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Abstract

Purpose—Decay due to Diffusion in the Internal Field (DDIF) MRI allows for measurements of 

microstructures of porous materials at low spatial resolution and thus has potential for trabecular 

bone quality measurements. In trabecular bone, solid bone changes (osteoporosis) as well as 

changes in bone marrow composition occur. The influence of such changes on DDIF MRI was 

studied by simulations and in vivo measurements.

Methods—Monte Carlo simulations of DDIF in various trabecular bone models were conducted. 

Changes in solid bone and marrow composition were simulated with numerical bone erosion and 

marrow susceptibility variations. Additionally, in vivo measurements were performed in the 

lumbar spine of healthy volunteers of ages 23 to 62 years.

Results—Simulations and in vivo results yielded that 1) DDIF decay times decrease with 

increasing marrow fat and 2) the marrow fat percentage needs to be incorporated in the DDIF 

analysis to discriminate between healthy and osteoporotic solid bone structures.

Conclusions—Bone marrow composition plays an important role in DDIF MRI: incorporation 

of marrow fat percentage into DDIF MRI allowed for differentiation of young and old age groups 

(in vivo experiments). DDIF MRI may develop into a means of assessing osteoporosis and 

disorders that affect marrow composition.
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Introduction

In osteoporosis, bone loss is reflected in microstructural changes of trabecular bone (1). The 

primary screening method for osteoporosis, dual energy x-ray absorptiometry (DXA) (2), 

provides no information on bone microstructure, since it assesses only the spatially averaged 

Corresponding Author: Sara Maria Sprinkhuizen, PhD, Athinoula A. Martinos Center for Biomedical Imaging, Department of 
Radiology, Massachusetts General Hospital, 149 13th Street, Charlestown, MA 02129 USA, Phone: 617-726-0324, 
sara@nmr.mgh.harvard.edu. 

NIH Public Access
Author Manuscript
Magn Reson Med. Author manuscript; available in PMC 2015 December 01.

Published in final edited form as:
Magn Reson Med. 2014 December ; 72(6): 1499–1508. doi:10.1002/mrm.25061.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



bone mineral density. It has been shown that DXA mineral density scores have only a 

modest predictive value for fracture risk, poor predictive value for treatment response, and 

are subject to artifacts and errors (3-6). Characterization of the microstructure of trabecular 

bone may therefore lead to more accurate diagnosis of metabolic bone disease and an 

improved overall predictor of fracture risk and treatment response.

Although the true volumetric 3D mineral density and microarchitecture of bone can be 

measured with quantitative or peripheral μCT, this method involves a significant radiation 

dose. Magnetic resonance imaging (MRI) is a noninvasive imaging modality which does not 

use ionizing radiation and would therefore allow more frequent screening of patients. High 

resolution MRI techniques have been developed for direct imaging of bone microstructure 

(7-12), but these measurements are challenging in terms of achievable spatial resolution and 

signal-to-noise ratio. Additionally, partial volume effects (leading to under or overestimation 

of histomorphometric parameters) and subject motion may compromise direct imaging of 

trabecular structure.

An MRI technique which provides collective information on the microarchitecture of porous 

materials at lower spatial resolution, in which the pore structure is not spatially resolved, is 

the Decay due to Diffusion in the Internal Field (DDIF) technique (13,14). DDIF MRI 

allows for bone microstructure measurement by probing the diffusion of water protons 

through the pore space of trabecular bone. The DDIF effect is based on the magnetic 

susceptibility difference between the fluid-filled pore spaces and solid parts or other non-

equivalent phases of a porous material, which induces a spatially varying magnetic field in 

the pores, referred to as the internal field (15). Diffusive motion of the water molecules 

through the internal field gradients leads to irreversible dephasing. The geometry (size, 

shape and orientation) of pores as well as the overall susceptibility distribution influences 

the internal magnetic field distribution and hence the dephasing. DDIF encodes this 

information as the MR signal response to these statistical distributions (13,14,16). Since 

DDIF effectively reflects statistical measures of the trabecular microarchitecture, resolving 

individual trabeculae in the image is not required (17). This diminishes the need for high 

spatial resolution and permits DDIF to be performed on very low cost compact MRI 

scanners designed for peripheral imaging, thus holding out the potential of being adopted as 

a screening method.

The application of DDIF in the differentiation of microstructures and its correlation with 

μCT measurements has been demonstrated in bovine trabecular bone specimens in which 

bone marrow has been replaced with water (17,18). In vivo, the bone marrow in the 

trabecular pores will give rise to multiple complicating factors in the assessment of 

microstructure using DDIF. Bone marrow is a complex tissue that contains substantial 

amounts of water and lipid. The amount of fat in marrow is highly variable and depends on 

the anatomical location, body weight, gender, race, age and bone quality (19-26). Fat 

molecules have a significantly lower diffusion coefficient than water and therefore do not 

exhibit the DDIF effect. In addition, fat has a magnetic susceptibility that differs from both 

solid bone and water (χsolid bone = −11.3 ppm (27), χwater = −9.04 ppm (28), χfat = −7.79 

ppm (27)). The field gradients in the pore spaces therefore depend not only on the 

microstructure of the solid bone but also on the water-fat ratio and spatial distribution of the 
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bone marrow within the pores. A study at 4.7 T of ex vivo animal bone specimens containing 

marrow showed differences in the DDIF effect between specimens of different trabecular 

composition (29).

In pursuing the goal of translating the DDIF technique into clinical practice, the present 

study characterized trabecular bone using DDIF MRI. The influences of changes in the 

microstructure of the solid bone as well as changes in the composition of the bone marrow 

on the DDIF signal were investigated by means of simulations and scanning of human 

subjects. The simulations permitted a wide range of realistic and hypothetical solid bone 

structures and bone marrow compositions to be analyzed with the DDIF technique. For the 

in vivo measurements, the simplest correlate of trabecular bone quality was chosen: subject 

age. In vivo DDIF MRI scans were performed on a clinical 3.0 T MRI scanner in the lumbar 

spine of healthy volunteers ranging in age from 23 to 62 years.

Theory

DDIF pulse sequences are based on the STimulated Echo (STE) sequence and consist of a 

series of three successive 90° radiofrequency (RF) pulses (30). The DDIF sequence can be 

divided into three time periods. The first period, between RF pulses 1 and 2, is the first 

encoding time, Tenc. During this period, the transverse magnetization component of the 

proton spins dephases due to diffusion in the spatially varying internal magnetic field Bi of 

the pores. The phase accumulation during Tenc is given by:

[1]

where γ is the gyromagnetic ratio for protons and x(t) describes the random walk of the 

proton in the pore space. The second period between the RF pulse 2 and 3 is called the 

mixing time, TM. During this period, the transverse component of the precessing 

magnetization is stored in the longitudinal direction and spins travel in the pore space by 

diffusion for a duration TM, but accumulate no additional phase. The third period is the 

second encoding time where rephasing occurs as again described by Eq. 1 (with the sign of 

time reversed) for those spins for which Bi has remained static during all three periods (that 

is, if no diffusion through field gradients has occurred). At a time interval of Tenc after the 

third pulse, the stimulated echo occurs. Spins which do not rephase fully (because they have 

diffused through field gradients) are lost to the echo. The echo amplitude therefore encodes 

the history of the diffusion pathway, and thereby carries information on the architecture of 

the pore space (13,14,16). The DDIF technique involves the acquisition of a stimulated echo 

for a range of mixing times and records the MR signal decay as a function of the mixing 

time. DDIF MR can be carried out in spectroscopic or imaging mode.

The contribution of diffusion in the internal field is not the only factor causing the DDIF 

signal decay. Both longitudinal relaxation and additional diffusion weighting caused by the 

imaging gradients Gs that are applied for duration tG influence the STE amplitude. The 

DDIF signal decay can be described by (17):
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[2]

here M0 is the equilibrium MR signal for 90° pulses and no relaxation or diffusion effects, α 

is the flip angle of the three RF pulses, and TDDIF is the overall DDIF signal decay time, 

given by:

[3]

Here, T1 is the longitudinal relaxation, Ts is the contribution of the sequence gradients 

(  with D the diffusion coefficient), and Tint is the contribution of the internal 

field to the DDIF effect. For diffusion distances smaller than the pore size the contribution 

of the internal field can be characterized by an internal field gradient Gi, and its contribution 

can be approximated by the mean squared of .

To maximize the sequence's sensitivity to the effects of the internal magnetic field gradients 

and thus to the trabecular structure, it is essential to minimize the dephasing effects caused 

by the imaging gradients in the sequence. If required, T1 and Ts can be measured and 

removed from the overall DDIF rate to yield the intrinsic DDIF rate which is dependent only 

on the tissue and on the B0 magnitude and direction.

Methods

Monte Carlo Simulations

Trabecular bone models—Monte Carlo simulations of the DDIF decay were performed 

to study the influence of solid bone changes as well as marrow composition changes on the 

outcome of the DDIF technique. Simulations were carried out using two solid bone models 

(healthy and osteoporotic) in combination with three marrow models with different fat 

content (low, medium and high marrow fat percentage).

The healthy and osteoporotic solid bone models were based on a 3D μCT scan of a 

trabecular bone specimen cut from a previously frozen veal (young bovine) femur 

(cylindrical sample, 4 cm length, 2 cm diameter, J Carter Veal Company). A μCT data set 

was acquired at an isotropic voxel size of 20 μm, integration time of 250 ms, tube voltage 

and current of 55 KVp and 145 μA respectively, while applying a 1200 mg cm−3 

hydroxyapatite beam hardening correction (μCT 40, Scanco Medical AG, Brüttisellen, 

Switzerland). A binary trabecular bone model of size 10.24 × 10.24 × 10.24 mm3 was 

generated from the μCT data after removing soft tissues using a threshold. This model 

served as the healthy trabecular bone model. In addition, an osteoporotic version of this 

model was generated by 2D binary erosion of every slice with the number of adjacent 

background pixels necessary for pixel removal set to 1 (ImageJ 1.45s). The microstructural 

properties (bone volume fraction, surface to volume ratio, trabecular thickness, trabecular 
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number and trabecular separation) of the two 3D bone models were determined using 

MicroView (Version 2.1.2, GE Healthcare). The outcome of this is shown in Table 1 and 

confirms that the erosion model produces a structural result roughly in accord with what we 

expect in the evolution of healthy bone into osteoporotic bone.

The influence of bone marrow composition was modeled by altering the magnetic 

susceptibility in the pore space for three fat percentages: low (χmarrow, 0% fat = −9.04 ppm), 

medium (χmarrow, 50% fat = −8.4 ppm) and high (χmarrow, 100% fat = −7.79 ppm).

Magnetic field and magnetic field gradient calculations—Magnetic field 

calculations in the trabecular bone models were performed using a Fourier-based method 

which calculates the magnetic field distribution from a given magnetic susceptibility 

distribution, as described in detail in previously published work (31). The magnetic 

susceptibility of solid bone was set to χsolid bone = −11.3 ppm for all calculations (27). The 

magnetic susceptibility of the pore spaces depended on the specific marrow composition 

model described above. Smoothing of the magnetic susceptibility distributions with a 3 × 3 

× 3 box kernel was performed prior to the Fourier-based calculations to avoid sharp intensity 

jumps which hamper the magnetic field calculations. Subsequently, the magnetic field 

distribution was calculated from this susceptibility distribution (31).

As shown by Eq. 3, the spatial distribution of magnetic field gradients in the pore spaces is 

of importance for the DDIF effect. It has been shown that the regions with the strongest 

gradients are found close to the trabecular walls (17,18). To assess the influence of changes 

in trabecular bone structure and marrow on the magnetic gradient distributions, the absolute 

field gradient was calculated at every voxel for all six models (normal or osteoporotic × 3 

marrow compositions). Starting on the solid bone surface and moving into the pore space, 4 

layers of 1 voxel width were defined. For all layers, the total field gradient distribution was 

determined and visualized in a histogram.

Monte Carlo simulations—Monte Carlo software was written in MATLAB (Mathworks, 

Natick, MA, USA) and verified by calculation of the spin echo signal from phase 

accumulation caused by diffusion of protons in a linear gradient, which was compared to the 

theoretical result: S ∼ exp(-γ2G2DTE3/12) (32). This test showed that the spatial resolution 

needed for the simulations was on the order of 10-3 × 10-3 × 10-3 mm3. Therefore, the center 

1003 voxels of the solid binary bone model as well as the magnetic field map was linearly 

interpolated to a 2 × 2 × 2 mm3 volume with 10003 voxels so as to achieve a spatial 

resolution of 0.002 × 0.002 × 0.002 mm3. Random walks with a total duration of 1 second 

with a temporal resolution of 0.2 ms were simulated for a total of 15,000 protons. The 

starting positions of the protons were randomly chosen within the pore space in the center 1 

× 1 × 1 mm3 of the volume. Protons were allowed to diffuse in the pore spaces of the whole 

2 × 2 × 2 mm3 volume. Random walks were confined to the pore space by recalculation of 

the random walk from the time point at which a solid bone region was encountered. The 

diffusion coefficient was set to 0.5 × 10-3 mm2/sec (33) and in all simulations the main 

magnetic field strength was set to B0 = 1.5 T.
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Subsequently, the signal decay was calculated for a range of mixing times (TM = 10 ms to 

TM = 900 ms at 5 ms intervals) and Tenc = 20 ms using:

[4]

where SBi denotes the signal decay due to the internal field, N is the total number of protons 

(N = 15,000) and xn(t) is the random walk over time of a single proton n. Since SBi contains 

effects due to susceptibility induced magnetic field distributions only, longitudinal 

relaxation effects were incorporated in the signal decay over TM by multiplication with 

exp(−TM/T1) where T1 was taken to be the average of the in vivo T1 of the marrow water of 

all subjects (1265 ms):

[5]

The process regarding Monte Carlo simulations in bone models is illustrated in Figure 1.

In vivo DDIF MRI

Subjects—All human subject scanning was conducted in strict conformance to an 

approved Partners HealthCare institutional review board protocol. A total of 10 healthy 

volunteers were recruited and scanned. Trabecular bone quality is known to correlate with 

age. We therefore aimed to study the association of DDIF decay times in two age groups: a 

younger group (4 subjects, 23y – 37y, mean age 27.3y) and an older group (5 subjects, 53 – 

62y, mean age 56.3y). DDIF measurements were performed on the trabecular bone in the 

lumbar spine. An overview of the ages, gender, anatomic location and number of scans 

acquired is shown in Table 2.

DDIF sequence—For this pilot study, a single voxel MRS (SVS) DDIF pulse sequence 

was generously provided by Siemens Medical Systems (Erlangen, Germany) and installed 

on a Siemens Magnetom Avanto 1.5 T MRI scanner. To ensure that a true stimulated echo 

was acquired, the following measures were taken. A four step phase cycling scheme was 

implemented (Table 3) (13). In addition, crusher gradients were applied during the mixing 

time TM to eliminate the formation of the first and second Hahn spin echoes. These crusher 

gradients do not affect the stimulated echo, because the spins that contribute to the 

stimulated echo are oriented along the longitudinal axis in the mixing period. Lastly, small 

spoiler gradients of 2 mT/m were applied for 5 msec in the encoding time periods, to 

dephase the FIDs signals elicited by the first and third RF pulses. The contribution of the 

imaging gradients of the DDIF sequence was calculated to be Ts = 22 sec (sequence 

gradients: 6 mT/m, 3 msec duration; spoiler gradients 2 mT/m, 5 msec duration), for water 

in bone marrow (D = 0.5 × 10-3 mm2/sec (33)). The SVS DDIF sequence was written to 

acquire all mixing times within one single acquisition.

Sprinkhuizen et al. Page 6

Magn Reson Med. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



MRI scanning—All subjects were scanned in supine position using the Siemens spine coil. 

A volume of interest was chosen in the L2 and/or L4/L5 vertebrae. As shown by Eq. 3, 

TDDIF is influenced by the imaging gradients and T1. The contribution of the imaging 

gradients is constant for all DDIF acquisitions. The correlation between T1 and age was 

investigated, to assess whether DDIF results require adjustment for changes in T1. 

Therefore, the scan protocol consisted of a SVS DDIF scan sequence as well as a SVS 

Inversion Recovery Spin Echo (IRSE) series for T1 quantification.

SVS DDIF parameters: Tenc = 10 ms; TM = 20, 50, 100, 200, 400, 800 ms; TR = 3000 ms; 

VOI = 20 × 20 × 20 mm3; BW = 3000 Hz; number of samples = 256; 4-step phase cycling; 

number of averages (NSA)= 16 or 8; 4 dummy scans; Total scan time 5 minutes (NSA16) or 

2 minutes 36 sec (NSA8). SVS IRSE parameters: TE = 30 ms; inversion time TI = 20, 200, 

500, 700, 1000, 3000 ms; TR = 3000 ms; VOI = 20 × 20 × 20 mm3; BW = 1000 Hz; number 

of samples = 512; number of averages = 8; total scan time 3 minutes 36 seconds.

Postprocessing of the DDIF and T1 data—The water and fat peak areas of all DDIF 

and IRSE spectra were determined using a Lorentzian/Gaussian curve fitting tool 

(MATLAB peakfit.m (34)). For the DDIF scans, TDDIF of the water and fat signals was 

found by a monoexponential fit to the normalized signal decay over TM (29) using:

[6]

The T1 values for water and fat were calculated by fitting the area under the peaks in the 

IRSE spectra over the inversion time to the following signal model:

[7]

To incorporate the influence of the bone marrow composition on the DDIF outcomes, the fat 

percentage of the bone marrow was determined for all subjects. The fat percentages were 

calculated from the DDIF spectrum with the shortest TM (20 ms) by dividing the area of the 

fat peak by the sum of the areas of the water and fat peaks.

Results

Monte Carlo Simulations

The outcome of the simulations for the six bone models are shown in Figures 2-4. The 

magnetic field maps in ppm for the healthy (left column) and osteoporotic bone models 

(right column) are displayed in Figure 2. There is a clear distinction between the magnetic 

field distributions in the healthy versus the osteoporotic bone model. In the osteoporotic 

case, a more homogeneous field distribution can be appreciated within the pores. In 

addition, the increase of the marrow fat percentage from low to high (Fig. 2 top row to 

bottom row) results in an increase of magnetic field disturbances in the pore spaces. Close to 

the trabecular walls, the internal magnetic field values are around 0.2 – 0.3 ppm which 

agrees with results found by Sigmund et al (17).
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These effects are also reflected in the magnetic field gradient distributions, shown in Figure 

3. For all models, the maximum gradient strengths are found closest to the trabecular wall 

(layer 1) and are on the order of 0.2 – 0.3 ppm/voxel at a voxel size of 2×2×2 μm3. Moving 

away from the trabecular wall (from layer 1 towards layer 4), the gradient distributions shift 

toward lower gradient strengths, as exemplified by the distributions becoming more narrow. 

The changes in the solid bone structure are also reflected in the gradient distributions in the 

pore space: the osteoporotic model shows weaker field gradients in the pore space than the 

healthy bone model. Additionally, the marrow composition affects the gradient distributions: 

stronger magnetic field gradients are observed in the bone marrow models with higher fat 

percentage. This is expected given the larger susceptibility difference between solid bone 

and marrow in case of high marrow fat content.

The influence of trabecular bone structure and marrow composition changes on the gradient 

distribution is readily visible in the DDIF decay curves that are shown for all models in 

Figure 4a. The healthy bone and osteoporotic model results are shown by thick solid curves 

and thin dotted curves, respectively. The three marrow models are color coded: high fat 

percentage in red, medium fat percentage in yellow and low fat percentage in black. A trend 

with solid bone structure can be observed: the DDIF decay time increases when going from 

healthy to osteoporotic solid bone. In addition, the DDIF decay time decreases with 

increasing fat percentage in the bone marrow. The most striking result is the influence that 

marrow composition has on the DDIF outcome: the DDIF decay time of the healthy solid 

bone with the low fat percentage marrow shows high similarity to that of the osteoporotic 

solid bone with high fat percentage marrow. The TDDIF values of all curves are plotted 

against fat percentage in Figure 4b for the healthy solid bone (green triangles) and 

osteoporotic bone (gray dots). Two separate trends can now be appreciated. First, TDDIF 

decreases with increasing marrow fat, and second, the healthy solid bone and the 

osteoporotic solid bone are clearly distinct groups when sorted by the fat percentage of the 

bone marrow.

In vivo DDIF

T1 results—Water and fat T1 values are given in Table 4. No correlation was observed 

between age and T1 values of water or fat, and no correlation was found between the T1 

values and the bone marrow fat percentage.

DDIF results—Typical in vivo SVS DDIF results are shown for subject #6 (age 54, L2 

vertebra, fat percentage 21%) and subject #3 (age 25, L2 vertebra, fat percentage 33%) in 

Figure 5. On the left, the DDIF spectra for all TM are shown. In these spectra, the water peak 

is downfield (on the left) and the fat peak upfield (on the right). The DDIF decay curves on 

the right show the integrals of the water peaks as a function of TM (closed dots) and the 

monoexponential fits to these values (dotted line). For these two subjects, the TDDIF are 

similar, the fat percentage of the bone marrow is not.

Next, the water DDIF decay time values were related to the fat percentage in the bone 

marrow, shown in Figure 6. All separate measurements are displayed (small markers), as 

well as the average values of TDDIF and fat percentage per subject (large markers). A clear 
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relation between TDDIF and fat percentage can be appreciated: DDIF decay times decrease 

with increasing fat percentage. Furthermore, a distinction between two age groups can be 

observed. The DDIF decay times of the younger group (green triangles) are lower than those 

of the older group (gray dots) for a given fat percentage. The trendlines in Figure 6 are based 

on all acquisitions per age group, and resulted in R2 = 0.75 for the younger age group, and 

R2 = 0.65 for the older age group.

The findings shown in Figure 6 are supported by the outcome of the Monte Carlo 

simulations, where a distinction between healthy and osteoporotic solid bone was observed 

when the influence of bone marrow composition was taken into account in the DDIF decay 

analysis.

Discussion and Conclusions

The work presented here advances DDIF MRI closer to clinical use as a tool to assess bone 

quality. The influence of the solid bone microstructure as well as bone marrow composition 

on the outcome of the DDIF technique was studied by Monte Carlo simulations and in vivo 

experiments in the lumbar spine in healthy volunteers.

Our results showed that DDIF MRI can differentiate healthy from osteoporotic solid bone 

structures. In addition, an important observation was made regarding bone marrow. 

Specifically, it was shown that the fat percentage of the bone marrow needs to be taken into 

account when analyzing DDIF data. By incorporating the marrow fat fraction into the 

analysis, the DDIF technique allowed for discrimination of healthy and osteoporotic bones 

in the Monte Carlo simulations and allowed for differentiation between a young and older 

age group in the in vivo experiments.

The in vivo study was designed as a preliminary investigation and included a small group of 

healthy subjects over a wide age range. No information on their medical history or living 

habits was obtained. Other factors that are known to influence bone quality and marrow 

composition (bone mineral density, smoking habits, hormone use, body composition, 

conditions such as obesity, metabolic diseases or eating disorders, physical activity, etc.) 

were not taken into account. In addition, there was no knowledge of bone marrow fat 

percentages prior to the imaging studies, making it difficult to stratify the results with 

respect to marrow composition with high statistical power. Within this heterogeneous group, 

a relation between age and TDDIF was identified, taking into consideration the influence that 

marrow composition has on the DDIF technique. In our data, the distribution of TDDIF 

values in the older age group was larger compared to the younger group. Accounting for 

health and lifestyle factors may identify with higher precision a relation between DDIF 

MRI, marrow composition and bone structure. A larger study relating DDIF MRI to detailed 

clinical information may provide additional insights, especially for the cases where intra-

subject differences in DDIF decay times between the L2 and L4 vertebrae were observed.

A great advantage of the DDIF technique over direct spatial resolution of trabecular 

structure is that DDIF data do not need to be acquired at high spatial resolution. The current 

work has employed a spectroscopic version of DDIF in a volume of interest of 20×20×20 

mm3. There are multiple advantages to using a spectroscopic sequence. First, no fat 
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suppression is required. Since fat does not experience a DDIF effect, fat suppression would 

be required in an image based DDIF sequence to maximize the dynamic range of the DDIF 

signal variation (which occurs only in the water signal). Second, the results show that the fat 

percentage of the bone marrow plays an important role in the analysis of the DDIF outcome, 

and spectroscopy is the most accurate way to quantify fat content. Third, there is no need for 

high quality motion compensation and mechanical stabilization of the body region being 

scanned. Fourth, the DDIF acquisition time can be made quite short. In our study, the 

spectra acquired with 8 averages (2 minutes 36 sec) had sufficiently high SNR, suggesting a 

NSA reduction is possible. In addition, the total number of mixing times may be reduced to 

increase the speed of the sequence.

Since the DDIF sequence employs a quite long repetition time, it potentially allows for a 

multi-location SVS version of the sequence, where multiple vertebrae can be scanned 

simultaneously. Ultimately, a multi-location SVS DDIF sequence may provide a single 

measure per vertebrae, analogous to the DEXA technique, to diagnose osteoporosis and 

osteopenia.

In this work, the T1 of water in the bone marrow was measured in all subjects to study the 

influence of the longitudinal relaxation on DDIF. It was observed that T1 values are long 

compared to DDIF decay times and that no relation of T1 over age or bone marrow fat 

percentage was found. This outcome suggests that in future applications of DDIF for bone 

quality measurements, T1 measurements may be redundant.

Bone marrow is classified in two main types: red marrow which produces blood cells, and 

contains less fat, and yellow marrow containing mostly fat cells. The DDIF technique is 

based on the diffusion of water through the trabecular pore spaces and this may limit its 

applicability to anatomical regions where red marrow is present, such as the lumbar spine 

and femoral head.

For the purpose of the current work, studying the impact of changes in the solid bone and 

marrow composition on DDIF, we have chosen to generate all bone models by mathematical 

remodeling of a single native bone specimen to enable evaluation of such changes without 

the confounding influence of microstructural variations that would necessarily occur by 

obtaining separate specimens from healthy and osteoporotic individuals. With age, the 

overall trabecular bone volume fraction decreases (35). The exact microstructural changes of 

the trabecular bone are complex and differ between normal aging, postmenopausal 

osteoporosis and steroid induced osteoporosis (36). For the modeling of an osteoporotic 

solid bone mesh using the healthy bone specimen as a starting point, we chose the simplest 

bone loss method: uniform erosion. This method is not the best representation of the true 

biological progression of osteoporotic bone loss. Potential post-erosion occurrences of 

isolated islands of bone were not removed and anisotropic or strain-dependent effects were 

not incorporated. However it does mimic some of the basic features of osteoporosis such as 

trabecular thinning, loss of trabecular plates and an increase in bone surface to volume ratio, 

as shown in Table 1. Also, perforation occurs in our osteoporotic model. The concept of 

trabecular “plate” is only a crude approximation to the concave structures actually found in 

trabecular bone, and uniform thinning of a structural plate of uniform thickness will not lead 
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to its perforation. In contrast, uniform erosion of a native trabecular bone specimen will 

exhibit many of the known microstructural features of osteoporosis including thinning and 

perforation because native trabecular plates are actually concave.

The magnetic field distribution is calculated by convolution of the susceptibility distribution 

with the Green function, executed in the frequency domain. Discontinuities in the 

susceptibility distribution will therefore lead to high frequency fluctuations in the magnetic 

field distribution maps located at these abrupt susceptibility changes, which makes 

smoothing an essential part of the method. The μCT data was acquired at 20 micron 

resolution and detailed structures at the boundary of the pore and solid bone at a sub 10 

micron level are unknown to us. Smoothing the binary model reduces the high gradients 

which are not biological but rather are caused by the grid structure of the binary model due 

to limitations in spatial resolution.

In the Monte Carlo simulations, the magnetic susceptibility within the pores was modeled to 

be homogeneous. However, more complex distributions of fat and water within the pores 

can occur. There are multiple diseases which affect bone marrow compositions and fat 

spatial distributions in the pores. For instance, paratrabecular fat can be present, which 

constitutes of a layer of fat on the pore surfaces at the locations where the solid bone is lost 

(37), as is often seen in osteoporosis (37,38). In multiple myeloma and plasmacytoma, the 

opposite spatial arrangement may occur, where paratrabecular water is seen with islands of 

fat in the center of the pores (38). These heterogeneous spatial distributions of fat will have 

distinct influences on the internal field and will restrict the spaces in which water can diffuse 

(39). Since the DDIF technique is designed to probe this internal field by diffusion of water, 

it may therefore allow for discrimination of various bone marrow conditions which are 

characterized by specific spatial distributions of marrow fat as well as the bulk marrow 

composition.
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Figure 1. 
Monte Carlo model preparation steps for the trabecular bone μCT data. From left to right: 

transverse μCT slice; rendered volume of 10.24 mm3 taken from the center of binarized μCT 

data, within which the magnetic field distribution was calculated; example slice of the 

magnetic field map; example of 100 random walks (black lines) within the trabecular bone 

volume. [Color figure can be viewed in the online issue, which is available at 

wileyonlinelibrary.com.]
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Figure 2. 
Magnetic field maps (ppm) in the six trabecular bone models. The healthy (left) and 

osteoporotic (right) solid bone models are shown the top row. Magnetic field changes 

increase with increasing bone marrow fat percentage (top to bottom).
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Figure 3. 
Magnetic field gradient histograms in the six trabecular bone models of four layers in the 

pore space. Regions were defined by a single-voxel width layer in the pore space, starting at 

the trabecular wall (layer 1) and moving inwards into the pore space (layer 2-4). A zoomed 

in region of the bone model and the 4 color coded layers is shown top right. [Color figure 

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. 
Outcome of the Monte Carlo simulations. DDIF decay curves for all six trabecular bone 

models (left) and DDIF decay time values versus bone marrow fat percentage for the healthy 

trabecular bone models (green triangles) and osteoporotic models (gray dots). [Color figure 

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. 
In vivo DDIF results. The DDIF spectra (left) for all 6 mixing times and DDIF decay values 

over mixing time and the monoexponential fit (right) are shown for a young subject with 

marrow fat of 21% (top row) and older subject with marrow fat of 33% (bottom row). [Color 

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. 
TDDIF versus bone marrow fat percentage for subjects in the younger age group (green 

triangles) and older age group (gray dots). A clear correlation of TDDIF with fat percentage 

can be appreciated, as well as a difference in TDDIF values between the two age groups for a 

given bone marrow fat percentage. Trendlines were based on all data points per age group: 

younger age group R2 = 0.75, older age group R2 = 0.65. [Color figure can be viewed in the 

online issue, which is available at wileyonlinelibrary.com.]
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Table 2

Overview of the age, gender and scanned location of the subjects.

Subject # Age Gender Location (# scans per location)

1 23 F L2 (1)

2 24 M L2 (1), L4 (1)

3 25 F L2 (2), L4 (2)

4 37 F L2 (1), L4 (1)

5 53 F L2 (1), L4 (1)

6 54 F L2 (2), L4 (1)

7 56 F L2 (2), L4 (1)

8 56 F L2 (1), L5 (1)

9 57 F L2 (1), L4 (1)

10 62 F L2 (1)
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Table 3

Phase cycling scheme for the DDIF sequence.

RF1 RF2 RF3 ADC

1 90 0 0 0

2 270 0 0 180

3 90 180 0 180

4 270 180 0 0
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Table 4

T1 values for water and fat in bone marrow in the lumbar spine of healthy volunteers at 1.5 T. In case T1 was 

measured in both L2 and L4/L5, the average T1 value is given.

Subject # Age T1 water (ms) T1 fat (ms)

1 23 1370 287.0

2 24 1232 283.6

3 25 1253 279.9

4 37 1230 282.3

5 53 1235 284.4

6 54 1325 272.9

7 56 1282 278.6

8 56 1310 286.8

9 57 1224 285.5

10 62 1165 274.5

Average 1263 ± 60 281.6 ± 5.0
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