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Abstract

Transcranial magnetic resonance (MR) guided focused ultrasound (tcMRgFUS) enables the non-

invasive treatment of the deep brain. This capacity relies on the ability to focus acoustic energy 

through the in-tact skull, a feat that requires accurate estimates of the acoustic velocity in 

individual patient skulls. In current practice, these estimates are generated using a pre-treatment 

CT scan and then registered to an MR dataset on the day of the treatment. Treatment safety 

and efficacy can be improved by eliminating the need to register the CT data to the MR images 

and by improving the accuracy of acoustic velocity measurements. In this study we examine the 

capacity of MR to supplement or replace CT as a means of estimating velocity in the skull. We 

find that MR can predict velocity with less but comparable accuracy to CT. We then use micro CT 

imaging to better understand the limitations of Hounsfield Unit (HU) based estimates of velocity, 

demonstrating that the macrostructure of pores in the skull contributes to the acoustic velocity 

of the bone. We find evidence that detailed T2 measurements provide information about pore 

macrostructure similar to the information obtained with micro CT, offering a potential clinical 

mechanism for improving patient specific estimates of acoustic velocity in the human skull.

I. INTRODUCTION

Transcranial MR guided focused ultrasound (tcMRgFUS) is a noninvasive treatment 

modality with multiple applications. At the highest intensities, tcMRgFUS can ablate tissue 

and serves as an alternative to surgery in the treatment of Parkinsonian tremor [1], [2], 

essential tremor [3], neuropathic pain [4], and obsessive-compulsive disorder [5]. In addition 

to ablative therapies, tcMRgFUS shows potential for temporary disruption of the blood brain 

barrier [6]–[10] and for the modulation of neural circuits [11]–[22].

Transcranial acoustic targeting is achieved by registering CT-based estimates of acoustic 

velocity [23]–[26] to MR images of the brain [27] and simulating the propagation of 

ultrasound to the intended target. The simulation provides an estimate of the beam 

aberrations introduced by the skull, enabling the calculation of phase corrections that can 

be applied to each element of the transducer in order to remove these aberrations. While 
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this process works well for most patients, some patients must be turned away because the 

acoustic properties of their skull make it difficult to safely achieve ablative intensities in the 

thalamus [28]. Improvements in the accuracy with which physicians can predict and correct 

for the acoustic aberrations introduced by the skull will result in safer and more effective 

treatments, potentially increasing the number of patients who can benefit from tcMRgFUS.

In this study we first examine the accuracy with which MR imaging can predict acoustic 

velocity. MR based estimates of acoustic velocity would eliminate the need to acquire 

and register a pre-treatment CT dataset, streamlining treatments and eliminating a potential 

source of error. Consistent with Johnson et al [29] and Wiesinger et al [30], [31] we find 

a strong correlation between the UTE and ZTE magnitudes and CT HU. Based on the 

R-squared value, we find that ZTE and UTE magnitude can predict velocity with similar 

but slightly less accuracy than CT. These results suggest that MR based velocity predictions 

have the potential to replace CT during treatment planning for some tcMRgFUS procedures.

Second, we explored the role of pore structure in modifying acoustic velocity in skull bone 

in order to better understand why existing transformations between CT HU and acoustic 

velocity only account for approximately half of the observed variation in human skull 

bone [26]. Much is known about bone health from quantitative ultrasound (QUS), which is 

emerging as a noninvasive way to measure bone strength and structure [32].Simulation of 

QUS in human femurs and tibia demonstrate that while porosity and bone thickness are the 

most important indicators of acoustic velocity [33], [34] the size and structure of pores also 

play a significant role [35], [36].In addition, experimental studies have demonstrated that the 

acoustic velocity in the femur and tibia is correlated to mechanical strength [37] as well as 

the micro-structure [38] of pores within the bone.

Since skull imaging for tcMRgFUS has been done with CT and MRI, we explored the role 

that these modalities can play in determining the relationship between bone microstructure 

and acoustic velocity. We studied pore structure on micro CT as well as measurements 

of the MRI T2 signal decay. Our micro CT results demonstrate that pore structure, which 

is not captured by the clinical HU value, contributes significantly to variations in the 

acoustic velocity in skull bone. In particular, we find that including measurements of the 

average pore eccentricity in a fragment yields substantial improvement to the accuracy 

of velocity predictions. Because the MR signal is sensitive to the micro-environment of 

the water, blood, marrow and other soft tissue components found in porous bone [39]MR 

measurements may provide an additional method for measuring variations in pore structure 

across patient skulls. We thus examined a full reconstruction of the spectrum of T2 signal 

decay in bone as a predictor of acoustic velocity. We found evidence that differences in 

the T2 spectrum are predictive of variations in acoustic velocity that are not captured by 

conventional CT.

II. METHODS

A. Sample Preparation

Two ex-vivo dried human skulls (60 year old male, 62 year old female) were acquired 

from Skulls Unlimited. The sample preparation has been described previously [26]. Briefly, 
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12 mm bores were removed from the skulls and the inner and outer tables and diploë 

were separated from one another in order to produce more homogeneous samples. The 

samples were then sanded in order to achieve flat and parallel interfaces. 90 fragments were 

generated with 48 from the outer table, 31 from the diploë, and 11 from the inner table. In 

order to more closely approximate in-vivo conditions, all fragments were degassed in water 

in a vacuum chamber. The vacuum pressure was approximately 25 in/Hg and fragments 

were degassed for a minimum of 12 hours before experiments began.

B. CT Imaging

A prior study [26] showed that the reconstruction algorithms and x-ray energies used to 

acquire a CT image can have a large impact on the relationship between acoustic velocity 

and CT HU. The same set of CT images used in that study are used in this work and the 

reader is referred to that paper for details.

The CT data most relevant to this study are the images acquired on a GE Discovery CT750 

[GE, Waukesha, WI] with a bone kernel (commercially known as Bone Plus) and a set of 

images acquired on the same scanner using a model based iterative reconstruction approach 

(commercially know as Veo). The Bone Plus configuration matches the setup currently 

used in the Stanford essential tremor treatments and the Veo configuration yielded the best 

estimate of velocity in [26]. Bone plus images were acquired at energies of 80, 100, 120, and 

140 kVp and Veo images were acquired at energies of 80, 120, and 140 kVp.

Regions of interest were determined for each fragment by automatically thresholding the 

CT images using Otsu’s method [40]. Hole filling [41] was then performed to generate a 

segmentation of the fragment. The center of the segmented fragment is then selected as 

the center of a three-dimensional cylinder with a radius and height slightly smaller than 

the radius and height of the fragment. The final region of interest is the intersection of the 

cylinder and the segmentation of the fragment. The average HU for each fragment is then 

taken as the average value within this region of interest.

C. MR Imaging

ZTE images were acquired on a 3 Tesla system [GE, Waukesha, WI] with the product 

sequence Silenz (TR=200 ms, TE=24 μs, averages=1.6, FOV=18 cm, 6 channel flex coil, 

slice thickness=0.5 mm, in plane resolution=0.70 mm, flip angle=5°). UTE images were 

acquired using a center out sequence (TE=32μs, TR=6 ms, FOV=18 cm, 6 channel flex 

coil, slice thickness=0.7 mm, in-plane resolution=0.63 mm, flip angle=5°). These parameters 

represent nominal resolution. However, the effective voxel size is larger due to T2* blurring. 

In both the UTE and ZTE images GE’s large Flex coil was used to acquire the data and coil 

shading was removed by normalizing the average magnitude in the fragment to the average 

magnitude in the same region of interest acquired in a 2% agar phantom. Phantom images 

were acquired immediately after imaging the bone fragments without changing parameters.

The MR images were segmented using a template matching technique. The algorithm 

generated a cylinder matching the radius and height of the fragment and used cross 

correlation to determine the optimal location of the template. Once the center of the 

fragment was determined, a region of interest slightly smaller than the fragment (3 mm 
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in the radial dimension and twice the in plane resolution in the thickness dimension) was 

selected as the final region of interest. Fragments that were too thin (their thickness was less 

than twice the ZTE in-plane resolution - 1.4mm) were excluded from the MR analysis. This 

choice of ROI limits the impact of partial voluming at the fragment edges. Five fragments 

(three from the inner table, and one from the outer table and diploë) were excluded in this 

way.

T2* was estimated using the UTE sequence described above. A T2* value was estimated by 

fitting the average magnitude in the fragment, measured at 5 echo times, to a single decaying 

exponential. The 5 echo times were TE = 32, 200, 500, 700, and 900 μs and the repetition 

time was 10 ms.

A detailed T2 spectra was measured in eight fragments (selected because they had a range 

of velocities despite having similar HU values) using a Varian 4.7T horizontal bore magnet. 

To characterize T2, we used a Carr-Purcell-Meiboom-Gill (CPMG) sequence with a total of 

30,000 echoes, spaced 100μs apart. More details on the sequence can be found in [39].

D. Micro CT Imaging

The CT dataset was augmented by micro CT (25 micron isotropic resolution) scans of each 

fragment acquired using a Trifoil CT120 system [Chatsworth, CA]. The micro CT images 

were segmented using the same template matching technique as the MR images.

Fragment segmentation was performed using ImageJ. After gaussian blurring with σ = 2 the 

“Auto local threshold” method with the setting of ‘MidGrey’ was used to segment out pores 

from each fragment. The MidGrey method uses the following function

pixel = pixel > max + min /2 − c (1)

where max and min are the max and min values in the window of 50 pixels radius and c is 

a constant which equals the mean value of the slice divided by 15. Finally, each pore was 

separated out in each slice using the “Analyze Particles” method. Pores with an area smaller 

than 0.01 mm2 were discarded as we found that many of the pores detected within this range 

were erroneous.

Each fragment was labeled with an average pore size, porosity, and pore eccentricity. Each 

parameter is measured in 2D and averaged within each slice and the fragment is then 

labeled with the average value across all slices. Pore size was defined as the average two 

dimensional area of each pore across all slices in the region of interest and was measured by 

counting the pixels in each pore. The porosity was defined as the number of pore pixels in 

the ROI divided by the total number of pixels in the ROI. Pore eccentricity was measured 

in two dimensions using MATLAB’s regionprops algorithm. The algorithm finds the ellipse 

that has the same second moment as the pore and then computes the ratio of the distance 

between the ellipse’s foci and the length of its major axis.
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E. Acoustic Velocity

The methods used to measure the acoustic velocity are described in [26]. Briefly, an 

aluminum frame held each sample at the focal spot of a transducer centered at 500 kHz 

(Olympus, V301, [Tokyo, Japan], focused, 38 mm aperture, 25 mm focal length). The 

transmitted pulse was recorded by a hydrophone placed behind the fragment. The speed of 

sound was estimated by measuring the arrival time of a short pulse with and without the 

bone fragment present in the beam path. The difference in arrival time was measured using 

the first zero crossing in each pulse. Measurements were performed in room temperature 

water. Each measurement was repeated three times and the fragment was completely 

removed and replaced for each individual measurement. The average standard deviation 

across these three measurements was 2% [26].

F. Predicting Velocity with MR

The parameters derived from clinical MR imaging were correlated to the clinical HU value 

and the acoustic velocity measured in each fragment. The figure of merit for each correlation 

was the R-squared value.

G. Pore Structure and Velocity

Micro CT analysis of each fragment was used to study how pore structure contributes to 

acoustic velocity in a human skull. Specifically, each micro CT derived parameter was 

combined with HU to see if a two dimensional correlation resulted in a better prediction 

of acoustic velocity than HU alone. The primary figure of merit for this analysis was the 

R-squared value.

Further analysis was performed on eight fragments, selected because measurements detailed 

in Webb et al. [26] showed that they have similar average HU values but different velocities. 

These fragments were separated into two groups of four fragments each based on their 

velocity. The average velocity and CT HU of the fragments in each group is shown in Table 

I. A paired T-test was used to determine which Micro CT and T2-derived parameters could 

differentiate between the two groups.

III. RESULTS

A. MR Based Prediction of Velocity

Figure 1 shows sample UTE, ZTE, and T2* images of fragments from the inner and outer 

tables and the medullary layer. For comparison, CT scans (80, 100, 120 and 140 kVp, bone 

plus kernel) are shown on the left. All of the images come from the same three fragments. 

Qualitatively, the MR images show an inverted contrast relative to the CT, with the cortical 

fragments from the inner and outer table appearing darker than the trabecular fragment from 

the medullary layer.

Figure 2 shows a quantitative comparison between HU and the ZTE and UTE magnitude 

and the mono-exponential T2* value of each fragment. All three parameters show a 

strong anti-correlation to HU. The HU used in these figures are obtained from CT images 

reconstructed with the Bone Plus kernel on the GE system using x-ray energies of 80, 100, 
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120, and 140 kVp. In all cases, both the slope and the y-intercept depend on the x-ray energy 

used to acquire the image. R-squared values are given in the legends and they average 0.80, 

0.74, and 0.62 for the ZTE, UTE, and T2* values respectively. One fragment, a medullary 

piece with exceptionally large pores, was consistently an outlier and was excluded from the 

following analyses.

Figures 3(a) and 3(b) show the acoustic velocity plotted as a function of ZTE and UTE 

magnitude and Figure 3(c) shows the acoustic velocity as a function of the average T2* 

value for each fragment. The ZTE magnitude images provide the best estimate with an 

R-squared value of 0.39. Other R-squared values are shown in the legends.

B. Pore Structure and Acoustic Velocity

Figure 4 shows sample micro CT images of the eight fragments described in Table I. The top 

row of images corresponds to the high velocity group and the bottom row corresponds to the 

low velocity group.

Pore eccentricity improved estimates of velocity. As measured by the R-squared value, 

a linear combination of eccentricity and HU value accounts for 68% of the variation in 

velocity observed across the two skulls while clinical HU alone account for only 57%. 

Figure 5 compares these two conditions, using CT data acquired with the Veo reconstruction 

algorithm and an x-ray energy of 120 kVp. Figure 5(a) shows the correlation between 

HU alone and velocity and Figure 5(b) shows the simultaneous correlation of HU and 

eccentricity with velocity.

The improvement seen when eccentricity is included with HU was variable across the CT 

imaging methods. Like the Veo reconstruction, the dual energy images showed a substantial 

improvement in the R-squared value. The dual energy data was reconstructed at 5 energies 

[26] (60, 80, 100, 120, and 140 keV) and the average improvement in the R-squared value 

was 0.48 to 0.60. The images acquired with the Bone Plus kernel at 120 kVp showed only a 

modest increase from 0.46 to 0.51.

Unlike eccentricity, the combination of the other two micro-CT derived parameters (pore 

area and porosity) with the clinical HU value did not result in an improvement to the 

prediction of velocity (not shown).

A two tailed t-test shows that the eccentricity (t(6)=−3.8, p<0.01) and porosity (t(6)=4.0, 

p<0.01) of the two groups (see Table I) are significantly different. In contrast, pore area does 

not differentiate between the two groups (t(6)=1.2, p=0.98). The T2 spectrum differentiates 

between the two groups in several ways. Figure 6 shows the T2 spectra for these fragments, 

with the solid blue line corresponding to fragments from the high velocity group and the 

dotted red line corresponding to fragments from low velocity group. The most prominent 

differences between the groups occur in the locations of the peaks centered around 1s 

and 500μs (two-sided t-test, t(6)=4.4, p<0.01 and t(6)=−3.7, p<0.01 respectively). The 

difference in the locations of the peak centered around 0.3s is also significant (two-sided 

t-test, t(6)=2.7, p<0.05).
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IV. DISCUSSION

A. Predicting Velocity

This study demonstrates that MR can predict acoustic velocity with comparable but slightly 

less accuracy than CT (R-squared of 0.39 for ZTE images compared to 0.46 for the CT 

method currently used in the clinic and 0.52 for the best CT method according to [26]; 

compare Figure 3(a) to Figure 5(a)). MR-based bone imaging continues to evolve and future 

improvements may enable MR to replace CT as a planning modality for ablative treatments 

in the human brain. The ability to perform acoustic targeting without the need to acquire a 

CT would open the possibility of using ultrasound neuromodulation to study brain function 

in healthy volunteers and to treat pediatric patients.

MR may already be able to substitute for CT in applications where only the skull thickness 

is used to estimate phase corrections [30], [31]. For less invasive treatments - such as 

neuromodulation - MR is likely already capable of providing a sufficiently accurate estimate 

of acoustic velocity in individual patient skulls. However, these procedures lack the read-out 

of treatment efficacy provided by MR thermometry during ablation. Thus, further study is 

needed to characterize the accuracy with which either CT or MR can predict the acoustic 

intensity at focus. Existing studies find that while CT based simulation of intensity is well 

correlated within a single patient, CT based simulations fail to predict intensity across a 

patient population [42].

The capacity of relaxation time measurements to illuminate pore structure provides another 

mode through which MR can contribute to tcMRgFUS treatments. Figure 6 suggests that 

the relaxation time of pore water in fragments with higher eccentricity is more rapid than 

the relaxation time of pore water in fragments with lower eccentricity. This phenomenon is 

likely explained by differences in the surface area to volume ratio within these pores, with a 

higher ratio leading to a faster relaxation time. A clinical MR sequence that could measure 

this difference has the potential to improve CT or MR-based estimates of acoustic velocity.

Significant work remains to bring these results to the clinic. Micro CT measurements are 

not feasible in clinical settings. Thus, while the eccentricity results offer insight into what 

data is missing from the transformation between clinical HU values and velocity, they do not 

provide a clinically relevant method to improve this transformation. Similarly, the detailed 

T2 spectra would be difficult to obtain in-vivo and the ability of the spectrum to differentiate 

between the two groups does not guarantee that T2 derived parameters will improve the 

overall estimate. Thus, further work is needed to validate the efficacy of T2 as a predictor of 

acoustic velocity.

Future studies will also need to address limitations resulting from the difference between 

re-hydrated ex-vivo fragments and in-vivo measurements. Specifically, voxels spanning the 

skull and skin or skull and brain will likely require a different transformation between the 

measured imaging parameter and acoustic velocity. Thus, the actual in-vivo resolution will 

affect the accuracy of the estimate at the skull edges. The presence of blood, skin, and 

marrow will impact T2 and T2* measurements. Future T2 or T2* based studies should look 
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for clinically relevant compromises between the single exponential measurement presented 

in Figure 3(c) and the detailed spectra given in Figure 6.

Our results agree with other studies that suggest that the role of pore structure in determining 

acoustic velocity is significant but small [35], [36]. For some of the CT reconstructions, 

including eccentricity substantially improved the accuracy of velocity estimates. Notably, 

the reconstructions most improved by including eccentricity were the reconstructions that 

already provided the best predictions. Other reconstructions showed only a minimal change 

when eccentricity was included. Thus, including pore structure in velocity estimates is only 

one aspect of the difficulty of estimating acoustic velocity with electromagnetic waves.

Using ultrasound to measure acoustic velocity directly offers a potential alternative 

to CT/MR as a method of determining acoustic velocity in a patient’s skull. QUS 

measurements in femur and tibia have been shown to provide information about both 

the thickness and velocity of cortical bone [43]. An extension of these methods to the 

skull may offer a direct measurement of acoustic phase, eliminating the need to transform 

measurements from one modality to another.

B. Theoretical Interpretation

Models that rely on HU to predict velocity generally rely on the ability of HU to estimate the 

fraction of water and bone composing each voxel. The Aubry model [24] makes this explicit, 

transforming HU into a porosity metric that varies from 0 to 1. The speed of sound in the 

skull can then be estimated as a linear combination of the acoustic velocity in water and in 

cortical bone, with the linear coefficients selected based on the porosity.

Other models, such as the Pichardo [25] and Connor [23] models, don’t rely explicitly on 

porosity to estimate velocity. These models are derived using an optimization that allows for 

an arbitrary relationship between HU and velocity. Of course, the models are still limited by 

the information contained in the HU value of each voxel.

Missing from HU is information about shape and orientation of pores in the bone. CT is 

capable of capturing this information but at the current resolution of clinical scanners this 

structure is lost. To understand how this information contributes to velocity, consider the 

equation giving the speed of sound in solids. Neglecting the shear modulus, the speed of 

sound in a solid is given by [44]

c = 1
κρ , (2)

where κ is the compressibility of the bone and ρ is the density. Density is well approximated 

by HU because it is independent of the structure of the pores. In contrast, κ depends heavily 

on both the porosity of a voxel and the pore structure within that voxel. CT only captures 

part of this information because it is only effected by the raw volume of calcified bone, 

blood, and marrow and it is not effected by the shape of pores. For pores smaller than the 

resolution of the image, the HU value is also not effected by the size of the pores (i.e. within 

a single voxel many small pores could result in the same HU value as a single larger pore).
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The contribution of pore structure to compressibility is particularly relevant at low 

frequencies such as 500 kHz where the wavelength is large relative to the pore structure. 

At these frequencies, a single wavelength spans multiple pores and the acoustic energy 

therefore sees a compressibility that depends on the pore structure. The improvement shown 

in Figure 5 provides evidence that pore shape can change the compressibility of the bone, 

providing evidence that HU alone are not able to accurately predict the velocity across 

fragments with varying pore eccentricity. When information about pore shape is added, 

however, the accuracy of the velocity estimate improves substantially. This suggests that 

macro structure as well as composition need to be accounted for in order to obtain accurate 

velocity estimates, particularly across a patient population.

Simulation studies in the femur [35]also suggest that pore structure contributes significantly 

to the acoustic velocity in bone. Similar simulation studies in skull fragments should be 

done to further illuminate the tissue properties that must be identified to achieve accurate 

prediction of the acoustic velocity in a particular patient’s skull.

V. CONCLUSION

This study provides strong evidence that pore structure contributes significantly to the 

acoustic velocity of skull bone, demonstrating that measurements of pore shape can improve 

the accuracy of acoustic velocity estimates. The ability of MR to provide quantitative 

estimates of velocity and to differentiate between high and low eccentricity samples 

suggests that MR has the potential to play an even larger role in treatment planning for 

tcMRgFUS procedures. CT-based estimates of acoustic velocity already enable several 

acoustic therapies in the human brain. Further improvements to the accuracy of these 

estimates will lead to higher spatial precision and the ability to reach therapeutic intensities 

at the target region with less acoustic power, resulting in safer and more effective treatments.
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Fig. 1. 
Images of a fragment from the inner table, the medullary, and the outer table. From left to 

right the figure shows images from CT scans using x-ray energies of 140, 120, 100, and 

80 kVp, magnitude images from a ZTE and UTE MR scan and T2* reconstructions. The 

brightness of the CT image depends on the x-ray energy and cortical fragments are brighter 

than trabecular fragments. The MR images follow the reverse pattern, with the cortical 

fragments being dim relative to the medullary fragment.
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Fig. 2. 
A comparison of CT and MR imaging for each fragment. In each plot the average HU 

value is shown as a function of the a) ZTE magnitude, b) UTE magnitude, and c) the mono 

exponential T2* reconstruction. CT values were obtained using the Bone Plus kernel on the 

GE system
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Fig. 3. 
Acoustic velocity plotted as a function of ZTE (a) and UTE (b) magnitude and as a function 

of T2* (c). Fragments from the high velocity group are marked with black circles and 

fragments from the low velocity group are marked with black squares.
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Fig. 4. 
Images and average eccentricity values of the fragments from the high (top row) and low 

(bottom row) velocity groups.
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Fig. 5. 
Acoustic velocity plotted as a function of clinical HU alone [26] (a) and as a function of 

both clinical HU and eccentricity. The HU values were acquired using an x-ray energy of 

120 kVp and the VEO reconstruction technique on the GE scanner.
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Fig. 6. 
T2 spectra measured in the high velocity (blue) and low velocity (dotted red) groups. When 

separated according to which velocity group the fragment comes from, there is a significant 

difference between the locations of the peak centered at 500μs, 0.3s, and 1s (arrows).
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TABLE I

GROUPS OF FRAGMENTS WITH SIMILAR HU VALUES BUT DIFFERENT VELOCITIES

Group Avg. Velocity Avg. HU

High Velocity 2554 m/s 1265

Low Velocity 2060 m/s 1266
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