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Abstract

Multiple sclerosis (MS)causes demyelinating lesions in the white matter and increased iron
deposition in the subcortical gray matter. Myelin protons have an extremely short To* (less than 1
ms) and are not directly detected with conventional clinical magnetic resonance (MR) imaging
sequences. Iron deposition also reduces T2*, leading to reduced signal on clinical sequences. In
this study we tested the hypothesis that the inversion recovery ultrashort echo time (IR-UTE) pulse
sequence can directly and simultaneously image myelin and iron deposition using a clinical 3T
scanner. The technique was first validated on a synthetic myelinphantom (myelin powder in D20)
and a Feridex iron phantom. This was followed by studies of cadaveric MS specimens, healthy
volunteers and MS patients. UTE imaging of the synthetic myelin phantom showed an excellent
bi-component signal decay with two populations of protons, one with a T2* of 1.2 ms (residual
water protons) and the other with a T2* of 290 ps (myelin protons). IR-UTE imaging shows
sensitivity to a wide range of iron concentrations from 0.5 to ~30 mM. The IR-UTE signal from
white matter of the brain of healthy volunteers shows a rapid signal decay with a short T2* of
~300 ps, consistent with the T2* values of myelin protons in the synthetic myelin phantom. IR-
UTE imaging in MS brain specimens and patients showed multiple white matter lesions as well as
areas of high signal in subcortical gray matter. This in specimens corresponded in position to Perl's
diaminobenzide staining results, consistent with increased iron deposition. IR-UTE imaging
simultaneously detects lesions with myelin loss in the white matter and iron deposition in the gray
matter.
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Introduction

Both myelin damage and iron deposition are the subjects of intensive investigation in
multiple sclerosis (MS). MS is a disease that affects myelin, a lamellar membranous
structure which contains alternating layers of protein and lipid. Iron is important in brain
physiology and pathology. Iron accumulation occurs in the normal aging brain, particularly
in the subcortical gray matter [1,2], and also in oligodendrocytes of the major white matter
[3]. Researchers have observed abnormal iron deposition in the brain in MS, Parkinson's and
Alzheimer's disease [4-7].

Both myelin and iron itself are not directly detected with conventional clinical magnetic
resonance imaging (MRI) sequences. Myelin protons have extremely short T2*s (less than 1
ms), and the signal is not detected with conventional echo times (TES) of 5 - 100 ms [8-12].
Myelin has been indirectly imaged using techniques such as myelin water fraction
estimation by T2 relaxation fitting [11] and magnetization transfer imaging [12], in which
signal is detected from water protons. Ultrashort echo time (UTE) MRI provides
visualization of the very short T2*signal from protons in tissues such as cortical bone,
menisci, ligaments, and tendons [8]. In addition, signals from myelin protons with T,*s in
the range of 50 ps to a few hundred microseconds are detectable with high performance
NMR spectrometers [9,10].For example, using ultrashort echo time MRI techniques Horch
et al recently showed signal components in the frog sciatic nerve, rat optic nerve, and bovine
brain extract with T2 times of 50 ps to 1 ms which persisted after D20 exchange indicating
likely origin from lipid components of myelin [9].

We have developed adiabatic inversion recovery UTE (IR-UTE) sequences with a minimum
nominal TE of 8 ps that is 100-1000 times shorter than the TEs of most conventional clinical
sequences, and these can potentially directly detect and image signals from myelin protons
using clinical MR scanners [13-15]. The preparatory adiabatic inversion pulse is used to
suppress signals from the long T2* components of white and gray matter. Furthermore, the
IR-UTE sequences may also be sensitive to the short T2* signals associated with the
presence of iron. Conventional iron sensitive MR imaging exploits changes in the transverse
relaxation rates, R2 and R2*, and tissue susceptibility from deposited iron in the form of
ferritin and hemosiderin [16,17], in which signal is detected from protons in water. However,
these conventional sequences may show reduced signal when iron concentrations are too
high and the T2*s of the associated water protons become too short. Typical concentration
of iron in the brain ranges from 49 mg/kg in the thalamus to 205 mg/kg (equivalent to 1~4
mM) in the globus pallidus with estimated T2* of 14 — 40 ms [18].

Simultaneous imaging of myelin protons and iron deposition would be helpful in the
diagnosis and treatment monitoring of MS and other neurological disease. In this study we
tested the hypothesis that the inversion recovery ultrashort echo time (IR-UTE) pulse
sequence could directly and simultaneously image myelin and iron deposition using a
clinical 3T scanner. The technique was first validated on a synthetic myelin phantom
(myelin powder in D20) and a Feridex iron phantom, followed by studies of cadaveric MS
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specimens and histological examination, as well as healthy human volunteers and patients
with MS.

Methods

Pulse Sequences and Contrast Mechanisms

Figure 1 shows the pulse sequence and contrast mechanisms used in the IR-UTE sequence
employed for simultaneous imaging of myelin and iron in vitro and in vivo in this study. The
sequence employed a half-sinc radio frequency (RF) pulse (duration = 472us, bandwidth =
2.7 kHz, flip angle = 60°), which together with variable rate selective excitation (VERSE),
radial ramp sampling and fast transmit/receive switching reduced the nominal TE to 8 s [8,
19]. In UTE imaging the long T2* components may have much higher signal intensity than
the short T2* components. To create short T2* contrast, an adiabatic inversion pulse
(duration = 8.64 ms, bandwidth ~ 1.5 kHz) preparation was used to invert and null signals
from long T2* components in white matter (WM, ). Signals from myelin protons were
nearly perfectly saturated because of their very short T2* (past simulation studies suggest
that more than 95% of the signal being suppressed by the adiabatic IR pulse for short tissues,
including myelin with T2*s in the order of 0.3 ms [14,15]) and thus significant transverse
relaxation during the long adiabatic inversion process [19-21]. Subtraction of signals in the
2"d echo image from those of the first echo image provided efficient suppression of residual
longer T2* signals from long T2* gray matter (GM| ).The short T2* component of myelin
were largely saturated by the adiabatic IR pulse, recovered during the inversion time (TI)
and were detected by the UTE data acquisition. Iron deposition may lead to much reduced
proton T2*s and T1s.The proton magnetization may be partially inverted or saturated by the
adiabatic IR pulse [20], recover quickly during TI, and be detected by the UTE data
acquisition. The IR-UTE sequence was implemented on a 3T Signa TwinSpeed Scanner (GE
Healthcare, Milwaukee, WI). An eight-channel transmit/receive head coil was used.

Myelin and Iron Phantoms

Myelin Phantom Preparation—A 520 mg synthetic myelin lipid phantom
approximating the nonprotein portion of biological myelin was prepared using a previously
described procedure [13]. It consisted of 3:2 solid to liquid mass ratio 0f13.5% cholesterol,
13% galactocerebroside, 19.3% phosphatidylcholine, and 4.2% sphingomyelin (Sigma-
Aldrich, St. Louis, MO) and deionized D20 which was mixed into a paste and placed in a
glass NMR tube. The phantom was then subject to UTE imaging for To* measurement. A
custom-made solenoid coil (5 mm in diameter) was used for signal excitation and reception.
The following MR imaging parameters were used: field of view (FOV) = 4 cm, slice
thickness = 3 mm, bandwidth (BW) = £31.25 kHz, flip angle =60°, acquisition matrix =
128x128, number of projections = 403. For T2* measurements, a TR of 1000 ms and 14 TEs
(8 us,0.1,0.2,0.4,0.6,0.8,1.0,1.2,1.6, 2.0, 2.5, 3.2, 4.8, 6.4 ms) were used. A bi-
component model (details below) was used to analyze the data.

Iron Phantom Preparation—The phantom consisted of seven tubes, each filled with 2
mL of Feridex I.V. solution (ferumoxides injectable solution, Berlex Laboratories, Wayne,
NJ) in different concentrations (i.e., 2, 7.5, 15, 22.5, 30, 37.5 and 45 mM) which is broader
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than typical iron concentration in the brain [18]. The tubes were placed in a cylindrical
container (10 cm in diameter) filled with agarose gel (0.9% by weight).The longitudinal
direction of the tubes was parallel to the Bgfield.Similar parameters were used for the iron
phantom studies, except for a larger FOV of 24 cm, a higher acquisition matrix of 256x256,
a higher bandwidth of £125 kHz, and a T1 of 260 ms (chosen to null signals from long T2*
agarose gel).Regular UTE without IR preparation and conventional clinical gradient-recalled
echo (GRE) sequences were also applied to the iron phantom with similar imaging
parameters for comparison.

MS Cadaver Brain Specimens

Five post-mortem brains from multiple sclerosis patient donors (2 male, 3 female, ages
28-71) were acquired from UCSD anatomical services within 24 hours of death. Brains were
refrigerated (4 °C) until scanning when they were allowed to warm to room temperature for
two hours prior to scanning. Typical imaging parameters were: TR = 1500ms, FOV = 24 cm,
acquisition matrix =256x256, bandwidth = +125 kHz, TE = 0.01/2.2 ms, slice thickness = 5
mm, flip angle = 60°, number of projections = 131, and sampling points per projection =
192.Tls varying between 400 and 450 ms were chosen to null WM|_based on the measured
values of white matter T1.The scan time was 6.5 min. Clinical T1- and To-weighted fast spin
echo (FSE) sequences, To-weighted fluid attenuated inversion recovery (To-FLAIR) and
magnetization prepared rapid acquisition gradient echo (MP-RAGE) sequences were also
performed for comparison. The brains were refrigerated again after scanning was completed
and returned to anatomical services for routine whole brain fixation within 48 hours.

Following MRI in the unfixed condition, the specimens were flotation-immersed in 10%
buffered formalin and kept at room temperature for six months. The postmortem interval
before fixation was less than 48hours. Samples were cryoprotected in graded solutions of
sucrose (10-30%), then frozen in chilled isopentane and sectioned. Whole hemisphere slices
were stored in 1M phosphate buffer before being mounted on large format glass slides for
staining.

Perl's/Diaminobenzide (DAB) Stain—(NeuroScience Associates): Pre-cut sections
were mounted on gelatin coated glass slides, air dried and passed through the following
sequence: 95% ethanol/formaldehyde, 95% ethanol, 70% ethanol, rinsing in deionized water
twice, Perl's Solution (2% hydrochloric acid + 2% potassium ferrocyanide), rinsing in
deionized water three times, DAB H,0, solution (DAB + phosphate buffered saline + 30%
hydrogen peroxide), rinsing in deionized water three times, 70% ethanol, 95% ethanol, two
changes of 100% ethanol, 1:1 100% ethanol/xylene, two changes of xylene, then cover
slipped. Each slide was laser etched with the block number and the stain. Following serial
ordering of the slides, they were numbered with ink in the upper right corner.

In Vivo Study

In total ten healthy volunteers (all male, ages 27-70) and ten MS patients (6 women and 4
men, ages 29-71) were recruited for this study, which was reviewed and approved by the
Institutional Review Board (IRB) of the University of California, San Diego (UCSD).
Written informed consent approved by the IRB was obtained prior to the participation of
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each subject. The in vivo MRI protocol was similar to that used for the brain specimen
study. In healthy volunteers, T,* measurements were obtained by repeated IR-UTE
acquisitions with five TEs (TE = 0.0, 0.2, 0.4, 0.6, 1.5 ms), requiring a total T,*
quantification time of 32 min. T2* measurements were not performed on the MS patients
due to scan time limitation. Conventional clinical T1- and To-weighted FSE sequences, To-
FLAIR and MP-RAGE sequences applied to the brain specimens were also performed on
healthy volunteers and MS patients for comparison.

Data Analysis

Quantitative evaluation of T,* was performed on myelinphantoms and healthy volunteers
using a Levenberg-Marquardt fitting algorithm written in Matlab R2011b (Math works Inc.
Natick, MA, USA) and was executed offline on the DICOM images obtained using the
protocols described above. The following single-component model was applied to the
phantoms as well as in vivo studies:

S(TE)=Sy x e~ TF/T" [1]
where S(TE) is the myelin signal with noise corrected using the Miller approach [22]:
<M(TE)*>=S(TE)*+20° [2]

where<M(TE)2> is the measured signal, and (&03C3) is the background noise calculated as
the standard deviation of signal from a region of interest (ROI) drawn in air away from
streaks.

For the myelin phantom study, the following bi-component analysis model was also
employed to the normalized UTE signal S*(TE) to analyze the myelin proton T,*
(T2,myelin*) and water proton To*(T2 water™) as well as their relative fractions Fyager and

Fmyetin [23]:

~TE/T;

S * (TE) :F\’Vater % e—TE/T;,water +meelin X e ,myelin [3]

where Fyater and Fryelin are the relative fractions of water protons and myelin protons, and
are subject to the following constraint:

Fyater+1 myelin = 1 [4]

The above bi-component model requires only three fitting parameters, which greatly reduces
the sensitivity to signal to noise ratio (SNR) compared to the conventional five-parameter
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fitting [24, 25]. After fitting was finished, goodness of fit statistics, including the R-squared
value, mean squared error, root mean squared error, standard error and 95% confidence
interval were calculated.

The myelin phantom mimicked human physiologic myelin was prepared in D,O to eliminate
confounding signal from longer T2* protons in water or groups which exchange with water.
The signal at various echo times was measured and fit to mono-exponential and bi-
exponential models to estimate T2*. The mono-exponential model provided a T2* of 406 s
with relatively poor fitting (R? = 0.9624) of the experimental data,as compared with the bi-
exponential model which showed excellent fitting (R = 0.9978) with two populations of
protons with T2*s of 290 ps and 1.2 ms (Figure 2).

The ability to detect the presence of iron with clinical GRE, UTE and IR-UTE sequences
(Figure 3) was compared using Feridex suspension phantom. The clinical GRE sequence can
detect iron with concentrations up to 2 mM. The UTE sequence can detect iron with
concentrations up to 30 mM or higher. Improved iron contrast can be achieved with the IR-
UTE sequence, where iron concentration up to 30 mM is visible. Off-resonance induced
ringing artifacts are seen in samples with iron concentration above 30 mM.

In vivo IR-UTE imaging was also performed in otherwise healthy male volunteers. Figure 4
demonstrates selective imaging of short T2* white matter with high contrast in one subject.
The calculated T2* of the white matter signal was 356 + 47us (Figure 4) which is similar in
magnitude to the largest component detected with IR-UTE imaging of the myelin phantom

where a T2* of ~290 ps was found (Figure 2).These results suggest that the myelin in white
matter of the brain is being selectively imaged with the IR-UTE sequence.

Imaging of cadaver brains from patients with MS demonstrated high signal in areas of white
matter (Figure 5A)on conventional T2-weighted images, consistent with MS plaques. These
areas showeda loss of white matter signal on IR-UTE images (Figures 5 and 6). IR-UTE
images in a 28-year-old with severe MS showed high signal in the globus pallidus and
thalamus (Figure 5B)compared to that in other gray matter nuclei. There were also bilateral
lesions extending from the globus pallidus to the thalamus. Figure 6 shows multiple slices
from the cadaver specimen of a 65 year woman with MS. There are significant white matter
abnormalities throughout the brain. In this specimen, high signal is seen in gray matter
nuclei including the globus pallidus (Figure 6 F), substantianigra and red nucleus (Figure 6
E). In contrast, low signal intensity was seen in the cortical gray matter. Figure 7A shows
coronal fixed frozen sections from the same patient illustrated in Figure 5. Corresponding
IR-UTE imaging of the fixed section showed a hyper intense area (Figure 7B arrows)
corresponding to the substantianigra and globus pallidus. Perl's-DAB staining of the same
slice showed increased staining in the substantia nigra and globus pallidus consistent with
increased iron deposition.

In vivo imaging of patients with MS using IR-UTE sequence demonstrated white matter
lesions with high contrast (Figure 8), corresponding to or extending beyond lesions seen
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with FLAIR and T1W sequences. In addition, in some patients with MS, there was also high
signal demonstrated in the thalamus (Figure 8 F).This was also seen in some MS cadaver
specimens (Figure 5B), consistent with iron deposition. These preliminary results
demonstrate the feasibility of simultaneously directly imaging myelin and iron deposition in
Vivo.

Discussion

There has been debate about whether the ultrashort T2* signals are associated with myelin
water. The signal shown in spectroscopy experiments is preserved after allowing exchange
with D0 [9], consistent with direct imaging of myelin rather than water. We show here that
an ultrashort T2* signal is detected in myelin immersed in D,O with IR-UTE sequence. This
signal contains two components with estimated T2*s of ~300 ps and 1.2 ms (Figure 2). The
T2* times reported here for myelin lipids are longer than those reported by Horch et al [9] or
Wilhelm et al [10]. There are several potential reasons for this discrepancy. Our aqueous
myelin phantoms may form lipid bilayers where the dipolar interactions scale the line shape,
resulting in a superlorentzian shape [26]. Fitting with exponentials may result in
overestimation of the T2*. In addition, our field strength of 3T is lower than that of the
systems used by Horch (4.7T) and Willhelm (9.4T) [9,10]. The slice-selective excitation
pulse used for brain specimens and in vivo imaging is relatively long at 472 us, and we
would expect signal decay during this pulse. However, the measured T2*s of the myelin
lipid phantoms in D,O and white matter components in specimens and in vivo imaged with
IR-UTE are much shorter than the T2*s of myelin water which are approximately 10-20 ms
[11]. This suggests that the signal source is the myelin lipid protons, though myelin
associated water contamination cannot be completely excluded.

We also show that IR-UTE sequences generate a positive signal and are sensitive to higher
concentrations of iron compared to conventional GRE sequences. The combined capabilities
allow the IR-UTE pulse sequence to simultaneously detect white matter abnormalities and
the effects of iron deposition in patients with MS. With IR-UTE sequences significant iron
deposition appears high signal while white matter lesions appear as low signal. This may be
an advantage of IR-UTE compared to other methods of measuring iron with MRI in which
iron is typically hypo intense and so are areas of demyelination [27].

While MS is traditionally considered a disease of white matter, its involvement of gray
matter and particularly the thalamus [28] is well known. This may be responsible for many
of the clinical manifestations of MS including cognitive and motor dysfunction. Iron
deposition may precede atrophy in thalamus [29]. In addition, it is widely recognized that
iron in enriched within oligodendrocytes in both normal and diseased tissues [30]. Iron
chelators have been shown to suppress symptoms in models of experimental allergic
encephalitis [3]. Relatively decreased intensity on T2W images of putamen and thalamus
may be related to increased iron accumulation (ferritin). This ferritin may be found in blood
vessel walls, microglia, lysosome of glial cells, or oligodendrocytes [7]. Thus the form,
location, and concentration of iron in the brain may play an important role in the clinical
manifestations of multiple sclerosis. The IR-UTE sequence shows sensitivity to a wide range
of iron concentrations compared with the conventional gradient echo based sequences.
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While the IR-UTE sequence provides high contrast imaging of myelin and iron
simultaneously, it can also easily separate myelin from iron by slightly adjusting the
inversion time or T1. Myelin imaging is very sensitivity to TI. Selective myelin imaging is Tl
dependent. Inaccurate TI leads to water signal contamination. However, optimal TI can be
determined by measuring T1 of the long T2 components, thus water contamination can be
minimized. Iron signal is expected to be relatively insensitive to the variation in T, as iron
imaging relies on T1 shortening. The IR-UTE sequence can detect iron concentration up to
30 mM, which is much higher than the typical iron level in the brain. Iron has been
implicated in many of the neurodegenerative diseases, including multiple sclerosis,
Alzeimer's disease, Parkinson's disease, Huntington's disease, dementia with Lewy bodies,
Hallervorden-Spatz disease (pantothenate kinase-associated neurodegeneration), etc. The
associated abnormal gene-related iron absorption, transport and metabolism, age-related iron
accumulation and abnormal iron-related protein deposits may lead to an increase in iron
deposition in characteristic structures and locations, but typically less than 10 mM [31-35].
The IR-UTE sequence will be more effective than the conventional clinical sequences in the
evaluation of iron overload associated with hemosiderosis, thalassemia, and sideroblastic
anemia, where iron concentration more than 100 mM may be observed [36-38].

The phantom, specimens and in vivo volunteer and patient studies have confirmed our
hypothesis that the IR-UTE sequence can simultaneously directly detect signal from myelin
and iron deposition using a clinical 3T scanner. However, there are several limitations of this
study. First, signal sources other than myelin protons (e.g., other macromolecules, myelin
water due to imperfect nulling, etc.) may contribute to the IR-UTE signal, although the
myelin phantom studies demonstrate that myelin protons are detectable with the IR-UTE
sequence on a clinical 3T scanner. Second, additional work remains to be done to determine
if we can also use IR-UTE to quantify iron in vivo. In addition, IR-UTE MRI sequence need
to be compared to other methods of iron detection including SWI and QSM. Third, the IR-
UTE sequence is two-dimensional, and is sensitive to eddy currents and gradient profile
distortion [39]. Corrections of the residual slice-select gradients and time-varying main field
By(t) caused by eddy currents are required to reduce out-of-slice signal contamination
[40].Three-dimensional UTE sequences such as adiabatic inversion recovery prepared Cones
may find applications in volumetric mapping of myelin in vitro and in vivo [41]. By
providing the simultaneous detection of myelin, MS lesions in white matter, and iron
deposition in the gray matter, the IR-UTE sequence provides a new method of characterizing
MS and potentially numerous other nervous system.
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(A) Diagram of IR-UTE MRI pulse sequence which employs a short half pulse excitation
followed by dual echo radial ramp sampling with a minimal nominal TE of 8 ps. An
adiabatic inversion pulse is used to invert and null signals from long T2 white matter (WM )
and gray matter (GM). (B) Expected magnetization response of white and gray matter
components and areas with iron deposition. Tl is chosen so there is complete nulling of the
long T2* white matter components (WM ). The Short T2* white matter components (WMg)
are selectively imaged with UTE acquisition. Iron deposition is presumed to cause T1
shortening resulting in faster recovery and higher signal from adjacent protons (the
amplitudes for WM, WMg, GM and iron are non-scaled).
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Synthetic myelin phantom mimicking human physiologic myelin was prepared in D50.
Imaging was performed with UTE MRI sequence without inversion pulse because
preparation in D,O was expected to eliminate signal from long T2 protons in water. The
signal at various echo times was measured and fit to monoexponential and biexponential
models to estimate T2* (A-E). The monoexponential model estimated a T2* of 406 us with
poor fitting of the experimental data (F, blue arrow). The biexponential model showed good
fitting with two populations of protons with T2* times of 1.2 ms and 290 us (G).
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Figure 3.
Seven vials with different Feridex concentrations of 2, 7.5, 15, 22.5, 30, 37.5 and 45 mM

were embedded in agarose gel and imaged with the GRE (A), UTE (B) and IR-UTE (C)
sequences. The GREsequence can detect iron deposition up to 2 mM (A). Both the UTE (B)
and IR-UTE (C) sequences can detect iron up to 30 mM. The IR-UTE sequence provides
selective imaging of iron with efficient suppression of long T2 signal from agarose gel (C).
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Figure 4.
Dual-echo IR-UTE imaging of a 43 years old healthy volunteer with TEs of 10 ps (A) and

2.2 ms (B), the corresponding echo subtraction image (C), and echo subtraction images from
TEs of 0.2 ms (D), 0.4 ms (E) and 0.6 ms (F), as well as single-component T2* fitting (G)
which shows a short T2* of 356 + 47 us.

Magn Reson Imaging. Author manuscript; available in PMC 2017 July 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sheth et al. Page 15

Figure5.
Example image from cadaver brain of 28 years old woman with MS with high signal in

areas of normal white matter on T2-FLAIR imaging consistent with multiple sclerosis
lesions (A). Large areas of white matter abnormality on T2 weighted imaging corresponds to
loss of white matter signal on the IR-UTE image (B). There is high signal in the thalamus
and globuspalliduscompared to other gray matter nuclei (arrows). There are also bilateral
lesions extending from the globuspallidus to the thalamus.
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Figure®6.

Multiple slices from the cadaver specimen of a 65 years old woman with MS which show
significant white matter abnormalities throughout the brain. Higher signal intensity is seen in
some gray matter areas including the globuspallidus (curved arrows), substantianigra and red
nucleus (arrow heads), areas known to have high iron deposition. Focal (thin arrows) and

extensive (thick arrows) myelin loss were observed in white matter of the brain.
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Figure7.
(A) Unstained coronal fixed frozen section from 28 years old woman with MS. (B)

Corresponding IR-UTE MRI image of fixed section (TR=100 ms, TI=50 ms). Image quality
was limited due to changes in relaxation times post-fixation. (C) Perl's DAB stain of the
same section at A & B show increased iron deposition in the substantianigra (1) and
globuspallidus (2). Also note is a subcortical white matter multiple sclerosis lesion (3).
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Figure8.
Imaging of two patients with MS: a 37 years old man (A-C) and a 43 years old woman (D-

F). MS lesions are clearly seen in both patients (thin arrows in C and F) with IR-UTE MRI.
The thalamus shows high signal on the MP-RAGE image (D) and lower signal on the T2-
FLAIR image (E), suggesting iron deposition. Higher contrast is seen on IR-UTE images
which show high signal from the thalamus in the 43 years old patient compared with no
signal in the thalamus in the 37 years old patient (thick arrows in F and C respectively).
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