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Abstract
Purpose: Magnetic resonance (MR) imaging detection of methemoglobin, a molecular marker of 
intraplaque hemorrhage (IPH), in atherosclerotic plaque is a promising method of assessing stroke 
risk. However, the multicenter imaging studies required to further validate this technique necessi-
tate the development of IPH phantoms to standardize images acquired across different scanners. This 
study developed a set of phantoms that modeled methemoglobin-laden IPH for use in MR image 
standardization.
Procedures: A time-stable material mimicking the MR properties of methemoglobin in IPH was created 
by doping agarose hydrogel with gadolinium and sodium alginate. This material was used to create 
a phantom that consisted of 9 cylindrical IPH sites (with sizes from 1 to 8 mm). Anatomical replicas 
of IPH-positive atherosclerosis were also created using 3D printed molds. These plaque replicas also 
modeled other common plaque components including a lipid core and atheroma cap. T1 mapping 
and a magnetization-prepared rapid acquisition gradient echo (MPRAGE) carotid imaging protocol 
were used to assess phantom realism and long-term stability.
Results: Cylindrical phantom IPH sites possessed a T1 time of 335 ± 51 ms and exhibited little change 
in size or MPRAGE signal intensity over 31 days; the mean (SD) magnitude of changes in size and sig-
nal were 6.4 % (2.7 %) and 7.3 % (6.7 %), respectively. IPH sites incorporated into complex anatomical 
plaque phantoms exhibited contrast comparable to clinical images.
Conclusions: The cylindrical IPH phantom accurately modeled the short T1 time characteristic of meth-
emoglobin-laden IPH, with the IPH sites exhibiting little variation in imaging properties over 31 days. 
Furthermore, MPRAGE images of the anatomical atherosclerosis replicas closely matched those of 
clinical plaques. In combination, these phantoms will allow for IPH imaging protocol standardization 
and thus facilitate future multicenter IPH imaging.
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components of a phantom in a plastic or glass barrier also 
decreases a phantom’s manufacturability, especially for those 
with small or complex features. For these reasons, such a 
strategy could not be used in the design of IPH-positive ath-
erosclerosis phantoms which, in order to appear realistic, 
should have adjacent regions (e.g., IPH and vessel wall) in 
direct contact with each other.

The objective of this research was to develop a novel set of real-
istic IPH phantoms that could be used to calibrate MRI scanners 
and would thus facilitate multi-site IPH imaging studies. First, a 
methemoglobin-mimicking material whose T1 relaxation properties 
remained near-constant over time was synthesized. To accomplish 
this, sodium alginate, an anionic polysaccharide, was incorporated 
into gadolinium-doped agarose hydrogels so as to immobilize the gad-
olinium cations within the cross-links that can form between chains 
of the alginate polymer in the presence of polyvalent metal cations 
[22]. This material was then used to create two distinct phantoms 
that could be used in scanner calibration: one that mimics cylindrical 
IPH sites of varying size (i.e., an IPH size standard) so that IPH area/
volume measurements can be more easily calibrated, and a second 
that models an anatomical atherosclerotic plaque possessing IPH. To 
demonstrate the clinical utility of the phantoms, their long-term stabil-
ity and the realism of their appearance were assessed via T1 mapping 
and MPRAGE IPH imaging.

Materials and Methods
Methemoglobin-Mimicking Material

A hydrogel composed of 1.5 wt % agarose and 0.15 wt % sodium 
alginate was doped with 0.05 wt % sodium azide (to prevent fun-
gal growth) and gadolinium(III) chloride hexahydrate (as a T1 
shortening agent). Gadolinium was added to ensure the material 
exhibited the short T1 time characteristic of the methemoglobin 
deposits present in IPH. Formulations containing 0.015 wt %, 
0.005 wt %, and 0.0027 wt % gadolinium(III) chloride hexahy-
drate were tested in order to ensure that the long-term stability 
of the material’s T1 relaxation properties was not dependent on 
gadolinium concentration.

Sodium alginate–containing hydrogel formulations were 
assessed to evaluate if the material is indeed effective at pre-
venting  Gd3+ migration and if the T1 properties remained 
constant over time, even when in direct contact with another 
hydrogel. Each methemoglobin-mimicking hydrogel was cast 
into a cylindrical shape (possessing a diameter of 20.7 mm) 
and encased in a block of 2% agar gel. This produced a high 
surface area interface between the methemoglobin-mimicking 
material and the surrounding agar gel. To demonstrate the 
role sodium alginate plays in preventing  Gd3+ migration, the 
alginate-containing methemoglobin hydrogels were tested 
in comparison to alginate-free gels. After fabrication, this 
experimental setup was stored in deionized water at room 
temperature. T1 relaxation maps and MPRAGE images (see 
details below) of the experimental setup were acquired every 
7 days for a 42-day period. The mean T1 relaxation time of 

Introduction
Intraplaque hemorrhage (IPH) is a commonly observed 
feature of atherosclerotic plaque and an indicator of plaque 
instability [1–4]. Carotid magnetic resonance imaging (MRI) 
has been shown to detect IPH-positive plaques and thereby 
identify patients with an elevated stroke risk [5, 6]. Plaque-
based deposits of methemoglobin, a molecular marker of IPH 
[7] and a hemoglobin derivative, are paramagnetic and thus 
cause substantial T1-shortening [8] permitting easy detec-
tion using heavily T1-weighted, magnetization-prepared 
rapid gradient echo (MPRAGE) imaging [9]. Furthermore, 
by nulling the signal from blood and employing the water 
excitation technique to remove the surrounding subcutane-
ous fat, maximum contrast between background tissue and 
the methemoglobin-induced signal has been achieved on 
MPRAGE images [7, 10]. This technique has detected IPH 
with over 95 % specificity and high sensitivity when com-
pared to a histological gold standard [9].

Despite these initial successes, MPRAGE-based IPH detec-
tion has yet to gain widespread use as a stroke-risk assessment 
tool. Previous studies have typically been performed using a spe-
cific model of scanner within a single institution [11, 12]. Large, 
multicenter studies using a range of MRI platforms are a key 
step towards greater clinical adoption. The potential variability of 
magnetic resonance (MR) images acquired using different MRI 
platforms will impact studies seeking to quantify IPH characteris-
tics such as volume or signal intensity. Inter-scanner variability in 
multicenter studies can be overcome by using imaging phantoms 
to calibrate scanners and ensure standardized images [13–15]. 
However, currently available atherosclerosis MRI phantoms fail 
to model IPH as they do not exhibit the hyperintense regions 
associated with methemoglobin buildup [16–18]. To allow for the 
further development of MR imaging as a clinical tool in stroke 
assessment, there exists a clear need for MRI phantoms that accu-
rately model the appearance of IPH in atherosclerosis, in terms 
of both MR relaxation properties and shape.

A primary requirement of such phantoms is that the size 
and MR relaxation properties of the IPH being modeled 
remain constant and spatially homogenous over the time 
required for scanner calibration. In the context of multi-
center studies, this may include phantom transport between 
institutions. Although doping hydrogels (commonly used as 
tissue mimics in MRI [19, 20]) with gadolinium can mimic 
the T1-shortening effects of methemoglobin, such a strategy 
may not be well-suited for use in IPH phantoms as  Gd3+ ions 
can diffuse/migrate through these gels unless they are bound 
to the gels’ polymer matrix or otherwise immobilized. Such 
diffusion/migration would cause phantom T1 relaxation times 
to change over time as  Gd3+ ions migrate from the mock IPH 
site into other regions of the phantom. While some phantoms 
are able to prevent the above-described migration by encas-
ing each region in an impermeable barrier (e.g., plastic or 
glass) [21], these barriers are visible on MR images and thus 
cause phantoms that seek to re-create anatomical/biological 
structures to appear less realistic. Furthermore, encasing all 
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each methemoglobin-mimicking hydrogel was calculated, 
and MPRAGE images were used to plot signal contrast (ver-
sus the agar background) as a function of radial position in 
the cylindrical hydrogel.

IPH Size Standard Phantom

A phantom consisting of nine cylindrical mock-IPH sites (with diameters 
of 1, 1.5, 2, 2.5, 3, 4, 5, 6, and 8 mm) was embedded in an agar hydrogel. 
To create the phantom, nine stainless steel rods, with the diameters indi-
cated above, were suspended across a custom-made box and a 2 wt % 
agar hydrogel was cast around them. The rods were removed, producing 
a set of hollowed tubular volumes, and the methemoglobin-mimicking 
hydrogel (with a gadolinium(III) chloride hexahydrate concentration of 
0.01 wt %) was injected into these hollowed volumes to produce the IPH 
sites. The completed phantom was imaged following fabrication and after 
a 31-day storage period (in deionized water at room temperature) using 
the MPRAGE sequence and a T1 mapping protocol (Siemens VIBE, see 
below). The resulting images were used to determine the initial T1 time 
of the mock IPH sites, the mean cross-sectional area of each site (before 
and after storage), and the percent change in IPH signal intensity over the 
storage period.

Anatomical Atherosclerosis Phantom

A mock vessel with a lumen diameter of 8 mm and wall thick-
ness of 2 mm was fabricated. The vessel was cast from a 2 wt 
% agar solution using a 3D printed core–shell mold (Objet500 
Connex3, Stratasys, Eden Prairie, MN). Paraffin wax was cast 
around the vessel to re-create the adipose tissue that typically 
surrounds the carotid artery [23].

Model plaques were designed to mimic 70 % ste-
nosis in the 8 mm vessel. Plaques possessed an ideal-
ized anthropomorphic shape, resembling that of a small 
seed. Two different plaque models were designed. The 
first design modeled an atherosclerotic plaque that pos-
sessed an atheroma cap, IPH site, and a distinct lipid-rich 
necrotic core (into which hemorrhage had not yet infil-
trated). The second design modeled a plaque with a much 
larger IPH site that had spread throughout the plaque’s 
lipid core. The atheroma cap was composed of 97.95 wt 
% deionized water, 2 wt % agar, and 0.05 wt % sodium 
azide. The lipid-rich necrotic core was mimicked using an 
oil-in-water emulsion (48.6 wt % canola oil, 48.6 wt % 
deionized water, 1.25 wt % lecithin, and 0.05 wt % sodium 
azide) solidified with 1.5 wt % agarose. All IPH sites 
were created using the same methemoglobin-mimicking 
material used in the size standard phantom. Plaques were 
fabricated using a series of 3D printed molds that were 
designed using computer-aided design software. To pro-
duce the multi-component plaques, a layer-by-layer cast-
ing approach was used (see Supplementary Fig. 1). Three 
identical replicates of each plaque design were made. 
Once a given plaque was complete, it was slid into the 
agar vessel to produce the final atherosclerosis phantom.

Before imaging, the lumen of each vessel was filled with 
perfluoro-n-hexane so that it would appear hypointense and 
thus match the appearance of nulled blood in MPRAGE 
images. Phantoms were then imaged using the MPRAGE 
sequences described below and the volume of IPH in each 
plaque replicate was measured.

MR Imaging of Phantoms

Images were acquired using a 3 T Siemens Prisma scan-
ner (Siemens, Erlangen, Germany), using a T1-weighted, 
3D-MPRAGE carotid imaging sequence (adjusted to include 
a water-excitation pulse and blood nulling). Sequence param-
eters were TR = 1200 ms, TE = 4.64 ms, TI = 606 ms, flip 
angle = 10 °, NEX = 1, FOV = 228 × 270 mm, acquisition 
matrix size = 216 × 256, and slice thickness = 0.5 mm, 112 
slices. To better visualize plaque features and accurately 
assess IPH size, a high-resolution MPRAGE sequence 
with an acquisition matrix size of 256 × 288, a FOV of 
178 × 200 mm, a slice thickness of 0.6 mm, and NEX = 2 
was also used.

T1 maps were acquired using the Siemens MapIt proto-
col (Siemens, Erlangen, Germany), which acquired images 
using a T1-weighted volumetric interpolated breath-hold 
examination (VIBE) sequence with two different flip angles 
(2 °, 10 °), TE = 1.71 ms, TR = 4.95 ms, acquisition matrix 
size = 192 × 154, FOV = 270 × 270, slice thickness = 2.0 mm, 
and 48 slices. Prior to T1 mapping, a B1 map was acquired to 
improve T1 map homogeneity, and T1 maps were calculated 
inline.

MR Image Analysis

Mean T1 relaxation times for  Gd3+ diffusion experiment 
hydrogels and the IPH size standard phantoms were calcu-
lated from corresponding stacks of T1 maps. To ensure par-
tial volume effects and Gibbs artifacts did not affect T1 meas-
urements, IPH sites smaller than 6 mm were not included 
when calculating means for a given hydrogel formulation. 
All T1 relaxation times are expressed as the mean ± standard 
deviation.

The mean MPRAGE signal intensities of IPH sites were 
calculated from the stack of high-resolution MPRAGE 
images. The corresponding uncertainty was taken to 
be ± standard error of the mean. These means were used to 
calculate the percent change in signal intensity for each of the 
nine IPH sites in the size standard phantom over the 31-day 
storage period.

Radial profiles of signal contrast for the cylindrical methe-
moglobin-mimicking hydrogels (from the  Gd3+ diffusion exper-
iments) were created by bisecting a cross-sectional MPRAGE 
image of the gel, calculating the contrast between each pixel 
along this line and the background agar, and then plotting the 
resulting contrast values as a function of radial position. Plots 
were acquired for a series of slices distributed throughout the 
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phantom and the mean contrast values at each radial position calcu-
lated and graphed.

The mean cross-sectional area of each cylindrical site in the IPH 
size standard phantom was measured using the high-resolution 
MPRAGE images. The outer limit of each IPH site was taken as 
the location where the signal intensity dropped below the midpoint 
between the mean background intensity and the peak signal intensity 
of the IPH site (signal intensity of the inner 20% of the site). Ana-
tomical IPH site volumes were measured from the high-resolution 
MPRAGE images. Each 2D plaque image in the relevant stack was 
automatically segmented for the IPH site (using the same threshold 
definition described above) and the sum of the selected voxels calcu-
lated. The calculated cross-sectional areas and anatomical IPH site 
volumes are reported along with the areas/volumes measured when 
the threshold signal intensity is set to the original threshold plus/minus 
standard deviation.

Fig. 1.  Mean T1 relaxation times for methemoglobin-mimicking 
hydrogels (containing sodium alginate) over the 42-day assess-
ment period. Error bars indicate standard deviation.

Fig. 2.  T1 maps of methemoglobin-mimicking hydrogels (20.7 mm diameter) with sodium alginate (a–c) and without (d–f), after an 
assessment period of 42 days. The circular sites shown in each image are surrounded by agar gel. MPRAGE contrast (g–i) (between 
the methemoglobin hydrogel and background agar) as a function of radial position for the methemoglobin hydrogels shown in (a–f). 
Shaded regions represent the maximum and minimum contrast values observed at a given radial position.  GdCl3·6H2O concentrations 
in the methemoglobin gels were 0.0027 wt % for the top row (a, d, g), 0.005 wt % for the middle row (b, e, h), and 0.015 wt % for the 
bottom row (c, f, i).
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Results
Over 42 days, the mean T1 time of alginate-containing meth-
emoglobin hydrogels remained near-constant (Fig. 1). The 
percent change in mean T1 time was independent of gado-
linium concentration, measured as 5 ± 10 %, 7 ± 6 %, and 
4 ± 5 % for the 0.015 wt %, 0.005 wt %, and 0.0027 wt % 
gadolinium(III) chloride hexahydrate hydrogels, respectively. 
Furthermore, T1 mapping showed that the alginate-contain-
ing gels remained spatially homogenous over time (42 days) 
(Fig. 2a–c). Conversely, doped hydrogels that did not include 
sodium alginate demonstrated a lengthening of T1 relaxa-
tion times near their center (Fig. 2d–f). The effect of sodium 
alginate on T1 relaxation properties was also evident when 
MPRAGE images of the gels were acquired (Supplementary 

Fig. 2) and signal intensity graphed as a function of radial 
position (Fig. 2g–i).

The IPH size-standard phantom (shown in Fig. 3a) pos-
sessed 9 hyperintense mock-IPH sites, each with a circular 
cross-section. The methemoglobin-mimicking material used 
in the sites (with a  GdCl3·6H2O concentration of 0.01 wt %) 
had an average T1 relaxation time of 335 ± 51 ms. Minimal 
changes were observed in the mean cross-sectional area of 
each IPH site over the 31-day assessment period (Fig. 3b). 
Across all sites, the average absolute change in cross-sec-
tional area was 6 ± 3 %. The MPRAGE signal intensity of 
the sites also changed minimally over this time period. For 
IPH sites larger than 1.5 mm, the absolute change in signal 
intensity was no greater than ~ 6 % (Table 1). Smaller sites 
exhibited larger changes in signal intensity (decreases in 

Fig. 3.  Characterization of the 
IPH size standard phantom: a 
Representative image of the 
phantom scanned using the 
high-resolution MPRAGE 
sequence. b Mean cross-
sectional areas of the IPH sites, 
before and after a 31-day stor-
age period.
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signal intensity of 15 ± 2 % and 23 ± 2 % were recorded for 
the 1.5 mm and 1.0 mm IPH sites, respectively).

Representative slices of the anatomical atherosclero-
sis phantoms, modeling either moderate or severe IPH, are 
shown in Fig. 4 (for a set of slices that span the entire plaque, 
see Supplementary Fig. 3). The phantoms possessed distinct 
IPH sites; atheroma caps; and, in the case of the moderate 
IPH model, an identifiable lipid-rich necrotic core. The meas-
ured IPH site volumes for the 3 replicates of each phantom 
model are shown in Supplementary Fig. 4. This figure shows 
that for 3 independently synthesized phantoms of each type, 
IPH site volumes were nearly identical.

Discussion
In this research, a time-stable material that mimicked the T1 
relaxation properties of methemoglobin-laden IPH was devel-
oped and then used to fabricate two realistic IPH imaging 
phantoms; an IPH size standard phantom and an anatomical 
model of an IPH-positive plaque.

Results demonstrated that a methemoglobin-mimicking 

material that maintains near-constant T1 relaxation properties 
and homogeneity over a 42-day period can be synthesized by 
incorporating a minute amount (0.15 wt %) of sodium algi-
nate into  GdCl3-doped agarose hydrogels. This imaging sta-
bility indicates that the diffusion/migration of  Gd3+ from the 
methemoglobin-mimicking material was limited, likely due 
to ionic bonding between  Gd3+ ions and the anionic groups 
present on the alginate polymer. Notably, the material exhib-
ited this stability when in direct contact with other hydrogels, 
without requiring encasement in an impermeable (e.g., plastic 
or glass) barrier. Without the need for an impermeable barrier 
between the methemoglobin-mimicking material and other 
regions of the phantom, more realistic appearing phantoms 
can be created. Furthermore, the methemoglobin-mimicking 
material possesses the inherent castability of agarose-based 
hydrogels, thus allowing for it to be formed into a range 
of complex, end user–customizable shapes. It should also 
be noted that since this material was stable over a range of 

gadolinium concentrations, the gadolinium concentration can 
be easily tuned to match the T1 time of a variety of anatomi-
cal structures to fabricate other anatomical MRI phantoms.

In the IPH size standard phantom, mock-IPH sites 
appeared hyperintense on MPRAGE images, consistent 
with the appearance of methemoglobin deposits, over the full 
range of IPH site sizes (from 1 to 8 mm) [7]. The T1 time of 
the mock IPH sites also agreed well with measured values 
of clinical IPH [24]. Ideally, the mock-IPH sites would be 
perfectly time-invariant; however, this level of stability would 
require encasement using a glass or plastic barrier that would 
compromise phantom realism and ease of manufacture. Here, 
minimal change was detected in the size and signal intensity 
of the IPH sites over the 31-day assessment period, except 
in the most challenging case, where in smaller diameter sites 
(less than 2 mm), decreases in IPH signal intensity of 15 % or 
greater were observed. This is expected (and difficult to pre-
vent) given their higher surface area to volume ratios facili-
tate more rapid  Gd3+ diffusion compared to larger diameter 
sites. In addition, the mean cross-sectional area measured for 
the 1 mm IPH site (Fig. 3) was larger than the theoretical area 
of a circle with 1 mm diameter. This was likely due to the 
partial volume effect that reduced the peak signal intensity 
of the site, resulting in the calculation of a lower boundary 
threshold (see “MR Image Analysis” above) and increasing 
the measured area. Despite this, the change in the site’s area 
over the 31-day assessment period was small, thus permitting 
it to still serve as a static reference during scanner calibration. 
Based on its stability, the phantom is suitable for transport to 
and/or between multiple institutions for scanner calibration in 
a multicenter IPH imaging study. In future work, the phantom 
stability over longer time periods and the impact of different 
storage conditions will be assessed.

A simplified cylindrical shape was selected as the geom-
etry of the anatomical vessel phantom even though athero-
sclerotic plaques are often concentrated around the carotid 
bifurcation [25]. Furthermore, the idealized anthropomorphic 
shape chosen for the plaques was not identical to what would 
be observed pathologically [26]. While selecting a simpli-
fied geometry allowed for facile fabrication, it also resulted 
in a less anatomically realistic carotid replica. Despite these 
limitations, the fabricated anatomical atherosclerosis phan-
toms closely resembled clinical plaques when imaged with 
the MPRAGE sequence. In addition to a hyperintense IPH 
site, the lumen and surrounding adipose tissue (modeled 
using paraffin wax) appeared hypointense, replicating the 
effects of the blood nulling and water excitation techniques 
employed in carotid scans [7, 27]. The lipid-rich necrotic 
core (only identifiable in the moderate IPH model) appeared 
just slightly darker than the vessel wall, consistent with its 
appearance clinically using fat suppressed, T1-weighted 
images [28]. Although the atheroma caps of the plaque rep-
licas were made from the same material as the vessel wall (a 
2 wt% agar hydrogel), in pathological plaques, the atheroma 
cap is distinct in composition, being primarily composed of 
fibrous connective tissue. Nonetheless, this distinction is not 

Table 1  Percent change in signal intensity of the IPH size standard phan-
tom over the 31-day assessment period

IPH site diameter Signal intensity change

8 mm 4.0 ± 0.9 %
6 mm 4 ± 1 %
5 mm 4 ± 2 %
4 mm 3 ± 2 %
3 mm  − 4 ± 3 %
2.5 mm  − 4 ± 2 %
2 mm  − 6 ± 2 %
1.5 mm  − 15 ± 2 %
1 mm  − 23 ± 2 %
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reflected in the phantom as a distinct fibrous cap is typically 
difficult to identify on T1-weighted MPRAGE images [29]. In 
addition to realism, a final important feature of the phantoms 
is that the fabrication process has a high fidelity and repro-
ducibility. The measured IPH site volumes for each of the 
three replicates of the two phantom models produced were 
nearly identical.

By combining this phantom, which accurately models the 
different components of a plaque, along with one that can be 
used to better standardize IPH size measurements, one pos-
sesses a novel set of tools which will allow for scanner calibra-
tion in IPH imaging studies. These phantoms would be used to 
ensure each scanner in a multicenter study produces standard-
ized images through a calibration process wherein the phantoms 
are imaged on a given scanner, key metrics of the resulting 
images (such as IPH site volume/area and signal intensity) are 
measured via image analysis, and then scanning parameters are 
adjusted until these metrics and the overall appearance of the 
phantoms are consistent with reference images. Given its dem-
onstrated stability over time, the size standard phantom would 
be well-suited for quantitative calibration of IPH site signal 
intensity and area, while the anatomical atherosclerosis phan-
tom could be used to standardize overall image appearance and 
3D IPH volume measurements. In future work, a step-by-step 

scanner calibration protocol that utilizes these phantoms will be 
developed and tested. This future study will involve imaging the 
phantoms on various scanning platforms and at multiple insti-
tutions; assessing the differences in overall appearance, signal 
intensity, and IPH site size measured across scanners; and then 
attempting to use the phantoms to calibrate the scanners so 
standardized images are produced.

Conclusions
A stable, castable material that accurately represents meth-
emoglobin in MRI was developed. It was used to fabricate 
a novel phantom that modeled IPH sites of varying diam-
eters (1–8 mm) which were found to maintain both their size 
and signal intensity over 31 days. Reproducible replicas of 
IPH-positive atherosclerosis were also created and shown to 
accurately model the appearance of common plaque compo-
nents. In combination, these phantoms represent a powerful 
tool to standardize IPH imaging protocols and thus facilitate 
multicenter IPH imaging.

Supplementary Information The online version contains supplementary 
material available at https:// doi. org/ 10. 1007/ s11307- 022- 01722-4.

Fig. 4.  High-resolution MPRAGE images of the moderate IPH (a) and severe IPH (b) anatomical atherosclerosis models. The presented 
slices show plaque cross sections at different axial positions along the length of the mock vessel.

738

https://doi.org/10.1007/s11307-022-01722-4


Bomben M. A. et al.: Intraplaque Hemorrhage Phantoms for Use in MR Imaging

Acknowledgements The authors would like to acknowledge Ruby Endre and 
Garry Detzler for acquiring the MR images, and Amanda Ricketts for her 
assistance with 3D printed mold design. We also thank Navneet Singh and 
Angus Lau for technical editing of the manuscript.

Author Contribution MAB, ARM, and NM contributed to the overall study 
design. MAB and JMD contributed to the design and fabrication of the 
molds utilized in this project. MAB fabricated the phantoms, and acquired 
and analyzed the MRI data. MAB and NM drafted the manuscript, and all 
authors critically reviewed and approved the manuscript.

Funding This work was supported, in part, by NSERC (2015–05835), the 
Ontario Research Fund (ER14-10–178), New Frontiers in Research Fund-
Exploration (NFRFE-2019–00256), CIHR (426350), CFI/JELF (36586), 
Canadian Cancer Society Research Institute (703909), Prostate Cancer 
Canada (D2014-7), the University of Toronto, and the Sick Kids Founda-
tion Catalyst Grant.

Declarations 

Conflict of Interest NM is a senior editor (Nanomaterials and Delivery Plat-
forms) of MIB. MAB, ARM, and JMD declare that they have no conflict of 
interest.

This article is licensed under a Creative Commons Attribution 4.0 Inter-
national License, which permits use, sharing, adaptation, distribution and 
reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative 
Commons licence, and indicate if changes were made. The images or other 
third party material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the material. If 
material is not included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Altaf N, Daniels L, Morgan PS et al (2008) Detection of intraplaque 
hemorrhage by magnetic resonance imaging in symptomatic patients 
with mild to moderate carotid stenosis predicts recurrent neurological 
events. J Vasc Surg 47(2):337–342

 2. Kwee RM, van Oostenbrugge RJ, Mess WH et al (2013) MRI of carotid 
atherosclerosis to identify TIA and stroke patients who are at risk of a 
recurrence. J Magn Reson Imaging 37(5):1189–1194

 3. Freilinger TM, Schindler A, Schmidt C et al (2012) Prevalence of non-
stenosing, complicated atherosclerotic plaques in cryptogenic stroke. 
JACC Cardiovasc Imaging 5(4):397–405

 4. Lindsay AC, Biasiolli L, Lee JMS et al (2012) Plaque features associ-
ated with increased cerebral infarction after minor stroke and TIA: a 
prospective, case-control, 3-T carotid artery MR imaging study. JACC 
Cardiovasc Imaging 5(4):388–396

 5. Treiman GS, McNally JS, Kim S-E, Parker DL (2015) Correlation of 
carotid intraplaque hemorrhage and stroke using 1.5 T and 3 T MRI. 
Magn Reson Insights 8(S1):1–8

 6. Hosseini AA, Kandiyil N, MacSweeney STS, Altaf N, Auer DP (2013) 
Carotid plaque hemorrhage on magnetic resonance imaging strongly 
predicts recurrent ischemia and stroke. Ann Neurol 73(6):774–784

 7. Moody AR, Murphy RE, Morgan PS et  al (2003) Characteriza-
tion of complicated carotid plaque with magnetic resonance direct 
thrombus imaging in patients with cerebral ischemia. Circulation 
107(24):3047–3052

 8. Moody AR (2003) Magnetic resonance direct thrombus imaging. J 
Thromb Haemost 1(7):1403–1409

 9. Ota H, Yarnykh VL, Ferguson MS et al (2010) Carotid intraplaque 
hemorrhage imaging at 3.0-T MR imaging: comparison of the 

diagnostic performance of three T1-weighted sequences. Radiology 
254(2):551–563

 10. Moody AR, Allder S, Lennox G, Gladman J, Fentem P (1999) Direct 
magnetic resonance imaging of carotid artery thrombus in acute stroke. 
Lancet 353(9147):122–123

 11. Hishikawa T, Iihara K, Yamada N, Ishibashi-Ueda H, Miyamoto S 
(2010) Assessment of necrotic core with intraplaque hemorrhage in 
atherosclerotic carotid artery plaque by MR imaging with 3D gradient-
echo sequence in patients with high-grade stenosis: clinical article. J 
Neurosurg 113(4):890–896

 12. Park JS, Kwak HS, Lee JM et al (2015) Association of carotid intra-
plaque hemorrhage and territorial acute infarction in patients with acute 
neurological symptoms using carotid magnetization-prepared rapid 
acquisition with gradient-echo. J Korean Neurosurg Soc 57(2):94–99

 13. Keenan KE, Ainslie M, Barker AJ et al (2018) Quantitative magnetic 
resonance imaging phantoms: a review and the need for a system phan-
tom. Magn Reson Med 79(1):48–61

 14. Van Haren NEM, Cahn W, Hulshoff Pol HE et al (2003) Brain volumes 
as predictor of outcome in recent-onset schizophrenia: a multi-center 
MRI study. Schizophr Res 64(1):41–52

 15. Sun J, Zhao XQ, Balu N, et al. (2015) Carotid magnetic resonance 
imaging for monitoring atherosclerotic plaque progression: a multi-
center reproducibility study. Int J Cardiovasc Imaging 31(1)

 16. Chueh JY, van der Marel K, Gounis MJ et al (2018) Development of 
a highresolution MRI intracranial atherosclerosis imaging phantom. J 
Neurointerv Surg 10(2):143–149

 17. Smith RF, Rutt BK, Holdsworth DW (1999) Anthropomorphic carotid 
bifurcation phantom for MRI applications. J Magn Reson Imaging 
10(4):533–544

 18. Surry KJM, Austin HJB, Fenster A, Peters TM (2004) Poly(vinyl alco-
hol) cryogel phantoms for use in ultrasound and MR imaging. Phys 
Med Biol 49(24):5529–5546

 19. Mano I, Goshima H, Nambu M, Iio M (1986) New polyvinyl alcohol 
gel material for MRI phantoms. Magn Reson Med 3(6):921–926

 20. Blechinger JC, Madsen EL, Frank GR (1988) Tissue mimicking gela-
tin–agar gels for use in magnetic resonance imaging phantoms. Med 
Phys 15(4):629–636

 21. Captur G, Gatehouse P, Keenan KE, et al. (2016) A medical device-
grade T1 and ECV phantom for global T1 mapping quality assurance 
- the T1 Mapping and ECV Standardization in cardiovascular magnetic 
resonance (T1MES) program. J Cardiovasc Magn Reson 18(1)

 22. Li H, Yang P, Pageni P, Tang C (2017) Recent advances in metal-
containing polymer hydrogels. Macromol Rapid Commun 38(14)

 23. Pandzic Jaksic V, Grizelj D, Livun A, et al. (2018) Neck adipose tissue-
tying ties in metabolic disorders. Horm Mol Biol Clin Investig 33(2)

 24. Qi H, Sun J, Qiao H et al (2018) Carotid intraplaque hemorrhage imag-
ing with quantitative vessel wall T1 mapping: technical development 
and initial experience. Radiology 287(1):276–284

 25 Chou CL, Wu YJ, Hung CL et al (2019) Segment-specific preva-
lence of carotid artery plaque and stenosis in middle-aged adults and 
elders in Taiwan: a community-based study. J Formos Med Assoc 
118(1P1):64–71

 26. Chu B, Ferguson MS, Chen H et al (2009) Cardiac magnetic resonance 
features of the disruption-prone and the disrupted carotid plaque. JACC 
Cardiovasc Imaging 2(7):883–896

 27. Yamada N, Higashi M, Otsubo R et al (2007) Association between 
signal hyperintensity on T1-weighted MR imaging of carotid plaques 
and ipsilateral ischemic events. Am J Neuroradiol 28(2):287–292

 28. Yim YJ, Choe YH, Ko Y et al (2008) High signal intensity halo around 
the carotid artery on maximum intensity projection images of time-of-
flight MR angiography: a new sign for intraplaque hemorrhage. J Magn 
Reson Imaging 27(6):1341–1346

 29. Yuan C, Parker DL (2016) Three-dimensional carotid plaque MR imag-
ing. Neuroimaging Clin N Am 26(1):1–12

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

739

http://creativecommons.org/licenses/by/4.0/

	Fabrication of Customizable Intraplaque Hemorrhage Phantoms for Magnetic Resonance Imaging
	Abstract
	Purpose: 
	Procedures: 
	Results: 
	Conclusions: 

	Introduction
	Materials and Methods
	Methemoglobin-Mimicking Material
	IPH Size Standard Phantom
	Anatomical Atherosclerosis Phantom
	MR Imaging of Phantoms
	MR Image Analysis

	Results
	Discussion
	Conclusions
	Acknowledgements 
	References


