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Background 

Osteoporosis (OP) is a metabolic bone disease, which affects more than 10 million people in 

the USA and leads to over 2 million fractures every year – more than heart attacks, strokes and 

breast cancer combined 
1-5

. In addition, OP results in serious long-term disability and death in a 

large number of patients. About 80% of the skeleton is cortical bone, and about 80% of all 

fractures in old age arise at sites that are mainly cortical 
6
. It is of critical importance to 

‘understand’ cortical bone structure and to develop techniques to evaluate bone compartments so 

as to evaluate bone quality non-invasively. 

Cortical bone is a composite material 

consisting of mineral (~43% by volume), 

organic matrix (~35%) and water (~22%) 
7
. 

Bone mineral provides stiffness and strength, 

while collagen provides ductibility and the 

ability to absorb energy before fracturing. Bone 

water contributes to viscoelasticity and 

poroelasticity 
8
. Although bone is a simple 

composite of these three components, its 

structure is highly complex and hierarchical 
9
, as 

shown in Figure 1. The material composition 

and structural design determines the unique 

strength of bone.  

Imaging of bone has been of central importance since Roentgen produced the first radiograph 

in 1895. Dual-energy X-ray absorptiometry (DEXA) and computed tomography (CT) have been 

used for quantitative analysis including the measurement of bone mineral density (BMD). The 

organic matrix and water, which together represent ~57% of bone by volume, are not accessible 

with these techniques 
10-22

. BMD alone predicts fractures with only a 30-50% success rate 
23-39

. 

Overall fracture risk increases 13-fold from ages 60 to 80, but it is estimated that the decrease in 

BMD alone would only explain a doubling of this fracture risk 
11

. The missing factor may be the 

contribution of bone organic matrix and water. Water in cortical bone occurs at various locations 

and in different states 
7
. A small fraction of this water exists in ‘free’ form in Haversian canals 

(typical diameters > 30 µm) as well as lacunae (~10 µm) and canaliculi (~0.5 µm). A larger 

portion of cortical bone water exists in ‘bound’ form, either tightly bound to the crystals of the 

apatite-like mineral or loosely bound to the organic matrix 
40-50

. Bound water concentration 

provides an indirect measure of organic matrix density 
45-47

. Free water concentration can 

potentially provide a surrogate measure of cortical porosity 
48-50

. However, neither DEXA nor CT 

is able to detect bound and free bone water. 

Fig 1 Macroscopic bone structure from Ref 9.  
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A recent study shows that bound and free water make different contributions to the mechanical 

properties of bone 
41

, making it important to separate the two in studies of bone quality. However, 

distinguishing free water from water bound to the organic matrix and water bound to the mineral is 

a challenge. Recently nuclear magnetic resonance (NMR) spectroscopy has been used for this 

purpose 
41-43

. In these studies multi-component analysis of the Carr-Purcell-Meiboon-Gill (CPMG) 

spin echo and free induction decay (FID) data was used to provide a T2/T2* spectra which 

reflected bound (short T2/T2*) and free water (longer T2/T2*) components 
41-43

. Water that was 

very tightly bound to mineral was not detectable with these techniques. Furthermore, these prior 

techniques are only applicable to in vitro samples due to the requirement of high performance 

NMR spectrometers and small sample sizes.    

In magnetic resonance imaging (MRI) cortical bone is typically regarded as ‘invisible’ when it 

is studied with conventional clinical pulse sequences 
51

. However, free water in cortical bone has a 

short T2* but a relatively long T2 
41-44

, and conventional fast spin echo (FSE) sequences can in 

principle have TEs short enough to image this portion of water. In recent years, ultrashort echo 

time (UTE) MRI sequences with nominal TEs of less than 100 µs have been developed to image 

cortical bone 
45-60

. These sequences can potentially detect free water and water bound to the 

organic matrix 
45-47

. In this lecture I will first introduce techniques for morphological imaging of 

bone water compartments (total, bound and free water) followed by quantitative imaging of these 

bone water compartments using clinical whole-body MR scanners.  

 

Morphological Imaging of Bone Water Compartments 

As mentioned above, free water in cortical bone can potentially be imaged by conventional 

clinical FSE sequences, but remains ‘invisible’ to conventional clinical gradient recalled echo 

(GRE) sequences due to its long T2 but short T2*. Two-dimensional (2D) and 3D UTE sequences 

can potentially image both bound and free water, while adiabatic inversion recovery prepared UTE 

(IR-UTE) sequences can potentially image water bound to the organic matrix using clinical MR 

scanners. Each of these techniques will be discussed in the following sections. 

 

FSE Imaging of Free Water in Cortical Bone 

Recent NMR spectroscopy studies have 

demonstrated that free water in bone pores can 

have T2 values of 100 ms or longer 
40-44

. This 

portion of bone water can be detected with 

conventional clinical FSE sequences with TEs of 

around 15 ms 
59

. Figure 2 shows a representative 

axial slice of a bone sample imaged with the 

conventional clinical 2D FSE sequence with a 

voxel size of 7878500 m
3
 and a SNR of 19.5 ± 

3.7. Cortical bone structure is well depicted, 

especially in the zoomed region shown in Figure 

2B. The high signals are likely to be from free 

water residing in the Haversian system which has 

relatively long T2.  

Figure 3 shows representative axial and sagittal slices of another bone sample imaged with 2D 

FSE (SNR = 23.1 ± 7.4) and GRE (SNR = 3.2 ± 1.9) sequences as well as with CT. The high 

Fig 2 Axial 2D FSE imaging of a bone sample 

immersed in saline (A) and a zoom of a sub-region 

(B). Fine structure corresponding to free water 

residing in the Haversian system of bone is seen. 
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signal shown on the FSE image correlates with the 

signal void seen on the CT images. No signal 

was observed with the clinical 2D GRE sequence.  

This long T2 bone water component has only 

recently been demonstrated with clinical SE 

sequences on whole body scanners 
59

. There are 

three technical challenges for directly imaging 

bone porosity with MRI. Firstly, cortical bone has 

a very low free water concentration which makes 

it difficult to image with proton based MR 

techniques. The majority of bone water exists in 

the form of bound water (bound to the organic 

matrix or mineral). Only a small fraction (~20%) 

of the total water exists in free form in the 

Haversian and Lacunocanalicular systems. Water typically occupies less than 30% of bone by 

volume and free water occupies less than 6% of bone by volume. Secondly, there is a lack of 

dynamic range in direct imaging of bone water. Cortical bone is surrounded by bone marrow 

(inside) and muscle (outside). Both of these tissues have far higher mean proton densities (80-90% 

by volume). Thirdly, there is a need for high spatial resolution and thus associated low SNR in 

imaging bone architecture. Free water resides in the fine structures of cortical bone, and requires a 

spatial resolution of less than 100 µm for its depiction. The true resolution of MR sequences is 

reduced due to the short T2* of both the free and bound water components 
7
. A small coil in close 

proximity to bone is required for optimal imaging. Given the longitudinal structure of Haversian 

canals, axial imaging with thick slices is one way to improve SNR for clinical assessment of 

cortical bone structure. Another way is to focus on “giant” canals with diameters of 300 µm or 

larger. Studies by Bell et al have shown that “giant” canals with diameters > 385 µm make a 

substantial contribution to cortical porosity, and have a markedly negative influence on the ability 

of cortical bone to withstand the stresses associated with a fall 
61

. Therefore, direct imaging of 

“giant” canals with 2D FSE axial imaging, thick slices and high performance localized coils may 

make it possible to evaluate free water, and hence porosity using clinical MR scanners.  

 

UTE Imaging of Bound and Free Bone Water 

The existence of two distinct components in cortical bone was demonstrated in Figure 4, 

which shows selected UTE images of a cortical bone sample with progressively increasing TEs 

ranging from 8 s to 12 ms as well as the single and bi-component curve fitting of UTE T2* signal 

decay. A SNR (~54) and in-plane spatial resolution (0.30.3 mm
2
) was achieved in under 2 

minutes scan time. Single component fitting of the UTE T2* decay curve from an ROI drawn in 

cortical bone shows a short T2* of 0.66  0.05 ms. However, there is systematic residual signal 

with errors greater than 10% around TEs of 2 to 4 ms, suggesting the existence of another water 

component with a longer T2*. Excellent fitting was achieved with the bi-component model, which 

demonstrated two distinct components one with a short T2* of 0.34 ms and the other with a long 

T2* of 2.92 ms. The shorter T2* component accounts for 75.4% of the total UTE MR signal 

decay, and the longer T2* component accounts for the other 24.6% of the signal decay. The 

residual signal was reduced to less than 2%, demonstrating that the bi-component model accounts 

well for the UTE T2* decay behavior. 

Fig 3 Axial (A) and two representative sagittal 2D 

FSE images of a bone sample immersed in saline, 

corresponding to the green line (B) and red line 

(C), respectively, and the corresponding CT 

images (D, E), as well as a representative sagittal 

2D GRE image (F). The high signal in (B) and (C) 

corresponds with the dark signal in (D) and (E), 

consistent with the presence of long T2 water 

components in the Haversian system. The 2D GRE 

sequence shows little signal from cortical bone (F). 
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There are no standard reference 

techniques available to accurately 

measure bound and free water in cortical 

bone. A bovine bone drying experiment 

was conducted to indirectly validate the 

results. Figure 5 shows UTE images of 

bovine cortical bone before (A) and after 

(B) air-drying at room temperature for 

three days, as well as bi-component fitting 

(C) of UTE images of the wet bone. 

Figure 5C shows that there is a short T2 

component (80.6%) and longer T2 

component (19.4%) for wet bone. Free 

water is expected to very largely 

disappear after three days air-drying. Bi-

component fitting indeed shows a near 

zero fraction of 0.7% for free water component, while bound water component accounts for 99.3% 

of the total UTE signal.  

Figure 6 shows the correlation between UTE MR measured water loss and gravimetric bone 

Fig 4 Selected non-slice selective 2D UTE imaging of a human cortical bone sample immersed in PFOB with TEs 

of 8 s (A), 0.2 ms (B), 0.4 ms (C), 0.6 ms (D), 0.8 ms (E), 1.2 ms (F), 1.6 ms (G), 2.0 ms (H), 3.0 ms (I), 4.0 ms 

(J), 5.0 ms (K), and 6.0 ms (L), as well as single component fitting (M) and the corresponding fitting residuals (O), 

and bi-component fitting (N) and the corresponding fitting residuals (P). Free water residing in large pores (long 

thin arrow), periosteum (short thick arrow) and marrow fat residing in the inner and middle cortex (long thick 

arrow) are well depicted. An ROI was drawn in mid-cortex, avoiding free water, periosteum and marrow fat. 

Single component fitting shows significant residual signal (> 10%). The residual signal is reduced to less than 2% 

by bi-component fitting, which shows a shorter T2* of 0.34 ms and a longer T2* of 2.92 ms with respective 

fractions of 75.4% and 24.6% by volume. 

Fig 5 UTE imaging of a wet bone sample (long arrow) (A) 

and after 3-days air-drying (B). The surrounding coil is 

bright (short arrow). Free water fraction dropped from 19.4% 

for wet bone to 0.7% for dry-bone.  
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water loss of seven bovine cortical bone 

samples during sequential air-drying. 

There was a high correlation (R = 0.91; P 

< 0.0001) between UTE MR measured 

free water loss and gravimetric bone 

weight loss during sequential air-drying, 

and a significant correlation (R = 0.69; P < 

0.01) between UTE bound water loss and 

gravimetric bone weight loss during oven-

drying 
55

. These results show that UTE bi-

component analysis can be used to 

estimate bound and free water in cortical 

bone. The technique has potential applications 

for the in vivo evaluation of bone porosity and 

organic matrix.  

 

Selective Imaging of Bound Water in 

Cortical Bone Using IR-UTE Sequences 

The bound water component can potentially 

be selectively imaged with both 2D IR-UTE 

and 3D IR-UTE sequences. In both cases 

relatively long single adiabatic inversion 

recovery (SIR) pulses (8.6 ms in duration) are 

employed to simultaneously invert the 

longitudinal magnetizations of long T2 water 

(including the free water component in cortical 

bone, muscle, etc) and fat (including bone 

marrow). The 2D and 3D UTE data 

acquisitions are then begun at an inversion time 

(TI) designed to allow the inverted free water 

and fat longitudinal magnetizations to closely 

approach the null point 
43, 50, 59, 60

. 

We have developed techniques to image 

cortical bone with high spatial resolution and 

contrast, as shown in Figure 7. The IR-UTE 

sequence provides high contrast imaging of the 

ulna and radius as well as tendons of a forearm 

specimen in a total scan time of 9 min. Long 

T2 muscle and free water in cortical bone as 

well as marrow fat are believed to be well 

suppressed and water bound to the organic 

matrix is believed to contribute to the IR-UTE 

singal. 

A single component T2* decay was 

observed in the single adiabatic inversion 

Fig 6 A high correlation was observed between UTE 

measured free water loss and gravimetric water loss during 

sequential air-drying (A), as well as UTE measured bound 

water loss and gravimetric water loss during oven-dry (B).  

 

Fig 7 A cadaveric forearm imaged with a clinical 2D 

FSE sequence (A) and an SIR-UTE sequence (B). The 

2D FSE sequence shows near zero signal for bone and 

tendon. These are depicted with high spatial resolution 

and contrast with the 2D SIR-UTE sequence. 

Fig 8 Selected non-slice selective 2D SIR-UTE 

imaging of the same human cortical bone sample 

shown in Figure 1 with TEs of 8 s (A), 0.2 ms (B), 

0.4 ms (C), 0.6 ms (D), 0.8 ms (E), 1.0 ms (F), 1.2 ms 

(G), 1.6 ms (H), 2.0 ms (I), 2.6 ms (J), 3.0 ms (K), and 

4.0 ms (L), as well as single component fitting (M) 

and the corresponding fitting residuals (N). The 

residual signal is less than 0.5% by single component 

fitting, suggesting that only signal from bound water 

is detected with SIR-UTE imaging. 
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recovery (SIR) UTE images. Figure 8 shows selected SIR-UTE images of the same cortical bone 

shown in Figure 15 as well as the corresponding single component curve fitting which accounted 

for 99.9% of the signal variance with the residual signal less than 0.5%. The fitted T2* of 0.38 ms 

was very close to the shorter T2* value of 0.34 ms from the bi-component fitting of UTE T2* 

signal decay. These results suggest that only one component, water bound to the organic matrix, 

exists in SIR-UTE imaging. The free water component with longer T2 was selectively suppressed 

by the SIR preparation pulse through adiabatic inversion and signal nulling.  

Dual adiabatic inversion recovery (DIR) pulses can also be employed to invert and null signal 

from long T2 water and fat, respectively, followed by 2D or 3D UTE selective imaging of bound 

water in cortical bone. In this approach two long adiabatic inversion pulses are used to 

successively invert the longitudinal magnetization of long T2 water and long T2 fat 
57

. The 

longitudinal magnetization of cortical bone with short T2 is not inverted due to significant 

transverse relaxation during the long adiabatic inversion process. The UTE acquisition starts at a 

delay time of TI1 necessary for the 

inverted long T2 water magnetization to 

reach the null point, and of TI2 for the 

inverted fat magnetization to also reach the 

null point. The long T2 water 

magnetization is inverted first (TI1 > TI2) 

because of its longer T1 and the fat 

magnetization is inverted later because of 

its shorter T1. Appropriate combination of 

TI1, TI2 and TR allows robust (insensitive 

to B1 and B0 inhomogeneities) and 

efficient simultaneous suppression of long 

T2 water and fat signals. 

Figure 9 shows images of the 

left distal tibia of a 31 year old 

healthy male volunteer using 

clinical 2D gradient recalled echo 

(GRE), conventional UTE and 

DIR-UTE techniques with a FOV 

of 10 cm and a slice thickness of 5 

mm. Two long adiabatic inversion 

pulses (duration ~ 25 ms, spectral 

bandwidth ~ 520 Hz) were 

centered at zero Hz (to cover the 

water peak and CH peak) and -

440 Hz (to cover the CH2 and CH3 

peaks), respectively, to provide 

effective coverage of the water 

and multiple fat peaks, allowing 

inversion of their longitudinal 

magnetization. A TI1 of 140 ms 

and TI2 of 110 ms were employed 

for long T2 suppression (TI2 is 

Fig 9 The mid-tibia of a volunteer imaged with the GRE 

(left), UTE (middle) and DIR-UTE (right) sequences. The 

GRE sequence shows a signal void for cortical bone. The 

regular UTE image shows slightly higher signal from bone 

but poor contrast. The DIR-UTE image selectively 

suppresses signal from fat and muscle, creating high 

contrast for cortical bone with an acquired voxel size of 

0.20.2×5.0 mm
3
 in a total scan time of 5 minutes. 

 

Fig 10 2D FSE (A, G), 2D GRE (B, H), 2D UTE (C, I), 2D SIR-UTE 

(D, J), 3D UTE (E, K) and 3D SIR-UTE (F, L) imaging of a cortical 

bone sample immersed in PFOB in the axial (1
st
 row) and sagittal (2

nd
 

row) planes. Free water in the Haversian canals is detected by both 

FSE (A, G), 2D UTE (C, I) and 3D UTE (E, K) sequences. Both 2D 

SIR-UTE (D, J) and 3D SIR-UTE (F, L) show a uniform bright signal, 

consistent with only bound water being detected. GRE (B, H) shows 

little or no signal for both bound and free water in cortical bone. The 

bright signal shown in (B) corresponds to residual marrow fat (arrow). 
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suboptimal in order to avoid overlap between the two long adiabatic pulses). Cortical bone 

demonstrates a signal void with the 2D GRE sequence, and poor contrast with the conventional 

UTE sequence due to the high signal from the surrounding muscle and fat. The DIR-UTE 

sequence suppresses long T2 water signals (such as muscle and free water in bone) and fat, and 

displays cortical bone with high contrast and high signal from water bound to the organic matrix. 

Figure 10 shows the results of 2D FSE, 2D GRE, 2D and 3D UTE, as well as 2D and 3D SIR-

UTE imaging of a cortical bone sample 
59

. Free water in the Haversian canals is well depicted by 

the 2D FSE sequence, but appears as a signal void with the 2D GRE sequence, consistent with free 

water having a long T2 but short T2* in cortical bone. The 2D and 3D UTE sequences detect both 

free water in the pores which appears as high signal fine structure, as well as water bound to the 

organic matrix which appears as uniform background signal. The high signal fine structure 

disappears with the 2D and 3D SIR-UTE sequence where the free water signal is suppressed by the 

adiabatic IR preparation pulse. The uniform background signal is probably from water bound to 

the organic matrix. 

 

Quantitative Imaging of Bone Water Compartments 

FSE imaging of cortical bone can 

potentially provide a quantitative measure of 

cortical porosity. Voxels with high signal 

intensity correspond to water residing in the 

macroscopic pores of cortical bone. A simple 

sum of all the voxels with signal intensity 

above a certain signal threshold is expected to 

provide an accurate measure of cortical 

porosity. We have compared FSE based 

cortical porosity with that from micro-CT 

imaging of nine human cortical bone samples. 

Figure 11 shows selected 2D FSE imaging 

and CT imaging of cortical bone samples. 

There is a high morphological correlation 

between these two imaging techniques, 

suggesting that 2D FSE imaging is able to 

detect cortical pore structure. 

Figure 12 shows the correlation between 

porosity assessed by CT imaging and 

porosity assessed by 2D FSE MR imaging. 

There is a high correlation between these two 

imaging modalities (R2 = 0.8287; P < 0.0001), 

suggesting that clinical 2D FSE imaging can 

reliably assess cortical porosity.  

UTE imaging of cortical bone can 

potentially provide a quantitative measure of 

total water, bound water and free water in 

cortical bone, which can be used to evaluate 

bone quality. Figure 13 shows UTE, CT 

Fig 11 Correlation between FSE MRI and µCT porosity. 

Fig 12 µCT (1
st
 row) and FSE (2

nd
 row) imaging of four 

human cortical bone samples. There is a high 

morphological correlation between these two imaging 

modalities. 
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and mechanical testing of two bone 

samples. Bi-component analysis 

shows a long T2* fraction of 33% 

for #1 with a low porosity of 1.8%, 

and a long T2* fraction of 67% for 

#2 with a higher porosity of 6.8%. 

Sample #2 with the higher porosity 

had 38-55% lower failure strain, 

failure energy and ultimate stress.  

UTE images can also be used to 

measure absolute bone water by 

volume via comparison of signal 

from bone and that from a reference 

phantom. Total water concentration 

can be measured by comparing the 

UTE signal of cortical bone with 

that of the calibration phantom using 

standard Ernst equation. Bound 

water concentration can be measured by 

comparing SIR-UTE or DIR-UTE signal of bone 

with that of the calibration phantom. Figure 14 

shows conventional GRE, UTE and IR-UTE 

imaging of the tibia mid-shaft of a volunteer 

obtained with a quadrature knee coil. A total 

water content of 22.3% was found with UTE and 

a bound water content of 18.1% was found with 

IR-UTE, indicating a free water content of 3.5% 

by volume. A rubber eraser with similar T1 and 

T2*s was used as a calibration phantom for water 

content measurement. 

Figure 15 shows FSE, UTE and IR-UTE imaging of 

the tibia mid-shaft of volunteers with a 1-inch surface 

coil, which allows high resolution FSE images to be 

obtained with voxel sizes of 78×78×700 µm
3
, with 

adequate SNR in a scan time of 6.5 minutes. High 

quality UTE and IR-UTE images are also achieved.  

 

Conclusion 

The bound and free water components in cortical 

bone show distinct T2* relaxation times but similar T1s. 

Both bone water components can be assessed with 2D 

and 3D UTE sequences. The bound water component 

can be selectively assessed with the IR-UTE or DIR-

 

 

 

 

 

 

 

 

 

 

 

 

Fig 14 Axial imaging of the tibia mid-shaft in a 

volunteer using GRE (A), UTE (B) and IR- UTE (C) 

sequences. GRE shows zero signal for bone. UTE 

shows a total water content of 22.3%, while IR-UTE 

shows a bound water content of 18.1% by volume. 

 

 

 

 

 

 

 

 

 

 

 

Fig 15 Axial imaging of the tibia mid-shaft 

of a 58- year old healthy volunteer with 

UTE (A), IR-UTE (B) and FSE (C) 

sequences, and FSE imaging of the tibia 

mid-shaft of a 39 year-old healthy volunteer 

(D). UTE detects signal from both bound 

and free water (A), while IR-UTE shows 

water bound to the organic matrix (B). Fine 

structures in FSE images correspond to the 

large Haversian canals (C). The younger 

volunteer shows no structure in cortical 

bone with the FSE sequence, consistent with 

bone without larger canals (D).  

 

Fig 13 CT shows a porosity of 1.7% for sample #1 (A) and 8.9% 

for sample #2 (B). UTE bi-component analyses (C, D) show 150% 

higher in long T2* fraction for sample #2 (44.7% vs. 17.9%), which 

has ~62% higher total water concentration and ~400% higher free 

water concentration (E), as well as ~55% lower failure strain (F), 

~40% lower failure energy (G) and ~38% lower ultimate stress (H). 
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UTE sequences, while the free water component can be selectively assessed with clinical 2D FSE 

sequences. Clinical GRE sequences provide little signal from cortical bone due to the short T2* of 

both bound and free bone water components.  
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