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Endogenous magnetic resonance contrast based on the local-

ized composition of fat in vivo can provide functional informa-
tion. We found that the unequal pulse timings of the Uhrig’s
dynamical decoupling multipulse echo sequences significantly

alter the signal intensity compared to conventional, equal-
spaced Carr–Purcell–Meiboom–Gill sequences. The signal
increases and decreases depending on the tissue and

sequence parameters, as well as on the interpulse spacings;
particularly strong differences were observed in fatty tissues,

which have a highly structured morphology and a wide range
of chemical shifts and J-couplings. We found that the predomi-
nant mechanism for fat refocusing under multipulse echo

sequences is the chemical structure, with stimulated echoes
playing a pivotal role. As a result, specialized pulse sequences

can be designed to optimize refocusing of the fat chemical
shifts and J-couplings, where the degree of refocusing can be
tailored to specific types of fats. To determine the optimal time

delays, we simulated various Uhrig dynamical decoupling and
Carr–Purcell–Meiboom–Gill pulse sequence timings, and these

results are compared to experimental results obtained on
excised and in vivo fatty tissue. Applications to intermolecular
multiple quantum coherence imaging, where the improved

echo refocusing translates directly into signal enhancements,
are presented as well. Magn Reson Med 69:1044–1055, 2013.
VC 2012 Wiley Periodicals, Inc.
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Endogenous magnetic resonance contrast based on the
localized composition of fat in vivo can provide func-
tional information. For example, by isolating the polyun-
saturated lipid signal with a selective conventional mul-
tiple quantum coherence transfer technique, an absence
of polyunsaturated fats was observed to correlate with
invasive ductal carcinoma in the breast, whereas healthy
breast tissue showed a continuous distribution of fats
(1). Using intermolecular multiple quantum coherences
(iMQCs), fat can be used to image absolute temperature
in vivo (2,3) and detect brown adipose tissue (an impor-
tant goal for obesity research) (4,5). However, the spec-
trum of fat has at least 10 distinct resonances and many
J-couplings (6–9), in many cases between spins with

very similar resonance frequencies. Even at high fields,
the dynamics in a spin echo (SE) sequence can be com-
plex, as these frequencies can constructively and

destructively interfere for different evolution times. As a

result, some sequence delays are inherently better than

others. Here, we show that specialized multipulse echo

sequences can be designed to optimize refocusing of the

chemical shifts and J-couplings in fat, where the degree

of refocusing can be tailored for specific delays and echo

times (TEs).

Carr–Purcell–Meiboom–Gill (CPMG) (10,11) multipulse

echo sequences are well known to provide improved

refocusing in tissue compared to standard SE sequences

(12). The CPMG sequence uses equal interpulse delays,

and it is easy to show that for diffusion in a constant gra-

dient, this configuration gives the best signal for a fixed

overall sequence length. However, we recently showed

that, surprisingly, the equal pulse spacing of the CPMG

sequence is not generally optimum for refocusing fre-

quency fluctuations such as those found in vivo (13). For

example, Fig. 1 shows a nonintuitive unequal spacing

called the Uhrig dynamic decoupling (UDD) sequence

(14). This sequence was initially proposed to reduce

decoherence in an application unrelated to magnetic

resonance, but it was later shown to be more general

(15–18). For the UDD sequence, the jth pulse in an n-

pulse sequence is located at a time given by

dj ¼ TE sin2 pj=
ð2nþ2Þ

� �n o
. This unique timing led to sig-

nificant increases in signal in many types of tissue (13).
However, these improvements depend on the tissue and
sequence parameters, as well as on the interpulse spac-
ings; particularly strong enhancements were observed in
fatty tissues, which have a highly structured morphology
and a wide range of chemical shifts and J-couplings.

Human adipose tissue is composed mostly of triglycer-
ides (19–22). Three fatty acids (oleic, palmitic, and lino-
leic) account for 77–89% of the fatty acids in vivo (6–
9,19–22). The chemical structure of a typical fat mole-
cule is shown in Fig. 2a. The typical fat molecule has 10
resolvable proton resonances (6–9), shown in Fig. 2b. Ta-
ble 1 uses the conventional labeling scheme from A to J
in alphabetical order starting from upfield to downfield.
While not generally resolvable in vivo, this molecule
also has J-couplings between adjacent spins. From the
COSY spectrum in Fig. 2c, there is J-coupling between
resonances A and B; B and C; B and D; C and E; D and J;
F and J; and G and H, which provides good agreement
with the molecule shown in Fig. 2a. These J-couplings
are shown in Table 1, where the values were estimated
using the incremental method in ChemBioDraw Ultra
Version 12.0 (Cambridge Soft Corporation, Cambridge,
MA) and provide good agreement with high resolution
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spectra of similar molecules (24,25). The three most com-
mon fatty acids can be differentiated by four resonances
(B, D, F, and J) according to the number of saturated and
unsaturated carbons. Fat and vegetable oil have nearly
identical chemical structures and spectra (Fig. 2a); how-
ever, fat has a complex microstructure, which oil lacks.
By considering both fat and oil, the effects of chemical
structure and tissue structure can be separated, allowing
us to determine the predominant mechanisms for
refocusing.

In vivo applications typically involve many different
components of varying spin complexity, from simple
spin systems such as water to more complicated spin
systems such as fat or metabolites. In the case of a single
spin system (or a noncoupled multispin system), differ-
ences between multipulse echo sequences may be
observed due to stimulated echoes and different spectral
density profiles. More specifically, the CPMG sequence
would have increased signal under stimulated echoes
due to constructive interference patterns at the peak of
the echo, while the UDD sequence provides improved
refocusing compared to the CPMG sequence for low fre-
quency fluctuations arising from diffusion or susceptibil-
ity (13). On the other hand, coupled multispin systems
also exhibit echo modulations as a result of the J-cou-
plings under multipulse echo sequences (26,27). In fast
SE imaging, the fat voxels appear bright (27–32), known
as the bright fat phenomenon, which was initially
thought to be the result of increases in T2 due to
decreased J-coupling modulation of echo amplitudes.
Other possible mechanisms for increased T2 are diffusion
and exchange effects, as well as stimulated echoes.
These mechanisms have been investigated in detail by
several groups (30,32–36), and stimulated echoes and
chemical exchange were found to contribute negligibly
(33). Henkelman et al. (30) found that diffusion may play
a role in the bright fat signal, but the general consensus
has been that the J-couplings play a significant role in
refocusing.

The Hamiltonian for a coupled n-spin system in the
rotating frame is given by

H ¼
Xn

i¼1

ViIzi þ
Xn

i¼1

Xn

j<i

2pJijI i � I j

¼
Xn
i

ViIzi þ
Xn
i¼1

Xn
j<i

2pJijðIizIjz þ IixIjx þ Iiy IjyÞ;

where Xi is the chemical shift of spin i, and Jij is the sca-
lar coupling constant between spins i and j. The z com-
ponent of the J-coupling term commutes with the chemi-
cal shift term; the x and y components of the J-coupling
term, which permit mutual spin–spin flip-flops, do not
commute with the difference between the chemical shifts
of spins i and j. Thus, the x and y components are appro-
priately truncated (leaving only 2pJ12I1zI2z as the two-
spin J-coupling term) for long time evolution in the weak
coupling limit (i.e., when the chemical shift difference is
much larger than the J-coupling constant). Because the
phase evolution caused by the J-coupling is not reversed
by p pulses, the signal is cosinusoidally modulated with
zero values at TEs of (2n þ 1)/2J, n ¼ 0, 1, 2, … (28). In
the spectrum, the peaks will oscillate between antiphase
for these TEs and in phase for TEs of (2n þ 1)/(J), n ¼ 0,
1, 2, …. In principle, appropriate choice of the TE can
accurately refocus the J-coupling and produce in-phase
magnetization. Unfortunately, for more complex spectra,
there is no single value for TE that can accurately refo-
cus all J-couplings.

On the other hand, when the spin system does not sat-
isfy the weak coupling limit, or when a series of RF pulses
is applied rapidly (such that |(Vi – Vi)t| << 1, where t is
the interpulse interval), the full J-coupling term 2pJ12I1 �
I2 must be considered (26,32,37). A fast series of p pulses
yields the following average Hamiltonian:

Hstrong ¼
Xn
i¼1

Xn
j<i

2pJijI i � I j

This strong coupling Hamiltonian is also called the iso-
tropic mixing Hamiltonian and is responsible for the co-
herence transfer in total correlation spectroscopy (38)
and in homonuclear Hartmann–Hahn spectroscopy (39).

FIG. 1. Eight pulse CPMG (top) and UDD

(upper middle) sequences. All pulses
shown are p pulses, while the location of
the p/2 excitation pulse in each sequence

is indicated by the black dotted line. The
CPMG sequence has equally spaced

pulses, while the UDD sequence has
shorter delays at the beginning and end
and longer delays in the middle. The lower

middle and bottom sequences show the
timing for the experimental imaging

sequences, where a SE sequence (TE ¼
10 ms) is added after the CPMG and UDD
sequences to provide slice selection.

UDD Enhancement of Fat Refocusing 1045



Under this Hamiltonian, the individual spin operator Ix1
can evolve to create the converse spin operator Ix2 (and
vice versa); however, these operators do not evolve inde-
pendently (as is the case for weak coupling) but rather
evolve as collective spin modes (32,38). In fact, because
this Hamiltonian commutes with the total Ix or Iy, the
total magnetization does not evolve under the strong
coupling Hamiltonian, and the coupling between spins
is effectively removed. Thus, for sufficiently short s
between p refocusing pulses, the J-coupling modulation
that is characteristic of single-echo acquisitions will be
suppressed. As a result, both fat and water are refocused
for short TEs; experimentally, this causes the fat to
appear bright in fast spin-echo images. However, for lon-
ger TEs, fat is poorly refocused.

Although stimulated echoes do not affect the T2 con-
trast in fast spin-echo images, studies have found that
the stimulated echoes do comprise a significant amount
(up to 10%) of the overall signal (33,40). Whenever a se-
ries of p pulses (n > 3) is applied, stimulated echoes
caused by pulse flip angle errors must be considered
(33,41–43). Signal contributions from spurious pathways
are highly probable in the CPMG and UDD sequences
(which undoubtedly improves the CPMG signal for a sin-
gle spin due to constructive interference patterns at the
center of the echo). Although stimulated echoes can be
used to increase the overall signal (44,45), refocusing
away from the expected echo position inherently gener-
ates image distortion. Thus, many methods have been
proposed to suppress stimulated echoes (41,42,46–48),
and crusher gradients are the most effective of these
methods. However, the situation becomes increasingly
complicated for a J-coupled multispin system, and
regimes may exist where the combined effects of stimu-
lated echoes and J-coupling produce a null at the peak of
the CPMG echo, while increasing the UDD signal.

In some cases, this enhanced fat signal is undesirable,
and several methods have been proposed to obtain fast
spin-echo image contrast that matches that of traditional
SE methods (27,28,49–52). On the other hand, iMQC
experiments such as temperature imaging (2,3) and
brown fat detection (4,5) rely on the growth of signals
with a fat component and are thus improved by better
refocusing. In general, multipulse echo sequences have
the potential to significantly improve the signal in multi-
ple quantum sequences. More specifically, the pulse
spacings can be modified to optimize refocusing of the

FIG. 2. a: The chemical structure of a typical fat molecule. b: 1H
NMR spectra of excised mouse fat (bottom trace) and vegetable
oil (upper trace). Nine resonances can be resolved (A–J, excluding

I, as labeled in a), and water signal is present in the mouse fat
spectrum. c: COSY spectrum of excised mouse fat. J-couplings
are present between spins A and B; B and C; B and D; C and E;

D and J; F and J; G and H; G and I; and H and I. [Color figure
can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table 1

Chemical Shifts, Intensity Weighting Factors, and J-Coupling Values of Protons in Typical Fat Molecule (Shown in Fig. 2a)

Resonance Functional group Chemical shift (ppm)a Weighting factor J-coupling (Hz)a

A CH3 methyl protons 0.90 9 AB ¼ 8.0

B CH2 methylene protons 1.29 60 BC ¼ 7.1; BD ¼ 7.1
C CH2 methylene protons 1.64 6 CE ¼ 7.1
D CH2 allylic protons 2.18 12 DJ ¼ 6.2

E CH2 methylene protons 2.32 6 –
F CH2 diallylic (bis-allylic) protons 2.63 6 FJ ¼ �1.0

G CH2 glycerol backbone protons 4.20 2 GH ¼ �12.4; GI ¼ 7.0
H CH2 glycerol backbone protons 4.45 2 HI ¼ 7.0
I CH glycerol backbone protons 5.15 1 –

J CH olefinic protons 5.45 12 –
aFrom comparison of literature values (6,9,23), experimental 1D and 2D spectra, and ChemBioDraw spectral simulations.
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chemical shifts and J-couplings in fat, where the degree
of refocusing can be tailored to specific types of fats. To
determine the optimal time delays, computer simulations
of a fat-like molecule will be used to explore the UDD
and CPMG timings (by changing the TE or number of p

pulses) for a 10-spin system, including effects of stimu-
lated echoes due to imperfect p pulses. These results
will be compared to localized spectroscopy and imaging
of excised fatty tissue.

METHODS

Simulations

All simulation work was performed using Matlab soft-
ware (Mathworks, Inc.). The density matrix evolution
r̂ðtÞ (37) in systems involving 10 spins was simulated
under the effects of various sequences, including the
conventional SE, double SE, CPMG and UDD with 4, 8,
and 16 pulses. The input parameters for the simulation
program were the number of spins (N), the proton chemi-
cal shifts and respective J-couplings, the sequence type
and number of pulses, and the TE. The magnetic field
strength was 7.05 T for all simulations unless otherwise
noted. The chemical shifts and J-couplings were used to
create the Hamiltonian operator, which is a 2N � 2N ma-
trix. All calculations were performed in the Hamiltonian
eigenbasis, which was converted to the Zeeman basis to
detect the final signal hÎxðtÞ � iÎ yðtÞi ¼ Tr½r̂ðtÞðÎx � iÎyÞ�.
Only the signal from the final echo was acquired for all
simulations. For these simulations, T2 relaxation was
ignored. Moreover, all pulses were assumed to be instan-
taneous and produce exact 90� and 180� rotations. Simu-
lations were also performed for the UDD and CPMG
sequences with 170� and 175� pulses, which were aver-
aged over a Gaussian resonance offset (FWHM ¼ 1600
Hz), to determine the effects of stimulated echoes due to
flip angle errors. In these simulations, 41 time points
from immediately after the final 180 pulse to two times
the final delay were acquired. The effects of crusher gra-
dients were not considered in the simulations of stimu-
lated echoes.

Simulations were performed on 1-pentene (CH3CH2-
CH2CH¼¼CH2) (10-spin system), which was chosen as a
model for the lipid hydrocarbon chains, as previously
shown by Stables et al. (27). The chemical shifts and J-
couplings were estimated using the incremental method
in ChemBioDraw Ultra Version 12.0 (Cambridge Soft
Corporation, Cambridge, MA) and provided good agree-
ment with previous results (27) and high resolution
spectra of similar molecules (24,25). For these simula-
tions, the absolute signal at the peak of the echo was
determined for each sequence and TE, and the signal
was normalized to the signal immediately after a 90�

pulse.
For the simulations of a fat-like molecule, each reso-

nance frequency (A through J) in the fat spectrum was
used once for the chemical shifts inputs (for a total of 10
spins), while the J-couplings were estimated from com-
parisons of literature values (6,9,23,53), experimental 1D
and 2D spectra, and spectral simulations using the incre-
mental method in ChemBioDraw Ultra Version 12.0
(Cambridge Soft Corporation) (Table 1). The final signal

had significant splitting due to J-couplings, and line
broadening was used to produce spectra that matched
the experimental results. Finally, to obtain the correct
intensities, each frequency was multiplied by the num-
ber of spins corresponding to that resonance in a typical
fat molecule (see Table 1 for weighting factors).

Samples

All animal studies were performed in accordance with
National Institutes of Health (NIH) Institutional Animal
Care and Use Committee protocols as approved by Duke
University. The obese mice were obtained from Jackson
Laboratories (Bar Harbor, ME). Human breast tissue was
obtained from anonymous healthy female patients under-
going breast reduction surgery. Institutional Review
Board exemption was obtained for the use of human
tissue.

Scan Parameters

Double SE, CPMG, and UDD sequences were used. For
in vivo mouse imaging, the mouse was placed in a
supine position, and axial slices through the abdomen or
tumor were selected. For the human breast tissue, �100
g of tissue was placed in a 50 mL centrifuge tube, which
was used for the imaging. All MRI data were acquired on
a Bruker 7.05 T (1H: 300.5 MHz). Only the final echo
was acquired for each pulse sequence, allowing fair com-
parisons between sequences of the same TE. Pulse posi-
tions for each sequence were calculated according to the
aforementioned equations and are shown in Fig. 1. For
the images, a 2-mm axial slice was selected with a 40
mm � 40 mm FOV and 128 � 128 matrix size. Images
were acquired with a TR of 1.5 s and 8 averages unless
otherwise indicated. A 1 ms Hermite 90� pulse was used
for excitation, and 1 ms hyperbolic secant (sech) 180�

pulses were used for refocusing. Adiabatic pulses (such
as sech) have significantly better RF homogeneity than
conventional pulses but must be applied in identical
pairs to compensate for the induced nonlinear phase of
the transverse magnetization, where the phase reversal
depends only on the formation of an echo and not on
the individual delays (54–56). Slice selection was
achieved with an extra 2 ms Hermite 180 pulse after the
sequence (as discussed below). To reduce the effects of
stimulated echoes, all 180 pulses were flanked by
crusher gradients in different directions.

All images were processed using ImageJ (NIH, Be-
thesda, MD) and Matlab software (Mathworks, Inc.).

RESULTS

Simulation Results

Figure 3a shows the CPMG and UDD magnitude signals
(relative to the free induction decay (FID) signal) for 1-
pentene for a range of TEs. CPMG is shown in blue;
and UDD is shown in red; simulations with 4, 8, and
16 pulses are shown on the left, middle, and right,
respectively. The insets (below) show the typical exper-
imental regime with TEs from 40 to 150 ms. As the
number of pulses increases for each TE, the interpulse
spacing decreases. While the differences between CPMG
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and UDD seem small, the color bar at the top of each
graph showing the subtraction (UDD � CPMG)/CPMG
(%) shows significant differences between CPMG and
UDD for the range of TEs. The optimal sequence timing
(UDD or CPMG) depends strongly on the TE and
reflects differences in the chemical shift and J-coupling
refocusing.

Experimentally (where the minimum TE depends on
pulse lengths, crusher gradients, and acquisition time),
we have proposed a modification to the UDD and CPMG
sequences that permits significantly shorter TEs: the
placement of an extra echo pulse after the CPMG or UDD
module to permit both slice selection and significantly
shorter TEs (5 ms of evolution time was added before
and after the pulse as well). Using this modified
sequence, minimum TEs for the UDD sequence were 15

ms for 4 pulses, 35 ms for 8 pulses, and 145 ms for 16
pulses. Simulations of 1-pentene under this pulse
sequence for UDD8 and CPMG8 (Fig. 3b) show that the
signal drops off quickly, while the optimal sequence tim-
ing again depends strongly on the total TE (and thus
interpulse spacing).

Even for a single spin, contributions from spurious
pathways are highly probable in the CPMG and UDD
sequences (which, without special care, manifest experi-
mentally as banding artifacts in the UDD images). As a
result of the unequal pulse spacings of the UDD
sequence, its stimulated echoes refocus both before and
after the primary echo. These extra echoes generally
interfere with the primary echo in image space, produc-
ing bands of constructive and destructive interference in
the resulting image. On the other hand, in the CPMG

FIG. 3. a: Simulated echo signal for 1-pentene under SE and CPMG and UDD sequences with 4, 8, and 16 pulses, normalized to the
FID signal. The inset regions (bottom) show the typical experimental TE regime, from 40 to 150 ms. J-couplings cause the signal to

drop quickly (to �10% after 45 ms), with subsequent signal oscillations. The color bar shown across the top of each graph shows the
subtraction (UDD � CPMG)/CPMG and indicates the TEs where UDD is better and where CPMG is better. The optimal signal depends

on the TE and number of pulses and is due to the complicated chemical structure of J-couplings. b: Simulated echo signal for 1-pen-
tene under CPMG8 and UDD8 sequences using the timing of the experimental imaging sequence. The CPMG and UDD timings are cal-
culated using the given TE (such that the echo spacing remains the same), but there is an extra p pulse after the final 180 to provide

slice selection and an extra 10 ms of evolution time (2.5 ms before CPMG or UDD; 2.5 ms after CPMG or UDD; and 5 ms after the slice
selective pulse). The inset region (right) shows the typical experimental TE regime, from 40 to 150 ms, and the color bar indicates (UDD

� CPMG)/CPMG. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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sequence, they are refocused concurrently with the pri-
mary echo and lead to images with enhanced intensity.

While the CPMG signal for a single-spin system will
be increased due to stimulated echoes, the behavior is
less certain when there are multiple spins and J-cou-
plings. In these cases, stimulated echoes and J-coupling
may combine to decrease the signal at the peak of the
CPMG echo but to increase the UDD signal (although the
opposite may also be true). The simulated signal for 1-
pentene using CPMG8 and UDD8 sequences with pulse
flip angles of 180� (perfect), 175�, and 170� for a range of
TEs are shown in Fig. 4. The UDD echo appears earlier
after the final pulse as a result of the shorter last delay
compared to the CPMG sequence, and the different
CPMG and UDD timescales should be noted (in other
words, both the CPMG and UDD echoes are equally
sharp). For perfect 180� pulses, the UDD8 signal is only
higher than the CPMG8 signal for TEs between 80 and
120. However, for imperfect pulse flip angles (175� and
170�), the optimal sequence TEs shift, and the signal vs.
time behavior for CPMG8 and UDD8 are complicated by
both the stimulated echo and J-coupling modulation
effects.

Simulations of a typical fat molecule were also per-
formed by simplifying the fat molecule (shown in Fig.
2a) to a single proton for each individual chemical shift
(for 10 simulated spins) and then postmultiplying the
final signal by the number of protons (�130 actual spins)
corresponding to each chemical shift. The simulated
spectra of a fat molecule under the CPMG8 (in blue) and
UDD8 (in red) sequences for a range of TEs are shown in
Fig. 5. These spectra show that the shortest TEs do not

always have the highest signal intensity (T2 relaxation
has been ignored), and that the signal intensities oscil-
late with TE. Moreover, the optimal signal for each reso-
nance depends on the pulse sequence and total TE, both
of which relate to the interpulse spacings. Additionally,
no single sequence type or TE provides the optimal sig-
nal for all resonances.

FIG. 4. Simulated echo signals for 1-pentene with 180� (perfect; black) pulses, 175� pulses (blue), and 170� pulses (red). RF inhomoge-
neity causes stimulated echoes, which alter the echo signal differently for CPMG and UDD. The different x-axis timescales for CPMG

and UDD should be noted, which results from the shorter final UDD delay. The subtraction UDD � CPMG for the signal amplitude at
the peak of the echo (bottom left) shows that the shorter TEs tend to favor the CPMG sequence, while the UDD sequence is favored at
the longer TEs. This is also reflected in the image, normalized to the CPMG signal (bottom right). Even minor (<10%) RF inhomogeneity

leads to significant changes in the optimal sequence for a given TE. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

FIG. 5. Simulated CPMG8 and UDD8 spectra of a fat-like mole-

cule for a range of TEs. On both the right and left, UDD8 is shown
in red and CPMG8 is shown in blue. The left waterfall shows UDD

plotted on top of CPMG and shows TEs and resonances where
CPMG is better; the right waterfall shows CPMG plotted on top of
UDD and shows TEs and resonances where UDD is better. [Color

figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Experimental Results

The simulations show that the refocusing of fat depends
strongly on the sequence type and total TE (and thus on
the interpulse delays). Spectroscopy can be used to
determine which resonances are optimally refocused for
a given sequence and TE. Using a tube of vegetable oil as
a simplified fat system, Fig. 6 shows the spectroscopy
results from a voxel-selective modified PRESS sequence
(eight selective pulses—three on the read direction, three
on the phase direction, and two on the slice direction)
with the CPMG (blue) and UDD (red) timings. The left
side of the figure shows the resonances that the CPMG
sequence refocuses better than the UDD sequence, while
the right side shows resonances that the UDD sequence
refocuses better than the CPMG sequence for a range of

TEs from 40 to 120 ms. For the A methyl peak, the
CPMG and UDD sequences provide approximately equal
refocusing for TEs 60 and 80 ms; CPMG is better than
UDD for TEs 40, 90, and 100 ms; and UDD is better than
CPMG for TEs 50, 70, 110, and 120 ms. For the B meth-
ylene peak, the CPMG and UDD sequences provide
approximately equal refocusing for TEs 40 and 60 ms;
CPMG is better than UDD for TEs 60, 90, and 100 ms;
and UDD is better than CPMG for TEs 50, 70, 80, 110,
and 120 ms. For the C methylene, D allylic, and E meth-
ylene peaks, the UDD sequence provides more refocusing
than the CPMG sequence for all TEs shown. For the F
diallylic peaks, the UDD sequence provides more refo-
cusing than the CPMG sequence for the TEs less than 90
ms, while CPMG provides more signal for the longer
TEs. The G and H peaks correspond to the glycerol back-
bone protons (along with the I proton, which was not
observed here) and had too little signal intensity to eas-
ily discern the optimal sequence. The J olefinic peaks
had approximately equal refocusing for the CPMG and
UDD sequences for TEs 90, 100, 110, and 120 ms; CPMG
provides better refocusing than UDD for TEs 40, 50, and
60 ms; and UDD is better than CPMG for TEs 70 and 80
ms. Improved refocusing of the individual resonances
will be advantageous for iMQC imaging applications.

The strong signal dependence on the sequence type
and total TE, both in the simulations and spectroscopy,
illustrates the importance of the wide range of chemical
shifts and J-couplings (6) (Fig. 2b); however, one can
consider other mechanisms that could affect the signal
refocusing, such as highly structured tissue morphology
of fat leading to diffusion and exchange effects. To sepa-
rate the chemical and tissue structure effects, we com-
pared the CPMG and UDD images for oil and fat to eluci-
date the predominant mechanism for refocusing. Fat and
oil have similar spectral characteristics, but oil lacks fat
tissue microstructure. More specifically, similar signal
characteristics for oil and fat would indicate that the
chemical shifts and J-couplings are the predominant
mechanism for signal refocusing, while different signal

FIG. 6. CPMG8 and UDD8 localized spectroscopy of a tube of

vegetable oil for a range of TEs. UDD8 is shown in red and
CPMG8 is shown in blue. The left waterfall shows UDD plotted on

top of CPMG and shows TEs and resonances where CPMG is
better; the right waterfall shows CPMG plotted on top of UDD and
shows TEs and resonances where UDD is better. [Color figure can

be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

FIG. 7. a: Normalized subtraction images [(UDD8 � CPMG8)/CPMG8] for excised mouse fat and vegetable oil for several TEs. The oil

and fat images have similar signal characteristics, which are due to chemical structure effects (as opposed to microstructure). b: Com-
parison of CPMG8 and UDD8 signal intensities for excised mouse fat and vegetable oil for a range of TEs (35–115 ms). [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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characteristics would indicate that the microstructure is
the predominant mechanism. Moreover, this would
allow us to determine whether vegetable oil is a fair test
system for fat. Figure 7a compares the UDD and CPMG
images for oil and fat and shows that the optimal
sequence depends little on the microstructure, whereas
the chemical shifts and J-couplings likely play a large
role. This can also be seen in Fig. 7b for a wider range of
TEs. The refocusing of fat depends strongly on the TE
and thus on the interpulse delays, which results predom-
inantly from chemical structure effects (with some con-
tribution from tissue microstructure). Additionally, the
similar characteristics show that vegetable oil can be
used as a test system for fat. Careful timing of the inter-
pulse delays should provide a mechanism to refocus
more of these chemical shifts and J-couplings and
thereby increase the signal.

Figure 8 shows the imaging results for CPMG8 and
UDD8 in excised human breast tissue (top) and a post-

mortem obese mouse (bottom) for several TEs. These
images show that the optimal TE for fat is different for
CPMG8 and UDD8, where UDD8 outperforms CPMG8 at
the shorter TE (35 ms) and CPMG8 outperforms UDD8 at
the intermediate TE (50 ms), with about equal signals for
UDD8 and CPMG8 at the longer TE (80 ms). Moreover,
the optimal signal depends on the pulse sequence and
total TE, indicating the importance of the interpulse
spacings on the refocusing of the chemical shifts and J-
couplings.

One goal in optimizing the pulse sequence and TE for
fat refocusing is to apply these results to iMQC imaging
of fat. Using the UDD8 and CPMG8 sequences following
the iDQC-CRAZED (57–61) sequence on a tube of oil
(which can be used as a simple model for fat chemical
structure refocusing), we can determine the optimal
sequence and TE. More specifically, Fig. 9 shows the
oil tube subtraction images for (iDQC_UDD8 � iDQC_
CPMG8)/iDQC_CPMG8 for a range of TEs from 40 to 120

FIG. 8. a: Subtractions images for UDD8 � CPMG8 of excised human breast tissue (top) and obese mouse fat (bottom) for three TEs.
b: Double SE, CPMG8, UDD8, CPMG16, and UDD16 images of excised human breast fat at TE ¼ 120 ms. All CPMG and UDD sequen-

ces are better than the double SE sequence at this TE. However, CPMG8 is better than UDD8, while UDD16 is better than CPMG16 for
refocusing the fat signal.
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ms. Similar to the simulations and conventional imaging
results, the optimal signal refocusing depends on the TE
and sequence. Here, the CPMG and UDD sequences pro-
vide approximately equal refocusing for TE ¼ 80 ms;
CPMG is better than UDD at TEs 40, 90, 100, and 110
ms, and UDD is better than CPMG at TEs 50, 60, 70, and
120 ms. The combination of simulations, spectroscopy
and imaging permits the optimization of refocusing for

fat under various pulse sequences and TEs; moreover,
the optimal refocusing of fat will aid in iMQC imaging
applications.

DISCUSSION

The simulation results show that the signal intensity
resulting from the CPMG and UDD sequences depends

FIG. 9. a: Normalized subtraction images [(DQ_UDD8 � DQ_CPMG8)/DQ_CPMG8] for a tube of vegetable oil for a range of TEs. Simi-
lar to the conventional images, the optimal signal for iDQC followed by UDD8 or CPMG8 shows a strong dependence on the TE. b:
Comparison of DQ_CPMG8 and DQ_UDD8 signal intensities for a tube of vegetable oil for a range of TEs (40–150 ms). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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strongly on the TE and thus interpulse delays, which
reflects differences in the refocusing of J-couplings.
Using simulations of 1-pentene, the important parame-
ters for refocusing are the chemical shift difference and
J-coupling constant, as well as the sequence and total TE
(both of which determine the interpulse spacings). With
the strong J-coupling of 1-pentene (and thus fat), the ini-
tial signal intensity decreases quickly, with oscillations
and periodic signal recurrences. As shown previously
(26,27), as the chemical shift difference decreases, the J-
coupling becomes less effective at dephasing the lipid
signal. Thus, at lower magnetic fields (corresponding to
smaller chemical shift difference frequencies), the
dephasing ability of the J-coupling is significantly
reduced (although the J-coupling constants result from
the molecular magnetic properties and thus do not
depend on the external magnetic field). Simulations of
the pulse sequence used for the UDD8 and CPMG8 imag-
ing experiments show that the signal drops off quickly,
while the optimal TE depends strongly on the total TE
(and thus interpulse spacing). Moreover, stimulated ech-
oes resulting from imperfect refocusing pulses compli-
cate the signal behavior for the different sequences. Even
for relatively small pulse flip angle errors, the signal
changes dramatically (most notably for CPMG8 at TE ¼
150 ms and UDD8 at TE ¼ 60 ms). The optimal sequence
timing (UDD or CPMG) depends strongly on the chemi-
cal shift differences, TEs, and J-couplings, indicating the
lack of a global optimum for refocusing.

Using a tube of vegetable oil as a model system for fat,
spectroscopy was used to determine which resonances
are optimally refocused for a given sequence and TE.
The refocusing of each peak was found to depend
strongly on the TE and sequence; in other words, neither
sequence can optimally refocus all resonances at all TEs.
While the simulations show the importance of the wide
range of chemical shifts and J-couplings, other mecha-
nisms should also be considered, including the highly
structured tissue morphology of fat leading to diffusion
and exchange effects. Comparisons of CPMG and UDD
images for oil and fat revealed that the refocusing of both
samples predominantly results from chemical structure
effects (with some contribution from tissue microstruc-
ture). Images were acquired using the CPMG8 and UDD8
sequences for a range of TEs in a postmortem obese
mouse and excised human breast tissue. In both fat sam-
ples, the optimal signal depended on the pulse sequence
and total TE, indicating the importance of the interpulse
spacings on the refocusing of the chemical shifts and J-
couplings. Similarly, iMQC images of vegetable oil were
acquired and show significant differences in refocusing
between the CPMG and UDD sequences (applied after
the iDQC sequence) for different TEs. The addition of
these multipulse echo sequences after the iDQC
sequence provides time for the signals to grow in. The
combination of simulations, spectroscopy and imaging
permits the optimization of refocusing for fat under vari-
ous pulse sequences and TEs; moreover, the optimal
refocusing of fat will aid in iMQC imaging applications.

There are some limitations of this study. Although the
simulated and experimental results are qualitatively sim-
ilar, they are quantitatively different and can only show

which mechanisms and parameters will affect the signal.
Most of the simulations (with the exception of Fig. 3b)
lacked an extra p pulse and 10 ms delay present in the
imaging sequences, and this could be a major source of
discordance between the simulated and experimental
results. While 1-pentene can provide some insight into
the behavior of fat spins under multipulse echo sequen-
ces, it can only model the spin topology for the last few
protons in the lipid chain and cannot yield any informa-
tion for the other spins. The 10-spin simulation of the
fat-like molecule makes several assumptions and simpli-
fications, and we lack precise knowledge of the coupling
constants, which were estimated from known hydrocar-
bon chains and using incremental method software.
Moreover, the effects of J-coupling may be altered to var-
ious degrees by stimulated echoes, which we account for
in the simulations, or by diffusion, chemical exchange
effects, or coherence transfer crossrelaxation phenomena,
which are not accounted for in the simulations (27,31).
In addition, the simulations ignore all relaxation effects,
including the known differential relaxation rates
between protons in the hydrocarbon chain. Experimen-
tally, vegetable oil is not a perfect model for fat. Over
90% of human fat is composed of seven fatty acids
(which have different carbon chain lengths and numbers
of double bonds); the predominant fatty acids are oleic
(45–50%), palmitic (19–24%), and linoleic (13–15%),
with the remaining mystiric, palmitoleic, stearic, and lin-
olenic fatty acids accounting for another 13–18% (6).
While vegetable oil can also contain these fatty acids,
the composition of oil is different. Strictly speaking, the
pulse repetition rate may not fall in the strong coupling
(fast pulse) limit, especially for the longer TEs. However,
an intermediate regime may exist between the strong and
weakly coupled limits (27), and in fact, the UDD
sequence results may be more difficult to interpret
because of the changing interpulse delays (which are
shorter at the beginning and end and longer in the mid-
dle of the sequence, as opposed to CPMG that has equi-
distant spacing between pulses). Finally, the effect of the
strong coupling Hamiltonian depends on the offsets and
chemical shifts (32,62), further complicating the compar-
isons between the simulation and experimental results.

CONCLUSION

We have demonstrated through density matrix simula-
tions and experiments using an oil phantom and fatty
tissue samples that J-couplings play a significant role in
refocusing fat under multipulse echo sequences. More-
over, comparisons of oil and fat images reveal that
microstructure, which includes the effects of diffusion
and exchange, likely plays a negligible role in the refo-
cusing, while the chemical structure and J-couplings are
the predominant mechanism for refocusing. Density ma-
trix simulations can be used to optimize the signal refo-
cusing for a particular TE or resonance. The experimen-
tal results on vegetable oil provided good agreement
with the simulations of 1-pentene, where the signal in-
tensity depends on the sequence and number of pulses,
as well as total TE. These results show that the conven-
tional equally spaced CPMG sequence is not the global
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optimal timing, although the optimal timing to refocus J-
couplings may not be the UDD sequence either. The sim-
ulation, spectroscopy, and imaging results will enable
the tailoring of specialized pulse sequences with opti-
mized interpulse delays aimed at improving the refocus-
ing of the fat signal. This increased fat signal will ulti-
mately prove useful for iMQC applications that rely on
the growth of signals with a fat component.
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