
Reliable Preparation of Agarose Phantoms for Use in 
Quantitative Magnetic Resonance Elastography

Grace McIlvain1, Elahe Ganji2, Catherine Cooper3, Megan L Killian1, Babatunde A 
Ogunnaike4, Curtis L Johnson1

1Department of Biomedical Engineering, University of Delaware; Newark, DE

2Department of Mechanical Engineering, University of Delaware; Newark, DE

3Department of Linguistics and Cognitive Science, University of Delaware; Newark, DE

4Department of Chemical and Biomolecular Engineering, University of Delaware; Newark, DE

Abstract

Agarose phantoms are one type of phantom commonly used in developing in vivo brain magnetic 

resonance elastography (MRE) sequences because they are inexpensive and easy to work with, 

store, and dispose of; however, protocols for creating agarose phantoms are non-standardized and 

often result in inconsistent phantoms with significant variability in mechanical properties. Many 

magnetic resonance imaging (MRI) and ultrasound studies use phantoms, but often these 

phantoms are not tailored for desired mechanical properties and as such are too stiff or not 

mechanically consistent enough to be used in MRE. In this work, we conducted a systematic study 

of agarose phantom creation parameters to identify those factors that are most conducive to 

producing mechanically consistent agarose phantoms for MRE research. We found that cooling 

rate and liquid temperature affected phantom homogeneity. Phantom stiffness is affected by agar 

concentration (quadratically), by final liquid temperature and salt content in phantoms, and by the 

interaction of these two metrics each with stir rate. We captured and quantified the implied 

relationships with a regression model that can be used to estimate stiffness of resulting phantoms. 

Additionally, we characterized repeatability, stability over time, impact on MR signal parameters, 

and differences in agar gel microstructure. This protocol and regression model should prove 

beneficial in future MRE development studies that use phantoms to determine stiffness 

measurement accuracy.
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1. Introduction

Magnetic resonance elastography (MRE) is an imaging technique used to measure 

viscoelastic mechanical properties of soft tissue in vivo (Muthupillai et al., 1995). MRE 

captures mechanical deformations induced by harmonic vibration through phase-contrast 

magnetic resonance imaging (MRI) to determine viscoelastic properties such as shear 

modulus, stiffness, and damping ratio. These properties reflect the microstructural health of 

tissues such as the brain (Sack et al., 2013); for example, MRE studies have shown brain 

stiffness to decrease with the presence and progression of neurodegenerative diseases such 

as multiple sclerosis (Streitberger et al., 2012; Wuerfel et al., 2010) and Alzheimer’s disease 

(Murphy et al., 2016, 2011). Mechanical properties of the healthy brain determined from 

MRE have been shown to differ in older adults (Arani et al., 2015; Hiscox et al., 2018) and 

in children (McIlvain et al., 2018), and reflect cognitive function (Johnson et al., 2018; 

Schwarb et al., 2016). Advances in brain MRE measurement accuracy and precision come 

from the development of novel mechanical actuators, pulse sequences, and inversion 

algorithms, which have facilitated high-resolution, whole-brain mapping of mechanical 

properties (Braun et al., 2014; Johnson et al., 2016; Murphy et al., 2018).

Quantifying the accuracy and precision of in vivo measurements remains a key challenge to 

the development of novel MRE methodology. Consequently, phantoms are frequently used 

during technical development to evaluate new techniques on objects with known properties. 

However, while phantoms serve a critical role in MRE technology development, researchers 

often have to choose between phantoms that provide standardized mechanical properties or 

phantoms that provide desirable MR signal parameters. The former can be expensive and 

difficult to customize, while the latter require additional characterization of expected 

mechanical properties, which can vary between phantoms due to inconsistent preparation. 

Creating accurate, consistent phantoms for use in sequence development and data collection 

will facilitate advances in MRE technology.

Phantoms with standardized mechanical property contrast have been used in acoustic 

radiation force impulse imaging (Duan et al., 2014), optical coherence tomography 

(Lamouche et al., 2012), and, most frequently, in ultrasound (Cafarelli et al., 2017) and 

ultrasound elastography (Li et al., 2011; Troia, Cuccaro, & Schiavi, 2017). The CIRS 049 

and 49a are the gold standard phantoms for use in ultrasound (Cournane et al., 2012), but 

many others are also available. The CIRS 049 ultrasound phantom has been used in previous 

MRE studies (Baghani et al., 2011; Barnhill et al., 2017; Honarvar et al., 2013), however 

these phantoms include very stiff inclusions up to 80 kPa (CIRS, 2008) that do not reflect 

the typical properties and contrast in the brain where shear stiffness is typically on the order 

of 1-5 kPa depending on measurement technique (Budday et al., 2017; Chatelin et al., 2010). 

When measured with MRE at 50 Hz vibration, healthy brain viscoelastic shear stiffness is 

typically between 2.5 and 4 kPa (Hiscox et al., 2016), with stiffness of some meningioma 

tumors reported up to 8 kPa (Hughes et al., 2015; Murphy et al., 2013), thus the very high 

stiffness of the CIRS 049 inclusions is not reflective of the human brain. Additionally, these 

ultrasound phantoms were not designed for MRI and do not have optimal MR signal 

parameters – proton density or T1- and T2-relaxation times – that ultimately decrease the 

signal-to-noise ratio of the resulting images. The non-optimal stiffnesses and MR signal 
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parameters in these phantoms require tailored imaging and inversion approaches to recover 

mechanical properties accurately, such as higher vibration frequency, thus making them less 

useful as a model for brain MRE.

Phantoms with suitable MR signal parameters are often created from a variety of different 

materials and are tailored to suit different applications. Silicone-based materials have been 

used in MRE and provide tunable properties with long shelf-life (Brinker and Klatt, 2016; 

Brinker et al., 2018; Kashif et al., 2013; Leclerc et al., 2012; Lefebvre et al., 2016; Plewes et 

al., 2000; Solamen et al., 2018; Yasar et al., 2013), but creating phantoms with inclusions of 

varying geometry can be challenging with these materials. Agarose is one common phantom 

material used in MRE because it is relatively inexpensive, and phantoms can easily be 

created in different sizes and shapes, while old phantoms are easily disposed of (Normand, 

Lootens, Amici, Plucknett, & Aymard, 2000). Furthermore, agar is a plant-based substance 

that forms a gel when mixed with water and heated, and the water-based nature of the gel 

results in phantoms with excellent MR signal characteristics.

Agarose phantoms have been used in many different MRE studies (Johnson et al., 2013; Le 

et al., 2006; Solamen et al., 2018) because their mechanical properties are easily tailored via 

agar concentration (Normand et al., 2000). However, the properties of these phantoms are 

often subject to random variability as a result of inconsistencies in several parameters 

controlled during phantom creation (Solamen et al., 2018), which may influence the 

chemical makeup of the material. For example, oxidation of agarose to carboxylated agarose 

has been shown to affect gel properties (Forget, Pique, Ahmadi, Lüdeke, & Shastri, 2015 

Rüther et al., 2017), a reaction that may vary based on how the phantom is created. In this 

study, we aim to determine (and quantify) how agar phantom creation affects their 

mechanical properties to enable the development of a protocol for reliable, consistent, and 

stable agarose phantom preparation for MRE.

2. Methods

The desired outcome of this study is the creation of a replicable, homogenous, and 

mechanically accurate agarose phantom to be used as a model of the brain in MRE studies. 

To achieve this, we varied several phantom creation parameters systematically according to a 

statistical design of experiment, to determine (and quantify) the effect of each on the 

resulting mechanical properties measured with MRE (see below). All phantoms were created 

in a controlled environment by the same experimenter to reduce variability. Within 36 hours 

of creation, each phantom was brought to room temperature and imaged on a Siemens 3T 

Prisma MRI scanner (Erlangen, Germany).

2.1 Imaging Protocol

MRE displacement data were acquired using a single-shot echo-planar imaging (EPI) 

sequence. The resulting MRE images had 2.0 × 2.0 × 2.0 mm3 isotropic spatial resolution 

and encoded displacements from 50 Hz vibrations delivered to the phantom via Resoundant 

pneumatic actuator system with passive driver (Rochester, MN). Additional standard 

imaging parameters included: field-of-view = 240 × 240 mm2; matrix = 120 × 120; 72 total 
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slices; TR/TE = 10080/78 ms. Total MRE acquisition time was approximately 5 minutes for 

each phantom. Phantoms were brought to room temperature prior to scanning.

The nonlinear inversion algorithm (NLI) was used to calculate phantom viscoelastic 

properties from MRE displacement data (McGarry et al., 2012; Van Houten et al., 2001). 

NLI is a finite element-based inversion algorithm that iteratively solves for the spatial 

distribution of mechanical properties in the object. The outputs from NLI are maps of the 

complex viscoelastic shear modulus, G = G’ + iG”, where G’ is the storage modulus and G” 

is the loss modulus. From these parameters we calculate shear stiffness, μ = 2∣G∣2/(G’+∣G∣) 
(Manduca et al., 2001), and damping ratio, ξ = G”/2G’ (McGarry and Van Houten, 2008). 

NLI has been shown to produce accurate measurements of shear modulus in phantoms 

compared to traditional dynamic mechanical shear testing (Solamen et al., 2018).

Figure 1 shows an overview of the phantom MRE experiment: example MRI magnitude 

image, full vector displacement fields, and calculated stiffness map from NLI. The primary 

outcome of interest in the experiments was phantom shear stiffness; however, damping ratio, 

storage modulus, and loss modulus are additionally reported in Supplemental Information.

2.2 Phantom Creation Protocol

Phantoms were made from Sigma-Aldrich 9799 plant agar (St. Louis, MO) that was mixed 

with water and salt, heated on a Corning PC-420D hotplate (Corning, NY) until the liquid 

reached the target temperature, and then cooled to form a solid gel. Temperature was 

measured periodically during the heating process using a standard scientific thermometer; as 

a result of constant stirring of the liquid, temperature was assumed to be homogenous 

throughout. Phantom creation parameters of interest included agar concentration, salt 

concentration, hot plate temperature, stir rate, final liquid temperature, whether a lid was 

used during heating, and cooling rate determined by cooling location. Each phantom was 

created with 1000 mL of water except for those created without a lid, which were created 

with 1100 mL to account for water loss from evaporation. Each phantom was solidified and 

housed in a disposable plastic square container (size: 6-1/8" × 6-1/8" × 3-3/8"; 1180 mL 

volume). Each container held one phantom and phantoms were housed and scanned in the 

container where they solidified.

2.3 Impact of Phantom Creation Parameters on Stiffness

We aimed to determine phantom creation parameters that affect resulting mechanical 

properties, or which result in undesirable phantom characteristics, such as spatially 

inhomogeneous properties. A two-level, six-factor, resolution IV fractional factorial 

screening design implemented with JMP Pro 13.1.0 (SAS Institute, Inc.; Cary, NC) was 

chosen to determine, efficiently, which parameters and which parameter interactions 

significantly affect mechanical properties. This experimental design was chosen for its 

efficiency; being a Resolution IV design allows estimation of all possible two-way 

interaction effects without confounding them with any other significant effects. The 

experiments involved investigating the phantom creation process at prescribed combinations 

of the following high and low values for each of six parameters: hot plate temperature 

(300 °C v. 550 °C), salt content (0.3%wt. v. 0.9%wt.), stir rate (100 rpm v. 800 rpm), 
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presence of a lid during heating (yes v. no), final liquid temperature (84 °C v. 96 °C), and the 

cooling location (room temperature, refrigerator, ice bath) – indicative of cooling rate. 

Aluminum foil was used to cover the beaker tightly for trials with a lid during heating. Agar 

concentration (1.0%wt.) was held constant for all phantoms in this screening experiment. 

Total heating time for creating each phantom was recorded. We avoided cooling two 

phantoms in the refrigerator simultaneously so that each phantom was cooled consistently. 

Consequently, we monitored the refrigerator temperature to ensure that it remained below 

46 °C during cooling of each phantom.

Following imaging, we visually examined MRI magnitude and stiffness images for gel 

heterogeneity, marking such phantoms as failures. These heterogeneities occurred in a 

similar manner in each failed phantom and are easily recognized visually as large areas of 

inconsistent stiffness and magnitude in the center-bottom of the phantom. After excluding 

data associated with undesirable patterns of gelling in phantoms, we used the JMP Fit Model 

tool to analyze the remaining data, determining the statistically significant main and 

interaction effects of each tested parameter on mechanical properties. We followed this 

screening study with a response surface design to investigate mechanical properties of 

phantoms created at high, middle, and low values of the phantom creation parameters 

determined to be significant. Such a design would allow us to develop a higher order 

(possibly nonlinear) mathematical relationship between the significant parameters and the 

mechanical properties of the resulting phantoms. New phantoms were created from 

combinations of the significant parameters at the three levels, leaving other non-significant 

parameters held constant. The resulting data were analyzed using multivariate nonlinear 

regression to create a model relating phantom stiffness to creation parameters.

2.4 Impact of Agar Concentration on Phantom Stiffness

To measure the effect of agar concentration in our experimental as a parameter in our model, 

we created phantoms with varying agar concentration with other parameters held constant. 

Four replicates of phantoms with 0.6, 0.8, 1.0, and 1.2%wt agar concentrations were created 

and imaged. Other parameters were held at intermediate values based on the results of the 

previous experiment: 450 °C hot plate temperature, 0.5%wt salt concentration, 600 rpm stir 

rate, lid present, 90 °C final liquid temperature, and phantoms cooled in the refrigerator. We 

fit the dependence of phantom stiffness on agar concentration using a quadratic model. We 

measured the impact of agar concentration separately from the other parameters because it 

was already known to have affect stiffness (Normand et al., 2000).

2.5 T1- and T2-relaxation Times

We measured the T1- and T2-relaxation times for agar phantoms for each agar concentration 

(0.6, 0.8, 1.0, 1.2%wt.). T1-relaxation maps were acquired for the four phantoms at each 

concentration with the following imaging parameters: 1.9 × 1.9 × 2.0 mm3 resolution; field-

of-view = 240 × 240 mm2; matrix = 128 × 128; 48 total slices; TR/TE = 15.0/1.78 ms; and 

four flip angles at 5°, 12°, 19°, and 26°. T2-relaxation maps were acquired in the same 

phantoms over the same imaging volume using a multi-echo sequence with parameters TR = 

7500 ms and twelve evenly spaced TEs from 12.5 to 150 ms. Maps were spatially averaged 
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and mean values and standard deviations were calculated across all four samples for each 

concentration.

2.6 Phantom Stiffness Repeatability and Long-Term Stability

To test repeatability of the phantom creation protocol, ten replicate phantoms were created 

using intermediate creation parameters based on our fractional factorial experiment results: 

1.0%wt. agar concentration, 450 °C hot plate temperature, 0.5%wt. salt concentration, 600 

rpm stir rate, lid present, 90 °C final liquid temperature, and samples cooled in the 

refrigerator. MRE was performed on each phantom and repeatability of stiffness was 

determined via the coefficient of variation (CV) – the ratio of standard deviation to the mean 

– across all ten phantoms. Four of these phantoms were scanned three times to estimate 

measurement variability. We characterized the stability of the mechanical properties in three 

of these phantoms over a period of five weeks. Phantoms were stored in the refrigerator 

during this process except for imaging, which occurred once per week over the five-week 

period.

2.7 Microscopy of Agar Phantom Microstructure

To explore the dependency of phantom mechanical properties on preparation protocol, we 

also examined the phantom microstructure. We performed microscopy on samples prepared 

considering the three factors which significantly affect stiffness: temperature, salt 

concentration, and agar concentration. Our baseline agar preparation protocol (90 °C 

temperature, 0.6%wt. salt, and 1.0%wt. agarose) was used, along with samples having a high 

and a low value for each of the three factors of interest: temperature (84 °C and 96 °C), salt 

concentration (0.3%wt. and 0.9%wt. salt), and agar concentration (0.6%wt. and 1.4%wt.). 

After curing in a cryomold, Tissue-Tek OCT medium (Sakura Finetek; Torrance, CA) was 

used for cryo-preparation. Samples were kept in −80°C and cryosectioned at 200 μm 

thickness (−27 to −30 °C). Sections were imaged two hours after sectioning using an upright 

microscope at 5x magnification.

3. Results

3.1 Impact of Phantom Creation Parameters on Stiffness

Table 1 shows magnitude of the effect of individual parameters on phantom stiffness, and 

associated p-values. Of the parameters tested, only final liquid temperature and salt content 

significantly affected phantom stiffness at the significance level α = 0.01 (since p < 0.01 in 

each case). A complete table of the magnitude of the effect of each parameter on G’, G”, μ, 

and ξ is in the Supplemental Information. We found that all phantoms with final liquid 

temperature of 84 °C and phantoms cooled in the ice bath had structural inhomogeneities as 

shown in Figure 2.

We also determined the interaction effects of the parameters on phantom stiffness. Figure 3 

shows the normal and pareto plots of the effect size of factors at the 99% confidence level. 

In addition to the significant primary effects of salt content and final liquid temperature, we 

found that the interaction of salt and stir rate, and the interaction of stir rate and final liquid 

temperature, have statistically significant effects on phantom stiffness (at the α = 0.01 
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significance level). Figure 4 shows leverage plots of residuals for salt content, final liquid 

temperature, stir rate, and their interactions.

After determining significant parameters to be final liquid temperature, salt content, and 

their respective interactions with stir rate, we conducted additional experiments to determine 

potential curvature in the response of stiffness to these significant parameters, keeping other 

(non-significant) parameters constant at their nominal values. Some additional 

considerations:

• No significant difference was found between phantoms cooled at room 

temperature or in the refrigerator; however, phantoms are stored long-term in the 

refrigerator; consequently, the refrigerator was chosen as the cooling location for 

the remainder of the phantoms.

• Hot plate temperature had no effect on measured outcomes, so hotter 

temperatures would be preferable to reduce total time; for the rest of this study 

450 °C was chosen.

• An aluminum foil lid was used to cover the beaker while heating. While this did 

not significantly affect measured parameters, the use of a lid greatly reduced and 

stabilized heating times; consequently, the lid was used for the remaining 

duration of this study.

Figure 5 shows the cube plot and various combinations of two-dimensional contour plots of 

stiffness as a function of significant parameters.

3.2 Impact of Agar Concentration on Phantom Stiffness

Figure 6 shows the dependence of phantom stiffness, μ, on agar concentration, A, indicating 

a quadratic relationship determined via least squares regression as: μ = 12.56A2 – 5.83,A, 

with an adjusted R2 value of 0.918. We combined the effect of agar concentration with the 

significant phantom creation parameter effects described above to generate a regression 

model for the dependence of phantom stiffness on significant factors, which is given in 

Equation 1. This model with a small number of parameters describes the stiffness data with 

an adjusted R2 value of 0.833.

Equation 1: Regression equation for stiffness (kPa) as a function of all factors that 

significantly affect final stiffness value (p < 0.01). Effect of agar on stiffness was added to 

the model first, and additional factors that significantly affect stiffness were subsequently 
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included to reduce the remaining unexplained variation. Adjusted R2 value for the regression 

model is 0.833.

3.3 T1- and T2-relaxation Times

The T2-relaxation times, but not the T1-relaxation times, of the phantoms created in this 

study were dependent on agar concentration (Figure 7; Table 2). A linear inverse relationship 

between agar concentration and T2-relaxation time was observed (p < 0.001). No correlation 

was found between T1-relaxation time and agarose concentration (p = 0.617). The observed 

T1- and T2-relaxation time relationships to agar concentration are in concordance with 

previous results (Yoshida et al., 2004)

3.4 Phantom Repeatability and Long-Term Stability

Mean stiffness of the ten replicate phantoms was 6.91 kPa with a standard deviation of 0.23 

kPa, which is equivalent to a CV of 3.3%, and is indicative of variability of phantom 

creation. The CV of stiffness measures from repeated scans of the same phantoms was 0.6%, 

on average, and is indicative of variability in MRE stiffness measurements. The variability in 

phantom creation and MRE stiffness measurement are comparable to the variability in 

current in vivo brain MRE methods (Anderson et al., 2016; Johnson et al., 2016).

The stiffnesses of three phantoms were measured once a week for five weeks (Figure 8). 

Phantom stiffness was generally stable during the entire five weeks with an average 

variability in stiffness of 1.1% and a maximum difference from baseline of 2.7%. This 

variability is similar to the variability in phantom creation described above.

3.5 Microscopy of Agar Phantom Microstructure

Changes in temperature, salt, and agar concentration affected the microstructural 

composition of the gel phantom. Figure 9 presents microscopy images of gels at high, 

middle, and low values for each of these parameters, and which show distinct 

microstructural characteristics that change with each parameter. For instance, lower final 

liquid temperature changes the shape of the agarose network, and higher salt content results 

in a very sparse network. These different microstructures are the likely basis of the 

differences in phantom stiffness observed with MRE.

4. Discussion

While it is common to use agarose phantoms in MRE for sequence development and testing, 

achieving consistent mechanical properties in agarose phantoms is often challenging 

(Solamen et al., 2018). In addition to the well-known dependence of gel stiffness on agar 

concentration, in this study we found that controllable parameters during phantom creation, 

specifically final liquid temperature, salt content, and the interaction of the two with stir rate, 

significantly affect resulting phantom stiffness. These terms potentially affect oxidation of 

the agarose molecules, converting agarose into carboxylate agarose, which has been shown 

to change the structural composition of the molecule (Chhatbar et al., 2012; Su et al., 2013; 

Zarrintaj et al., 2018). Oxidation of agarose is a key determinant of the final gel mechanical 

properties (Forget et al., 2015; Rüther et al., 2017).
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In addition to determining factors affecting gel mechanical properties, we also sought to 

determine factors that promote homogeneity of properties throughout the agarose phantom. 

We found that cooling the phantoms in the ice bath caused noticeable differences in phantom 

consistency, as the external edges of the phantom cooled far more rapidly than the center. 

Slower cooling in either the refrigerator or at room temperature resulted in more consistent 

phantom characteristics, with no significant effect on stiffness. A low final liquid 

temperature also resulted in inhomogeneous phantoms, likely due to incomplete dissolution 

of the agar in water, while phantoms created with higher liquid temperatures were uniform.

The macrostructural differences in mechanical property arising from the phantom creation 

protocol are of primary interest, though these differences are likely microstructural in origin. 

Microscopy results show a dependency of agar structure on such preparation parameters as 

temperature and salt concentration. While factors such as temperature, evaporation, and 

sectioning artifact might have affected the imaged agar structures, consistency in imaging 

protocol made microscopy a useful tool for comparative structural evaluation. Our results 

systematically show disruptions of agar structure at the microscale in phantoms with 

increased salt concentration and low final liquid temperature. These include changes in 

shape and density of network structure, which likely result in the observed differences in 

observed mechanical properties.

In addition to agar gel, additional materials that have been used as phantoms in MRE 

research include food grade tofu (Pattison et al., 2014; Van Houten et al., 2011), silicone 

(Kashif et al., 2013; Solamen et al., 2018), Ecoflex (Brinker and Klatt, 2016; Yasar et al., 

2013), plastisol (Brinker et al., 2018; Leclerc et al., 2013; Lefebvre et al., 2016; Plewes et 

al., 2000), and Knox gelatin (Gordon-Wylie et al., 2018). These materials all have different 

benefits and are chosen for different purposes, though agarose remains popular for use in 

MRE because it is inexpensive, it provides good MRI image contrast, it has manipulatable 

mechanical properties, and it is very easy to create and dispose of. However, agar alone is 

not capable of replicating many properties of brain tissue that are of interest in MRE, 

including damping ratio and anisotropy. Brain tissue damping ratio is approximately 0.2 

(Johnson et al., 2016), and damping ratio of the agar phantoms is an order of magnitude 

lower, at −0.017 to 0.032 (see Table S2). Brain white matter is also anisotropic due to the 

alignment of axonal fibers (Schmidt et al., 2016), and the agar gel phantoms can only 

provide isotropic properties. Despite these limitations, agar phantoms will continue to be 

useful for isotropic MRE studies and may be used with other materials to achieve additional, 

desirable characteristics.

Even though our main objective was to provide a complete understanding of factors 

affecting variability between phantoms, this study has several limitations. First, it is difficult 

to separate sources of observed variability in measured stiffness from preparation of 

phantoms or from MRE measurement uncertainty. Despite a consistent preparation protocol, 

there are likely factors beyond our control that may introduce unintended variability, such as 

differences between agar batches, but there is no reason to believe that these are greater than 

normal variability in any experimental study. Our model for determining stiffness from a 

reduced set of significant parameters may have reduced predictive power in this case. 

Validating this model with an independent sample of phantoms to determine and quantify 
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the amount of unexplained variance is slated for future work. We also chose to analyze 

primarily phantom stiffness as this is most commonly reported in brain MRE studies 

(Murphy et al., 2016; Schwarb et al., 2016), though some phantom designs may wish to 

control individual storage or loss moduli or damping ratio. We found significant dependence 

of storage modulus on final liquid temperature and dependence of loss modulus on salt 

content and final liquid temperature, and these can be used in similar regression models 

using the complete data included with this paper as Supplemental Information. Lastly, while 

we hypothesized that agar oxidation may be contributing to phantom variability, we did not 

explicitly assess oxidation in our samples. Future work will be devoted to further refining 

the parameter space through careful measurement and characterization of oxidation.

5. Conclusion

Agarose phantoms for the use in MRE are beneficial as a model for brain stiffness because 

they are inexpensive and easy to work with, however they often lack mechanical consistency. 

Aside from agar concentration, influential factors during phantom creation and their impact 

on stiffness were unknown. In this study, we assessed how various phantom creation 

parameters impact resulting stiffness. In addition to agar concentration, final liquid 

temperature and salt content in phantoms, as well as the interaction of these terms each with 

stir rate, have a significant, positive effect on stiffness. From this data we created a 

regression model incorporating the significant factors that can be used to reliably design agar 

phantoms for MRE research. Using our improved information, researchers can create 

agarose phantoms with low variability that are stable over a period of at least five weeks. 

Ultimately this protocol may be useful in future MRE technology development that require 

phantoms to determine measurement accuracy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Illustration of application of MRE technique on a single homogenous phantom: A) 

Magnitude image with pneumatic actuator paddle; B) wave propagation in x, y, and z 

directions; and C) shear stiffness map after nonlinear inversion
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Figure 2. 
Example of inhomogeneous agarose phantom demonstrating both large structural 

inhomogeneities in the magnitude image and stiffness map. Phantoms exhibiting such 

inhomogeneities were considered failures in this study.
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Figure 3. 
A) Normal and B) pareto plots of parameter effects on stiffness, μ, at the 99% confidence 

level Factors B (salt content) and E (final liquid temperature), as well as the interactions BC 

(salt concentration and stir rate) and CE (stir rate and final liquid temperature), have 

statistically significant effects on stiffness.
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Figure 4: 
Leverage residuals of factors of interest, salt content, stir rate, and final liquid temperature, 

as well as their interaction terms. Leverage residual plots are used to visualize the influence 

of data points on the model of phantom stiffness. Significant factors of interest are 

determined at p < 0.01 and are included in the model.
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Figure 5. 
Cube plot and contour plots illustrating effects of salt content, stir rate, and final liquid 

temperature, and their interactions on phantom stiffness.
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Figure 6: 
Phantom stiffness dependence on agar concentration fit with a quadratic model μ = 12.56 A2 

– 5.83A with adjusted R2 = 0.918.
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Figure 7: 
T1 and T2-relaxation times of agarose phantoms as a function of agar concentration, A (in 

%wt)
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Figure 8. 
Long-term stability of mechanical properties of three agarose phantoms over a five-week 

period
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Figure 9. 
Microscopy images of agar gel demonstrating microstructural changes that arise in agar 

phantoms with preparation protocol. Middle value images were created at 90 °C, 0.6%wt 

salt concentration, and 1.0% agar concentration. The other images were created by holding 

other parameters and varying only parameter of interest: (Top) Temperature (84, 90, 96 °C); 

(Middle) salt concentration (0.3%wt, 0.6%wt, 0.9%wt); and (Bottom) agar concentration 

(0.6%wt, 1.0%wt, 1.4%wt).
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Table 1:

Effect magnitude (η2) and associated p-values for each of the tested parameters on phantom stiffness. A 

resolution IV fractional factorial design was used to 19 phantoms from which parameter significance was 

assessed.

Hot Plate
Temperature
300 °C – 550
°C

Salt Content
0.3%wt –
0.9%wt

Stir Rate
100 rpm –
800 rpm

Lid
with or
without

Final Liquid
Temperature
84 °C- 96 °C

Cooling Location
Ice bath, refrigerator,
or room temperature

Stiffness, μ η2 = 0.007
p = 0.387

η2 = 0.106
p = 0.001

η2 < 0.001
p = 0.936

η2 = 0.010
p = 0.296

η2 = 0.161
p < 0.001

η2 = 0.018
p = 0.161
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Table 2:

Mean (and standard deviation) of phantom T1- and T2-relaxation times at different agar concentrations across 

phantoms.

Agar Concentration (%wt) T1-Relaxation Time (s) T2-Relaxation Time (ms)

0.6 3.75 (0.46) 346.8 (37.3)

0.8 3.21 (0.48) 298.9 (33.4)

1.0 2.82 (0.42) 260.32 (30.3)

1.2 3.39 (0.49) 166.43 (13.5)
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