ascending aorta, right
iliac artery, left iliac artery, right kidney cortex and medulla,
liver, psoas muscle, and bladder. The mean SI at 3, 5, 10,
20, 40, 60, and 90 minutes post-contrast was measured
in the left ventricle and descending thoracic aorta. The
mean SI of the target regions was measured using the
measurement tool provided by the PACS system (Maroview
5.4, Infinitt). The signal intensities were measured under
the assumption that the background signal was constant.

In vivo Cross-Over Experiment
To evaluate the enhancement effect of the ESIONs
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in contrast-enhanced MRA, we performed a cross-over
experiment using two 3-nm ESIONs with different surface
ligands (KEG1 and KEG3) and Dotarem® in rabbits. The
contrast agents were prepared with a clinical dose and a
half-diluted clinical dose: 0.093 mmol/kg KEG1 and KEG3
(KEG1-S and KEG3-S), 0.047 mmolL/kg KEG1 and KEG3
(KEG1-H and KEG3-H), and 0.1 mmol/kg Dotarem® (DOT-S)
and 0.05 mmol/kg Dotarem® (DOT-H).

MRA was performed in six 40-week-old New Zealand white
rabbits (weight, 3 kg). The animal preparation and MRA
protocols were the same as those used in the previous in
vivo study. MRA was performed with a cross-over design,
that is, three contrast materials with two different doses
were applied to each rabbit, for a total of six rabbits. The
time interval of each MRA in a rabbit was at least 1 week
to minimize the effect of the previously admitted contrast
material.

MR images were obtained pre- and immediately post-
contrast injection and post-contrast at 1, 5, and 10
minutes. The mean SI was measured at the aortic arch
and descending thoracic aorta. The mean SI of the target
regions was measured using the measurement tool provided
by the PACS system (Maroview 5.4, Infinitt). The signal
intensities were measured under the assumption that the
background signal was constant. Differences in contrast
enhancement among the six contrast agents were evaluated.

T1-WI (TI 100 ms)

D
'@
>0 0
200
200

KEG3 KEG2 KEG1

..
o9 9
00 @
00 o

KEG6 KEG5 KEG4

Korean Journal of Radiology

Statistical analysis for the cross-over experiment was
performed to assess between-group differences using a
linear mixed model. Differences with adjusted p values
of less than 0.05 were considered significant (with
Bonferroni’s correction). Statistical analysis was performed
using R version 3.4.5 (http://r-project.org).

RESULTS

MR Relaxivity of the ESIONs

MR imaging of the phantom was performed, and relaxation
curves were obtained based on various T1- and T2-weighted
images (Figs. 1, 2). Linear regressions were performed
to determine the MR relaxivity (Fig. 3). The calculated
relaxivity (r1 and r;) and relaxivity ratio (r»/r:) at 1.5T, 3T,
and 4.7T are listed in Table 2. The highest r, relaxivity
of the ESIONs was found at 1.5T, and the r; relaxivity
decreased with increasing magnetic field strength. The r,
relaxivity of the ESIONs showed no significant change from
1.5T to 3T but increased at 4.7T. The lowest relaxivity ratio
(r2/r1) of the ESIONs was observed at 1.5T. The relaxivity
ratio increased with increasing magnetic field strength.
The changes in the r; relaxivity and relaxivity ratio (r»/r1)
showed similar patterns to those of Dotarem®. At 1.5T and
3T, all ESIONs showed relaxivity ratios (r./r1) of 6 or less,
indicating good T1 shortening effects.

T2-WI (TE 32 ms)

KEG3 KEG2 KEGI1

KEG6 KEG5 KEG4

Fig. 1. Examples of T1-WI (A) and T2-WI (B) of the extremely small iron-based nanoparticles and Dotarem for T1 and T2 mapping.
The samples were prepared in descending order of concentration from top to bottom (undiluted solution, 1/2, 1/4, 1/8, 1/16, 1/32, 1/64, and
1/128). T1-WIs were acquired with an inversion-recovery turbo spin-echo pulse sequence, and the following parameters were used: TR = 4000 ms,
TE = 14 ms, ETL = 2, slice thickness = 5 mm, inversion time = 25, 50, 75, 100, 150, 200, 250, 300, 350, 400, 500, 600, 800, 1000, 1500, 2000,
2500, 3000, and 3500 ms, matrix for phantom measurement = 228 x 384. T2-WIs were acquired with a multiple echo-spin echo pulse sequence,
and the following parameters were used: TR = 5000 ms, TE = 16, 20, 32, 40, 48, 50, 60, 64, 80, 100, 150, and 200 ms, ETL = 1, slice thickness =
2 mm, matrix for phantom measurement = 160 x 256. ETL = echo train length, TE = echo time, TR = repetition time, WI = weighted image

kjronline.org https://doi.org/10.3348/kjr.2020.1455

1711



Korean Journal of Radiology

T1 relaxation curve at 3T T2 relaxation curve at 3T
3000

S 5
G s
2 2
£ £
ot et
B P
£ £
E E
2 2
(%] wm

T T 1 1

0 500 1000 1500 2000 0 50 100 150 200 250
TI (ms) TE (ms)
== KEG1 0.62 mmolL/L === KEG3 2.07 mmol/L 4 KEG1 0.62 mmol/L B KEG3 2.07 mmol/L
A === KEG5 1.26 mmolL/L === Dotarem 4.17 mmol/L B A KEG5 1.26 mmoL/L < Dotarem 4.17 mmolL/L

Fig. 2. Examples of T1 (A) and T2 (B) relaxation curves of the extremely small iron-based nanoparticles (KEG1, 3, and 5) and
Dotarem obtained based on various T1- and T2-weighted images at 3T (dilution, 1/32). a.u. = arbitrary unit, TE = echo time, TI =

inversion time
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Fig. 3. Example of linear regression generated from a plot of
the measured relaxation rate (1/T1) versus the concentration
of the contrast media for the calculation of the r; relaxivity of
KEG1, 3, and 5 and Dotarem at 3T.

In vivo Kinetics of the ESIONs

In the subjective image quality evaluation of the
immediate post-contrast images, KEG5 showed an excellent
contrast of the vascular lumen with well-visualized main
aortic branches, allowing the entire course and luminal
status to be fully evaluated with confidence. It also showed
persistent vascular enhancement from the immediate post-
contrast phase to the 90-minutes delayed phase. Dotarem®
showed vascular enhancement only in the immediate
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post-contrast phase and was nearly washed out of the
vascular structures after 5 minutes. KEG5 showed organ
enhancement similar to that of Dotarem® in all regions on
the immediate post-contrast images. On the 1-week follow-
up images, KEG5 was nearly washed out of the vascular
structures and organs (Fig. 4).

In vivo Cross-Over Experiment

All ESIONs and Dotarem® showed peak signal intensities
on the immediate post-contrast images. The SI of Dotarem®
showed an abrupt decrease, whereas that of all ESIONs
showed a slight decrease on the 1-min post-contrast
images. The SI of all ESIONs reached a plateau at post-
contrast, and the vascular enhancement was maintained
until 10 minutes post-contrast (Fig. 5).

All half-diluted contrast materials showed significantly
lower signal intensities than did the non-diluted samples
in all regions on the immediate post-contrast images (p <
0.001). On the 10-minutes post-contrast images, the half-
diluted ESIONs showed a significantly lower SI than did the
non-diluted samples (p < 0.008); however, there was no
significant difference in the signal intensities between half-
diluted Dotarem® and non-diluted Dotarem® (p = 1.000)
(Tables 3, 4).

In terms of peak SI on the immediate post-contrast
images, there was no significant difference between KEG3-S
and DOT-S (p = 1.000); however, KEG3-S and DOT-S showed

https://doi.org/10.3348/kjr.2020.1455 kjronline.org
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Table 2. Relaxivities and Relaxivity Ratios of ESIONs and Gd-DOTA

Korean Journal of Radiology

KJR

1.5T 3T 477

n* r* I’z/f'l n* r* I’z/rl n* r* rz/fl
KEG1 5.79 17.10 2.95 5.30 15.93 3.01 3.66 20.17 5.51
KEG2 2.95 17.72 6.00 2.38 13.61 5.02 1.41 18.03 12.79
KEG3 7.60 18.54 2.44 6.41 17.17 2.68 3.65 23.89 6.55
KEG4 4.86 12.19 2.51 3.52 11.98 3.40 2.29 16.67 7.28
KEG5 8.40 15.57 1.85 6.01 19.07 3.17 4.42 22.77 5.15
KEG6 6.73 29.43 4.37 5,77 21.68 3.76 3.64 29.99 8.24
KEG7 6.20 20.55 3.32 4.44 21.18 4.78 3.20 30.39 9.50
Gd-DOTA 71.74 8.64 1.12 7.07 8.71 1.23 2.75 3.46 1.26

*Values in mM's™ and obtained at 22°C. ESIONs = extremely small-sized iron oxide nanoparticles, Gd-DOTA = gadoterate meglumine

(Dotarem)

5 min 10 min

Immediate

40 min 90 min 1 week

Fig. 4. In vivo post-contrast MR images of the ESIONs (KEG5) over time.

The ESIONs showed excellent contrast of the vascular lumen with the main aortic branches and persistent vascular enhancement from the
immediate post-contrast phase to the 90-minutes delayed image. KEG5 was nearly washed out from the vascular structures and organs on the
1-week follow-up image. MR imaging was performed using the three-dimensional fast low-angle shot sequence, and the following parameters
were used: repetition time = 2.8 ms, TE = 1.0 ms, flip angle = 20°, TE = 1.0 ms, slice thickness = 1 mm, number of excitations = 1, and field of
view = 140 x 280. ESIONs = extremely small iron-based nanoparticles, MR = magnetic resonance, TE = echo time

significantly higher peak signal intensities than did KEG1-S
in all regions (p < 0.011). On the 10-minutes post-contrast
images, KEG3-S and KEG1-S showed significantly higher
signal intensities than did DOT-S in all regions (p < 0.001)
(Tables 3, 4).

DISCUSSION

MR contrast agents are generally categorized according
to their effects on longitudinal (T1) and transverse (T2)
relaxations, and their ability is referred to as relaxivity (r;
and r;). On MR images, fast T1 relaxation causes a bright
SI, while fast T2 relaxation causes a dark SI. It has been
reported that the parameter r,/r, indicates whether the
contrast agents become positive or negative. According to a

kjronline.org https://doi.org/10.3348/kjr.2020.1455

previous study, bright T1-weighted images were observed at
low ro/r1 values [15]. Therefore, the ideal T1 contrast agent
needs a high longitudinal relaxivity (r:) or a low ro/r; value.
Common iron oxide nanoparticles are not appropriate
for T1 MR contrast agents because the high r, of the iron
nanoparticles derived from the innate high magnetic
moment prevents them from being utilized as T1 contrast
agents. However, in the nanoscale regime, the surface spin-
canting effects of nanoparticles have a significant effect
on their magnetic moment and MR contrast enhancement
[16]. Small iron nanoparticles, such as USPIOs, show the T1
effect; however, the nanoparticles in previous reports were
larger than 4 nm and still exhibited considerable magnetic
moment. In contrast, the ESIONs in our study have 3-4-nm
iron oxide cores and are expected to suppress the T2 effect
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1 min

1 min

Fig. 5. In vivo cross-over experiment of the ESIONs and Dotarem. The ESIONs showed persistent vascular enhancement until 10 minutes
post-contrast, whereas Dotarem showed an abruptly decreased enhancement on the 1-minutes post-contrast images. ESIONs = extremely small

iron-based nanoparticles

with their small magnetic moment and have a strong T1
shortening effect owing to the nanoscale size.

Our experiment showed that the ESIONs had good
physical characteristics as a T1 contrast agent, with a high
r; value and low r,/r; ratio. The ESIONs were synthesized
via controlled thermal decomposition of the iron-oleate
complex, and this synthetic technique led to uniformity in
the size of the ESIONs, which is critical for the fine control

1714

of MR relaxivity [17].

In the phantom experiment, the relaxivity ratios (r»/r1)
of the ESIONs increased with increasing magnetic field
strength owing to the decreasing r; values. Theoretically, it
may be expected that the T1 contrast effect of the ESIONs
is lower at 4.7T than at 1.5T. According to previous studies
on the effect of magnetic field strength on relaxivity,
decreasing r; values with increasing magnetic field strength

https://doi.org/10.3348/kjr.2020.1455 kjronline.org
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Table 3. Between-Group Differences of the Signal Intensities on the Immediate Post-Contrast Images in Cross-Over Experiment

New ESIONs as T1 Contrast Agents

Region P Comparison Estimate (Difference) P Adjusted P*
DOT-S vs. DOT-H 107.833 < 0.001 < 0.001
KEG1-H vs. DOT-H -56.000 0.001 0.010
KEG1-S vs. DOT-H 14.167 0.380 1.000
KEG3-H vs. DOT-H -18.500 0.252 1.000
KEG3-S vs. DOT-H 99.667 < 0.001 < 0.001
KEG1-H vs. DOT-S -163.833 < 0.001 < 0.001
KEG1-S vs. DOT-S -93.667 < 0.001 < 0.001

Aortic arch < 0.001 KEG3-H vs. DOT-S -126.333 < 0.001 < 0.001
KEG3-S vs. DOT-S -8.167 0.612 1.000
KEG1-S vs. KEG1-H 70.167 < 0.001 < 0.001
KEG3-H vs. KEG1-H 37.500 0.021 0.315
KEG3-S vs. KEG1-H 155.667 < 0.001 < 0.001
KEG3-H vs. KEG1-S -32.667 0.044 0.659
KEG3-S vs. KEG1-S 85.500 < 0.001 < 0.001
KEG3-S vs. KEG3-H 118.167 < 0.001 < 0.001
DOT-S vs. DOT-H 141.833 < 0.001 < 0.001
KEG1-H vs. DOT-H -67.667 0.001 0.019
KEG1-S vs. DOT-H 67.000 0.001 0.021
KEG3-H vs. DOT-H 6.833 0.740 1.000
KEG3-S vs. DOT-H 138.167 < 0.001 < 0.001
KEG1-H vs. DOT-S -209.500 < 0.001 < 0.001
KEG1-S vs. DOT-S -74.833 < 0.001 0.006

Descending thoracic aorta < 0.001 KEG3-H vs. DOT-S -135.000 < 0.001 < 0.001
KEG3-S vs. DOT-S -3.667 0.859 1.000
KEG1-S vs. KEG1-H 134.667 < 0.001 < 0.001
KEG3-H vs. KEG1-H 74.500 < 0.001 0.006
KEG3-S vs. KEG1-H 205.833 < 0.001 < 0.001
KEG3-H vs. KEG1-S -60.167 0.004 0.060
KEG3-S vs. KEG1-S 71.167 0.001 0.011
KEG3-S vs. KEG3-H 131.333 < 0.001 < 0.001

DOT-H, 0.05 mmol/kg Gd-DOTA; DOT-S, 0.1 mmol/kg Gd-DOTA; KEG1-H, 0.047 mmol/kg KEG1; KEG1-S, 0.093 mmol/kg KEG1; KEG3-H,
0.047 mmol/kg KEG3; KEG3-S, 0.093 mmol/kg KEG3. *Bonferroni’s correction. Gd-DOTA = gadoterate meglumine (Dotarem)

are common in GBCAs [18]. Our results on the ESIONs and
Dotarem® are consistent with previous findings. However,
the MR signal depends on several MR-related factors and the
concentration of the contrast material. Therefore, further
studies should be performed in the clinical setting.

In the in vivo kinetic and cross-over experiments, the
ESIONs showed compatible vascular enhancement compared
to GBCAs on the first-pass MRA images and a similar organ
enhancement pattern on the immediate post-contrast images
in the objective and subjective evaluations. These results
indicate that the clinical application of ESIONs as a blood
pool contrast agent is reasonable and feasible. In addition,
the ESIONs showed a persistent intravascular enhancement
of more than 90 minutes, which made it possible to
perform delayed imaging of vascular structures. ESIONs are

kjronline.org https://doi.org/10.3348/kjr.2020.1455

hydrophobic, and the PEG ligand was introduced via a ligand
exchange reaction to make the ESIONs dispersible in aqueous
media [19]. Thus, the half-life of ESIONs in blood could also
be increased by avoiding uptake by the reticuloendothelial
system [20]. Thus, ESIONs can be used for repeated imaging
and high-resolution imaging, which require long scan times.
In a recent experimental study, ESIONs showed feasibility for
potential use as a blood pool agent in coronary MRA with
equivalent quality on first-pass images and better delayed
images compared to GBCAs [21].

In terms of adverse effects, linear GBCAs can cause
NSF in patients with renal dysfunction owing to toxic
free gadolinium ions [22]. However, according to recent
guidelines, the risk of NSF from the use of macrocyclic
GBCAs is quite low, even in patients with acute or
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Table 4. Between-Group Differences of the Signal Intensities on the Post-Contrast 10 Minutes Images in Cross-Over Experiment

Region P Comparison Estimate (Difference) P Adjusted P*
DOT-S vs. DOT-H 3.833 0.812 1.000
KEG1-H vs. DOT-H 18.500 0.252 1.000
KEG1-S vs. DOT-H 75.500 < 0.001 < 0.001
KEG3-H vs. DOT-H 47.833 0.003 0.051
KEG3-S vs. DOT-H 154.500 < 0.001 <0.001
KEG1-H vs. DOT-S 14.667 0.363 1.000
KEG1-S vs. DOT-S 71.667 < 0.001 < 0.001

Aortic arch < 0.001 KEG3-H vs. DOT-S 44.000 0.007 0.104
KEG3-S vs. DOT-S 150.667 < 0.001 < 0.001
KEG1-S vs. KEG1-H 57.000 0.001 0.008
KEG3-H vs. KEG1-H 29.333 0.070 1.000
KEG3-S vs. KEG1-H 136.000 < 0.001 < 0.001
KEG3-H vs. KEG1-S -27.667 0.087 1.000
KEG3-S vs. KEG1-S 79.000 <0.001 < 0.001
KEG3-S vs. KEG3-H 106.667 < 0.001 < 0.001
DOT-S vs. DOT-H -0.833 0.968 1.000
KEG1-H vs. DOT-H 27.500 0.184 1.000
KEG1-S vs. DOT-H 126.500 < 0.001 < 0.001
KEG3-H vs. DOT-H 68.833 0.001 0.016
KEG3-S vs. DOT-H 201.833 < 0.001 < 0.001
KEG1-H vs. DOT-S 28.333 0.171 1.000
KEG1-S vs. DOT-S 127.333 < 0.001 < 0.001

Descending thoracic aorta < 0.001 KEG3-H vs. DOT-S 69.667 0.001 0.014
KEG3-S vs. DOT-S 202.667 < 0.001 < 0.001
KEG1-S vs. KEG1-H 99.000 < 0.001 < 0.001
KEG3-H vs. KEG1-H 41.333 0.046 0.697
KEG3-S vs. KEG1-H 174.333 < 0.001 < 0.001
KEG3-H vs. KEG1-S -57.667 0.006 0.087
KEG3-S vs. KEG1-S 75.333 < 0.001 0.005
KEG3-S vs. KEG3-H 133.000 < 0.001 < 0.001

DOT-H, 0.05 mmol/kg Gd-DOTA; DOT-S, 0.1 mmol/kg Gd-DOTA; KEG1-H, 0.047 mmol/kg KEG1; KEG1-S, 0.093 mmol/kg KEG1; KEG3-H,
0.047 mmol/kg KEG3; KEG3-S, 0.093 mmol/kg KEG3. *Bonferroni’s correction. Gd-DOTA = gadoterate meglumine (Dotarem)

chronic kidney disease; further, macrocyclic GBCAs can be
administered when necessary, and there is no alternative
test [23-28]. Nevertheless, the authors also recommend
that informed consent should be obtained owing to the risk
of developing NSF, and dialysis should be scheduled within
2-3 hours after GBCA administration in at-risk patients
[29]. In addition, some researchers recently reported that
the incidence of NSF decreased with regulatory actions and
practice changes in the use of GBCAs [30]. From this point
of view, there is a possible clinical application of ESIONSs as
an alternative contrast agent in patients with acute kidney
injury or chronic kidney disease.

This study has some limitations. First, our experiments
were performed with a limited number of animals. Although
we adopted a cross-over experimental design to overcome
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the bias from the small number of samples, further
experiments with large samples should be performed to
support our results. Second, there were no prior in vitro
toxicity tests of the ESIONs. Despite the advantages of
ESIONs over GBCAs, safety concerns have been raised
regarding the potential toxicity of iron oxide nanoparticles
caused by oxidative stress owing to the excessive
production of reactive oxygen species [31-33]. Although
there were no acute adverse reactions in the animals during
the experiment, further studies on the safety and long-
term effects are required for clinical application in humans.
Third, our experiments were performed using a clinical
machine instead of an animal MR scanner. Therefore, there
was a decrease in the spatial resolution, and the sites of MR
signal measurement were limited to the large vessels.

https://doi.org/10.3348/kjr.2020.1455 kjronline.org



New ESIONs as T1 Contrast Agents

In conclusion, the ESIONs with 3-4-nm iron oxide
cores showed a good T1 shortening effect with relaxivity
ratios (r»/ri) of 6 or less at 1.5T and 3T in the phantom
experiments. Meanwhile, the ESIONs with 3-nm iron
cores and 10-nm overall size (KEG3) showed comparable
enhancement effect on first-pass imaging and superior
enhancement effect on delayed imaging compared to the
commercially available T1 MR contrast agent (Dotarem®) at
3T in the animal experiments.
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