
This article is available online at http://www.jlr.org Journal of Lipid Research Volume 52, 2011 833

Copyright © 2011 by the American Society for Biochemistry and Molecular Biology, Inc.

and cause insulin resistance ( 8 ), while diets rich in fi sh oil 
are shown to protect against fat-induced insulin resistance 
( 9, 10 ). 

 Despite its importance, tissue fatty acid composition is 
diffi cult to study in vivo. NMR can be used to detect satura-
tion and unsaturation level of fatty acids. Because of the 
difference in chemical shift between the different protons 
in the lipid molecule, one can easily and noninvasively de-
termine the ratio between saturated and unsaturated fatty 
acids using  13 C ( 11-13 ) and  1 H NMR ( 14 ). Although  1 H 
NMR offers higher sensitivity than  13 C, this analysis is dif-
fi cult to accomplish in vivo, where magnetic susceptibility 
gradients caused by interfaces between the target tissue and 
air, bone, or capillary vessels dramatically broaden reso-
nance frequency lines and degrade spectral resolution. 

 To improve spectral resolution, the NMR signal is usu-
ally acquired from very small voxels after careful shimming 
procedures and MRI-guided voxel localization ( 15–17 ). 
In the liver, this method has proven to be very useful to 
differentiate benign hepatic steatosis from the more pro-
gressive forms of fatty liver. Specifi cally, the degree of un-
saturation of hepatic lipid, which is associated with an 
elevated omega-6/omega-3 fatty acid ratio, has been corre-
lated with increased oxidative stress that occurs in steato-
hepatitis and type 2 diabetes mellitus patients ( 18, 19 ). 
For hepatocellular carcinoma, one of the most deadly 
forms of cancer, in vivo NMR lipid profi ling has demon-
strated early diagnoses. Alterations in the unsaturation 
level of hepatic lipids, and therefore in lipid metabolism, 
can indeed be detected well before the neoplastic nodules 
become visible in MRI scans ( 20 ). It has also been demon-
strated that this method can be a very important tool for 
differentiating quiescent atherosclerotic plaques from 
more active plaques that lead to acute ischemic syndromes. 
Because of its ability to detect cholesteryl ester, a lipid spe-
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 In both preclinical and clinical metabolic research, a 
method for in vivo detection of tissue fatty acid composi-
tion would be invaluable. Fatty acids are known to affect 
cellular metabolism through the control of signal-trans-
duction pathways ( 1 ) and gene expression ( 2, 3 ), and al-
teration in their profi le is often indicative of human 
diseases such as diabetes ( 4 ), infl ammation ( 5 ), or cancer 
( 6, 7 ). As fatty acid composition can also be affected by 
dietary fat, dietary fats are assumed to have an important 
role on extracellular and intracellular lipid metabolism. 
Several studies have demonstrated that diets rich in satu-
rated fatty acids increase intracellular lipid accumulation 
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 The MR experiments were performed at 4 weeks and at 12 
weeks during the diet regimen. In preparation for the MR experi-
ments, all animals were fed 32 h prior to the imaging experi-
ments with standard chow. For the experiments, animals were 
induced with Nembutal (60 mg/kg) in a single intra-peritoneal 
injection before the study. During the imaging study, anesthesia 
was maintained with periodic injection of Nembutal at 1/4 the 
initial dose, and the free-breathing animals were monitored us-
ing MR-compatible animal monitoring equipment from SA In-
struments (Stony Brook, NY). Body temperature was monitored 
with a rectal temperature probe and regulated and maintained 
using forced heated air. A total of three spectra, acquired every 
30-50 min, were acquired for each animal and for each time 
point. 

 NMR spectroscopy studies 
 All MR experiments were performed on a 7T small animal 

magnetic resonance tomograph with a 210 mm inner bore diam-
eter, interfaced to a Bruker Biospec console (Bruker BioSpin 
MRI GmbH, Ettlingen, Germany). The system was equipped with 
a gradient coil system (maximum gradient strength 42 Gauss/cm) 
and a  1 H transmitter-receive coil with a 35 mm inner diameter. 

 Coronal respiratory-gated spin echo images ( Fig. 2A  and  Fig. 
3A, B ) were fi rst acquired for morphological reference with the 
following parameters: an echo time (TE) of 14 ms, a repetition 
time (TR) of 3 s, a matrix size of 256 × 128, a fi eld of view (FOV) 
of 6 cm × 3 cm, and a slice thickness of 2 mm. 

 For the nonlocalized  1 H spectrum, we used a 90° broadband 
pulse (1 ms Hermite pulse) followed by an acquisition window of 
500 ms. For the localized  1 H spectra, we used a point-resolved 
spectroscopy (PRESS) sequence, with TR = 4 s, TE = 9.5 ms, and 
400-800 averages, without solvent suppression. For these spectra,
we selected voxel sizes ranging from 1 × 1 × 1 mm 3  to 2 × 2 × 2 
mm 3  located in the abdominal fat depot of the mouse. 

 The 2D iZQC spectra were all acquired with the sequence 
shown in   Fig. 1  ,  which was customized to selectively detect meth-
ylene protons (-CH 2 -) at 1.3 ppm that are spatially coupled with 
all the other lipid protons: the olefi nic methylene protons (-CH 
= CH-) at 5.3 ppm, the allylic protons at 2.03 ppm, the  �  methyl-
ene protons at 2.25 ppm, and the bisallylic protons at 2.77 ppm. 
Water spins from lean tissue, and uncoupled water and fat spins 
are dephased by a combination of gradient pulses, selective RF 
excitations, and RF phase cycling. In the sequence, the fi rst 90° 
pulse (Hermite, 1ms duration) excited all orders of coherences, 
including zero-quantum (iZQC) and double-quantum (iDQC) 
coherences. The frequency selective 180° pulse (Gaussian, 3.425 
ms) applied at 1.3 ppm cross-converted mixed spin iDQC with 
iZQC. A fi nal 90° broadband pulse (Hermite, 1 ms) at 4.7 ppm 
converted iZQC and iDQC coherences to detectable single-quan-
tum (iSQC) antiphase magnetization. The sequence did not have 
a volume selective module but, after the mixing pulse, a slice se-
lective refocusing pulse (Hermite, 1ms), surrounded by crusher 
gradients, was applied to selectively refocus the signal from a 40 
mm slice centered in the lower abdomen. In our case, the 
iDQC → iZQC → iSQC coherence transfer pathway was selected by 
a gradient combination of G1:G2:G3 = 8:-14:16 Gauss/cm, with a 
1ms duration. A crusher module (90° RF pulse surrounded by 
pulsed fi eld gradients of different strengths oriented along the 
magic angle) at the beginning of the sequence dephased any sig-
nal from stimulated echoes. For the acquisition of the 2D spectra, 
the tau delay (tau = 3.7 ms) was kept constant, while the t1 delay 
(t1 = 3.4595 ms), during which the iZQC signal evolves, was 
stepped 128 times in increments of 0.333 ms, resulting in a spec-
tral bandwidth of 3,000 Hz along the indirectly detected spectral 
dimension (F1). The signal for each t1 point was then collected 
with a repetition time (TR) of 3 s, an echo time (TE) of 29 ms, a 

cifi cally linked to plaque rupture, NMR spectroscopy 
seems very well suited for identifying vulnerable plaque 
noninvasively prior to the occurrence of an atherothrom-
botic event ( 21 ). The shimming procedure associated with 
this method, however, is time consuming, and the method 
itself requires careful localization to exclude tissue inter-
faces and areas with strong susceptibility gradients. More-
over, the method suffers from chemical shift displacement 
artifacts that rise sharply with reduced voxel size. This pre-
cludes the possibility to use such a technique to analyze 
large body areas or tissues that are highly heterogeneous. 

 We present here a new approach to analyze the fatty 
acid composition of fat depots spread over large (several 
cubic centimeter) volumes, without loss of spectral resolu-
tion and without signal contamination from lean tissues. 
This approach is based on the detection of the nonlinear 
signal from intermolecular zero quantum coherences 
(iZQC), which is well known to be insensitive to magnetic 
fi eld inhomogeneities and which has previously been used 
to enhance spectral resolution in a deshimmed sample 
( 22 ), for a strongly drifting magnet ( 23 ), and in vivo ( 24–
26 ). The iZQC signal is sensitive to simultaneous opposing 
transitions of two or more spins on different molecules. 
These transitions are not directly observable like a stan-
dard linear NMR signal, and their detection requires the 
acquisition of a bi-dimensional (2D) spectrum. This 2D 
spectrum is acquired with a pulse sequence that has been 
modifi ed from the standard homogeneity enhancement 
by intermolecular zero quantum detection (HOMOGE-
NIZED) iZQC pulse sequence ( 22 ) to specifi cally detect 
the iZQC signal between the methylene spins at 1.3 ppm 
and all other nearby proton spins in a 100 µm range. Wa-
ter signal from lean tissues, which lack nearby (<100 µm) 
methylene spins, is thereby naturally suppressed. Extra wa-
ter suppression modules are therefore unnecessary, and 
the presence of lean tissue in the selected volume does not 
affect spectral quality. Moreover, since the signal is natu-
rally insensitive to magnetic fi eld inhomogeneities, the 
technique can be used to analyze large volumes. Signal 
from physiologically distributed lipid depots contributes to 
overall signal without compromising spectral resolution. 

 We have calibrated and validated this method for sam-
ples containing known amounts of fatty acids, and then 
used it in vivo on mice to measure adipose tissue composi-
tion changes induced through dietary intervention. 

 MATERIAL AND METHODS 

 In vivo studies 
 All animal studies were approved by the Duke University Insti-

tutional Animal Care and Use Committee. They were performed 
using 8-week-old C57 male mice from the same litter (n = 4) and 
a 24-month-old obese (ob/ob) mouse (n = 1). All animals were 
housed at a constant temperature (20-24°C) in 12-h light/dark 
cycles. Mice were divided in two groups (two mice per group) 
and fed ad libitum with either a standard chow diet (11% kcal 
from fat) or with standard chow diet supplemented with fl axseed 
oil, (fl axseed oil softgel, SPECTRUM, Boulder, CO), rich in poly-
unsaturated fatty acids (PUFA). 
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 while the ratio between the bisallylic protons (P6) and the  �  
methylene protons (P5) yielded information on the fraction of 
fatty acids that are polyunsaturated [disaturated (F disat ) or triun-
saturated (F triunsat )]. Assuming that higher unsaturated fatty ac-
ids in the fat depots of humans or mice are scarce, we could 
write: 

   6
2 *

5
disat triunsat

P
F F area

P
 .  

 In the iZQC spectrum, unlike in the standard 1D spectrum, 
each peak represented a coupling between two different spins. 
The P4-P2 peak, for example, represented the coupling between 
the allylic spins and the bulk methylene spins, while the P5-P2 
peak represented the coupling between the  �  methylene spins 
and the bulk methylene spins ( Fig. 1C ). The intensity of these 
peaks is, to a fi rst approximation, proportional to the concentra-
tion of the two correlated spins: 

   
( 4 2) 0, 2 0, 4

( 5 2) 0, 2 0, 5

( 6 2) 0, 2 0, 6

iZQC P P P P

iZQC P P P P

iZQC P P P P

M M M TE

M M M TE

M M M TE

   

 Therefore, when we considered the ratio between any two 
of these peaks, we could ignore the methylene contribution to 
the signal and assume that, as in standard 1D  1 H spectros-
copy: 

   

( 4 2)

( 5 2)

( 6 2)

( 5 2)

1
2

2 *

P P
unsat

P P

P P
disat triunsat

P P

ZQC
F volume

ZQC

ZQC
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 Once these ratios were measured, correction factors needed 
to be used to compensate for relaxation, which can have a strong 
effect because the delay before the fi rst excitation pulse and sig-
nal acquisition is usually on the order of tens of milliseconds. To 
account for relaxation, we needed to correct the measured value 

by a factor of 2, 5 2, 4/ /tot P tot PTE T TE Te  for the
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P P

P P

ZQC
volume

ZQC
 

ratio,

 

and
 

2, 5 2, 6/ /tot P tot PTE T TE Te ) for the ( 6 2)

( 5 2)

P P

P P

ZQC
volume

ZQC  
ratio. If we as-

sume the values found by Strobel et al. ( 16 ) for the transverse 
relaxation times of the P4, P5, and P6 peaks, we could estimate a 

correction factor of 1.38 for the
 

( 4 2)

( 5 2)

P P

P P

ZQC
volume

ZQC  
ratio, and of 

0.7 for the ( 6 2)

( 5 2)

P P

P P

ZQC
volume

ZQC
 ratio (as TE tot  we assume dTE + 

tau + t1 = 36 ms). 
 By considering transverse relaxation effects on the three dif-

ferent peaks, we could then rewrite: 

     

( Eq. 1 ) 
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 Experimental estimation of calibration factors 
 Correction factors could also be found experimentally by mea-

suring the ( 4 2)

( 5 2)

P P

P P

ZQC
volume

ZQC
 and the ( 6 2)

( 5 2)

P P

P P

ZQC
volume

ZQC
 ra-

tios for a sample with known amounts of saturated and unsaturated 

number of repetitions (NEX) of 4, a bandwidth of 3000 Hz, and 
128 complex data points. 

 Post-processing was then performed using Matlab software. 
Data processing consisted of a DC offset removal and a complex 
2D Fourier transformation. The 2D spectra, each with 128 × 128 
spectral points, were then linearly interpolated to give 512 × 512 
spectral points. In the resulting 2D spectrum, the peak position in 
the F1 dimension was given by the resonance frequency difference 
between the participating spins; it is insensitive to resonance fre-
quency offsets. For example, the resonance frequency of the (F1 = 
P2-P4, F2 = P4) iZQC peak along the indirectly detected dimen-
sion F1 is 2 4 2 4 (1.3 2.03) 0.73 220P P P P ppm ppm Hz  
at 7T, while the resonance frequencies of the P5-P2 and P6-P2 
peaks were at 285 Hz and 441 Hz, respectively, at 7T. 

 The volume integral is then measured for the three 
cross-peaks (P4-P2, P5-P2, P6-P2), and then the ratios, 

( 6 2)

( 5 2)

P P

P P

ZQC
volume

ZQC  
and 

( 4 2)

( 5 2)

P P

P P

ZQC
volume

ZQC
, were calculated to 

determine the adipose tissue unsaturation and polyunsaturation 
level, as described below. 

 All iZQC experiments were performed under free breathing 
without respiratory gating. 

 Calculation of triglyceride composition 
 For standard 1D spectroscopy, the unsaturation and polyun-

saturation level of lipid depots could be determined by measuring 
the area under the three peaks that span the 2-2.8 ppm range of 
the standard  1 H spectrum: the allylic peak (P4) at 2.03 ppm, the  �  
methylene peak (P5) at 2.25 ppm, and the bisallylic peak (P6) at 
2.77 ppm ( 15, 16 ). More specifi cally, the ratio between the allylic 
protons (P4) and the  �  methylene protons (P5) could be used to 
measure the fraction of fatty acids that are unsaturated (F unsat ), 

   

1 4
2 5unsat

P
F area

P  
,
  

  Fig.   1.  iZQC pulse sequence used to collect 2D spectra from the 
abdomen of the different animals. The sequence begins with a 
crusher module [consisting of a 90 degree broadband pulse sur-
rounded by two pulsed fi eld gradients of different intensities (black 
boxes)]. After the crusher module and a delay time of about 2.8 s 
(dotted line), the fi rst broadband ( � /2) excitation pulse is applied. 
This pulse excites all coherences, including iDQCs. The iDQCs 
evolve for a constant time delay (tau) and are then transformed 
into iZQCs by a selective inversion pulse [( � ) s ] acting on the meth-
ylene spins. The iZQCs then evolve for a variable time (t1), after 
which they are transformed by a broadband ( � /2) degree pulse to 
standard SQCs. The signal is then acquired after a time (TE) after 
the third mixing pulse. During TE, a slice-selective ( � ) pulse, sur-
rounded by crusher pulsed fi eld gradients (black boxes), is used to 
refocus the signal. The G1, G2, and G3 gradients are the pulse fi eld 
gradients used to select the coherence pathway indicated in the 
fi gure (iDQC → iZQC → iSQC). 2D, two dimension; iDQC, intermo-
lecular double-quantum coherence; iZQC, intermolecular zero-
quantum coherence; SQC, single-quantum coherence.   
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lene spins, resulting in further enhancement of the 
( 6 2)

( 5 2)

P P

P P

ZQC
volume

ZQC  
ratio. 

 We estimated this effect by measuring the methylene 
signal attenuation as a function of the resonance frequency 
offset of this pulse. This enhancement is about 1.55, and it 
brings the expected correction factor from 0.7 to 0.7/1.55 
=  � 0.45, which is similar to what we found experimentally 
(0.45 ± 0.08). 

   Figure 2    shows the anatomical image along with the cor-
responding 1D NMR spectrum and the 2D iZQC spectrum 
obtained from the obese mouse. A comparison of the iZQC 
spectrum with the standard 1D spectrum acquired from the 
same region shows impressive resolution enhancement and 
excellent water suppression. In addition to coupling of the 
CH 2  methylene protons with the CH 3  protons (P2-P1) and 
CH 2  (P2-P2), coupling with the olefi nic (P2-P9), allylic meth-
ylene (P2-P4), alpha methylene (P2-P5), and diallylic meth-
ylene (P2-P6) peaks are easily identifi ed and resolved. This 
confi rms the theoretical prediction that iZQC is insensitive 
to magnetic fi eld inhomogeneities and that water signal 
from lean tissue is naturally suppressed. 

   Figure 3    shows a representative expansion of the (P4-
P2)/(P6-P2) spectral peak region generated from the two 
groups of mice at 4 and 12 weeks. The signals from all 
couplings are well separated, thus permitting their straight-
forward integration for calculating fatty acid composition. 
Changes in fatty acid composition due to PUFA diet are 
clearly observed in the iZQC spectra and confi rmed by 
standard localized PRESS experiments ( Fig. 3G, H ). The 
P6-P2 peak, corresponding to PUFAs, is highly enhanced in 
the PUFA diet group and increases over time with respect 

fatty acids. For this study, we used pure (>99%) oleic and linoleic 
acids, obtained from Sigma-Aldrich (St. Louis, MO), which have 
18 carbon chains and one and two double-bonded sites, respec-
tively. IZQC experiments were run on these samples, and all mea-
surements were repeated three times with slightly different shim 
settings. We then found the experimental calibration factors by 
measuring the peak volume integral ratio of the three nonover-
lapping signals from the iZQC spectrum (P4-P2, P5-P2, P6-P2) 
and by comparing them with the expected theoretical value in 
absence of relaxation. From the difference between the expected 
theoretical ratio and the experimental ratio, we obtained a cor-
rection factor of 1.3 ± 0.1 for the (P4-P2)/(P5-P2) ratio and a 
correction factor of 0.45 ± 0.08 for the (P6-P2)/(P5-P2) ratio. 

 RESULTS 

 Good agreement was found between the experimental 
(1.3 ± 0.1) and theoretically derived (1.38) correction factors 

for ( 4 2)

( 5 2)

P P

P P

ZQC
volume

ZQC
. On the other hand, the correc-

tion factor found experimentally (0.45 ± 0.08) for 
( 6 2)

( 5 2)

P P

P P

ZQC
volume

ZQC  
was quite different from what we pre-

dicted theoretically (0.7). This is because we did not con-
sider the effect that the selective narrowband RF pulse, 
used in the sequence to interconvert iDQC into iZQC, had 
on the different spins. Unlike the other broadband pulses 
(1 ms Hermite pulse with a 5400 Hz bandwidth), this selec-
tive pulse (3.425 ms Gaussian pulse with a 800 Hz band-
width), centered on the methylene spins at 1.3 ppm, 
enhanced the iZQC coupling that the methylene spins 
have with the bisallylic spins and attenuated the iZQC 
coupling that the methylene spins have with the  �  methy-

  Fig.   2.  A: Coronal MRI slice through the abdomi-
nal region of an obese mouse showing (white dotted 
lines) the selected abdominal slice analyzed with our 
method. The positioning of the mouse is indicated 
by the letters H (head) and L (left). B: Standard 1D 
spectrum acquired from the same mouse. For the ac-
quisition of this spectrum, we used a 90° excitation 
pulse with a TR = 3.5 s and NA = 1. C-D: Representa-
tive in vivo iZQC proton spectrum of the selected 
area of the obese mouse. Shown are eight different 
iZQC lipid-lipid peaks: (P1-P2), methylene-methy-
lene IZQC (P2-P2), allylic-methylene (P4-P2),  �  
methylene-methylene (P5-P2), bis-allylic-methylene 
(P6-P2), glycerol-methylene (P7-P2 and P8-P2), and 
olefi nic-methylene (P9-P2). 1D, one dimension; 
iDQC; intermolecular double-quantum coherence; 
iZQC, intermolecular zero-quantum coherence.   
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tion level between the two groups, the difference between 
the standard diet and the PUFA diet group was quite dra-
matic. Using the 0.45 ± 0.08 experimental correction value 
and assuming a level of 2% of triunsaturated fatty acids 
and a negligible level of higher polyunsaturated fatty ac-
ids, we could calculate a diunsaturation level for the nor-
mal diet group of 18%, which is in pretty good agreement 
with what was found by Strobel et al. ( 16 ) for the diunsatu-
ration level of NMRI mouse white adipose tissue (WAT). 
For the PUFA diet group, this calculation led to mislead-
ing results. In these mice, the presence of highly unsatu-
rated (more than two double bonds) fatty acids led to a 
strong enhancement of the P6-P2 peak. Therefore, for this 
group, if we assumed a 2% level of triunsaturation, we ar-
rived at an unreasonably high diunsaturation value, which 
after 12 weeks is larger than 100%. 

 This clearly indicates that for the PUFA group we can-
not estimate the diunsaturation level because we cannot 
assume a value of only 2% of triunsaturation or neglect the 
presence of highly unsaturated fatty acids. For this group, 
we can only conclude that the comparison between the 
(P2-P4)/(P2-P5) ratio and the (P2-P6)/(P2-P5) shows a 
high level of highly unsaturated fatty acids that increased 
from week 4 to week 12 (  Fig. 4  ).  

 DISCUSSION 

 We have demonstrated that 2D iZQC spectroscopy can 
provide an in vivo analysis of changes in adipose tissue 
composition related to diet intervention in mice. Signal 
from lean tissues is naturally suppressed by this method, 
and overall composition of small lipid depots that are scat-
tered over large areas or that surround internal organs can 
be easily analyzed without the use of water suppression 
modules or small voxel selection. 

 Because this signal is only a small percentage of the stan-
dard proton signal, sensitivity can be a major limitation, 
especially in analyzing small volumes. However, when large 
tissues need to be analyzed, sensitivity can easily be im-
proved by increasing the selected volume without incur-
ring resolution degradation or signal contamination from 
nonfatty tissues. 

 By using this method, we can resolve saturated and unsat-
urated lipid components whose contribution, upon calibra-
tion, can be used to estimate the degree of unsaturation of 
overall fat composition in the body. The volumes corre-
sponding to these peaks need to be corrected not only for 
transverse relaxation but also for RF pulse attenuation. Oth-
erwise, the polyunsaturation level will be overestimated be-
cause a selective RF pulse is used in the protocol. This 
correction can be easily done before the procedure by col-
lecting the 2D spectrum from a sample with a known value 
of the fraction of different fatty acids, as we have done here. 

 By using this method, we can detect the alterations in 
adipose lipid composition due to a PUFA-rich diet. Al-
though such results cannot be directly compared with pre-
vious work, because of the different diet regiment, the 
alteration that we observed between the two groups are 

to the P4-P2 peak, refl ecting the change in lipid composi-
tion that occurs over time under the PUFA diet. The relative 
ratios of saturated versus unsaturated fatty acids, calcu-
lated by using the experimental calibration factors (1.3 for 

( 4 2)

( 5 2)

P P

P P

ZQC
volume

ZQC
, and 0.45 for ( 6 2)

( 5 2)

P P

P P

ZQC
volume

ZQC
) are 

summarized in   Table 1  .  All values are given in mean ± SD. 
Mean values were derived by performing six repeated mea-
surements for each group (three measurements per 
mouse) within a day or two, while standard deviation was 
calculated as the square root of the variance. Saturation 
and unsaturation values were then calculated for each 
group using equation 1 and by using a fi xed value of 2% 
for the level of triunsaturated fatty acids. By using equa-
tion 1 with the correction value of 1.3 ± 0.1 found experi-
mentally, we found similar unsaturation levels for the two 
groups. However, when we compared the polyunsatura-

  Fig.   3.  A-B: Coronal MRI spin-echo images showing the selected 
slice of a mouse fed standard chow (A) and a mouse whose diet is 
supplemented with PUFA (B). C-D: iZQC spectra from the two 
groups after 4 weeks, showing the region highlighted in  Fig 2D . 
Spectrum from a mouse fed standard chow (C), and spectrum 
from a mouse whose diet is supplemented with PUFA (D). E-F: 
iZQC spectra from the two groups after 12 weeks, showing the re-
gion highlighted in  Fig. 2D . Spectrum from a mouse eating stan-
dard chow (E), and spectrum from a mouse whose diet is 
supplemented with PUFA (F). G-H: Localized  1 H spectra from the 
two groups after 12 weeks. Localized  1 H PRESS spectrum from a 
2 × 2 × 2 mm 3  voxel centered in the intra-abdominal fat depot of a 
mouse fed standard chow (G), and localized  1 H PRESS spectrum 
from a 1 × 1 × 1 mm 3  voxel centered in the intra-abdominal fat de-
pot of a mouse fed standard chow and PUFA supplements (F). 
iZQC, intermolecular zero-quantum coherence spectroscopy.   
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 In conclusion, our study indicates that the rapid acquisi-
tion of high-resolution NMR spectra of lipid depots scat-
tered over different regions of the body is straightforward, 
and this method can provide information on lipid depots 
that are not accessible with standard NMR methods. The 
high resolution and sensitivity of the current method en-
ables us to evaluate the impact of different diets on adi-
pose tissue composition in situ, and it may also be used to 
study fatty acid composition of other highly heterogeneous 
organs, such as the liver. We anticipate that the method 
may be useful for the rapid detection of small changes in 
the composition of fatty acids in response to diet, exercise, 
and fat-metabolic diseases. In humans, such analyses could 
unveil differences due not only to different diets but also 
to lipid metabolism. 

 Despite the large spectral resolution improvements pos-
sible with this method, the possibility to separate the allylic 
protons from the  �  methylene protons at the more com-
mon lower clinical fi elds is conceivable but still need in-
vestigation. Although this method requires a specifi c 
modifi cation of the standard spectroscopic sequences pre-
sent on clinical scanners and is performed at relatively 
higher fi eld with respect to standard clinical scanners, we 
strongly believe that this method will advance noninvasive 
human lipid research and aid the understanding of disor-
ders that relate to disturbed lipid metabolism, including 
obesity, diabetes, and heart disease.  
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