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Abstract

Cortical bone is typically regarded as “MR invisible” with conventional clinical magnetic

resonance imaging (MRI) pulse sequences. However, recent studies have demonstrated that free

water in the microscopic pores of cortical bone has a short T2* but a relatively long T2, and may

be detectable with conventional clinical spin echo (SE) or fast spin echo (FSE) sequences. In this

study we describe the use of a conventional two-dimensional (2D) FSE sequence to assess cortical

bone microstructure and measure cortical porosity using a clinical 3T scanner. Twelve cadaveric

human cortical bone samples were studied with MRI and micro computed tomography (μCT)

(downsampled to the same spatial resolution). Preliminary results show that FSE-determined

porosity is highly correlated (R2 = 0.83; P < 0.0001) with μCT porosity. Bland Altman analysis

suggested a good agreement between FSE and μCT with tight limit of agreement at around 3%.

There is also a small bias of -2% for the FSE data, which suggested that the FSE approach slightly

underestimated μCT porosity. The results demonstrate that cortical porosity can be directly

assessed using conventional clinical FSE sequences. The clinical feasibility of this approach was

also demonstrated on six healthy volunteers using 2D FSE sequences as well as 2D ultrashort echo

time (UTE) sequences with a minimal echo time (TE) of 8 μs, which provide high contrast

imaging of cortical bone in vivo.
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Introduction

Cortical bone is a composite material containing approximately 20-25% water by

volume 1-3. Bone water occurs at various locations and in different binding states. In normal

bone the majority of bone water is loosely bound to the organic matrix (collagen and cement
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substance), with a minor fraction tightly bound to bone mineral 4-6. There is also a

significant amount of free water residing in the microscopic pores of the Haversian and the

lacunocanalicular systems, responsible for nutrient diffusion and contributing to viscoelastic

properties of the material 1, 7. Pore diameters range from tens to hundreds of micrometers in

the Haversian canals and several micrometers in the lacunae down to submicrometer

dimensions in the canaliculi 7-9.

Both loosely and tightly bound water have very short T2 and cannot be assessed by

conventional magnetic resonance imaging (MRI) techniques 5, 10-14. Free water residing in

the pores have short T2* (e.g., 1-6 ms at 0.66 T 5, 2-3 ms at 3 T 6, 12, ∼1 ms at 4.7 T 4) but

relatively long T2 (1 ms to 2000 ms at 0.66 T 10, 1 ms to 1000 ms at 4.7 T 4), and can

potentially be imaged with conventional spin echo (SE) or fast spin echo (FSE) sequences,

providing a way for non-invasive radiation-free assessment of cortical porosity using MRI

techniques 4-6. While it is challenging to assess small pores in the lacunocanalicular

systems, it is technically feasible to directly image water residing in the big Haversian canals

with pore size on the order of hundreds of micrometers 12, 13. Bell et al. have shown that

there are a group of canals termed “giant' canals with pore diameters > 385 μm, which

contribute to over 27% of the porosity despite comprising only approximately 1% of the

canal population 14-16. These “giant” canals have a markedly negative influence on the

ability of the cortical bone shell to withstand stresses associated with a fall, and lead to much

increased risk for osteoporotic fracture 14-16. FSE assessment of free water in these “giant”

canals as well as smaller canals may allow clinically relevant assessment of cortical

porosity, which has been shown to have a dramatic impact on the mechanical properties of

cortical bone 14. In this study, we aimed to investigate bone water imaging with clinical FSE

sequences, and to correlate the structure seen with FSE imaging with that seen with micro

computed tomography (μCT) imaging. Clinical feasibility of FSE imaging of cortical bone

in vivo was also demonstrated on healthy volunteers. Ultrashort echo time (UTE) imaging

was performed on the volunteers for comparison.

Materials and Methods

Bone Samples Preparation

Cadaveric human tibial midshaft samples (centered at approximately 50% of tibial length

proximal to the lateral malleolus) from twelve donors (8 males, 4 females; age range 32-90

years, 62 ± 16 years old, mean ± standard deviation) were harvested from cadaveric leg

specimens obtained from the University of California, San Diego (UCSD) morgue, and were

cleared of external muscle and soft tissue. Bone marrow was removed with a scalpel. Cross-

sectional cortical bone segments with an approximate thickness of 3 to 5 mm were cut under

constant saline irrigation using a low-speed precision circular diamond-edge saw (Isomet

1000, Buehler, Lake Bluff, IL). Individual samples were wrapped in saline-wet gauze and

frozen at -70 °C in an ultralow freezer (Bio-Freezer; Forma Scientific, Marietta, OH, USA).

The samples were allowed to thaw in phosphate buffered saline (PBS) solution for 24 hours

at 4 °C prior to MR imaging. After this, samples were imaged with μCT to assess their bone

structure. All MRI and μCT studies were performed within Institutional Review Board

guidelines.
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MRI of Bone Samples

Clinical 2D FSE sequences were used to image free water in cortical bone on a 3T General

Electric whole-body scanner (GE Healthcare Technologies, Milwaukee, WI). The system

had gradients capable of a slew rate of 150 T/m/s and an amplitude of 40 mT/m on each

axis. Each bone sample was placed in a 30 ml syringe filled with Fomblin

perfluoropolyether (Solvay SA, Brussels, Belgium) during MR imaging to maintain

hydration and minimize susceptibility effects at air-bone junctions. Typical FSE imaging

parameters included: field of view (FOV) = 4 cm, slice thickness = 0.5 mm, reconstruction

matrix = 512×512, sampling bandwidth = 62.5 kHz, sinc pulses (duration = 3.2 ms, spectral

bandwidth = 2 kHz) for signal excitation and refocusing, TR = 4000 ms, effective TE = 18.7

ms, echo train length (ETL) = 4, total scan time = 9 minutes. A 2-inch birdcage coil was

used for signal excitation and reception.

μCT of Bone Samples

Bone samples were imaged using a Skyscan 1076 (Bruker microCT, Kontich, Belgium) μCT

scanner with the following parameters: 1 mm aluminum filter, 90 kV, 112 μA, rotation step

= 1 degree, voxel size = 36.24 μm isotropic, exposure time = 90 ms per rotation, scan time =

30 minutes. Tomographic images were reconstructed using Skyscan NRecon software

(version 1.6.8.0) using Feldkamp cone-beam backprojection algorithm with noise and ring-

artifact reduction.

Image Registration

MRI FSE and μCT datasets were first manually scaled to identical voxel size and roughly

aligned using ImageJ software 17, and then automatically registered using FLIRT

(Functional MRI of the Brain's Linear Image Registration Tool) software using 6 parameter

rigid body model and correlation ratio as the cost function 18, 19. After registration, since

MR data had thicker slice thickness, μCT images were averaged in multiple stacks to

achieve the same thickness as the MR images.

Cortical Porosity Calculation

On both MRI and μCT datasets, 3 to 5 slices (anatomically axial) from the middle of the

dataset were selected for analysis. Middle slices were used to avoid partial volume artifacts

often seen on slices near the ends of the sample. Regions of interest (ROI) representing the

cortical shell were drawn on μCT and applied to both MR and μCT datasets (Figure 2DE).

For thresholding, MR data was first inverted (to make bone areas high signal intensity and

pores low signal intensity), while μCT data was processed without inverting. Otsu's methods

were used to automatically binarize each image, based on the histogram of signal intensities

and minimization of intra-class variation 20. On binarized images where white represented

bone and black represented pores, apparent porosity was determined as the ratio of pore

areas divided by the ROI area.

In Vivo MRI of Cortical Bone

The 2D FSE sequence was also used to image the mid-diaphyseal tibia in six healthy

volunteers (all males, ranging in age from 34 to 68 years, average age of 52). Written
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informed consent approved by our Institutional Review Board was obtained prior to their

participation in this study. Imaging parameters were similar to those used in the cadaveric

study, except a thicker slice of 0.7 mm, shorter TR of 3 sec, and shorter total scan time of 6

min. A 2.5 cm receive-only surface coil was used for signal reception and the body coil was

used for signal excitation. For comparison, a 2D ultrashort echo time (UTE) imaging

sequence with a minimal nominal TE of 8 μs was employed to image cortical bone in

vivo 21. An adiabatic inversion recovery preparation pulse was employed to suppress signal

from long T2 muscle and marrow fat, providing high contrast imaging of cortical bone 11.

Typical UTE and IR-UTE imaging parameters were: FOV = 4 cm, slice thickness = 3 mm,

bandwidth = 62.5 kHz, sampling points = 137, reconstruction matrix = 512×512 (zero-filled

interpolation), TR = 300 ms, TE = 8 μs, TI = 120 ms (for IR-UTE imaging only), total scan

time = 5 minutes.

Statistical Analysis

Agreement between porosity values determined using MRI and μCT was evaluated using a

number of methods. Pearson correlation and intraclass correlation analyses were performed.

In addition, Bland-Altman analysis was performed to determine bias and limit of agreement.

MRI and μCT data analyses were performed by two observers (WCB and RB)

independently. Inter-observer intraclass correlation coefficient was calculated.

Results

Bone water in large pores and canals can be imaged directly in vitro using conventional

multi-slice 2D FSE sequences, as shown in Figure 1. Cortical bone structure is well depicted

in both the axial and coronal planes. The high signals are consistent with free water residing

in the Haversian systems which has relatively long T2 and can be detected by regular FSE

sequences.

Figure 2 shows selected 2D FSE images and μCT images of four representative cortical

bone samples. There is a high morphological correlation between these two imaging

techniques: the high signal in FSE images correlates well with the signal void in μCT

images. More porous bone shows increased high signal in FSE images as well as increased

signal void in μCT images. These results suggest that 2D FSE imaging is able to detect

cortical pore structure.

More details on image registration and cortical porosity calculation are shown in Figure 3. In

this figure a representative bone sample was shown in the axial plane with registered FSE

and μCT images together with the difference image, which suggests that excellent rigid body

registration was achieved. Regions of interest representing the cortical shell (yellow line,

DEF) were drawn, and thresholded. Porosity determined from FSE (D) and μCT (E) were

similar, and showed good overlap on the difference image (F), where white, red, and blue

areas indicate areas of overlap, μCT-only, and FSE-only, respectively.

Cortical porosity derived from MRI and μCT data were analyzed by two observers

independently, with a significant inter-observer intraclass correlation coefficient of 0.84.

Figure 4 shows linear regression (A) and Bland-Altman analysis (B) between porosity
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assessed by μCT imaging and 2D FSE imaging. There is a high correlation between these

two imaging modalities (R2 = 0.83; P < 0.0001), suggesting that clinical 2D FSE imaging

can reliably assess cortical porosity. Bland-Altman plot shows the difference between

porosity obtained from MRI and μCT versus the porosity determined on μCT as the

reference. Bland Altman analysis suggested a good agreement between FSE and μCT, with a

small bias of -2% for the FSE data, which meant that the FSE approach slightly

underestimated μCT porosity. The limit of agreement was also tight, at around 3%.

Our results also show that bone water in large pores can be imaged in vivo using

conventional 2D multi-slice FSE sequences (Figure 5). The use of small surface coils allows

high spatial resolution imaging of cortical bone in vivo with voxel sizes down to 78×78×700

μm3. Regular UTE sequences provide images of both bound water (uniform background

signal in the tibial cortex) and free water (fine structures in the tibial cortex), but with

limited contrast due to the high signal from surrounding muscle and fat which have much

longer T2s and higher proton densities. The IR-UTE sequence provides selective imaging of

water bound to the organic matrix (highlighted as uniform background signal in the tibial

cortex), with free water being inverted and nulled by the adiabatic inversion recovery

preparation pulse. Compared to the younger volunteer, the older volunteer shows increased

structure in cortical bone with the FSE sequence, consistent with increased cortical porosity

with aging in healthy volunteers.

Discussion

Osteoporosis (OP) is defined as a systemic skeletal disorder characterized by low bone mass

and microarchitectural deterioration of bone tissue, resulting in thinning and increased

cortical porosity, bone fragility and fracture risk. Recent clinical investigations indicate that

the evaluation of bone mineral density (BMD) by dual-energy x-ray absorptiometry (DXA)

has limitations in assessing fracture risk and monitoring the response to therapy 22-24. There

is progressively increased interest in new non-invasive and/or non-destructive techniques,

including high resolution CT and MRI which are able to provide structural information

about the pathophysiology of bone fragility. Microarchitecture is considered the key to bone

quality 25. The trabecular bone microarchitecture can be assessed by high resolution CT

(hrCT), high resolution peripheral quantitative CT (HRpQCT), μCT, high resolution MRI

(hrMRI) and micro MRI (μMRI) 26-28. The cortical bone microarchitecture can be assessed

by μCT and HRpQCT 28-32. hrCT, HRpQCT, and hrMRI are generally applicable in vivo,

while μCT can only be used in vitro. The recent development of HRpQCT with spatial

resolution down to 82 μm has allowed in-vivo assessment of bone porosity in healthy

volunteers and OP patients. HRpQCT assessed age-related differences in cortical porosity

are more pronounced than differences in standard cortical metrics 30. HRpQCT measured

cortical porosity is highly correlated with μCT porosity (R2 = 0.80) 29. Preliminary results

have also shown a high correlation between cortical porosity and biomechanical

assessment 29-32.

The capability of non-invasively assess cortical porosity is of high importance for the

evaluation of bone quality with relevance to diagnosis, prognosis, and sensitive monitoring

of drug therapy outcomes. Bone loss involves thinning of the cortex and an increase in
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intracortical porosity which typically ranges from 5% to 39% in the human femoral neck 33.

Cortical bone strength, fracture toughness, stiffness and elastic modulus are all affected by

the levels of cortical porosity. McCalden et al. showed that porosity changes in the femur

account for 76% of the variance in age-related decline in strength. Increased porosity

decreases elasticity and fracture toughness 34. A 4% rise in cortical porosity increases crack

propagation through bone by 84% 35. An increase in porosity from 4% to 10% more than

halves the peak stress that can be tolerated by bone before fracture 36. Fracture toughness is

affected by changes in porosity but is independent of BMD 36.

However, x-ray based techniques, including hrCT and HRpQCT, subject the patient to

ionizing radiation and is not suitable for repeated measurements over the long term

evolution and treatment of OP, or for use in children or pregnant women. MRI-based

techniques have the advantages of assessing trabecular bone microarchitecture free from

ionizing radiation 1, 37. Recent research by Ladinsky et al. demonstrated that trabecular

structure at the distal radius quantified with the hrMRI based virtual bone biopsy explained a

significant portion of the variation in total spinal deformity burden in postmenopausal

women independent of areal BMD 38. In this study, we further demonstrate that hrMRI can

assess cortical porosity. Previous NMR spectroscopy studies have shown that free water

residing in the microscopic pores of cortical bone (Haversian canals, super-osteons or

remodeling clusters in the cortex) can have relatively long T2 values of 100 ms or

longer 5, 10. This portion of bone water can be imaged with conventional clinical SE or FSE

sequences with TEs of around 10 ms 5,6,12,13. The relative large pore size, especially the

super-osteons or “giant canals” helps high resolution imaging of free water. Our earlier

studies demonstrate that pore water has relatively long T2 but a short T2*, and cannot be

readily imaged with clinical gradient echo sequences 12,13. UTE sequences can detect signal

from both free water in the pores and water loosely bound to the organic matrix 12, 39-41.

As mentioned earlier, the 2D FSE imaging sequence targets signal from free water in big

pores. Haversian canal diameters can vary greatly within a single bone due to the formation

of Haversian systems by the refilling of resorption spaces, as well as the simultaneous

presence of systems at various states in the remodeling process. Current literatures suggest

the size of resorption spaces in human bone to be on the order of 200 to 300 microns 42.

Thomas et al. investigated the relative contributions of pore size and pore density (number

of pores per mm2) to porosity in the midshaft of the human femur and found increase in pore

area, not pore density, is the main determinant in the development of porosity in human

cortical bone 43.

Remodeling involves the close coordination of osteoblasts and osteoclasts in what is known

as the basic multicellular unit (BMU), and it creates secondary osteons 44. The BMU in bone

is conventionally described to have cylindrical geometry, which is highly idealized. A

variety of BMU related irregular resorption space forms exists, including localized dilations

of existing canals, branched and double-ended cutting cones and irregular interconnected

spaces 9, 42, 45. As early as 1958 Cohen and Harris investigated the 3D anatomy of

Haversian systems and found the existence of irregular and highly interconnected resorption

spaces in canine femoral bone 45. Johnson studied morphological analysis of pathology and

described canals with eccentric and variable patterns of resorption in human cortical bone 42.
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Remodeling may have a higher level of organization which is above that of the single

osteon. Bell et al. proposed “super-osteon” to describe the collective structure of spatially

and temporally clustered secondary osteons 15. They reported “composite” osteons which

are comprised of multiple incomplete packets of new bone and associated with enlarged

osteonal canals 16. They further suggested that a breakdown in the control of resorption

depth led to the merger of adjacent canals into giant canals. Employing high resolution 3D

μCT, Cooper et al. found that resorption spaces can frequently intersect with numerous

existing canals along their length as well as progressive trabecularization of the cortex

through the coalescence of ever larger canals 9. They found enlarged canals frequently

spanned in excess of 7 mm 9, although a mean osteon length (defined as distance between

canal intersections) has been reported to be 2.5 mm for the human femoral cortex 46. Spatial

clustering of remodeling osteons is linked with increased fracture risk. Interestingly no

resorption spaces were found in females 81 years and older due to extensive

trabecularization in cortices 9.

The current study indicates that high resolution FSE sequences can directly assess cortical

porosity in a clinical setting. Cortical porosity can be estimated based on high resolution MR

imaging of free water residing in the fine structures of cortical bone, which requires a high

spatial resolution of around 100 μm or better for optimal depiction. A small coil in close

proximity to bone is required for optimal imaging 12. Considering the longitudinal structure

of Haversian canals, axial imaging with thick slices is one option to improve signal to noise

ratio (SNR) for clinical assessment of cortical bone structure. In the in vivo application, we

employed a 2.5 cm surface coil for signal reception, which together with a relatively thicker

slice of 0.7 mm allows high resolution imaging of cortical bone with enough SNR support.

Further optimization of the imaging parameters, including slightly reduced slice resolution

to gain higher SNR, reduced in-plane resolution to target larger pores, bigger coils with

slightly lower SNR efficiency but more spatial coverage, may further improve the evaluation

of cortical bone in vivo. Quantitative assessment of free water content with UTE techniques

is another way to assess cortical porosity 47-49. The accuracy of this approach remains to be

demonstrated and comparison of this approach with SE or FSE assessment of cortical

porosity as well as μCT porosity will be performed in future studies.

Conclusion

Cortical bone microstructure can be assessed with a FSE technique utilizing a clinical 3T

scanner. This technique strongly correlates with cortical porosity measured from

downsampled μCT images of cadavers. We have also demonstrated the clinical feasibility of

this technique in volunteers.
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Figure 1.
Axial (A) and three representative sagittal (B, C, D) 2D FSE images of a bone sample.

Cortical bone structure is well depicted, with fine structures corresponding to free water

residing in the Haversian system of cortical bone.
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Figure 2.
μCT (top row; A-D) and FSE (bottom row; E-H) imaging of four selected human cortical

bone samples. There is a high morphological correlation between these two imaging

modalities: the bright signals in FSE images correspond well with signal voids in μCT

images
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Figure 3.
2D FSE (A) and μCT imaging (B) of a bone sample and the corresponding registered image

(C). Regions of interest representing the cortical shell (yellow line, DEF) were drawn, and

thresholded. Porosity determined from FSE (D) and μCT (E) were similar, and showed good

overlap on the difference image (F), where white, red, and blue areas indicate areas of

overlap, μCT-only, and FSE-only, respectively.
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Figure 4.
Linear regression (A) and Bland-Altman analysis (B) were performed between cortical

porosity assessed with FSE MRI and μCT imaging. A high correlation between FSE MRI

and μCT porosity was observed (R2 = 0.83). Bland-Altman plot shows good agreement

between FSE and μCT porosity, with a small bias of -2% for the FSE data and tight limit of

agreement at around 3%.
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Figure 5.
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 a 39 year old healthy volunteer (D).

UTE detects signal from bone but with limited contrast due to much higher signal from the

surrounding muscle and bone marrow fat (A). IR-UTE shows high signal and contrast for

cortical bone with excellent suppression of signals from the surrounding muscle and bone

marrow fat (B). The 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).
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