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ties ( 1–7 ), highlighting the need for effi cient means of 
characterizing lipid composition in vivo ( 1–7 ). Parameters 
such as mean unsaturation, mean polyunsaturation, and 
mean chain length can provide useful information about 
diet, fat distribution, and metabolism ( 9–14 ). The above-
mentioned parameters of lipid deposits can be obtained in 
vitro using high resolution proton magnetic resonance 
spectroscopy (HR-NMR) ( 15–20 ). The disadvantages asso-
ciated with in vitro techniques are well known: invasive-
ness and time-consuming extraction protocols ( 21 ). The 
main advantage is high resolution, which allows discrimi-
nation between olefi nic proton peaks and glycerol meth-
ilenic peaks. 

 To the best of our knowledge, ours was one of the fi rst 
groups to suggest that in vivo magnetic resonance spec-
troscopy (MRS) can provide information about fat compo-
sition in living animals ( 22 ). In that paper, chemical shift 
imaging was used to obtain parametric maps of PUFA dis-
tribution in adipose tissue of living rats. Recently, other 
groups have proposed in vivo single-voxel localized spec-
troscopy for the characterization of lipid tissue in animals 
( 23 ) and humans ( 24 ) at 7 T. Single-voxel techniques take 
advantage of the possibility to select a relatively small vol-
ume of interest (of the order of 1–2 mm 3  in animals) that 
allows to obtain good voxel-based shimming and conse-
quently, well-resolved resonances ( 23 ). 

 However, with optimized single-voxel techniques in vivo 
spectra are also affected by relatively high line-width with 
partially overlapping peaks. Reliable extraction of lipid pa-
rameters from in vivo spectra requires suitable methods 
for spectral analysis and processing ( 23, 24 ). Lipid param-
eters are calculated from the relationships between the 
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 Recent biochemical studies have emphasized the roles 
of saturated and unsaturated fatty acids in obesity and dia-
betes ( 1–7 ). For example, relatively high levels of saturated 
fatty acids and low levels of PUFAs are found in individuals 
with insulin resistance and metabolic syndrome ( 8 ). 

 Recent studies have suggested a close relationship be-
tween a number of widespread disorders and fat proper-
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g/kg), linolenic acid (2.76 g/kg), oleic acid (12.59 g/kg), palm-
itic acid (7.64 g/kg), and stearic acid (1.5 g/kg). Other fatty ac-
ids were present in the lower percentages (<0.26 g/kg). 

 In vivo MRS were acquired for all animals and a reduced num-
ber of them (n = 5 obese and n = 4 lean) were used for Folch’s 
extraction protocol ( 21 ) and HR-NMR measurements. All studies 
were conducted in accordance with the guidelines of the Com-
mittee for Animal Research at the University of Verona. 

 HR-NMR and MRS experiments 
 Triglycerides (TG) solutions were prepared by mixing differ-

ent volumes of pure glyceryl tripalmitate (16:0), glyceryl trioleate 
(18:0), glyceryl trilinoleate (18:2), glyceryl trilinolenate (18:3), 
and deuterated chloroform to reach a fi nal volume of 600  � l. Nine 
phantom solutions were prepared by mixing the above-mentioned 
TGs according the following ratios: 100:0:0:0, 50:50:0:0, 0:100:0:0, 
0:50:50:0, 0:0:100:0, 0:0:50:50, 0:0:0:100, 50:0:0:50, 33:34:33:0, 
0:0:20:80. From these ratios, the theoretical unsaturation and 
polyunsaturation indexes were calculated and compared with the 
measured HR-NMR values. 

 Oil standard samples for HR-NMR were prepared by diluting 
20  � l of oil in 600  � l of deuterated chloroform (CDCl 3 ) and 
placed in 5 mm NMR tubes. Plain oil was used for MRS. Oil sam-
ples were prepared simultaneously from the same bottle for both 
MRS and HR-NMR. Animal fat was extracted from rat WAT and 
BAT using Folch’s standard method ( 21 ). After extraction, HR-
NMR samples were prepared by diluting a few  � l of extracted fat 
in 600  � l of CDCl 3 . 

 MRS experiments were carried out using a 4.7T Biospec System 
(Bruker, Germany) equipped with a birdcage coil (72 mm internal 
diameter) and a fl at surface coil (15 mm in diameter). Spectra 
were obtained using a point resolved spectroscopy sequence with 
repetition time/echo time (TR/TE) = 4000/22 ms, number of col-
lected spectra = 256 (17 min of acquisition time), bandwidth = 
20.03 ppm, voxel size = 1–2 mm 3 . No water suppression was ap-
plied. For TR = 4000ms, no correction of T1 was necessary ( 23 ). To 
perform T2-correction, both for oil phantoms and animal adipose 
tissue, spectra were acquired at different TEs (from 6 to 50 ms, 
TR = 2500 ms) according to Strobel et al. ( 23 ). Animals were pre-
anesthetized with 5% of isofl uorane in a mixture of O 2  and air and 
then kept anesthetized with 1–1.5% of isofl uorane. The surface 
coil was carefully positioned over the inguinal part of the rat where 
WAT deposit is situated. Oil standard samples were laid on the 
surface coil and inserted in the center of the birdcage transmitter 
coil. Temperature was approximately 22°C. 

 HR-NMR spectra were acquired using a Bruker DRX spectrom-
eter operating at 500.13 MHz for  1 H nuclei, with a 5 mm TXI 
probe. HR-NMR spectra were acquired at 298 K, with a repetition 
time of 2.64 s, spectral width 5 kHz, fl ip angle of 45°, total num-
ber of transients of 128 and 16K acquisition data points. No line 
broadening was applied in data processing and spectra were zero 
fi lled to 32K. Chloroform signal ( �  = 7.27 ppm) was used as chem-
ical shift reference, except for samples containing TMS standard 
( �  = 0.00 ppm). The software Topspin 1.3 (Bruker, Germany) was 
used to acquire and process the data; baseline corrections, phase 
adjustments, and calculation of integrals were manually per-
formed using the tools implemented in this software. 

 Data analysis 
 Peaks of proton spectra were assigned to chemical groups of 

tryglicerides according to the nomenclature reported in   Fig. 1  . 
In accordance with references ( 30 ) and ( 23 ), the following for-
mulas were used to calculate the lipid indexes, starting from the 
peak areas [letters refer to the area under the curve (AUC) cor-
responding to each peak]: 

areas of different peaks in NMR spectra ( 8, 23, 24 ). Strobel 
et al. ( 23 ) have demonstrated that reliable calculation of 
peak areas requires fi tting of spectral lines and correction 
of peak intensity by the T2 value. In the present paper, the 
method published by Strobel et al. was translated at 4.7 T 
and applied to the investigation in vivo of adipose tissue 
composition in Zucker rats. 

 In vivo studies were conducted in parallel with ex vivo HR-
NMR, assumed to be a “gold standard” for the determination 
of lipid parameters. The choice of adopting HR-NMR as a 
gold standard is supported by a number of studies in oils and 
tissue extracts (see, for example, Refs. 15–17, 19). 

 Experiments were fi rst conducted by HR-NMR in mix-
tures of triglycerides (TGs) of known composition in or-
der to validate the relationships used for the calculation of 
lipid parameters. In order to correct for systematic differ-
ences between the indexes computed with HR-NMR and 
with in vivo MRS, fi ve phantom oils (one animal and four 
vegetable) were measured by both instruments and the li-
pidic indexes obtained were used to calculate the linear 
regression; the values of HR-NMR were assumed to be the 
gold standard. Finally, in vivo MRS and ex vivo HR-NMR 
were applied to adipose tissues of Zucker rats, a widely 
used experimental model of obesity ( 25, 26 ). The Zucker 
obese rats present abnormalities similar to those seen in 
human metabolic syndrome and are widely accepted as an 
experimental model of insulin resistance. The lipid profi le 
of obese subjects has been extensively investigated ( 27–29 ) 
in order to fi nd a connection between the nature of the 
disorder and related metabolic problems. Therefore, in 
vivo and ex vivo spectra of adipose tissue of both obese and 
control rats were scanned in vivo using localized MRS and 
later, after extraction, using in vitro HR-NMR. Both white 
adipose tissue (WAT) and brown adipose tissue (BAT) 
were investigated, but only the former could be properly 
characterized using MRS, due to the low quality of in vivo 
spectra in the interscapular region arising from the respi-
ratory motion. Both WAT and BAT showed different lipid 
profi les in obese and control rats. Specifi cally, unsatura-
tion and polyunsaturation indexes of control rats were 
higher than those of obese rats. We speculate that the high 
degree of saturation of fat might explain the well-docu-
mented tendency of obese subjects to present cardiovascu-
lar and related disorders. 

 MATERIALS AND METHODS 

 Chemicals 
 Vegetable (peanut, sunfl ower, olive, soy) and animal (cod 

liver) oils were of commercial origin. Chemicals were purchased 
from Sigma-Aldrich (Milano, Italy). NMR tubes (5-mm outer di-
ameter) were from Wilmad (New Jersey). 

 Animals 
 Male adult Zucker obese ( fa/fa ) rats (n = 8) and Zucker lean 

rats (n = 8) were obtained from Harlan, UK. Animals had free 
access to water and standard rat feed (Teklad Global 18% Pro-
tein Rodent Diet, Harlan, UK). According to the manufacturer, 
the fatty acids composition of the feed was: linoleic acid (31.35 
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samples do not contain signifi cant amounts of mono- and di-glyc-
eride, that is to say that the equations 7 and 8 are satisfi ed: 

   A 9
(I+H) 4

  (Eq. 7) 

   
F 6

(I+H) 4   (Eq. 8) 

 The above condition was experimentally verifi ed by HR-NMR 
spectra both in oils and animal tissue extracts. 

 Finally, the theoretical values of the previously indexes of pure 
TGs mixtures (see Materials and Methods, HR-NMR and MRS 
experiments) were manually calculated starting from the molec-
ular formulas and from the medium number of double bonds for 
each chain. 

 Analysis of MRS data 
 After acquisition, MRS spectra were transferred to a PC for 

analysis. The values of AUC were obtained by fi tting different 
peaks in the spectra. Several algorithms, both in time domain 
and frequency domain, were tested including AMARES ( 31 ), 
HLSVD ( 32 ), QUEST ( 33 ) included in jMRUI software ( 34 ), 
simple integration, and LCModel ( 35 ). QUEST was selected be-
cause the lipidic indexes obtained after QUEST analysis of spec-
tral peaks showed the best agreement with HR-NMR data and the 
smallest computed SD in each group of animals with respect to 
the other algorithms. For QUEST quantifi cation, a database 
formed by 11 Lorentzian peaks at different ppm values was cre-
ated using the jMRUI simulation tool. The frequency of each 
peak was fi xed to mimic the corresponding lipid peak, A, BC, D, 
E, F, G, I, H, K, and LM. Moreover, the default weighting func-
tion of QUEST was applied in order to correct baseline distor-
tions. For rat spectra, an additional Lorentzian was added to fi t 
the water peak at 4.7 ppm. 

 T2-correction of AUCs was performed according to Strobel et 
al. ( 23 ) by fi tting the mono-exponential model function to ex-
perimental data: 

   TE 0
2

TE
M = M exp

T
  (Eq. 9) 

 where M TE  is the amplitude of a peak at echo time TE, and M 0  
is its initial amplitude. 

 Statistics 
 The Mann-Whitney U-test was used to assess the statistical sig-

nifi cance of differences between obese rats and controls. MAT-
LAB was used for the computation of R 2  both for comparing 
HR-NMR values with theoretical ones on TG phantoms, and for 
calibrating MRS values with HR-NMR in phantom oils measure-
ments. In the fi rst case, theoretical values were assumed to be the 
regressors and the HR-NMR ones the endogenous variables; in 
the second, the HR-NMR values were assumed to be the regres-
sors (because HR-NMR measurements were used as the gold 
standard as previously noted) and the in vivo values were assumed 
as endogenous variables. 

 RESULTS 

 TGs and Oil phantoms 
 Experiments were initially conducted by HR-NMR in 

TGs mixtures of known composition in order to validate 

   LM
2

A
3

ui   (Eq. 1) 

   

G
2

A
3

pi
  (Eq.2) 

   

2
A+BC+D+E+F+G+2(LM)

3
2

A
3

mcl  
 (Eq. 3)

 

 Because the peak K overlaps with the LM group in MRS, LM 

is obtained by 1
LM = LMK A

9
 (Eq. 4); (which was experimen-

tally validated using AUCs of corresponding peaks in HR-NMR). 

   
E

(2F)
fu   (unsaturated fatty acids)  (Eq. 5) 

   
G

2
(F)

fd ft   (diunsaturated fatty acids) (Eq. 6) 

 where  ft  represents the triunsaturated fatty acids component, 
which was assumed negligible,  ft =0, according to Strobel et. al ( 23 ). 

 The total unsaturation value,  ui , was calculated by considering 
the ratio between the AUC of the olefi nic protons, LM, and the 
terminal methyl protons, A. The  fu  index provides an alternative 
way to express unsaturation: the degree of unsaturation is mea-
sured using the ratio between the allylic protons, E, and the ac-
etalic protons, F. Similarly, the degree of polyunsaturation can be 
calculated using two indexes,  pi  and  fd.  The  pi  index is obtained 
by dividing AUC of peak G for the AUCs of methyl protons, A, 
whereas  fd  uses the values of acetalyc F peaks instead of A. The 
numerical coeffi cients in the above-reported relationships ac-
count for the number of protons which contribute to each reso-
nance ( 21 ). It should be noted that equation 4 is valid if the 

  Fig.   1.  Representative MRS ( 1 ) and HR-NMR spectra ( 2 ) of WAT 
acquired respectively in vivo and ex vivo, after extraction. Peaks are 
marked using the same nomenclature as the lipid molecular for-
mula.   
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and this difference was also detectable with statistical sig-
nifi cance ( P  < 0.001) in MRS data. Analogously, HR-NMR 
detected clear differences in both  fu  and  fd  (data not 
shown), but statistically signifi cant differences were found 
in vivo only for  fd  ( P  < 0.001). Results for  mcl  from HR-
NMR and MRS, the latter with and without HR-NMR-based 
calibration, are shown in  Fig. 5 ; neither technique re-
ported a difference in mean chain length between control 
and obese animals. 

  Figure 6  shows lipidic indexes obtained by HR-NMR in 
BAT. A strong decrease in both  ui  and  pi  (24.8% and 55.6%, 
respectively) was observed in BAT of obese rats compared 
with controls. In addition, we detected differences between 
BAT and WAT; in both groups, WAT had higher unsatura-
tion and polyunsaturation indexes than BAT. Indeed, the  ui  
value of WAT was 14% and 19% higher than BAT in control 
and obese animals, respectively. Similarly, the  pi  value of 
WAT was 45% and 22% higher than BAT in control and 
obese animals, respectively. 

 DISCUSSION 

 In vivo localized proton magnetic resonance spectros-
copy has been proposed as a noninvasive tool to measure 
lipid composition in adipose tissues of animals and hu-
mans ( 22–24 ). In the present study, localized in vivo and 
high resolution ex vivo magnetic resonance spectroscopy 
were used to investigate the composition of adipose tissues 
in Zucker obese and lean rats. 

 Preliminary experiments were performed in TGs mix-
tures of known composition by HR-NMR in order to estab-
lish the validity of the relationships used to calculate 
polyunsaturation and unsaturation indexes. Both  ui  and 
 fu  (equations 1 and 5) ( 30, 23 ) are reported in the litera-
ture as indexes of the total mean lipid unsaturation, that is 
to say, the mean number of double bonds for each chain 
of triglyceride. The  ui  index is correlated to the integral of 
the vinylic protons (LM), whereas  fu  exploits the allylic 
ones (E), i.e., the protons in  � -position to the double 
bonds. In the latter case, a high polyunsaturation, and 
therefore the presence of diallylic G peaks, affects the rela-
tionship between the number of double bonds and the 
value of the AUC of E. Hence,  fu  provides an index of 
unsaturation smaller than  ui , where the difference arises 

the relationships used to extract the lipidic indexes. Re-
sults are reported in   Table 1  , where the experimental val-
ues for mean unsaturation and polyunsaturation are 
compared with the theoretical values.  Table 1  shows that 
 ui  values are well correlated (R 2  = 0.9982) to the theoreti-
cal values of the unsaturation independently from the 
polyunsaturation. On the contrary, the  fu  index fails to ex-
press the true unsaturation at polyunsaturation values 
greater than zero. Both  pi  and  fd  are linearly correlated to 
the theoretical value of the polyunsaturation (R 2  = 0.9980 
and R 2  = 0.9992, respectively) but values calculated accord-
ing to  pi  are closer to the theoretical values (slope closer to 
one, plots not shown). The  ui  and  pi  parameters were con-
sequently used to express unsaturation and polyunsatura-
tion of lipids in oil phantoms and animals. 

 In order to investigate the correlation between lipidic in-
dexes extracted from HR-NMR and MRS spectra, oil phan-
toms were measured by the two techniques. Five oils were 
included in the analysis: peanut, sunfl ower, olive, soy, and 
cod liver. The  ui, pi , and  mcl  parameters were computed from 
their spectra (both HR-NMR and MRS). Results are shown in 
  Fig. 2  . A good correlation was observed between the values of 
 ui  and  pi  parameters calculated from HR-NMR and MRS 
spectra. The correlation is less satisfactory for the parameter 
 mcl,  most likely because its determination from MRS is af-
fected by large inaccuracy due to error propagation. 

 Animal lipid analysis 
 The lipid parameters  ui ,  pi , and  mcl  obtained in WAT of 

obese and lean rats are reported in   Figs. 3–5  . In each fi g-
ure, the fi rst histogram is relative to the determination by 
HR-NMR, whereas the second and third histograms are 
relative to the determination by MRS. In the third histo-
gram, the coeffi cients obtained from the oil calibration 
were used to correct the indexes calculated in vivo from 
MRS. Hereafter, this procedure will be referred to as the 
“HR-NMR-based calibration”. 

  Figure 3  shows clearly a smaller  ui  value in Zucker obese 
rats compared with lean ones, as determined by HR-NMR 
of fat extracts. Although qualitatively in agreement with 
the HR-NMR results, the mean  ui  values measured by MRS 
did not show a statistically signifi cant difference between 
the groups. The  pi  value measured by HR-NMR ( Fig. 4 ) 
was also much lower in obese compared with lean animals 

 TABLE 1. Values of unsaturation and polyunsaturation for different TGs mixtures 

Sample 
number

Unsaturation
(Prepared)

Polyunsaturation
(Prepared)

 ui     a  
(experimental)

 pi a  
(experimental)

 fu a  
(experimental)

 fd a  
(experimental)

#1 0.00 0.00 0.00 0.00 0.00 0.00
#2 0.50 0.00 0.50 0.00 0.47 0.00
#3 1.00 0.00 1.01 0.00 0.99 0.00
#4 1.50 0.50 1.49 0.50 0.99 0.46
#5 2.00 1.00 2.03 1.07 0.97 0.96
#6 2.50 1.50 2.37 1.49 0.95 1.34
#7 3.00 2.00 2.93 2.15 0.90 1.83
#8 1.01 0.33 0.95 0.32 0.63 0.29
#9 2.80 1.80 2.70 1.86 0.93 1.63

Values are calculated by the known volumes of TGs used to prepare the mixtures or experimentally determined 
by using the indexes  ui, pi, fu, fd. 

  a   The experimental error was estimated to be in the range 1–2%.
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erides are present in low concentrations. The results we 
have obtained in TGs of known composition point out 
that  pi  values are slightly closer to the theoretical ones. 

 Qualitative differences between WAT of Zucker obese 
and lean animals were apparent from HR-NMR and also 
from MRS, although in MRS the difference in  ui  was not 
statistically signifi cant. The accuracy of the MRS quantifi -
cation method is crucial for the standard deviation of the 
mean values and, consequently, for statistical signifi cance 
of the results. As a general consideration, the polyunsatu-
ration expressed either by the  pi  or by  fd  indexes can be 
well estimated from MRS data because the G peak (2.75 
ppm) is distant from other peaks. In contrast, the determi-
nation of  ui  is performed by considering the peak A (0.9 
ppm), which may partially overlap with the huge peak BC 
(at 1.3 ppm), and LMK, which is formed by two indistin-
guishable signals, LM and K. Consequently, the quantifi ca-
tion of LM from MRS data can be diffi cult and this may 
contribute to an increased inter-subjects standard devia-
tion. Similarly, the  fu  index is calculated based on partially 
overlapping peaks such as E and F. It is noteworthy that 

from the total mean polyunsaturation of lipids, as demon-
strated by our data acquired in TGs mixtures of known 
composition. Similarly,  pi  and  fd  values (equations 2 and 
6) ( 30, 23 ) are reported in the literature as measurements 
of the mean number of conjugated double bonds for lipid 
chain; both indexes are calculated by the diallylic G peak 
that is proportional to the degree of polyunsaturation and, 
consequently, give similar fi nal results if mono- and diglyc-

  Fig.   2.  Correlation between lipid indexes extracted from MRS 
and HR-NMR data for different oil phantoms: for the unsaturation 
index R 2  =0.95, for the polyunsaturation index R 2  =0.97, and for 
the mean chain length R 2  =0.85. Labels 1, 2, 3, 4, and 5 refer to 
peanut, sunfl ower, olive, soy, and cod liver oils.   

  Fig.   3.  Unsaturation index values obtained by HR-NMR (left), 
MRS (middle), and MRS after HR-NMR-based calibration (right, 
indicated as MRSc) in WAT of Zucker obese (white) and lean 
(black) animals. Data are shown as mean ± SD for the two groups 
of animals. HR-NMR values were statistically lower in obese than in 
control rats (*  P  < 0.05); this trend was also observed using MRS, 
but the difference was not statistically signifi cant because of the 
large standard deviation affecting the in vivo data.   

  Fig.   4.  Polyunsaturation index values obtained by HR-NMR 
(left), MRS (middle), and MRS after HR-NMR-based calibration 
(right, MRSc) in WAT of Zucker obese (white) and lean (black) 
animals. Data are shown as mean ± SD for the two groups of ani-
mals. The difference seen by MRS between obese and control rats 
is statistically signifi cant (*  P  < 0.05, ***  P  < 0.001).   

  Fig.   5.  Mean chain length values obtained by HR-NMR (left), 
MRS (middle), and MRS after calibration (right, MRSc) in WAT of 
Zucker obese (white) and lean (black) animals. Data are shown as 
mean ± SD for the two groups of animals. No signifi cant differ-
ences were observed.   
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information on the fat deposits composition. Clinical data 
could contribute to clarify the relationship between the prop-
erties of fat and some widespread disorders such as for ex-
ample obesity, insulin resistance, and diabetes. 

 CONCLUSIONS 

 In vivo single-voxel MRS at 4.7 T and ex vivo HR-NMR at 
500 MHz were used to study the composition of adipose 
tissues in Zucker obese and Zucker lean rats. Albeit with 
different sensitivity and accuracy, both techniques revealed 
that WAT is characterized by different unsaturation and 
polyunsaturation indexes in obese rats compared with 
controls, confi rming the hypothesis of lipid metabolism 
abnormality in Zucker rats. HR-NMR showed similar dif-
ferences in BAT. It remains to be investigated whether 
similar differences exist in human fat deposits and their 
potential diagnostic usefulness.  

 The authors thank Dr. Flavia Merigo for the helpful discussion 
and scientifi c support. 
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