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Abstract
The diffusion coefficient of lipids, Dl, within bone marrow, fat deposits and metabolically active
intracellular lipids in vivo will depend on several factors including the precise chemical
composition of the lipid distribution (chain lengths, degree of unsaturation, etc.) as well as the
temperature. As such, Dl may ultimately prove of value in assessing abnormal fatty acid
distributions linked to diseases such as cystic fibrosis, diabetes and coronary heart disease. A
sensitive temperature dependence of Dl may also prove of value for MR-guided thermal therapies
for bone tumors or disease within other fatty tissues like the breast. Measuring diffusion
coefficients of high molecular weight lipids in vivo is, however, technically difficult for a number
of reasons. For instance, due to the much lower diffusion coefficients compared to water, much
higher b factors than those used for central nervous system applications are needed. In addition,
the pulse sequence design must incorporate, as much as possible, immunity to motion,
susceptibility and chemical shift effects present whenever body imaging is performed. In this
work, high b-factor line scan diffusion imaging sequences were designed, implemented and tested
for Dl measurement using a 4.7-T horizontal bore animal scanner. The gradient set available
allowed for b factors as high as 0.03 µs/nm2 (30,000 s/mm2) at echo times as short as 42 ms. The
methods were used to measure lipid diffusion coefficients within the marrow of rat paws in vivo,
yielding lipid diffusion coefficients approximately two orders of magnitude smaller than typical
tissue water diffusion coefficients. Phantom experiments that demonstrate the sensitivity of lipid
diffusion coefficients to chain length and temperature were also performed.
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1. Introduction
Water diffusion imaging has the potential to provide important information concerning the
microstructure of tissue compartments and structural anisotropy in vivo [1–4]. This
important feature arises from the fact that MRI diffusion measurements are the only
noninvasive techniques that are sensitive to the diffusion path of the water molecules, which,
in turn, provides valuable insights in evaluating tissue microstructure. In addition to water
diffusion imaging, larger molecules such as lipids may prove useful as diffusion probes. For
example, lipid diffusion measurements in bone marrow or metabolically active intracellular
lipids in muscle may help assess distinct fatty acid distributions linked to such diseases as
cystic fibrosis, diabetes and coronary heart disease [5–9] where lipid constituents or their
environments are known to deviate from normal. Another potential application lies in the
area of MR-guided temperature monitoring for thermal therapies [10,11] where the current
method of choice depends on the temperature-dependent water proton resonance [12]. This
temperature dependence of the water resonant frequency is not shared by the methylene or
methyl protons of lipids due to the lack of hydrogen bonding [10–12] and, thus, cannot be
used for fatty tissue per se. The spin–lattice relaxation time of the lipid protons, T1, has been
proposed as an alternate temperature probe for fat [11], though nonlinearities over requisite
temperature ranges and field strengths may present problems that measurements of Dl may
overcome.

As mentioned above, the diffusion coefficients of lipids, which consist of saturated,
monounsaturated and polyunsaturated triglycerides, within bone marrow, adipose tissue and
intracellular storage depots, will be influenced by molecular weight (MW), temperature and
chemical structure. Furthermore, measuring the diffusion coefficients of these high MW
moieties in vivo will require high b factors and pulse sequence approaches that are relatively
immune to motion and susceptibility artifacts. Recently, Lehnert et al. employed a diffusion-
weighted single-voxel spectroscopic STEAM method with maximum b values of 0.002 to
0.08 µs/nm2, to measure lipid diffusion coefficients in human bone marrow in vivo, and
reported values of approximately 12 nm2/µs [13]. In the present work, we performed image-
based measurements of lipid diffusion coefficients by implementing the line scan diffusion
imaging (LSDI) sequence [14] on a 4.7-T animal scanner capable of achieving b factors of
0.03 µs/nm2 at an echo time (TE) of 42 ms. Two aliphatic organic phantoms were used to
study the effect of chain length, and lard samples at 37°C and 24°C were examined to
demonstrate the temperature sensitivity of Dl. Finally, studies of lipids in the bone marrow
of rat paws were performed to determine lipid diffusion coefficients in vivo.

2. Animal preparation
All procedures were approved by the Children's Hospital Animal Care and Use Committee.
Six male Sprague–Dawley rats weighing 200–400 g were scanned with a 4.7-T, 30-cm
horizontal bore BioSpec scanner (Bruker Instruments, Inc., Billerica, MA) with a gradient
coil insert capable of generating a maximum gradient strength of 400 mT/m. A volume coil
was used for RF transmission with a receiver coil placed directly under the rat paws for
improved signal-to-noise ratio. The MR scans were performed with animals under isoflurane
anesthesia (1.5–2%; Forane, Baxter Healthcare Corporation, Deerfield, IL) and euthanized
with an overdose of pentobarbital (100 mg/kg) at the end of each experiment.

3. Phantom studies
Diffusion-weighted images with high b factors were obtained using the LSDI sequence [14].
This sequence was implemented on a 4.7-T Bruker animal imaging system with software
release version 3.1.1. Details regarding the LSDI technique have been presented elsewhere
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[14–16], but the sequence is a spin-echo method in which spatially selective π/2 and π
pulses elicit a spin echo from a column of tissue defined by the intersection of the slice-
selective pulses. Spins along the column are frequency encoded during the spin-echo
acquisition. Balanced diffusion gradients are placed about the refocusing π pulse in the
classic Tanner–Stejskal configuration [17] to achieve diffusion weighting. Multiple columns
are sequentially sampled in an interleaved fashion [14] to acquire 2D images of the selected
slice with b-factor weighting defined by the relation:

where γ is the gyromagnetic ratio, g is the diffusion gradient strength, Δ is the delay between
leading edges of the diffusion sensitization pulses and δ is the duration of each diffusion
sensitization gradient assumed applied using all three gradient directions accounting for the
factor of 3 in this relation. Diffusion imaging was performed at a temperature of
approximately 24±2°C on two organic compounds placed in cylindrical phantoms
(diameter=3 cm, length=11 cm). The two compounds had different chain lengths: n-butanol
(C4H9OH) and oleic acid (C17H33-COOH) with MWs of 74 and 282 u, respectively.

Experiments were also performed with an animal lard sample at 24°C and 37°C for
comparison to animal fat in vivo. The higher temperature was achieved in an oven outside of
the scanner with the temperature of the lard measured before and after the experiment and
with a total change of less than 4°C. For phantom imaging of these isotropically diffusing
compounds, diffusion sensitization was applied only along a single direction in a (1, 1, 1)
gradient configuration to achieve maximum diffusion encoding with minimum TE. For n-
butanol, the imaging parameters used were as follows: TE=32 ms, effective repetition time
(TR)=7333 ms, time between column samplings=170 ms, δ=9 ms and Δ=16 ms with 16
equally spaced b factors sampled from 0.0001 to 0.0075 µs/nm2. For oleic acid, the imaging
parameters used were the following: TE=43 ms, effective TR=7333 ms, time between
column samplings=170 ms, δ=9 ms and Δ=16 ms with 16 equally spaced b factors sampled
from 0.0002 to 0.03 µs/nm2. For the animal lard studies at both temperatures, the imaging
parameters were as follows: TE=50 ms, effective TR=7333 ms, time between column
samplings=170 ms, δ=20 ms and Δ=24 ms with 16 images acquired with spaced b factors
from 0.002 to 0.06 µs/nm2. All images were acquired with a square field of view of 8×8 cm2

and a matrix size (frequency×column) of 128×132.

4. In vivo studies
The bone marrow image acquisition protocol included a series of axial spin-echo T2-
weighted images (RARE sequence with 1000 ms TR, 28 ms effective TE, 2 mm slice
thickness, 128×128 matrix, 4 cm2 field of view and 4 signal averages) for localization
followed by an LSDI acquisition of both paws in the axial plane. The right hind paw of each
rat had been treated with a toxin as part of a separate muscle edema study [15]. We
hypothesized that the muscle edema would have no effect on lipid diffusion within the bone
marrow (vide infra). The LSDI data were obtained with the following scan parameters:
effective TR=7920 ms, time between column samplings=180 ms, TE=42 ms, square field of
view=6.4×6.4 cm2, slice thickness=1.5 mm and matrix size (frequency×column)=128×131.
Data were acquired for 16 equally spaced b factors from 0.0002 to 0.03 µs/nm2 using four
separate diffusion gradient directions of (1, 1, 1), (1, 1, −1), (1, −1, 1), (−1, 1, 1). The
diffusion gradient pulse duration δ and the separation between the first and the second
gradient pulse Δ were fixed at 16 and 20 ms, respectively. The total scan time for one
diffusion direction with 16 b factors was approximately 7 min. For diffusion analyses, ROIs
within the central digit of the left and right paw for each rat (2 ROIs per rat) were identified
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from which signal intensity versus b-factor curves were extracted and fit with
monoexponential functions in order to estimate Dl.

5. Results
Fig. 1 shows semi-log plots of signal intensity versus b factor for n-butanol (MW=74 u) and
oleic acid (MW=282 u) samples. The decays were well characterized with mono-
exponential functions, yielding diffusion coefficients of 450±30 and 36±2 nm2/µs for
butanol and oleic acid, respectively. Fig. 2 shows semi-log plots of signal intensity versus b
factor for animal lard at 37°C and 24°C. The decays are well-characterized with
monoexponential functions, yielding Dl values of 16.5±0.8 and 9.7±0.6 nm2/µs for the 37°C
and 24°C measurements, respectively. Fig. 3 shows in vivo images of rat paws acquired at b
factors of 0.001, 0.002, 0.004, 0.0075, 0.015 and 0.03 µs/nm2. The muscle edema induced
for the previously published study [15] is evident within the right paw in the lower b-factor
image, while in the highest b-factor image, the only signal remaining from either paw arises
from bone marrow lipids in the digits. Fig. 4 shows signal intensity decay curves from an
ROI within bone marrow of a rat paw for all four diffusion sensitization gradient directions.
Solid lines through the data are best fits to monoexponential functions with the data from the
lowest b factor discarded as signal from this point was well above extrapolated fits to the
higher b factor, a feature attributed to a faster decaying water and/or perfusion component at
the smallest b factors. Table 1 provides the interindividual mean (6 rats, 12 ROIs) diffusion
coefficients for each direction, the mean trace diffusion coefficient and diffusion tensor
cross terms available from the tetrahedral diffusion sensitization encoding. The trace values
for the lipid diffusion coefficients are all on the order of 18.5 nm2/µs, a value similar to the
16.5 nm2/µs Dl obtained for lard at 37°C. There was no statistical difference in Dl values
between the right and the left paws (P>.7, paired t test), justifying the assumption that the
muscle edema [15] played no role in the study. Off-diagonal terms of the diffusion tensor
available from the tetrahedral diffusion encoding scheme, Dxz, Dxy and Dyz, were less than
1% of the trace diffusion coefficients, indicating minimal diffusion anisotropy effects at the
settings employed.

6. Discussion
Lipids of bone marrow, visceral and subcutaneous fat deposits consist mainly of
triglycerides with MWs on the order of 800 u. Thus, to see very clear signal attenuation,
strong diffusion weighting must be applied. For calibration purposes, high MW substances
like butanol and oleic acid may be employed. The diffusion coefficients we obtained for
these substances are grossly similar to those reported by Lehnert et al. [13], who used
STEAM methods on a clinical scanner with maximum gradient strengths of 25 mT/m. They
reported diffusion coefficients for butanol and oleic acid, measured at 20°C, of 377.8±18.9
and 31.8±0.6 nm2/µs, respectively. In comparison, the present results, measured at 24°C,
showed somewhat larger values, approximately 20% and 12% higher for n-butanol and oleic
acid, respectively, possibly due to higher room temperatures in the present study. We do
note, however, that our room-temperature values for the diffusion coefficient of n-butanol
are very similar to those reported by Tofts et al. [18] in their study of potential test liquids
for quantitative diffusion phantoms.

Animal lard and vegetable oils consist of triglycerides with MWs on the order of 800 u and,
hence, represent even more realistic phantom calibration materials for lipid diffusion
measurements in bone marrow or human lipid deposits than the neat solutions of n-butanol
and oleic acid. Our Dl value for the room-temperature lard experiments of 9.7 nm2/µs is
similar to the room-temperature Dl value of 10.4 nm2/µs for triglycerides within olive oil
reported by Guillermo and Bardet [19] using similar pulsed field gradient proton diffusion
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measurements made with similar instrumentation and technique. Furthermore, this value is
close to the Dl value of 11 nm2/µs measured previously by our group at room temperature in
a dairy cream phantom for the slow diffusion component attributed to the lipids [16]. By
elevating the temperature of our lard sample to approximately 37°C, the Dl value increased
to 16.5 nm2/µs, which was very similar to our in vivo measurement of Dl of triglycerides
within the rat paw of 18.5 nm2/µs. We note that Lehnert et al. [13] reported a much higher
Dl for “molten” lard at 37°C of 65 nm2/µs, a difference we attribute primarily to the fact that
our sample was still solid and cooling from 37°C during the experiment. Still, our Dl
measurement of lard at 37°C is strikingly similar to the in vivo result for rat paw bone
marrow that presumably consists of similar triglycerides at a similar temperature. Large
differences in sequence timing parameters and technique (spin echo with large gradients vs.
STEAM with clinical strength gradients [13]) can also lead to discrepancies between our
results and those of Lehnert et al. who reported Dl values for in vivo human bone marrow of
11.1 to 12.4 nm2/µs as opposed to our in vivo rat marrow Dl values of around 18.5 nm2/µs.
Fig. 5 is a plot of the Dl versus temperature generated using our lard data combined with the
olive oil diffusion measurements of Guillermo and Bardet who measured Dl close to 0°C as
well as at room temperature [19]. From this plot, the temperature sensitivity of typical
triglycerides is estimated to be approximately 0.35 nm2/µs/°C, an estimate that may be
useful in calculating anticipated signal changes in diffusion-weighted images of bone
marrow or other fatty tissue like breast [10] during thermal therapies.

Diffusion imaging of lipids in vivo is relatively unexplored and may have medical
applications in assessing fatty acid distributions or for monitoring temperatures in fatty
tissues during MR-guided thermal therapies. Technical difficulties of performing lipid
diffusion imaging have been overcome in this work by using high b-factor LSDI sequences
as implemented on a high-performance animal scanner, allowing for measurement of lipid
diffusion coefficients, which are approximately 100 times smaller than typical water
diffusion coefficients. With clinical scanners, stimulated-echo- as opposed to spin-echo-
based approaches are probably the most practical for achieving the strong b-factor
weightings needed for Dl assessments, given the limitations of gradient strengths available
and the need to keep TEs as short as possible to limit T2 decay signal loss. Estimates of how
strong the b factors should be can be made using the measured values of Dl from either
Lehnert et al.'s study [13] or this study, within the framework of the two-point optimization
calculation of Xing et al. [20], who showed that the high b factor should obey the
approximate relation bDl=1.1. Thus, for Dl values in the range of 9 to 18 nm2/µs, high b
values of 0.06 to 0.12 µs/nm2, or, in more conventional units, 0.06 to 0.122 µs/nm2, should
be employed. Finally, as with water diffusion measurements, restricted diffusion effects can
play a role in lipid diffusion measurements with droplet or lipid containing pore sizes
affecting the observed Dl values, which, in turn, become sensitive to the diffusion times
employed [19]. However, the extent to which information regarding lipid domain sizes can
be inferred and exploited to study aspects of bone degeneration in disease processes like
osteoporosis remains to be assessed.
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Fig. 1.
Semi-log plots of the signal decay with b factor from n-butanol and oleic acid as obtained at
24±2°C. Solid lines indicate the monoexponential fits to the data, yielding diffusion
coefficients of 450 and 36 nm2/µs for n-butanol and oleic acid, respectively.
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Fig. 2.
Semi-log plots of the signal decay with b factor from animal lard at 24°C and 37°C. Solid
lines indicate monoexponential fits to the data, yielding Dl values of 9.7 and 16.5 nm2/µs for
lard at 24°C and 37°C, respectively.
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Fig. 3.
Axial images of rat paws acquired at b factors of 0.001, 0.002, 0.004, 0.0075, 0.015 and 0.03
µs/nm2 using the LSDI sequence.
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Fig. 4.
Normalized decay curves from bone marrow ROI as acquired for different tetrahedral
diffusion sensitization directions.
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Fig. 5.
Plot of Dl versus temperature from our measurements in lard and related measurements in
olive oil from Ref. [19]. The increase of Dl with temperature is estimated to be
approximately 0.35 nm2/µs/°C.
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Table 1

Interindividual means±S.D. of (A) the diffusion coefficients of bone marrow for four directions using 12 ROIs
placed within the digits of six rats and (B) the trace and the cross terms’ diffusion coefficients

(A)

Diffusion direction (1, 1, 1) (1, 1, −1) (1, −1, 1) (−1, 1, 1)

Bone marrow Dl

(nm2/µs)
18.2±2.8 18.6±2.0 18.3±2.1 19.0±2.2

(B)

Diffusion anisotropy Trace Dxz Dyz Dxy

Bone marrow Dl

(nm2/µs)
18.5±0.23 0.14±0.065 0.035±0.012 0.057±0.0057
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