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Abstract

The goal of this study was to test the potential of ultra-short echo-time (UTE) MRI at 1.5, 3.0 and 

7.0 T for depiction of trabecular bone structure (of the wrist bones), to evaluate whether T2* 

relaxation times of bone water and parametric maps of T2* of trabecular bone could be obtained at 

all three field strengths, and to compare the T2* relaxation times with structural parameters 

obtained from micro-computed tomography (micro-CT) as a reference standard. Ex vivo carpal 

bones of six wrists were excised en bloc and underwent MRI at 1.5, 3.0 and 7.0 T in a whole-body 

MR imager using the head coil. A three-dimensional radial fat-suppressed UTE sequence was 

applied with subsequent acquisitions, with six different echo times TE of 150, 300, 600, 1200, 

3500 and 7000 μs. The T2* relaxation time and pixel-wise computed T2* parametric maps were 

compared with a micro-computed-tomography reference standard providing trabecular bone 

structural parameters including porosity (defined as the bone-free fraction within a region of 

interest), trabecular thickness, trabecular separation, trabecular number and fractal dimension 

(Dk). T2* relaxation curves and parametric maps could be computed from datasets acquired at all 

field strengths. Mean T2* relaxation times of trabecular bone were 4580 ± 1040 μs at 1.5T, 2420 

± 560 μs at 3.0 T and 1220 ± 300 μs at 7.0 T, when averaged over all carpal bones. A positive 

correlation of T2* with trabecular bone porosity and trabecular separation, and a negative 

correlation of T2* relaxation time with trabecular thickness, trabecular number and fractal 

dimension, was detected (p < 0.01 for all field strengths and micro-CT parameters). We conclude 

that UTE MRI may be useful to characterize the structure of trabecular bone, comparable to 

micro-CT.
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INTRODUCTION

Rheumatoid arthritis is a progressive systemic disease, which can affect all small and large 

joints and can lead to severe motion impairment. Signs of rheumatoid arthritis include bone 

erosions around the joint as well as periarticular osteoporosis (1). The most common 

affected joints include the metacarpophalangeal, proximal interphalangeal and wrist joints 

(2,3), and a decrease in bone density of the hand is often noted (4). Only recently, it could be 

shown that a decrease in bone density in this patient cohort is also associated with joint 

destruction (5), and thus measurement of periarticular osteoporosis has been proposed to 

monitor treatment effects in rheumatoid arthritis (6).

The radiological gold standard for visualization of the trabecular bone structure is micro-

computed tomography (micro-CT), providing resolutions in the range of 18–82 μm (7,8), 

which is well below the size of typical trabecular structures, of the order of 100 μm. 

However, the application of micro-CT is limited to bone biopsy cores, ex vivo samples and 

animal experimentation. For patient monitoring, a technique for bone characterization not 

relying on ionizing irradiation would be highly desirable.

Several MRI techniques have been described that are able to provide a characterization of 

trabecular bone (9–11). Many of these techniques rely on the measurement of T2* relaxation 

properties of trabecular bone marrow. The magnetic susceptibility difference between 

trabecular bone and bone marrow results in mesoscopic magnetic field inhomogeneities 

causing rapid signal dephasing and a short T2* time. The relaxation times, thereby, 

indirectly provide information on bone microstructure (12–14). As susceptibility effects 

linearly scale with the static magnetic field, in principle, elevated field strength may provide 

not only superior signal to noise but also improved characterization of trabecular bone 

structure.

One obstacle for the direct application of MRI techniques for characterization of bone tissue 

itself is the extremely rapid signal decay, which precludes the depiction of bone structures 

with conventional MRI sequences with echo times (TE) of 2–10 ms. The introduction of 

MRI sequences with ultra-short echo time (UTE, 100 μs and below) and radial k-space 

sampling allowed for the first time direct visualization of trabecular and cortical bone (15). 

Furthermore, these sequences allow direct assessment and quantification of T2* relaxation 

properties of the water protons in bone tissue (16,17). This sequence type becomes 

particularly important in ultra-high field MRI due to the even faster decay of the transverse 

magnetization. A successful implementation of a UTE sequence at 7.0 T has just recently 

been reported (18).

The purpose of this study was to test the ability of UTE sequences at 1.5, 3.0 and 7.0 T to 

depict trabecular bone structure (of the wrist bones), to evaluate whether T2* of bone water 
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protons and parametrical maps of T2* time of trabecular bone could be obtained at all three 

field strengths, and to compare the T2* relaxation time of trabecular bone acquired via UTE 

MRI at different field strengths with structural parameters obtained from micro-CT as a 

reference standard. We note that, unlike prior work exploiting the susceptibility differences 

between bone and marrow (see, for example, Wehrli et al. (19) for a review of the subject) 

by quantifying the signal decay of bone marrow protons, in this work we evaluate T2* of the 

short-lived water protons in the bone itself and therefore provide a more direct approach, 

which is also potentially less affected by possible alterations of bone marrow.

MATERIAL AND METHODS

Specimens

For this study, six Thiel-fixated wrists (four left, two right, four donors, three male, mean 

age 65 years, range 50–74 years) were obtained from the Anatomical Institute of the 

University of Zurich. Thiel fixation, as introduced by Thiel (20,21), is an almost odorless 

embalming method, which although containing certain amounts of formalin and ethyl 

alcohol, avoids unnatural effects such as hardening, contractions or swelling of the tissue 

and provides furthermore good conservation of color as well as a good disinfection effect. 

Prior to imaging, the carpal bones of the wrists were excised en bloc, while not touching the 

intrinsic ligaments to keep the situs as original as possible. Major degeneration of the carpal 

bones was ruled out visually. Between imaging sessions, all specimens were wrapped in 

gauze soaked with Thiel solution and stored cooled at 4 °C. For the scans, the specimens 

were unwrapped and placed without a special covering.

According to local regulations and laws, cantonal ethics board approval was not required for 

this prospective human cadaver study. The institutional review board approved this study, 

which was conducted according to the Declaration of Helsinki. All cadaveric specimens 

were treated in accordance with the university’s and institution’s regulations on cadaveric 

studies.

MRI

MRI was performed on a 1.5 T Philips Achieva (Best, The Netherlands), a 3.0 T Philips 

Ingenia and a 7.0 T Philips Achieva system. At 1.5 and 3.0 T an eight-channel head coil and 

at 7.0 T a 32-channel head coil were used. After gradient-echo localizers in three spatial 

directions, the imaging protocol comprised a coronal and a transversal T1 weighted fast spin 

echo sequence (TE 22 ms, TR 557 ms, turbo factor 3, field of view (FOV) 80 × 80 × 46, 

mm3, matrix 268 × 199, slices 12, number of acquisitions 12) for further planning of the 

study. To measure T2*, a three-dimensional radial UTE sequence was applied by collecting 

echoes at TE of 150, 300, 600, 1200, 3500 and 7000 μs. Here, TE denotes the time between 

the RF pulse end and the start of acquisition/gradient ramp. Different TE values were 

acquired in subsequent scans while keeping adjusted parameters such as receiver gain and 

RF power unchanged. To eliminate signal from bone marrow and thus its effect on T2*, a 

SPIR (spectral presaturation with inversion recovery) fat saturation prepulse (flip angle 120°, 

off-resonance −4.1 ppm) (22) was applied before each UTE excitation. Global first-order 

shimming was used to provide sufficient B0 homogeneity for a satisfactory performance of 
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the SPIR pulse. Other parameters of the UTE sequence included repetition time TR 34 ms, 

matrix 116 × 116 × 116, FOV 70 × 70 × 70 mm3, spatial resolution 0.6 × 0.6 × 0.6 mm3, flip 

angle 15.0°, duration of non-selective block pulse 40–70 μs, pixel bandwidth 539/575/1026 

Hz (for 1.5/3.0/7.0 T), readout duration 1045/715/624 μs (for 1.5/3.0/7.0 T), gradient ramp 

duration 117/132/200 μs (for 1.5/3.0/7.0 T), number of acquisitions 1, and acquisition time 

40 min 27 s per echo for all field strengths. All scan parameters for the UTE sequence were 

kept the same at the different field strengths.

Micro-CT imaging

For micro-CT imaging, a SkyScan 1176 system (Bruker-microCT, Kontich, Belgium) was 

used. Specimens were placed on the mouse bed, and after an initial localizer scan images 

were acquired using the following scan parameters: tube voltage 90 kV, tube current 280 μA, 

exposure time 65 ms, rotation step 0.7°, covered angle 360°, copper filter 0.1 mm, voxel size 

35 × 35 × 35 μm3, FOV 68 × 68 × 20 mm3, frame averaging 3. To cover the whole 

specimens, multiple overlapping scans were performed and the acquired images were fused 

using the reconstruction software of the manufacturer. The duration of one scan was 50–70 

min depending on the maximal transverse diameter of the scanned specimen. Images were 

then reconstructed using a modified Feldkamp algorithm with the following parameters: 

beam hardening correction 35%, ring artifact reduction 6, Gaussian smoothing kernel with 

full width at half maximum of 4 voxels.

Data analysis

Prior to data analysis, MR images acquired at the different field strengths were coregistered 

for each specimen. For coregistration, the’ coregister & reslice’ function of the statistical 

parametric mapping MATLAB toolbox (SPM8, Wellcome Department of Cognitive 

Neurology, London, UK) was used. Due to memory constraints of the hardware used, micro-

CT data with a lowered resolution (70 μm instead of 35 μm) were then coregistered to the 

respective MR images in the same way. To preserve the acquired resolution, finally the 

originally acquired micro-CT data were manually coregistered to these automatically 

coregistered micro-CT data with lowered resolution.

To measure the T2* decay of trabecular bone as well as the structural parameters acquired 

via micro-CT (porosity, trabecular thickness, trabecular separation, trabecular number, 

fractal dimension), matching regions of interest (ROIs) were drawn on the MR images 

acquired at 1.5 T and the coregistered micro-CT images. For 3.0 and 7.0 T, the same ROIs 

were copied to the respective data sets as applied for 1.5 T. For each carpal bone one ROI 

containing the central trabecular zone as well as one ROI containing the peripheral 

trabecular zone were drawn on three slices (proximal, central and distal), resulting in 288 

ROIs in total.

The T2* time constant was computed by fitting the mean signal intensities within the ROIs 

at the given echo times to the following model for a mono-exponential decay:
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The fitting routine used a nonlinear least-squares fit with an algorithm based on the interior-

reflective Newton method, and S0 and the T2* time constant were used as fitting variables. 

The noise term N was not fitted, but estimated as the standard deviation in a ROI selected in 

the image background outside the object avoiding regions masked due to the radial 

acquisition, which resulted in greater stability of fit parameters.

The frequency distribution within ROIs was calculated by a discrete fast Fourier transform 

of the measured signal intensity values for the six different TE values. Before Fourier 

transformation, the data were interpolated using piecewise cubic Hermite interpolating 

polynomials to an equidistant grid and zero-filled up to 1024 points.

From micro-CT images, the following structural parameters based on the nomenclature and 

definition by Parfitt et al. (23) were computed within the ROIs to characterize the trabecular 

bone structure: porosity of the trabecular bone (Po), trabecular thickness (Tr.Th), trabecular 

separation (Tr.Se) and trabecular number (Tr.N). As a marker of the two-dimensional 

architectural complexity of trabecular bone, which has also been shown to exhibit a 

correlation to physical properties (24–26), the fractal dimension (Dk) was computed based 

on the Kolmogorov method as described by Chappard et al. (27). In this method, grids of 

varying sizes are superimposed on the analyzed trabecular structure. Then the number of 

intersecting grid boxes is counted. Finally, the number of intersecting boxes is plotted 

against the length of one box on a log–log graph and the fractal dimension is computed as 

the slope of the linear regression.

Statistical analysis

For statistical analysis, mean values and standard deviations were computed. All variables 

were examined for normality with the Kolmogorov–Smirnov test. Depending on the result of 

the test a one way ANOVA or a Kruskal–Wallis test was used to test for a statistically 

significant difference of variables between ROIs within the different carpal bones. If a 

statistically significant difference could be detected, a Bonferroni or Dunn post hoc analysis 

followed. Further, Pearson or Spearman correlation coefficients were calculated to assess 

correlations between T2* time and structural parameters obtained via micro-CT.

All p-values less than 0.05 were considered to be statistically significant. All statistical 

analyses were performed by using commercially available software (GraphPad Prism 

version 5.04 for Windows, GraphPad Software, La Jolla, CA, USA).

RESULTS

MRI

Radial UTE sequences showed high signal intensity for cartilage, low signal intensity for 

cortical bone and a signal intensity in-between cartilage and cortical bone for trabecular 

bone (Fig. 1).

Mean T2* relaxation times (Figs. 2 and 3) of trabecular bone were 4590 ± 1040 μs at 1.5 T, 

2420 ± 560 μs at 3.0 T and 1220 ± 300 μs at 7.0 T, when averaged over all carpal bones. 

When comparing the T2* relaxation time of the individual carpal bones at 1.5 T the 
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following pattern was observed: trapezium, trapezoid and pisiform showed the longest T2* 

times, while scaphoid, lunate, capitate and hamate exhibited the shortest T2* times and T2* 

times of triquetrum lay in between. Most of the differences between the bones with long T2* 

times and the bones with short T2* times were statistically significant (cf. Table 1). While 

these differences were also observed at 3.0 and 7.0 T, not all of them were statistically 

significant (cf. Table 1).

FWHM values of the frequency distributions within the ROIs showed an increase with field 

strength, as shown for exemplary data in Fig. 4.

Micro-CT imaging

Images acquired with micro-CT showed an excellent depiction of cortical and trabecular 

bone (Fig. 1). Trabecular bone exhibited a mean porosity of 61.8 ± 9.7%, a mean trabecular 

thickness of 214 ± 37 μm, a mean trabecular separation of 381 ± 140 μm, a mean trabecular 

number of 1.96 ± 0.36 mm−1 and a mean fractal dimension of 1.53 ± 0.09 when averaged 

over all carpal bones.

When comparing the structural parameters of the individual carpal bones a pattern 

corresponding to the T2* time pattern was observed: While trapezium, trapezoid and 

pisiform showed the highest porosity and trabecular separation, the corresponding numbers 

for the scaphoid, lunate, capitate and hamate were the lowest and the triquetrum lay between 

the two groups. Similar to T2* time, not all but most of the differences between the bones 

showing high porosity and trabecular separation and the bones exhibiting low porosity and 

trabecular separation were statistically significant (cf. Table 2). For trabecular thickness, 

trabecular number and fractal dimension, the pattern was inverted.

Correlation analysis

Correlation analysis showed a moderate correlation between T2* time and almost all 

assessed structural parameters of trabecular bone. While the 3.0 T data in absolute values 

mostly showed the highest correlation to micro-CT data, 1.5 and 7.0 T data performed 

almost equally. In particular, the comparison between T2* relaxation time and structural 

parameters of trabecular bone revealed a positive correlation of T2* with porosity (1.5 T, R = 

0.52; 3.0 T, 0.57; 7.0 T, 0.50) and trabecular separation (1.5 T, R = 0.39; 3.0 T, 0.53; 7.0 T, 

0.44). A negative correlation of T2* relaxation time was observed with trabecular thickness 

(1.5 T, R = −0.47; 3.0 T, −0.39; 7.0 T, −0.44), trabecular number (1.5 T, R = −0.14; 3.0 T, 

−0.41; 7.0 T, −0.31) and fractal dimension (1.5 T, R = −0.45; 3.0 T, −0.47; 7.0 T, −0.41) 

(Fig. 5). Except for trabecular number at 1.5 T, with a p-value of 0.01, all correlations were 

highly significant, with p < 0.0001.

DISCUSSION

In the present study, we were able to show that carpal bony structures – a site that is 

commonly affected in patients with rheumatoid arthritis – may be depicted at 1.5, 3.0 and 

7.0 T using UTE sequences with 3D radial k-space sampling. In spite of the notably faster 

signal decay at increasing field strength, T2* relaxation times and T2* parametric maps of 

acceptable image quality could be computed at all field strengths. The obtained relaxation 
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times at all field strengths exhibited statistically significant correlations with the respective 

parameters from the micro-CT reference standard.

Structural analysis of trabecular bone via CT has been proven a valuable tool to monitor 

disease progression and treatment response as well as to evaluate the risk of complications, 

not only for rheumatoid arthritis but also for a range of diseases such as osteoporosis, 

osteoarthritis and diabetes (28–35). Still, structural analysis via CT is a research topic and 

not yet part of clinical radiology. Furthermore, assessment via MRI might be advantageous 

not only because of the absence of ionizing irradiation, which is predominantly a concern in 

young or pediatric patients (for instance patients with renal insufficiency suffering from 

reduced bone density) but also because MRI offers the possibility to acquire additional 

information regarding the metabolic status of the tissue, for instance bone perfusion, which 

is known to be related to bone remodeling (36–41).

In principle, elevated field strength is advantageous, especially for imaging of the 

musculoskeletal system. The reason for this is the higher signal-to-noise ratio, which in 

theory linearly increases with the field strength, the applicability of dedicated transmit–

receive coils less limited by restrictions due to energy deposition by the B1 field, and the B1 

field homogeneity being superior to that for imaging larger anatomic structures such as the 

abdomen or chest. The feasibility of T2* measurements with UTE MRI to assess trabecular 

bone structure at high field strengths is particularly promising, as susceptibility effects scale 

with B0 and therefore smaller differences in trabecular structure might be detected with 

greater sensitivity. Furthermore, MRI at field strengths greater than 3.0 T is still in its 

infancy when compared with the broad experience that exists and the technical advances 

achieved at field strengths of 1.5 and 3.0 T. Together with the relative lack of dedicated coils 

for imaging of extremities at 7.0 T, further advances are expected in the near future, thereby 

making ultra-high field MRI increasingly attractive in the clinic.

The T2* obtained shortens with increasing trabecular density, i.e. when the trabecular 

structure approaches that of a solid akin to cortical bone. The correlation between T2* 

relaxation time and structural parameters could be observed well for the individual analysis 

of the carpal bones, where corresponding patterns could be found considering that only six 

specimens without notable pathological alterations of the bone density have been evaluated. 

Higher correlation coefficients could potentially have been obtained from a larger set of 

specimens exhibiting a greater variability of physiological and pathological bone density. 

Interestingly, correlation coefficients were highest for the 3.0 T data, whereas 1.5 T and 7.0 

T data showed rather similar correlation coefficients. We hypothesize that this could be due 

to the increasing susceptibility effects leading to increased sensitivity to detect varying 

trabecular structure for 3.0 T when compared to 1.5 T, but also leading to increased 

variability of measurement points at 7.0 T when compared to 3.0 T.

It is known that water within the bone resides in different compartments: bound to crystal 

structure, collagen and residing within the Haversian canal system and bone marrow pores. 

In recent years UTE MRI has been used to study bone water extensively, and quantification 

of bone water within the Haversian canal system was reported for cortical bone (42–45). The 

results of our T2* measurements in trabecular bone as well as the correlation to structural 
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parameters is in good agreement with previous reports with UTE spectroscopic imaging and 

UTE MRI in cortical bone, where similar T2* times for free water as well as a correlation 

with structural parameters were found (46,47). Although the correlation of T2* values for 

free water to porosity was, in contrast to our results, not significant (probably due to the low 

variation of porosity in cortical bone), a significant correlation to biomechanical measures 

was reported (46). However, we cannot completely rule out that the measured values with 

the present approach were dominated by water within bone marrow pores (similar to the 

approach of De Santis et al. (48)) or olefinic protons in triglycerides (which have a chemical 

shift close to water and might not be completely suppressed). To assess this issue, a multi-

exponential analysis of the signal decay to separate the different contributing spin 

components could be used, for instance. Due to the low number of acquired echoes, this 

approach is not applicable in this study, and therefore this is reserved for future studies with 

an acquisition of a large number of different echoes. Another effect that might have an 

influence is a phase shift of the water signal due to the magnetic susceptibility difference 

between bone water and bone marrow fat (49,50). All the effects discussed above might have 

added variability to the measured T2* values, resulting in the observed moderate correlation 

coefficients.

Our study has limitations. First, the number of specimens was low. To partly overcome this 

limitation, a large number of ROIs with representative and varying tissue properties was 

examined. Second, the use of fixated wrists might lead to biased results due to the fixation. 

Although fresh frozen specimen would have been preferable and some studies have reported 

changes in some mechanical properties of bone (but not in bone mineral density) due to 

Thiel fixation (51,52), there was no evidence of structural abnormalities in the micro-CT 

images. Third, the acquisition times for UTE MRI currently render the method impractical 

for clinical use. The long acquisition times are the result of the relatively long pulse 

repetition time, which was kept constant for all TE values and field strengths to keep 

systematic variability as low as possible. TR was constrained by the application of the SPIR 

pulse and by the specific absorption rate (SAR) associated with the latter as well as the 

excitation pulse. To reduce scan time, a SPIR pulse could be followed by multiple UTE 

acquisitions, thus reducing TR and also SAR constraints by minimizing the number of SPIR 

pulses and reduced excitation flip angles. However, this modification would generally lead 

to worse fat suppression, and thereby would result in accuracy loss for the measurement of 

bone water T2*. To reduce total scan time per TE series acquisition of multiple echoes per 

excitation could be used. Other approaches that lower scan time are also feasible, including 

parallel imaging or lowering of resolution. As a fourth limitation of our study, the final step 

of the coregistration of the UTE MR and micro-CT datasets was carried out manually, 

probably resulting in some added variability. A completely automated coregistration would 

have been preferable, but was in this case technically not feasible due to memory limitations 

of the available hardware. Finally, although we tried to avoid the development of air filled 

spaces as far as possible (which typically occur if the sample is preserved for some time), 

this was not possible in all cases. CT scans were always acquired last, as influence by air is 

far less severe than with MRI. Although we tried to avoid such areas in our analysis, some 

ROIs might be influenced by air.
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We conclude that UTE MRI can be used to characterize the structure of trabecular bone, and 

although assessing trabecular bone indirectly, provides similar information regarding bone 

quality when compared with micro-CT.

Abbreviations

UTE ultra-short echo time

micro-CT micro-computed tomography

TE echo time

Dk fractal dimension

FOV field of view

SPIR spectral presaturation with inversion recovery

TR repetition time

ROI region of interest

Po porosity of the trabecular bone

Tr.Th trabecular thickness

Tr.Se trabecular separation

Tr.N trabecular number

SAR specific absorption rate
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Figure 1. 
Representative axial slices acquired with micro-CT (A), and with UTE MRI (TE 150 μs) at 

1.5 T (B), 3.0 T (C) and 7.0 T (D) after coregistration. Results of the coregistration 

procedure show no relevant spatial differences. Note the sample ROIs used for the capitate 

(red, center ROI; blue, subcortical ROI).
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Figure 2. 
Typical T2* relaxation time maps obtained at 1.5 T (A), 3.0 T (B) and 7.0 T (C). Note the 

difference in T2* relaxation time of trabecular bone at the different field strengths.
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Figure 3. 
Exemplary signal intensity decay and obtained fit curves for trabecular bone at different 

field strengths.
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Figure 4. 
Normalized frequency distribution within an exemplary ROI. Note the increase of the 

FWHM value with field strength (1.5 T, 156.25 Hz, 3 T, 169.27 Hz; 7 T, 221.35 Hz). 

Corresponding T2* values within the same ROI were the following: 1.5 T, 4168 μs; 3 T, 

2536 μs; 7 T, 1062 μs.
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Figure 5. 
Correlation analysis of T2* relaxation time acquired at 1.5, 3.0 and 7.0 T with structural 

parameters acquired with micro-CT.
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