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Abstract

Background: During transcranial, magnetic resonance imaging guided focused ultrasound 

surgeries (tMRgFUS), water-based acoustic coupling media fill the space between the transducer 

applicator and the patient; conduct acoustic energy between these two objects; and cool the 

patient’s scalp. However, the large magnetic resonance imaging (MRI) signal and motion of 

water-based media also disrupt the quality of guidance MR imaging.

Purpose: In this study, we examine the effects of a recently developed, iron-based coupling 

medium (IBCM) on guidance MR scans during tMRgFUS procedures. More specifically, this 

study tests the hypotheses that the use of the IBCM will 1) not adversely affect image quality, 2) 

remove aliasing from small field of view scans, and 3) decouple image quality from the motion 

state of the coupling fluid.

Methods: An IBCM, whose chemical synthesis and characterization are reported elsewhere, 

was used as a coupling medium during tMRgFUS procedures on gel phantoms. Guidance MP-

RAGE, TSE, and GRE scans were acquired with fields of view of 28 and 18 cm. Experiments 

were repeated with the IBCM in several distinct flow states. GRE scans were used to estimate 

temperature-time courses as a gel target was insonated. IBCM performance was measured by 

computing 1) the root mean square difference (RMSD) of TSE and GRE pixel values acquired 

using water and the IBCM, relative to the use of water; 2) through-time temperature uncertainty 

for GRE scans; and 3) Bland-Altman analysis of the temperature time-courses. Finally, guidance 

TSE and GRE scans of a human volunteer were acquired during a separate sham tMRgFUS 

procedure. As a control, all experiments were repeated using a water coupling medium

Results: Use of the IBCM reduced RMSD in TSE scans by a factor of 4 or more for all fields 

of view and non-stationary motion states, but did not reduce RMSD estimates in MP-RAGE 

scans. With the coupling media in a stationary state, the IBCM altered estimates of temperature 
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uncertainty relative to the use of water by less than 0.2 °C. However, with a high flow state, the 

IBCM reduced temperature uncertainties by the statistically significant amounts (at the 0.01 level) 

of 0.5 °C (28 cm field of view) and 5 °C (18 cm field of view). Bland-Altman analyses found 

a 0.1±0.5 °C difference between temperature estimates acquired using water and the IBCM as 

coupling media. Finally, scans of a human volunteer using the IBCM indicates more conspicuous 

grey/white matter contrast, a reduction in aliasing, and a less than 0.2 °C change in temperature 

uncertainty.

Conclusions: The use of an IBCM during tMRgFUS procedures does not adversely affect image 

quality for TSE and GRE scans, can decouple image quality from the motion state of the coupling 

fluid, and can remove aliasing from scans where the field of view is set to be much smaller than 

the spatial extent of the coupling fluid.
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Introduction

Transcranial, magnetic-resonance-guided, focused ultrasound surgery (tMRgFUS) is a 

noninvasive neurosurgical technique that promises to reduce disease symptoms, hospital 

recovery times, and infection rates for movement disorders such as essential tremor 

and tremor-dominant Parkinson’s disease1,2. The technology uses a 30 cm diameter, 

hemispherical, phased array transducer to focus ultrasound through an acoustic coupling 

water bath, as well as overlying tissue, and into a desired target3. The acoustic pressures 

within the focus then exert a variety of possible mechanical and thermal effects that 

subsequently modify or ablate brain tissue1,4.

Because the procedure precludes direct access to the surgical field, tMRgFUS relies on 

magnetic resonance imaging (MRI) to guide and monitor the course of therapy5. In most 

clinical cases, practitioners use a T1-weighted MP-RAGE scan to locate relevant brain 

and skull structures as well as folds in the device’s water-retaining membrane that could 

block acoustic propagation6. The practitioners then use multi-echo, spoiled-GRE scans7 with 

relatively long echo times to monitor temperature in the brain during insonation8,9. Finally, 

after insonation, practitioners use a T2-weighted TSE scan to visualize thermal coagulation 

and edema at the treatment target10,11. Because surgeons use these three scan types to 

make decisions during tMRgFUS, improvements in their quality and fidelity can lead to 

improvements in treatment efficacy and safety.

Efforts to improve the quality of guidance MRI during tMRgFUS must overcome a 

ubiquitous impediment to MR imaging: the water-based acoustic coupling media that 

fill the space between the transducer surface and the skin of the patient12. These media 

acoustically couple the transducer to the subject and cool the scalp. Water is an appealing 

acoustic coupling medium because it is inexpensive, biocompatible, closely matches the 

characteristic impedance of most tissues, and is an excellent thermal conductor13,14. 

However, water also possesses a large MRI signal that decays slowly relative to tissue. 

It also readily vibrates and flows. These properties conspire to impose motion artifacts and 
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artificially large fields of view on guidance MRI imaging that subsequently introduce errors 

and difficulties into many aspects of guidance image quality15,16.

The large signal of the water coupling bath also reduces the safety of tMRgFUS 

procedures by preventing simultaneous fluid circulation during insonation. To preserve MR 

thermometry quality, the regulatory bodies of many jurisdictions such as the USA and 

Canada require practitioners to turn off the coupling medium’s circulation pump at the 

onset of MR acquisition17. While doing so eliminates the worst of the effects of fluid 

motion on MR-thermometry images, terminating circulation also reduces the convective 

heat transfer coefficient of the coupling medium18. Enhanced cooling may be especially 

helpful for therapy targets located away from the midbrain, where reduced transducer 

efficiency requires higher acoustic powers and sonication times. In addition, despite turning 

off circulation prior to scanning, the large water bolus retains inertia and can still inject 

artifacts into guidance MRI scans19.

A coupling material that could retain the favorable acoustic and thermal properties of water 

while also imposing negligible effects on guidance MRI would represent an advance in 

the quality of guidance MRI during tMRgFUS. For example, a fluid that would allow the 

imaging field of view to decrease from 28 cm to 18 cm will, for fixed voxel size, increase 

the frame rate of a thermometry time stream by a factor of 1.6. Similarly, the reduction in 

the field of view would shorten scan times for 3D MP-RAGE and TSE scans by a factor 

of 2.4. Finally, the proposed coupling material would permit superior skin cooling through 

simultaneous MRI acquisition and fluid circulation.

In response to these issues, Grissom and Allen investigated 2D selective RF pulses 

as a means to avoid motion and aliasing in MR thermometry sequences20. Nearly 

simultaneously, Odeen et al. reported using bilateral saturation pulses, prepended to the 

excitation RF pulse, to suppress coupling fluid artifacts in 3D thermometry scans21. 

Both methods reported improvements in thermometry uncertainty greater than 1 °C and 

qualitative suppression of water signal along the phase encoding direction of the scans—so 

long as the magnetic field remained homogenous. Under inhomogeneous conditions, both 

methods produced images with regions of failed fluid suppression. These two techniques 

cannot be easily extended to TSE or MPRAGE scans. Meanwhile, Ma et al. proposed 

replacing the coupling medium with heavy water19. They found that the heavy water 

produced a qualitative suppression of MRI signal from the coupling medium but made no 

measurement of thermometry uncertainty. The authors noted, however, that heavy water is a 

rare resource and can be difficult to scale up to widespread use19.

Recently, our group has proposed an iron-based coupling medium (IBCM)—composed 

of dilute, aqueous suspensions of iron oxide nanoparticles—as an alternative coupling 

medium15. The IBCM is a favorable choice because even dilute concentrations of iron oxide 

particles, due to their high relaxivity, can accelerate the transverse decay of the suspension 

fluid’s magnetization such that it will exert negligible effects on T2-weighted guidance MR 

scans. Doing so should render coupling media aliasing and motion artifacts independent 

of all acquisition parameters except echo time. Furthermore, unlike other MRI contrast 

agents that have been proposed for this purpose22,23, iron oxide nanoparticles can be easily 
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rendered chemically inert and dispersed in low-conductivity water24–26. Finally, iron oxide 

nanoparticles are abundant, easily manufactured, and, if dilute, will preserve all of water’s 

favorable acoustic and thermal properties.

In a previous study, our team examined the suitability of commercially sourced iron oxide 

particles as a component of the proposed IBCM15. Commercially available iron oxide 

nanoparticles at concentrations as dilute as 0.3 mM Fe, and with no modifications made 

to surface chemistry, were able to suppress more than 75% of motion-induced artifacts 

observed in turbo-spin-echo scans. This concept was subsequently verified by others in 

the context of radio frequency hyperthermia16. However, these particles also exhibited 

concentration-dependent influence on cavitation behavior15. Cavitation within the coupling 

medium is undesirable because the bubble activity can impede acoustic transmission 

and falsely signal cavitation within the patient. Further examination revealed that the 

commercially available nanoparticles tended to agglomerate into amorphous shapes with 

average diameters of 200 nm27. These structures likely stabilized gas bubbles, that, upon 

insonation, cavitated28.

Based on these findings, our group subsequently developed a novel nanoparticle formulation 

with a ~30 nm diameter constraint and a polymethacrylic acid (PMMA) surface coating29. 

These particles were shown to not agglomerate, precipitate, or settle over at least two 

years of suspension, and retained a relatively high relaxivity of 58 s−1 mM−1. Additional 

investigations revealed that, unlike the commercially sourced particles, when suspended in 

water and insonated with both single cycle and multi-cycle acoustic pulses with frequencies 

at 500 and 750 kHz, these novel, surface-modified particles did not alter the 0.5 cavitation 

probability and 0.5 cavitation duty cycle metrics relative to degassed, deionized water30.

In this study, we investigate the effects of this newly developed IBCM on guidance MRI 

scans during tMRgFUS treatments of phantoms and sham treatments of human subjects. 

More specifically, this study tests the hypotheses that use of the IBCM will 1) not adversely 

affect image quality of MPRAGE, TSE, and thermometry scans, 2) remove aliasing from 

scans utilizing an 18 cm field of view, and 3) decouple image quality from the motion state 

of the coupling fluid. The methods used to test these hypotheses are described below.

Materials and Methods

IBCM Sourcing and Characterization

Surface modified, small diameter particles were synthesized using the methods described 

in Allen et al31. The particles were stored in a highly concentrated state until the day of 

experimentation, at which time they were diluted into a 13 L volume IBCM. After dilution, 

the size distribution of the particles was estimated in triplicate using dynamic light scattering 

(Zetasizer Nano ZS90, Malvern Panalytical, Malvern, United Kingdom) which produced a 

hydrodynamic diameter of 35.42 ± 0.32 nm and a polydispersity index 0.30±0.04. These 

values are not statistically different from those reported in Allen et al29.

The T1 and T2 relaxation times of the IBCM were estimated using inversion recovery and 

multi-echo sequences on a 3T MRI scanner (MR750, GE, Waukesha, WI) and found to be 
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47.4±0.02 ms and 6.9±3.5 ms, respectively. The large uncertainty of the T2 estimate was 

caused by the long length of the inter-echo time of the multi-echo sequence (7 ms) relative 

to the average T2 time of the IBCM. The IBCM was slightly brown in color like a dark 

tea, translucent, and similarly viscous as water. The IBCM was pumped into and circulated 

through the approximately 7 L volume of a clinical, hemispherical tMRgFUS transducer 

(ExAblate Neuro, Insightec, Haifa, Israel) with an overall flowrate of approximately 0.7 L 

min−1. During circulation, the IBCM flowed through a gas-permeable membrane contactor 

(Liqui-Cell EXF-2.4×8, 3M, Maplewood, Minnesota), connected to a vacuum pump. When 

circulated for 25 minutes, the IBCM consistently reached a steady-state dissolved O2 

concentration of 2.04 parts per million (equivalent to mg L−1), which is the upper limit of 

the acceptable degassing conditions imposed by the device manufacturer. The concentration 

of the IBCM, and its corresponding relaxation time were not measured again at the end of 

experimentation.

During experimentation, the transducer, the phantom or human subject, and the IBCM were 

placed at isocenter inside the 3T MRI scanner and scanned as described below. During 

all scans, the IBCM flow state was controlled via the pump mechanism to achieve either 

a stationary, continuous circulation, or a pulsatile state, where “pulsatile” refers to the 

clinically likely scenario of 2 minutes of continuous fluid circulation followed by pump 

deactivation timed to the onset of MR image acquisition. The stationary state was considered 

to have been achieved when the circulation pump had been inactive for 20 minutes. As a 

control, all experiments were repeated after replacing the IBCM with degassed water. All 

experiments were conducted over an approximately 10 hour period.

Experiment 1: Effects of fluid flow on measures of image quality

The effects of fluid motion on established guidance MR imaging protocols were estimated 

by placing an agar gel phantom, doped with copper sulphate, at the focus of the Exablate 

Neuro device and filling the intervening space with coupling fluid. Images of the phantom 

were acquired using MP-RAGE, T2-w TSE and multi-echo, spoiled-GRE sequences using 

the parameters displayed in Table 1. These parameters were chosen by copying existing 

protocols used during clinical treatments. The term “Nex” refers to the number of frames 

acquired for each time temperature time course and the number of signal averages for the 

spoiled-GRE and T2-w TSE cases, respectively. “Acquisition Time” refers to the temporal 

frame rate for spoiled-GRE scans and the total time for acqusiton for all other scans. 

Acquisitions were repeated for all three fluid motion states.

Motion artifacts injected into the MP-RAGE and TSE scans were estimated by calculating 

the absolute root mean square difference (RMSD) between a gold standard magnitude 

image acquired with the coupling media in the stationary flow state (where motion-induced 

artifacts are assumed to be negligible) and images acquired with the media in pulsatile or 

continuous flow states. The gold standard image was constructed by averaging three scans 

acquired with the media in a stationary state. The range of RMSD values caused solely 

by electrical noise was then estimated by computing the standard deviation of the RMSD 

between the three source images and the gold standard image. Scans showing RMSD values 

larger than the six standard deviations of the average RMSD of the three source scans 
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were considered to contain artifacts with a source other than electrical noise. To improve 

sensitivity to artifacts within the phantom, and reject the effects of slight phantom rotations, 

regions containing coupling fluid as well as the edges of the phantom were excluded during 

calculation.

Artifacts injected by the coupling medium into the GRE scans were estimated by 

computing the through-time temperature standard deviation across all 14 acquired frames 

for each pixel within the phantom as a function of flow state. Temperature was estimated 

by zero-fill interpolating each image by a factor of 432 and then computing pixel-

wise temperature according to the well-known proton resonance frequency technique9. 

Temperature information from each echo time were combined into a single pixel-wise 

temperature estimate using the minimum variance weighting factor described in Appendix 

A of Odeen and Parker33. Similar to other studies34–36, the temperature sensitivity of the 

frequency of water was assumed to be α = 0.01 ppm °C−1. Temperature uncertainties within 

a region of interest inside the gel phantom obtained using the IBCM were compared to those 

of the same motion state obtained using water via a t-test with a significance level of 0.01.

Experiment 2: Effect of IBCM on reduced field of view.

The compounding effects of coupling fluid motion and aliasing on scans utilizing an 18 

cm field of view were estimated by repeating all procedures in Experiment 1, but with the 

fields of view for all scans reduced to 18 cm. Because all other scan parameters were held 

constant, doing so increased in-plane resolution by a factor of 1.56. Resulting data were 

subject to the same analyses as in Experiment 1.

Experiment 3: Effects of IBCM on thermometry accuracy.

The effects of IBCM use on thermometry accuracy were estimated by insonating a gel target 

using the ExAblate system. The cranial space of a human cadaver skull was filled with 

a tissue-matching acoustic absorbing gel (Zerdine Hydrogel, CIRS, Norfolk, VA). Prior to 

experimentation, the skull and gel were immersed in degassed water and held under high 

vacuum for 12 hours. The gel-skull complex was then mounted to the focus of the ExAblate 

transducer. After mounting, the space between the skull and the transducer surface was filled 

with degassed coupling media, which was circulated for 10 minutes.

To maximize prefocal pressure while simultaneously preventing gel melting or boiling, 

skull aberration correction was not applied to the transducer elements and a sonication 

target was chosen 5 mm proximal from the focus toward the transducer surface. These 

two choices greatly reduced the efficiency of the transducer, forcing power outputs and 

sonication durations to the upper limits of those usually applied during clinical treatment. 

Prefocal cavitation activity was monitored using 8 receive-only hydrophones built into 

the ExAblate device as well as the ExAblate’s built-in, commercial, cavitation monitoring 

software package.

The gel target was insonated four times using a requested acoustic power (assuming no 

attenuation, aberration, and loss of efficiency) of 1050 W and a sonication duration of 25 

s. The actual acoustic field within the coupling media and the focus was not measured. A 

ten-minute cool-down time was imposed between each insonation. To better mimic clinical 
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conditions, coupling media were induced into a pulsatile flow state. MR thermometry 

images, using the GRE parameters reported in Table 1 with a 28 cm field of view, were 

acquired simultaneous to insonation. The relative change in temperature of each image pixel 

was calculated using the methods reported in Experiment 1. Temperature accuracy was 

estimated using Bland-Altman analysis comparing temperatures at 12 co-registered pixels 

within the phantom between using water and the IBCM.

Experiment 4: In vivo validation

With approval from the UVA Institutional Review Board as well as subject informed 

consent, a sham tMRgFUS thalamotomy was performed on one male human subject. The 

subject was fitted with a rubber swim cap and placed at the focus of the Exablate device. 

Electrical connections between the transducer elements and amplifying electronics were 

removed. The space between the subject and the transducer shell was filled with degassed 

coupling media forced into the pulsatile motion state.

Previous experience in unpublished work found that, without analgesics, human volunteers 

generally tolerate no more than 20 minutes within the filled Exablate device before 

experiencing discomfort. To minimize subject discomfort, images of the subject were 

obtained using only the TSE and GRE sequences reported in Table 1 using fields of view of 

both 28 cm and 18 cm. Unlike the previous experiments, slice planes for these scans were 

oriented in the transverse direction. Temperature uncertainties were calculated as described 

in Experiment 1. Temperature uncertainties within a region of interest inside the subject 

using the IBCM were compared to those obtained using water via a t-test with a significance 

level of 0.01.

Results

Experiment 1

For all scans, when visible, motion presented as high spatial frequency artifacts along the 

phase encoding direction of the scan. The artifacts appeared most visible near the inlet 

and outlet ports of the fluid circulation system. As expected, motion artifacts increased in 

severity when scanning under the pulsatile and continuous motion states. Additionally, scans 

using the IBCM appeared to use a different prescan setting than those using water and 

there was some rotation of the phantom between scans, which likely contributed to elevated 

RMSD scores for scans acquired with pulsatile and continuous flow states. TSE scans 

appeared to be particularly sensitive to fluid motion. Example MP-RAGE, TSE and GRE 

images of the gel phantom scanned using both the IBCM and water in the continuous motion 

state are shown in Figure 1. The figure also displays the measured change in temperature 

calculated from two consecutive GRE scans taken 4 s apart. For TSE and GRE scans, the 

IBCM appeared to reduce most of these artifacts. However, contrary to our expectation, use 

of the IBCM appeared to increase apparent motion artifacts in MP-RAGE scans. The IBCM 

also demonstrated stronger signal relative to the gel in MP-RAGE scans than water because 

of the medium’s shorter T1 time.
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These observations are also reflected in the RMSD and temperature uncertainty estimates 

associated with the scans. Figure 2 displays the estimated RMSD from the TSE and 

MP-RAGE scans. The TSE scans demonstrate dramatic reductions in RMSD relative to 

the stationary motion state with use of the IBCM. However, the RMSD’s of the MP-

RAGE scans remained comparatively invariant across coupling media and motion state. 

Measurements acquired under the pulsatile and continuous motion state exceeded the six 

standard deviation criterion, suggesting sources of image deviations other than electronic 

noise. Figure 3 displays temperature uncertainty maps for both coupling media and all 

motion states as well as average and standard deviation of the values within the displayed 

bounding box. The temperature uncertainty between stationary and pulsatile conditions 

using either coupling medium are statistically insignificant. Under continuous circulation, 

the IBCM produces a statistically significant decrease in temperature uncertainty of 0.5 

°C relative to water. In addition, scans with the IBCM display an additional decrease in 

temperature uncertainty (~0.57 °C compared to ~0.75 °C) relative to the stationary motion 

state. This observation is not repeated in any subsequent experiment using the IBCM and 

is hypothesized to be caused by a chance variation in prescan settings. Figure S-1 in the 

supplementary material section displays average temperature uncertainty calculated at each 

echo time of the GRE sequence within the same bounding box.

Experiment 2

Reducing the imaging field of view introduced aliasing from the water coupling medium 

along the phase encoding direction for all scans. For the TSE and GRE scans, motion 

artifacts in the water coupling medium superimposed onto the gel, further decreasing 

scan quality. Meanwhile, because the MP-RAGE scans already demonstrated few motion 

artifacts, reducing the scan field of view only introduced aliasing artifacts.

For TSE scans, the IBCM was able to successfully reduce RMSD when the medium was in 

the pulsatile and continuous motion states. RMSD scores for both the TSE and MP-RAGE 

scans are shown in Figure 4. All values exceed the six standard deviation criterion.

Like the results from Experiment 1, GRE scans acquired with either coupling media in the 

stationary and pulsatile states produced statistically insignificant differences in uncertainty 

values within the phantom (on the order of 0.1 °C). When scaled by the ratio of voxel 

sizes between Experiment 1 and Experiment 2, which accounts for the dependence of the 

temperature-to-noise ratio on voxel size, these uncertainties appear similar to those reported 

in Experiment 1. Continuous water flow contributed to temperature uncertainty within the 

phantom and use of the IBCM produced a statistically significant reduction in temperature 

uncertainty (2.90±1.64 °C vs 0.63±0.21 °C). Figure 5 displays temperature uncertainty maps 

of the phantom, scaled by the ratio of voxel sizes, acquired under all motion states while 

using both coupling media. Average and standard deviation of the values within the green 

bounding box are also reported. Figure S2 in the supplementary material section displays 

average temperature uncertainty calculated at each echo time of the GRE sequence within 

the same bounding box.
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Experiment 3

MR thermometry scans demonstrated focal heating at the prescribed insonation target, with 

a peak change in temperature ranging between 10–12 °C across all insonations. The heating 

profile appeared roughly cylindrical in shape. At no point using either coupling medium 

did the cavitation monitoring system modify or terminate an insonation. Figure 6.A displays 

an example temperature estimate acquired at the moment of peak observed temperature. 

The temperature profile has been overlayed onto a magnitude image of the skull and gel 

phantom. Figure 6.B displays temperature time courses from the voxel demonstrating the 

highest observed temperature for each insonation. While one of the eight displayed time 

courses demonstrates an approximately 2 degree increase in observed temperature relative 

to other insonations, all other time courses display considerable overlap. Figure 6.C displays 

a Bland-Altman plot of the average difference between temperatures estimated using each 

coupling medium. These estimates were computed from 12 co-registered pixels (highlighted 

in the inset of Figure 6A) within the treatment focus. The average difference in reported 

temperature was found to be 0.1 °C. The standard deviation of differences was found to be 

0.5 °C—a value approximately equal to the temperature uncertainties reported while using 

the IBCM in experiments 1 and 2 as well as values reported elsewhere20,37. Figure S-3 in 

the supplementary material section displays Bland-Altman plots for the temperature values 

calculated at each echo time of the GRE sequence for the same registered pixels.

Experiment 4

Acquired TSE images of the human subject are displayed in Figure 7. When using a 

water coupling medium, residual fluid motion introduced blurring and ghosting artifacts 

that disrupted white/grey matter contrast. When the field of view was reduced to 18 cm, 

the water also introduced severe aliasing artifacts. Additional aliasing appeared from water 

residing in dedicated clinical circulation tubing embedded into the table that supports the 

transducer (red stars). Meanwhile, scans acquired while using the IBCM display improved 

contrast at grey and white matter boundaries (blue arrows) and negligible residual motion 

or aliasing artifact from the coupling medium. Signal from water residing in the clinical 

circulation lines remained visible.

Temperature uncertainty maps acquired from the human subject are shown in Figure 8. 

Average and standard deviation of the values within the green bounding box are also 

reported. For all scans, uncertainty increases along a diagonal from the top left to lower 

right corner of the image. This pattern is determined by an inhomogeneous RF excitation 

field that cannot be solved using an IBCM because the electrically neutral nanoparticles 

negligibly alter the RF field relative to water. In full FOV scans, use of the IBCM 

does not increase uncertainty compared to that found when using water. In reduced 

FOV scans, aliasing from both coupling media can be observed. However, the degree of 

uncertainty increase due to aliasing is considerably reduced when using the IBCM. Similar 

to Experiment 2, the uncertainties in the reduced field of view scans have been scaled by the 

ratio of voxel sizes. In regions without aliased signal, the observed uncertainty, after scaling, 

appears very similar to that found in full FOV scans.
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The third and further columns in Figure 8 displays maps of the estimated temperature 

uncertainty after discarding images acquired at the 3.3 ms echo time. Under these 

conditions, the reduced field of view map demonstrates negligible aliasing while the 

uncertainty estimates within the brain parenchyma are nearly identical to those obtained 

using all available echoes. Figure S-4 in the supplementary material section displays average 

temperature uncertainty calculated at each echo time of the GRE sequence within the same 

bounding box.

Discussion

The experimental study presented above examines the potential effects of a PMAA-coated, 

size constrained, IBCM on guidance TSE, MP-RAGE and GRE scans during tMRgFUS 

procedures. It further examines the effects of the IBCM on image quality when the fields 

of view of the scans are reduced from 28 to 18 cm. Finally, the study examines the effects 

of coupling media motion state on image quality. Experiment 1 demonstrated that the 

IBCM did not degrade TSE and GRE scans acquired under the stationary and pulsatile 

motion states (Figures 2–3). Further, the IBCM greatly improved RMSD and temperature 

uncertainty metrics in the same scans acquired under the continuous motion state (Figure 2). 

Experiment 2 found that the IBCM was able to reduce or remove fluid aliasing artifacts from 

18 cm field of view TSE and GRE scans (Figures 4–5). Experiment 3 demonstrated that 

the IBCM did not introduce systematic biases to temperature estimates relative to the use of 

water (Figure 6). Finally, Experiment 4 showed that the results from experiments 1 and 2 

could be replicated in a human subject (Figures 7–8). Combined, these results indicate that 

use of an IBCM will not degrade TSE and GRE guidance MRI as currently implemented in 

the clinic; that the IBCM can decouple image quality of the medium’s motion state for these 

scans; and that the IBCM enables smaller field of view scans without adverse aliasing from 

the coupling medium.

While the IBCM showed excellent beneficial effects for TSE and GRE scans, it was unable 

to reduce RMSD or remove aliasing artifacts from MP-RAGE scans (Figures 1 and 4). 

These observations are likely because, unlike TSE scans, MP-RAGE scans do not rely on the 

Carr-Purcell-Meiboom-Gill conditions to preserve magnetization phase between subsequent 

RF pulses38,39. Additionally, the MPRAGE protocol possessed a 1.9 ms echo time. At such a 

short echo time, the IBCM signal displayed enhancement via a shortened T1 relaxation time.

One of the most important observations within this study is that the IBCM did not inject 

additional uncertainty or bias into MRI thermometry estimates. Temperature estimation 

plays a key role in tMRgFUS targeting and monitoring because therapeutic outcomes 

correlate with temperature-derived treatment thresholds40,41. It is critical for an IBCM to 

preserve MRI thermometry accuracy and precision. The results from Experiments 1, 2, and 

4 suggest that, while the suspended particles themselves are highly paramagnetic and under 

considerable motion, they did not inject observable, time-dependent phase perturbations 

within the subject or the phantom. We suspect this is because the particles are well mixed 

and stabilized such that they cannot settle out over time or appreciatively change density 

during fluid flow. Finally, the results from Experiment 4 show that IBCM signal can be 
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reduced by discarding early echoes in thermometry sequences without appreciably affecting 

temperature precision.

Differences in motion state, imaged subject, and thermometry methods between the studies 

make direct comparison with previous strategies that deal with coupling media artifacts 

difficult. For example, Odeen et al21 and this study measured thermometry uncertainty in 

human subjects inside a transducer device. However, Odeen et al21 used an experimental 

3D, multi-slab thermometry acquisition under continuous circulation while the current 

study uses a clinical, single slice thermometry protocol under pulsatile motion. Grissom 

and Allen20 measured temperature uncertainty within a head-mimicking phantom under 

pulsatile flow. However, the thermometry method also under sampled the image data which 

consequently amplified motion and aliasing artifacts relative to the fully sampled strategies 

used in this study and Odeen et al21. Finally, Ma et al19 only reports qualitative reductions in 

coupling media artifacts. These differences in methods make it difficult to directly compare 

thermometry uncertainty values across studies. Table S-2 in the supplementary materials 

section highlight these issues. Future studies may use identical flow states, phantoms, and 

MR acquisition methods to facilitate direct comparison between methods.

While promising, this study possesses limitations that constrain the conclusions one can 

make about the IBCM. For example, human subject data in this study are limited by 

the physical discomfort imposed on volunteers without analgesics. To avoid discomfort, 

experiment 4 was shortened to only quantify temperature uncertainty and provide qualitative 

assessments of grey/white matter contrast in a single subject. No attempt was made to 

analyze the quality of MPRAGE scans in human subjects. The effects of the IBCM on other 

scan techniques, such as diffusion and steady-state imaging, are left unexamined. This study 

is also unable to assess whether variations in human anatomy, such as skull circumference, 

cardiac pulsation velocity, or subject motion can alter the utility of the IBCM. A second 

limitation is that this study examines a very small subset of the total possible permutations 

of flow state and image acquisition parameters that could exist during imaging. The study 

does not identify which of these parameters best enhance or diminish the effect of the 

IBCM of metrics of image quality. Additionally, because neither the relaxation rate nor 

the iron concentration of the IBCM were remeasured at the end of experimentation, it is 

possible that the T2 relaxation rate of the IBCM changed from experiment to experiment 

as particles potentially deposited into the degassing and circulation system. This deposition 

would produce an increase in aliasing and motion artifacts over the course of the study. The 

study would also benefit from better control over prescan calibrations.

Finally, the study presented here opens the door for several promising new research 

directions. Future work may examine whether the IBCM may improve the poor resolution 

and low signal levels inherent to guidance diffusion scans42. The reduction in the T1 and T2 

within the coupling bath may also reduce image artifacts imposed by water’s long approach 

to magnetization steady-state. Finally, future work may identify the maximum possible 

IBCM concentration before the suspended nanoparticles adversely alter acoustic coupling or 

thermal cooling.
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Conclusion

This study examines whether an iron-based coupling medium can improve metrics of 

guidance image quality during tMRgFUS procedures relative to using a water coupling 

medium. The results show, with the fluid in a relatively motionless state, that measures of 

image quality in TSE and GRE scans do not degrade with use of the IBCM. However, the 

IBCM was able to improve the quality of TSE and GRE scans relative to water when the 

media were in motion, or the scan field of view was reduced. The IBCM was not able to 

improve metrics of image quality for MPRAGE scans. These results indicate that use of 

an IBCM does not adversely affect image quality for established TSE and GRE scans, can 

decouple image quality from the motion state of the coupling fluid, and can remove aliasing 

from scans where the field of view is set to be much smaller than the spatial extent of the 

coupling fluid.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Example MPRAGE, TSE, and GRE images acquired with both water and the IBCM in 

the continuous motion state. The figure also displays the estimated change in temperature 

estimated from two consecutive GRE scans. Motion artifacts appear as large signal or 

temperature fluctuations extending along the phase-encoding direction (top to bottom). 

Use of the IBCM reduces these artifacts for the TSE scans and temperature estimates but 

increase motion artifacts in the MP-RAGE scans.
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Figure 2: 
Measured RMSD from acquired TSE and MPRAGE scans under all three motion states. 

RMSD values in TSE scans demonstrate dramatic sensitivity to both coupling media type 

and their motion state while the same values in MPRAGE scans appear comparatively 

invariant under the same conditions. Asterisk indicates RMSD sources other than electrical 

noise.
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Figure 3: 
Through-time temperature uncertainty estimates in the phantom for all motion states as a 

function of coupling medium. Average and standard deviation of the values within the green 

bounding box are also reported. The pulsatile motion state does not introduce additional 

uncertainty for either coupling medium. However, continuous water circulation during 

acquisition introduces additional temperature uncertainty in a spatially dependent pattern 

that is resolved by the IBCM. The asterisk indicates statistically significant difference in 

average temperature uncertainty.
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Figure 4: 
Measured RMSD from acquired 18 cm TSE and MP-RAGE scans under all three motion 

states. RMSD values in TSE scans demonstrate dramatic sensitivity to both coupling media 

type and their motion state while the same values in MP-RAGE scans appear comparatively 

invariant under the same conditions.
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Figure 5: 
Through-time temperature uncertainty estimates in the phantom acquired with an 18 cm 

field of view. Average and standard deviation of the values within the green bounding 

box are also reported. Aliasing from the water coupling medium introduces additional 

temperature uncertainty relative to the stationary state. The IBCM nearly completely 

removes the effects of aliasing on temperature uncertainty in the phantom. The asterisk 

indicates statistically significant difference in average temperature uncertainty.
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Figure 6: 
(A) Representative temperature map at the moment of peak observed temperature (color 

map) overlaid upon a magnitude image. (B) Temperature time courses of the hottest pixel 

observed for each of the eight insonations. (C) Bland-Altman plot comparing temperature 

estimates using water and the IBCM at 12 co-registered pixels (highlighted in green within 

the inset of [A]) at the treatment focus. Average temperature differences remain within 

observed uncertainty estimates in Experiments 1 and 2.
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Figure 7: 
TSE images of a human subject acquired at 28 and 18 cm fields of view using both water 

and the IBCM. The IBCM removes fluid motion artifacts and improves grey/white matter 

contrast for both fields of view (blue arrows) when compared to water. It also removes 

aliasing artifacts for the reduced field of view scan. Residual aliasing artifacts (red stars) are 

caused by water resting in dedicated clinical water circulation lines.
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Figure 8: 
Maps of the through-time standard deviation of temperature estimates in a human subject 

scanned with fields of view of 28 and 18 cm using water and the IBCM. Average 

and standard deviation of the values within the green bounding box are also reported. 

Uncertainty estimates displayed in the right-most column were reconstructed by omitting 

data acquired with a 3.8 ms TE from the estimate. Full field of view scans using the IBCM 

demonstrate equivalent uncertainty to those found using water. For 18 cm field of view 

scans, using the IBCM and data from all available echoes removes most of the effects 

of interference from aliased fluid signal. Omitting data from 1 echo eliminates all IBCM-

based interference patterns without inducing substantial increases in uncertainty within the 

parenchyma. Water-based interference patterns, however, are not eliminated.
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TABLE 1

Acquisition parameters for TSE, MP-RAGE, and GRE scans used in this study

TR 
(ms) TE (ms) FOV (mm) Resolution (mm)

Pixel 
bandwith 
(Hz) Nex

Acquisition 
time (s)

Inversion 
time (ms)

MP-
RAGE

5800 1.9 280/180 in plane, 56 
through plane

2.2 × 2.2 × 2.0 244 1 96 450

TSE 2500 101 280/180 in plane, 3 
through plane

1.1 × 2.2 × 3.0 122 3 60 N/A

Spoiled 
GRE

34 3.3, 8.1, 
12.8, 17.6, 
22.4, 27.1

280/180 in plane, 3 
through plane

1.1 × 2.2 × 3.0 278 14 4.3 N/A

Note: In the spoiled-GRE case, “Nex” refers to the number of frames acquired for each temperature time course and “acquisition time” refers to 
frame rate. In the TSE and MP-RAGE cases, “Nex” refers to the number of acquisitions averaged together.

Med Phys. Author manuscript; available in PMC 2023 December 01.


	Abstract
	Introduction
	Materials and Methods
	IBCM Sourcing and Characterization
	Effects of fluid flow on measures of image quality
	Effect of IBCM on reduced field of view.
	Effects of IBCM on thermometry accuracy.
	In vivo validation

	Results
	Experiment 1
	Experiment 2
	Experiment 3
	Experiment 4

	Discussion
	Conclusion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Figure 8:
	TABLE 1

