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Abstract

Purpose—To investigate two-dimensional (2D) and 3D ultrashort echo time (UTE) and 3D
magnetization-prepared rapid gradient-echo (MP-RAGE) sequences for the imaging of iron-oxide
nanoparticles (IONP).

Methods—The phantoms composed of tubes filled different IONP concentrations ranging from 2
to 45 mM. The tubes were fixed in an agarose gel phantom (0.9% by weight). Morphological
imaging was performed with 3D MP-RAGE, 2D UTE, 2D adiabatic inversion recovery prepared
UTE (2D IR-UTE), 3D UTE with Cones trajectory (3D Cones), and 3D IR-Cones sequences.
Quantitative assessment of IONP concentration was performed via R2* (1/T2*) and R1 (1/T1)
measurements using a 3T scanner.

Results—The 3D MP-RAGE sequence provides high contrast images of IONP with
concentration up to 7.5 mM. Higher IONPs concentration up to 37.5 mM can be detected with the
UTE sequences, with the highest IONP contrast provided by the 3D IR-Cones sequence. A linear
relationship was observed between R2* and IONPs concentration up to ~45 mM, and between R1
and IONPs concentration up to ~30 mM.

Conclusion—The clinical 3D MP-RAGE sequence can be used to assess lower IONP
concentration up to 7.5 mM. The UTE sequences can be used to assess higher IONP concentration
up to 45 mM.
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Introduction

Iron is an essential element for life and is involved in a number of integral biologic
processes, including the production of hemoglobin and myoglobin, transporting oxygen
from the lungs to other tissues, developing and maintaining the normal function of myelin,
and multiple enzymatic processes [1-5]. However, iron is also a potentially toxic substance.
If iron stores exceed the amount that the body can chelate, free iron will accumulate. This
unbound iron promotes intracellular transformation of hydrogen peroxide into free radical,
resulting in membrane lipid peroxidation, cellular injury, progressive fibrosis, and ultimately
organ dysfunction [2, 6-7].

Many postmortem and in vivo studies have revealed that gender and age-related differences
exist with regard to total iron content, and that the distribution of iron in the body can differ
greatly, dependent on the particular organ and cell type [2,7-11]. There are several types of
diseases that may lead to very high iron content in the human body. Liver iron overload is
associated with hemosiderosis, thalassemia, and sideroblastic anemia. Normal liver iron
concentration values are up to 1.8 mg/g dry weight (approximately 8.4 mM in fresh tissue,
supposing a dry to wet ratio of 4 and a liver density of 1.05 mg/mL) [12]. Patients with
sickle cell anemia or thalassemia major receive frequent blood transfusions and may have
very high liver iron concentrations, reported up to 15.99 mg/g wet weight (equivalent to
~277.7 mM) [13]. It is recommended to maintain a liver iron concentration of 3.2-7 mg/g
dry weight (approximately 15-32.8 mM in fresh tissue) for chelation therapy in patients with
thalassemia major[12]. In the heart, the average iron concentration was 1.14 mg/g wet
weight (range = 0.77-1.50 mg/g, or 15.1-29.5 mM) in patients with thalassemia, as
compared to a normal value of 0.06 mg/g (range = 0.02-0.12 mg/g, or 0.4-2.4 mM) [14]. In
patients with rheumatoid arthritis, iron content in synovial tissue ranged from 0.04-0.45
mg/g wet weight (or 0.8-8 mM) [15]. Hemophilia patients may have 20 times or higher iron
concentration in the knee joint due to continuous bleeding and subsequent iron accumulation
[16-18]. People with hemochromatosis may have iron deposits in the pituitary gland,
pancreas, heart muscle, and liver, with liver iron concentration up to 22 mg/g dry weight
(equivalent to approximately 103 mM in fresh tissue) [18]. Iron overload can affect a
number of organs besides the central nervous system, including the liver, pancreas,
myocardium, endocrine glands, and musculoskeletal structures. This can lead to cirrhosis of
the liver, diabetes mellitus, cardiomyopathy, hypogonadotropic hypogonadism, and
polyarthropathy, respectively [2,19-24].

A sensitive, reproducible, reliable, and non-invasive method to detect and measure iron in
vivo would be of great clinical utility. The measurement of iron levels is paramount for the
diagnosis of various diseases and for predicting the outcomes of some diseases. In addition,
it is used to monitoring chelation therapy for the treatment of iron overload syndromes and
for understanding some disease mechanisms. Biopsy is still considered the “gold standard”
for assessing tissue iron level, however it is an invasive method which carries the risk of
serious complications. Furthermore, iron deposition may be heterogeneous in some organs,
causing variability in tissue sampling and histologic interpretation [2, 19-21]. Serum
measurements, including iron, transferrin, and ferritin, are simpler, but are considered
indirect methods to assess iron burden at the parenchymal level. Accuracy with serum
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measurements are also impacted by hepatic function, citrate and ascorbate status, and the
presence of inflammatory conditions or malignant neoplasms [2,24].

Recently, magnetic resonance (MR) imaging has emerged as a method to estimate tissue iron
levels, both in vitro and in vivo. Iron has endogenous paramagnetic characteristics, and
causes shortened T1, T2, and T2* relaxation times as well as phase and susceptibility
changes by affecting the magnetic environment of water protons. MR imaging can be used
to qualitatively assess and quantify iron levels in vivo using both standard and specially
designed techniques [1-2, 25-27]. Previous studies have focused on gradient recalled echo
(GRE) sequences to investigate the relationship between iron concentration and R2* (1/T2%*)
[1-2, 24]. However, these sequences are less effective in tissues with high iron concentration
in patients with thalassemia, hemophilia, hemochromatosis, rheumatoid arthritis, etc. The
high iron concentration leads to shortening of T2*, which may cause significant signal loss
when imaged with conventional clinical MR sequences.

Ultrashort echo time (UTE) sequences can detect signal from short T2 species with T2*s of
a few hundred microseconds or less. UTE-based sequences have shown great success in
detecting and imaging short T2/T2* tissues or tissue components [28-31]. Several groups
have published techniques on IONP imaging and quantification using sweep imaging with
Fourier transformation (SWIFT) [32-34], which is one type of UTE sequences but has with
much shorter effective TE. IONP concentration can be measured via T1 measurement using
varying flip angle SWIFT (VFA-SWIFT) [33] and SWIFT Look-Locker method [34].
However, these studies are performed on high performance NMR spectrometers. High
contrast imaging and quantification of high level IONP on a clinical whole-body MR
scanner using UTE sequences remain to be investigated. Such a technique may have great
potential in monitoring the treatment of diseases such as thalassemia, hemophilia,
hemochromatosis, or rheumatoid arthritis, or in magnetic nanoparticle based hyperthermia
and drug delivery.

Adiabatic inversion recovery prepared UTE (IR-UTE) sequences have been employed to
image short T2 tissues or tissue components with efficient suppression of longer T2 tissues
or tissue components [35-37]. More recently, 3D UTE with Cones trajectory (3D UTE
Cones) and its combination with adiabatic inversion preparation (3D IR-Cones) have been
developed for fast volumetric imaging of short T2 tissues [38]. The three-dimensional
magnetization-prepared rapid gradient-echo (3D MP-RAGE) sequence can generate high
tissue contrast and provides high spatial resolution in a short scan time [39, 40]. The purpose
of this study is to investigate the feasibility of high contrast imaging of iron with 3D MP-
RAGE sequence for low iron oxide nanoparticles (IONP) concentration, and 2D IR-UTE
and 3D IR-Cones sequences for high IONP concentration. Quantitative assessment of IONP
concentration was investigated by measuring R2* and R1 of a series of IONP phantoms
using 2D/3D UTE and IR-UTE sequences on a clinical 3T MR scanner.

Materials and Methods

An iron phantom was prepared for this study. The phantom was composed of tubes filled
with 2 mL of Feridex I.V. solution (ferumoxides injectable solution, Berlex Laboratories,
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Wayne, NJ) with seven different concentrations of 2, 7.5, 15, 22.5, 30, 37.5 and 45 mM.
Since T2* is strongly affected by susceptibility, the tubes were put in a cylinder container
(10 cm in diameter) filled with agarose gel (0.9% by weight) with the longitudinal direction
of the tubes placed parallel to the By field such that the susceptibility artifact was minimized.
The angular dependence of R1/R2* measurements was not investigated in this study.

MR imaging of phantoms was performed on a 3T SignaHDxt scanner (GE Healthcare
Technologies, Milwaukee, WI). Morphological imaging of IONP was performed using six
different sequences, including 3D GRE, 3D MP-RAGE, 2D UTE, 2D IR-UTE, 3D Cones
and 3D IR-Cones sequences. The basic imaging parameters were listed in Table 1 for all six
sequences.

In order to quantify IONP concentration, R2* (1/T2*) was measured with the 2D UTE and
IR-UTE sequences as well as the 3D Cones and 3D IR-Cones sequences. Imaging
parameters were similar to those used above for morphological imaging except repeated
acquisitions with a series of TEs (TEs = 32 ps, 45 ps, 55 ps, 65 ps, 75 s, 85 s, 0.1, 0.15,
0.2, 0.25,0.35, 0.5, 0.75, 1.0, 1.5, 2, 3 ms) for T2* measurement based on the following
single exponential signal decay model:

S(TE)=8y x e TB/T? 1 ¢ (1)

where C accounts for background noise, including pseudo-noise associated with streak
artifacts in 2D radial UTE and 3D Cones data acquisitions.

T1 measurement was also performed to quantify IONP concentration. Quantification of T1
requires the use of UTE sequences because high IONP concentration corresponds to very
short T2*. 2D saturation recovery UTE (2D SR-UTE) has been shown to provide reliable
measurement of T1 of cortical bone, and was used here to quantify T1 of various IONP
phantoms. In SR-UTE, a non-selective 90° square pulse with duration of 256 ps (which is
limited by the RF system) was followed by a large crusher gradient to saturate signals from
both long and short T2 species. 2D UTE acquisitions with progressively increasing
saturation recovery times (TSRs) were then used to detect the recovery of longitudinal
magnetization. Imaging parameters were similar to those used above for morphological
imaging except a long TR of 1000 ms and a series of TSRs of 7.8, 10, 12.5, 15, 22.5, 30, 50,
80, 120, 180, 250, 400, 600 ms. The single exponential signal recovery model shown below
was used to fit T1 [31]:

S(TSR)=8y x [1 — (1 — k) x e” "5/ T11C (9

where k accounts for the residual fraction of the longitudinal magnetization after a nominal
90° pulse.
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The saturation recovery approach with 3D imaging is too time-consuming, even when using
optimized 3D Cones sequences. To save time, we employed 3D Cones with variable TR (3D
Cones-VTR) approach to quantify T1. Imaging parameters were similar to those used above
for morphological imaging except a series of TRs of 4.7, 6, 8, 10, 12.5, 15, 20, 25, 37.5, 50,
75 and 100 ms. The transverse magnetization for a steady-state UTE acquisition can be
written as [31]:

My e fuy (01(t), Ta, T5) x (1= T e ™R (1 £ (b1 (), T2, T3) e HT)) (g

Where fy, and f, describe the behavior of the transverse magnetization and longitudinal
magnetization, respectively, as a function of the pulse b1(t) as well as the T2* and T1
relaxation times. For the 3D Cones and IR-Cones sequences, the duration of the excitation
pulse (i.e., 52 ps, 20° rectangular pulse) is significantly shorter than both T2* and T1 of
IONP phantom (including those with the highest IONP concentration), therefore relaxation
effects during RF excitation could be ignored as a first order approximation. Therefore, the
above equation can be simplified as below:

My (TR, TE=8p18)00 Mg 1) x fuyx (1=~ T/ ) e MBS /(1 £ e M) 1y

zy

Image Analysis

Results

The analysis algorithm was written in Matlab (The MathWorkslInc., Natick, MA, USA) and
was executed offline on the DICOM images obtained by the protocols described above.
Contrast to noise ratio (CNR) was used to evaluate all the sequences for morphological
imaging of IONP. CNR was measured as the signal difference between IONP phantom and
nearby agarose divided by the standard deviation of background signal in air. T2* was
estimated using Eq. 1 for the 2D UTE, 2D IR-UTE, 3D Cones and 3D IR-Cones approaches.
T1 was estimated using Eq. 2 for the 2D SR-UTE approach and Eq.4 for the 3D Cones-VTR
approach. The fitted R2* (1/T2*) and R1 (1/T1) values were plotted against IONP
concentration to show their relationship.

Figure 1 shows a phantom containing tubes with different IONP concentrations as well as
images using 3D GRE, 3D MP-RAGE, 2D UTE, 2D IR-UTE, 3D Cones and 3D IR-Cones
sequences. The locations of the tubes can be identified using all sequences. The 3D MP-
RAGE sequence shows high contrast images for IONP concentrations up to 7.5 mM.When
IONP concentration is above 7.5 mM, the 3D MP-RAGE sequence shows near zero signal
with strong dipolar artifacts. The 2D UTE and IR-UTE sequences can access IONP
concentration up to 37.5 mM, while the 3D Cones and IR-Cones sequences can access IONP
up to 45 mM. Table 2 shows the CNR measurements for all IONP phantoms and all
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sequences. The 3D IR-Cones sequence provides the best contrast throughout the range of
IONP concentrations used in this study.

Figure 2 shows representative 3D Cones and 3D IR-Cones imaging of the IONP phantom
with a series of TEs, as well as single-component T2* fitting curves of various IONP
concentrations. Excellent curve fitting was obtained for all cases, especially for IONP
concentrations in the range of 7.5 — 37.5 mM. Some distortion was observed for high IONP
concentration of 45 mM. The 2D IR-UTE imaging shows similar image quality and T2*
curve fitting for IONP concentration up to 30 mM. However, the 2D UTE sequence shows
too strong distortion when the IONP concentration is above 15 mM likely due to eddy
current effects associated with 2D slice-selective half-pulse excitation.

Figure 3 shows R2* values plotted against IONP concentrations, where R2* was measured
with 2D UTE, 2D IR-UTE, 3D Cones and 3D IR-Cones sequences, respectively. The data
shows that R2* and the IONP concentration have a linear relationship up to 15 mM for 2D
UTE (R? = 0.9537), up to 30 mM for 2D IR-UTE (R2 = 0.9233), up to 37.5 mM for 3D
Cones (R? = 0.9922), and up to 45 mM for 3D IR-Cones (R2 = 0.9971). The 3D IR-Cones
sequence provides the most accurate IONP quantification via R2* measurement.

Figure 4 shows representative 3D Cones imaging of the IONP phantom with a series of TRs,
as well as single-component T1 fitting curves of various IONP concentrations. Excellent
curve fitting was obtained for all cases with IONP concentrations up to 30 mM. Some
distortion was observed for IONP concentration above 37.5 mM.

Figure 5 shows R1 values plotted against IONP concentrations, where R1 was measured
with 2D SR-UTE and 3D Cones-VTR sequences, respectively. The data shows that R1 and
the IONP concentration up to 30 mM have a linear relationship.

Discussion

Measurement of tissue iron level using MR imaging has many advantages, including its
noninvasive nature, convenience, and strong repeatability. Various portions of the body can
be easily interrogated and the information can potentially be useful for diagnosis, monitoring
and assessing response to therapy, and for understanding the pathogenesis in iron-related
diseases.

To detect and measure the concentration of iron with MR, there are many important
technical factors that need to be considered. For instance, many relaxation time
measurements exist including R1 [1/T1], R2 [1/T2] and R2* [1/T2* ], each with individual
challenges for implementation. In addition, the selection of a scan sequence that is able to
obtain an echo time as fast as possible is important to capture the rapidly decaying signal.
Field strength and the method of image post-processing to improve artifacts are also
important considerations. In this paper, our focus was on obtaining high quality images
using short echo times that are based on MP-RAGE and UTE sequences.

Our study shows that improved iron contrast can be achieved with the 2D IR-UTE and 3D
IR-Cones sequences. This is consistent with the results published by Wang et al., who
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demonstrated that the sweep imaging with Fourier transformation (SWIFT) sequence with
long T2 suppression provided improved CNR between INOP and the long T2 species [28].
The quantitative measurements are also consistent with recently published results based on
the SWIFT approaches. Wang et al. measured T1 values of various IONP concentrations
from 1 to 7 mM using varying flip angle sweep imaging with Fourier transformation (VFA-
SWIFT) and 3D SPGR with variable flip angles (VFA-SPGR) sequences ona 7T MR
scanner [29]. They found an excellent linear relationship between R1 and IONP
concentration. Zhang et al. employed the SWIFT sequence combined with the Look-Locker
method to map T1 of IONP in high concentrations [30]. They found that the SWIFT Look-
Locker sequence could accurately measure T1 of IONP concentrations up to 53.6 mM. The
SWIFT sequence can access significantly higher IONP concentrations (~53.6 Mm vs. ~37.5
Mm) than the 3D Cones and IR-Cones sequences likely due to its shorter effective TE (near
zero). Although the 3D Cones and 3D IR-Cones sequences have a minimal nominal TE of
32 us, the effective TE is expected to be much longer due to ramp sampling.

Previous authors have demonstrated that image quality and contrast are better using the 3D
MP-RAGE sequence compared with conventional T1-weighted spin echo sequences (36).
We have used the 3D MP-RAGE sequence to obtain T1-weighted images and determined the
relationship between R2* and different concentrations of IONP. We have found that
excellent image quality can be achieved using this sequence for low concentrations of IONP
(Fig 1). In our study we have also used the 2D UTE, 2D IR-UTE, 3D Cones and 3D IR-
Cones sequences for quantitative measurements of IONP. Using all four sequences, an
approximately linear relationship was visualized for IONP concentrations ranging from ~2
to ~37.5 mM.

Due to its electromagnetic properties, iron causes T2 shortening and signal is particularly
difficult to detect using T2-weighted MR images. The higher the iron concentration, the
shorter the T2 value. Using conventional MR sequences with limitations in the lowest
achievable TE value, there is insufficient signal from the upper range of iron concentrations
used in our study. Specifically, signal intensity and contrast is too low to distinguish
concentrations above 7.5 mM from the background. This highlights the importance of echo
time selection, which should be as short as possible. UTE sequences can detect signal from
short T2 species with T2*s of a few hundred microseconds. We have demonstrated that
UTE-based sequences show great success in detecting and imaging short T2/T2* objects.
Our data shows that the R2* and the IONP concentration ranging from 2 to 37.5 mM have a
linear relationship and images are better compared with conventional sequences.

In general, the 3D Cones and IR-Cones sequences outperform the 2D UTE and IR-UTE
sequences in quantitative assessment of IONP. The 2D UTE sequence shows a near linear
relationship between T2* and IONP concentration up to 15 mM, while the 3D Cones
sequence shows an excellent linear relationship between T2* and IONP concentration up to
37.5 mM. The same trend was also observed between the 2D IR-UTE and 3D IR-Cones
sequences. This difference is likely due to eddy currents, which affect the 2D UTE
sequences much more than the 3D Cones sequences [38]. The 2D UTE sequences employ
half-pulse for slice selective excitation, which is known to be sensitive to eddy currents [41].
The 3D Cones sequences employ a short rectangular pulse for non-selective excitation,
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eliminating slice-selective gradients and the associated eddy currents. Furthermore, the 2D
IR-UTE and 3D IR-Cones sequences perform better than the 2D UTE and 3D Cones
sequences, respectively. This is due to the suppression of long T2 signals, with reduction of
the associated eddy current.

Increased error was observed in the T1 measurements of IONP above 30 mM. IONP
shortens not only T2* but T1. With a concentration of 30 mM, T1 was reduced to 7.8 ms
while T2* was reduced to ~0.12 ms. When IONP concentration was increased to 37 mM, T1
was further reduced to ~4.3 ms. The minimum TR of the Cones sequence was around 4.7
ms. It is technically difficult to accurately measure T1 around or below the minimum TR
using the variable TR approach. T2* is likely a better option to quantitatively evaluate IONP
above 30 mM.

There are several limitations of this study. First, R2* and R1 were measured only for
phantoms where iron tubes were aligned parallel to the BO field, and thus susceptibility
effect was minimized. The angular dependence of R2*/R1 vs. iron concentration remains to
be investigated. The sensitivity to BO and B1 inhomogeneity is not investigated. The UTE
sequences, especially the 3D UTE sequences, should be less sensitive to BO inhomogeneity
than conventional gradient echo sequences due to the ultrashort TEs and non-selective
excitation. The variable TR approach, similar to the conventional inversion recovery,
variable flip angle and Look-Locker methods, is subject to errors due to B1 inhomogeneity.
B1 mapping will improve T1 measurements. Second, scan time optimization was not
considered in this phantom study. The total scan time can be greatly reduced by using two to
three sets of interleaved multi-echo 3D Cones sequences for fast volumetric R2*
measurement. R1 can be measured with two to four TRs for fast T1 mapping. Third, in vivo
applications remain to be investigated. It is likely that in vivo quantification of IONP will be
much more complicate as there are many factors affecting T1 and T2*. Improved accuracy is
expected for high IONP level where iron is the dominating factor. Clearly more in vivo
studies are required, especially using whole-body clinical MR scanners. However, results
from this study should provide the basics on iron quantification, as well as the upper limit of
iron concentration which can be reliably measured with UTE sequences on clinical MR
scanners.

Conclusions

For qualitative assessment of iron-laden tissues, high quality images can be generated using
the 3D MP-RAGE sequence only for low concentrations of iron whereas the UTE-based
sequences, especially 2D IR-UTE and 3D IR-Cones sequences, allow high quality images to
be generated over a range of low to high IONP concentrations up to 45 mM. IONP
concentrations up to 37.5 mM can be measured with R2* or R1 measurement using a
clinical 3T MR scanner.
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Morphological images of iron-oxide nanoparticle phantoms. Using 3D GRE, 3D MP-RAGE,
2D-UTE, 2D IR-UTE, 3D Cones, and 3D IR-Cones sequences, positive contrast can be
appreciated up to concentrations of 2, 7.5, 22.5, 37.5, 45, and 45 mM, respectively. With the
highest concentration tube used (45 mM), the IR-Cones sequence Yyields the greatest signal.
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Selected morphological images of IONP tubes using 3D Cones (15! row) and 3D IR-Cones

(2" row) sequences with single-component T2* curve fitting for different IONPs

concentrations acquired with 3D Cones (3™ row) and 3D IR-Cones (4! row) sequences.
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R2* vs Iron Concentration by Cones and IR-Cones
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R2* vs Iron Concentration by UTE and IR-UTE
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Figure 3.
R2* (1/T2*) values are plotted versus the concentration of iron by using T2* as determined

using 2D (2D-UTE and 2D IR-UTE) and 3D (3D Cones and 3D IR-Cones) measurements
for determining iron concentration.
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Figure 4.
Selected 3D Cones images of IONP tubes acquired with variable TRs ranging from 4.7 ms

to 100 ms (upper row) and single-component T1 fitting curves for different iron
concentrations (lower row). Excellent curve fitting is seen up to a concentration of 30 mM.
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R1 vs Iron Concentration by UTE and Cones
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Figureb.

R1 (1/T1) values are plotted versus the concentration of iron by using T1 as determined
using 2D SR-UTE and 3D Cones-VTR sequences. The data shows that the R1 and the iron
concentration ranging up to 30 mM have a good linear relationship.
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