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Aim: This study aims to (1) undertake and analyse 1D and 2D MR correlation spectroscopy from human
soleus muscle in vivo at 7T, and (2) determine T1 and T2 relaxation time constants at 7T field strength due
to their importance in sequence design and spectral quantitation.
Method: Six healthy, male volunteers were consented and scanned on a 7T whole-body scanner (Siemens
AG, Erlangen, Germany). Experiments were undertaken using a 28 cm diameter detunable birdcage coil
for signal excitation and an 8.5 cm diameter surface coil for signal reception. The relaxation time con-
stants, T1 and T2 were recorded using a STEAM sequence, using the ‘progressive saturation’ method
for the T1 and multiple echo times for T2. The 2D L-Correlated SpectroscopY (L-COSY) method was
employed with 64 increments (0.4 ms increment size) and eight averages per scan, with a total time of
17 min.
Results: T1 and T2 values for the metabolites of interest were determined. The L-COSY spectra obtained
from the soleus muscle provided information on lipid content and chemical structure not available,
in vivo, at lower field strengths. All molecular fragments within multiple lipid compartments were chem-
ically shifted by 0.20–0.26 ppm at this field strength. 1D and 2D L-COSY spectra were assigned and proton
connectivities were confirmed with the 2D method.
Conclusion: In vivo 1D and 2D spectroscopic examination of muscle can be successfully recorded at 7T
and is now available to assess lipid alterations as well as other metabolites present with disease. T1
and T2 values were also determined in soleus muscle of male healthy volunteers.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Two-Dimensional MR spectroscopy, first reported by Jeener
[1,2] as a simple two-pulse sequence and known as the Correlated
SpectroscopY (COSY) experiment, has proven invaluable in many
disciplines. Unlike stable chemical compounds and relatively sta-
ble proteins, cultured cells and tissue biopsy specimens have a lim-
ited experimental time due to metabolic degradation. This changed
the perspective of data acquisition and analysis for 2D MR data
sets. The 2D COSY method was first applied to cells in 1984 [3]
and then to tissues in 1988 [4].

It was demonstrated that both viable cells and tissues give rise
to a plethora of resonances, up to 60 different chemical species all
of which can alter simultaneously with the onset and development
of disease [5]. It was, however, realized that the study of cells and
tissues involved a detailed and complex inter-relationship of bio-
chemical pathways that with appropriate clinical and pathological
correlation provided, biochemical, diagnostic and prognostic infor-
mation [6–14]. The wide range of molecules with equally diverse
ll rights reserved.

adan).
T1 and T2 relaxation values meant that any one 2D data set needed
to be post processed using different mathematical criteria in order
to inspect all molecules active on the MR timescale [15].

The literature on 2D MRS of biopsies paved the way for in vivo
2D studies on humans. The first COSY studies were undertaken on
the brain [16] at a 2T field strength with a voxel size of 240 cm3

and total experimental time of 102 min. The resultant 2D spectra
were broad and most cross-peaks were weak and overlapped.
Whilst these early results proved that 2D data could be accrued
in vivo, it also became clear that the spectral dispersion obtained
at higher fields is important for diagnostic purposes.

With the introduction of higher field magnets for clinical usage
i.e. 3T and above, the utilization of in vivo 2D spectroscopy became
an option for the interrogation of biochemistry of disease and
could assist with unambiguous resonance assignment. The higher
the field strength, the greater the potential for improved SNR, spec-
tral resolution and reduced spectral acquisition time [17].

Our objective here was to firstly evaluate the chemical informa-
tion available from the 2D L-COSY [18] recorded from human so-
leus muscle, in vivo at 7T, and to ascertain if this technology
could provide information on the pools of lipids and their contents.
Localized MRS has been applied successfully, by others, to human
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skeletal muscle in vivo where two lipid pools, referred to as intra-
myocellular lipids (IMCL) and extramyocellular lipids (EMCL) [19–
22], were reported. It was proposed that the resonances from the
lipids in the muscle spectra were seen as two signals due to the
geometrical arrangement and anisotropic susceptibility of these li-
pid compartments [19].

Secondly we aimed to measure the relaxation characteristics of
human soleus muscle at 7T. Relaxation measurements can be chal-
lenging at high fields as the evolution of J-coupled species is TE
dependent and can complicate spectral line shapes. Such measure-
ments are necessary for the design of pulse sequences. Despite the
reports of relaxation properties for soleus and tibialis anterior
muscles (3T) [23], soleus muscle (1.5T) [20], skeletal muscle
(1 and 2.4T) [24], soleus, tibialis posterior and tibialis anterior
(4T) [25], tibialis anterior muscle (7T) [26], the literature to date
has failed to provide a comprehensive report of all T1 and T2 values
for the soleus muscle.

We report here the complete relaxation properties (T1 and T2
values) for the 1D spectra from the soleus muscle of healthy volun-
teers at 7T, and the chemistry recorded in vivo using the 2D L-COSY
method which provides better spectral dispersion and more cer-
tainty in resonance assignment.
2. Experimental

2.1. Volunteers

Apparently healthy male volunteers (n = 6, mean age = 33 ±
9.3 years), taking no medication, participated in this study. An all
male cohort was chosen to avoid any sources of error due to the
prior claim that the degree of unsaturation within IMCL and EMCL
was lower in female subjects than male subjects, and that total li-
pid content in females was higher than in males [27]. To ensure
reproducibility of measurements, the spectroscopic voxel was lo-
cated in superior third of the soleus muscle. Informed consent
was obtained from all participants. All subjects were supinely posi-
tioned (feet first) with their right leg inside a transmit coil. To im-
prove separation between IMCL and EMCL and retain residual
dipolar couplings, care was taken to position the leg parallel to
the Bo field [19,28]. This study was approved by the local institu-
tional review board.

2.2. MR imaging and spectroscopy

Experiments were performed on a 7T whole-body scanner (Sie-
mens AG, Erlangen, Germany, software version VB15A), operating
at a proton resonance frequency of 297.18 MHz, using and a
28 cm diameter detunable birdcage coil for signal excitation. Mag-
netic resonance imaging (MRI) and spectroscopy (MRS) in muscle
were performed using an 8.5 cm diameter surface coil for signal
reception.

2.2.1. Muscle MRI
Prior to the spectroscopy sequences being undertaken, FLASH

2D gradient echo images were acquired in all three dimension
using the following parameters: TE/TR = 5/30 ms, FOV = 200 �
200 mm2, matrix = 512 � 512, slice thickness = 5 mm, inter-slice
spacing = 6 mm, and a flip angle = 10�.

2.2.2. T1 spectroscopic measurements
T1 was measured using the ‘‘progressive saturation” method

[29–32]. A voxel size of 15 � 15 � 20 mm3, and a TE of a stimulated
echo acquisition mode pulse sequence (STEAM) [33,34] was set to
20 ms, mixing time to 10 ms, while TR was set to 430, 530, 650,
750, 950, 1500, 2000, 3000, 4000, 6000, 7000 ms, with a constant
number of 16 averages, acquisition duration of 170 ms, four dum-
my preparation scans, 512 points per echo were acquired, a band-
width of 3 kHz, RF offset frequency was set to 1.7 ppm lower than
water frequency (i.e. on creatine methyl group), and water sup-
pression routine ‘WET’ was activated [35]. ‘WET’ method is made
out of three shaped frequency selective RF pulses, each followed
by a spoiler gradient pulse aligned along orthogonal orientations.
‘WET’ water suppression technique was used for all spectroscopic
experiments were water suppression is required. Raw data was
zero-filled to 1.5 k before FT and was then manually phased. We
made sure that at all times TE was much smaller TR so that pro-
gressive saturation method could be reliably implemented [32].
T1 was calculated as the slope of a straight line obtained by plot-

ting – TR versus Ln 1� S
So

� �
; where S and So are resonance integrals

at individual TR values and maximum TR values, respectively. To
measure T1 value of water, the number of averages was dropped
to four, water suppression was disabled, and all other parameters
were kept the same. Spectral raw data processing and fitting were
done with JMRUI [36], whereas T1 and error propagation were
done with Mathematica [37].

2.2.3. T2 spectroscopic measurements
A series of STEAM 1D experiments, using the same voxel size

and positioning as described above, were acquired at TE values of
50, 100, 150 and 200 ms and TR set to 7s, spectral width 3 kHz,
512 acquired points, 170 ms acquisition duration, four dummy
preparation scans, 16 averages per TE value, RF offset frequency
was set to 1.7 ppm lower than water frequency (i.e. on creatine
methyl), and water suppression was activated (‘WET’ technique)
[35]. In some subjects, data points TE = 250 and 300 ms were also
acquired, but T2 results were not affected by these additional
points, and thus were omitted for remaining subjects. Raw data
was zero-filled up to 1.5 k before FT and was then manually
phased. T2 was calculated as the slope of a straight line obtained
by plotting TE versus Ln(S), where S is resonance integral at differ-
ent TE values. Multi-exponential behavior of T2, i.e. presence of
multiple compartments, was tested by multi-exponential fitting
of data acquired at above TE values as well as TE values of 250
and 300 ms. To measure T2 value of water, the number of averages
was dropped to four, water suppression was disabled, and all other
parameters were kept the same. Spectral raw data processing and
fitting were undertaken using JMRUI [36], whereas T1 and error
propagation calculations were undertaken using Mathematica
(Wolfram, version 6) [37].

2.2.4. L-COSY measurements
The same voxel as was used for T1 and T2 measurements was

also used for L-COSY. The L-COSY sequence was applied with a
TE (initial) of 30 ms, TR of 2s, eight averages per increment, spec-
tral width in F2 was 4000 Hz, t1 increment size of 0.4 ms, indirect
spectral width used was 2500 Hz and the number of increments
was 64. The ‘‘WET” water suppression method [35] was applied be-
fore the acquisition sequence. The L-COSY acquisition time was
17 min. Data processing was done using Felix software package
[38], using the following processing parameters used were: F2 do-
main (skewed sine-squared window, 2048 points, magnitude), F1
domain (sine-squared window, linear prediction to 128 points,
zero-filling to 512 points, magnitude). The total creatine methyl
resonance at 3.02 ppm was used as an internal chemical shift ref-
erence in F1 and F2 [20]. Specific absorption rate (SAR) was within
acceptable limits at all times.

2.2.5. Statistical analysis
T1, T2 and L-COSY data were acquired from a single subject two

times to ensure intra-subject reproducibility. Inter-subject vari-



Fig. 1. A localized 1D spectrum acquired from soleus muscle. Axial image of ‘‘a” of
human soleus muscle from a 38 year old volunteer is shown inset and the voxel
position from where the data was collected. About 3.3–4.3 ppm spectral region is
expanded to show detail. See Table 1 for assignments. Acquisition parameters are:
spectral width; 4000 Hz, vector size; 2048 points, voxel size of 6 � 6 � � 35 mm3,
number of averages; 8, and repetition time; 2000 ms. The ‘‘WET” water suppression
method [35] was applied before the acquisition sequence. The 1D spectrum was
Fourier transformed after zero-filling to 4096 points and applying an exponential
window function in MestReNova program [52].

Fig. 2. 7T 2D localized 1H L-COSY spectrum of human soleus muscle in vivo. See
acquisition and processing parameters in text. Voxel position as shown in Fig. 1.
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ability of measurable constants and ratios was evaluated by means
of variance analysis. JMP software (SAS Institute, Cary, NC, USA)
was used for statistical analysis. All values are reported as mean
(standard deviation, SD).

3. Results

A typical 1D MRS result is shown in Fig. 1. Resonances in 1D
spectrum (Fig. 1) were identified, assigned and listed in Table 1.

A typical 2D L-COSY spectrum recorded during this study is
shown in Fig. 2 and labeled as described in May et al. [14] and sum-
marized in Ramadan et al. [39]. A vertical ridge of noise (t1-noise)
at �1.6 ppm was observed in most L-COSY spectra when vertical
display is very close to the baseline. The off-diagonal cross-peaks,
labeled A–G, indicate spin–spin coupling between protons on adja-
cent carbon atoms. The connectivities corresponding to each acyl
chain cross-peak (A–G) are shown in Fig. 3 Full analysis of 2D
Table 1
Assignment of resonances in the 1D MR spectrum of human soleus muscle collected
in vivo at 7T shown in Fig. 1.

Molecules Peak Species Chemical
shift (ppm)

Intra-myocellular lipids 1 CH3 0.84
Extra-myocellular lipids 2 CH3 1.05
Intra-myocellular lipids 3 (CH2)n 1.25
Extra-myocellular lipids 4 (CH2)n 1.44
Intra-myocellular lipids 5 –CH2–CH@CH– 2.00
Extra-myocellular lipids 6 –CH2–CH@CH– 2.20
Intra-myocellular lipids 6 –CH2–(C@O)–OR 2.20
Extra-myocellular lipids 7 –CH2–(C@O)–OR 2.43
Intra-myocellular lipids 8 –CH@CH–CH2–CH@CH– 2.76
Extra-myocellular lipids 9 –CH@CH–CH2–CH@CH– 2.93
Total creatine 10 CH3 3.02*

Carnitine/choline 11 N(CH3)3 3.18
Taurine 120 0 H2N–CH2–CH2–SO3 3.41
Pcho, Cho, GPC 120 (CH3)3–N–CH2-CH2–OPO3 3.63
Total creatine 12 CH2 (tCr) 3.92
Residual water 13 H2O 4.70
Total lipid 14 –HC@CH–, –(C@O)–O–CHR2 5.55

* Cr methyl peak at 3.02 ppm was used as a chemical shift reference.

Fig. 3. Structures of the triglyceride molecule with the connectivities correspond-
ing to each acyl chain cross-peak (A–F) as shown in Figs. 2 and 3. Cross-peaks,
denoted A, E, F, G, and G0 are common to all triglyceride and diglyceride molecules.
Resonance nomenclature according to [10]. Top: triglyceride molecule with the
connectivities corresponding to each lipid cross-peak as shown in Figs. 2 and 3.
Cross-peaks, denoted A, B, B0 , C, D, E, F, G, and G0 are common to all triglyceride and
diglyceride molecules. Bottom: chemical shifts values in IMCL in black color and
EMCL in red color as derived from 2D L-COSY studies as shown in Fig. 2. Note the
increase of 0.20–0.26 ppm for all EMCL moieties relative to IMCL. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
L-COSY, is best observed in Fig. 4 where the pertinent areas have
been expanded. Here it can be clearly seen that each lipid molecule
resonates at two different frequencies consistent with the presence
of an intra and extra cellular environment. The dispersion in Fig. 4
allowed for full discrimination between resonances arising from
intra and extra cellular environment.

Cross-peaks, denoted A, E, F, G, and G0 are common to all triglyc-
eride and diglyceride molecules [14]. Two diagonal peaks, consis-
tent with carnosine, are seen at F2 = F1 = 7.1 ppm and 8.0 ppm.



Fig. 4. 7T 2D localized 1H L-COSY of human soleus muscle (data collected from voxel shown in Fig. 1). See Table 2 for assignments. Expansions reveal details in crowded
spectral regions. The tCr methyl resonance at 3.02 ppm was used as an internal chemical shift reference. Horizontal (F2) and vertical (F1) axes have ppm units.

94 S. Ramadan et al. / Journal of Magnetic Resonance 204 (2010) 91–98
No residual dipolar coupling for carnosine was detected in all
cases. Resonances observed in the muscle 2D spectrum were as-
signed and listed in Table 2.

Only when adequate shimming was achieved (magnitude line
width at half height of the unsuppressed water of 40 Hz or less),
the creatine (Cr) methylene group was seen as a doublet in the
1D spectrum with the separation varying between 10 and 20 Hz.
With the spectral dispersion available in these experimental condi-
tions, cross-peaks Ci, Ce, Di and De can be used to determine the
level of unsaturation in the lipid molecules by measuring the ratios
of cross-peaks Di/Ci (intra-myocellular = 1.13 ± 0.14) and De/Ce
(extra-myocellular = 0.72 ± 0.11), which are consistent with litera-
ture values [21]. Also, using the 1.3(IMCL (CH2)n), 1.5(EMCL
(CH2)n), and 3.02 (tCr CH3) ppm diagonal resonances from the L-
COSY experiments, the IMCL/tCr and EMCL/tCr were calculated
and found to be 5.4 ± 2.4 and 19.2 ± 4.7, respectively.

T1 and T2 weighted spectra acquired from human soleus mus-
cle in vivo at 7T are shown in Fig. 5. T1 and T2 values of detected
resonances with their assignments are shown in Table 3. The 1D
resonances were assigned as in [14,19,20]. T1 and T2 values of
many resonances that were not reported previously are shown in
Table 3. Water T1 and T2 data failed to fit to a bi-exponential mod-
el upon data analysis.

4. Discussion

4.1. 2D L-COSY

Two-Dimensional L-COSY techniques provide spectral disper-
sion that is not available with one-dimensional methods. Even
though the 1D spectrum was acquired and assigned (Fig. 1 and Ta-
ble 1), many peaks still overlap even at a field of 7T. For the first
time, full assignments of all IMCL and EMCL molecular fragments
are separated and assigned in vivo as shown in Fig. 4 and Table 2.
In addition to the full IMCL and EMCL assignment, resonances
due to ethanolamine, taurine, total creatine (tCr), carnosine, and
total-choline (tCho) were identified and assigned. All cross-peaks
from metabolites of interest were observed, except choline cross-
peak (3.5,4.0) ppm which was difficult to observe in L-COSY spec-
trum, possibly due to the short T2 value of the methylene groups at
7T field strength. Cross-Peak Ei (–OOC–CH2–CH2–(CH2)n, IMCL) at
(1.55,1.29) ppm was also not detected in most acquired 2D spectra.

The vertical ridge of noise (t1-noise) that appears at �1.6 ppm
in many L-COSY spectra was a nuisance, but did not compromise
the spectral assignment. This is the regular and undesired t1-noise
that riddled the early stage of high resolution 2D spectroscopy in
the 70’s. Few attempts were made to reduce this ‘‘t1-ridge” but
were unsuccessful. Attempts were made to acquire the L-COSY ma-
trix in an increasing Dt1 or decreasing Dt1 as suggested elsewhere
[40], or by modifying the first point of matrix row [41], but results
were not very encouraging. More work is needed in this field to im-
prove the robustness of the technique.

Small changes between chemical shifts obtained from diagonal
peaks and cross-peaks were observed in most in vivo 2D spectra.
This is probably due to a combination of J-coupling effect and line
broadening which might affect diagonal peaks and cross-peaks
differently.

Cross-peaks due to IMCL (1.29,0.88) ppm and EMCL (1.52,1.12)
ppm can be easily seen in Fig. 4. Cross-peaks do not only reflect on
the relative amounts on IMCL and EMCL, but also confirm the



Table 2
Diagonal and cross-peaks assignment of soleus muscle L-COSY spectrum acquired at 7T field strength. L-COSY spectrum is shown in Figs. 2 and 4.

Molecules Peak # H–H coupling Chemical shift (ppm)
F2�F1

Lipid cross-peaks
Ai –(CH2)n–CH2–CH3 (IMCL) 1.29�0.88
Ae –(CH2)n–CH2–CH3 (EMCL) 1.52�1.12
Ee –OOC–CH2–CH2–(CH2)n– (EMCL) 1.81�1.52
B0i –CH@CH–CH2–CH2–(CH2)n– (IMCL) 1.32�2.02
Fi, B0e –OOC–CH2–CH2–(CH2)n–(IMCL), –CH@CH–CH2–CH2– (EMCL) 1.55�2.22
Fe –OOC–CH2–CH2–(CH2)n– (EMCL) 1.79�2.46
G0i R–(CO)–O–CH0H00–CH–O–(CO)–R (IMCL) 4.26�4.05
G0e R–(CO)–O–CH0H00–CH–O–(CO)–R (EMCL) 4.51�4.29
Ce –CH2–CH2–CH@CH (EMCL) 5.54�2.27
Ci –CH2–CH2–CH@CH (IMCL) 5.30�2.02
De –CH@CH–CH2–CH@CH (EMCL) 5.50�2.93
Di –CH@CH–CH2–CH@CH– (IMCL) 5.30�2.75
Ge –CH–CH2–OCO– (glycerol backbone, EMCL) 5.42�4.29
Gi –CH–CH2–OCO– (glycerol backbone, IMCL) 5.23�4.07

Lipid diagonal peaks
1e –(CH2)n–CH2–CH3 (EMCL) 1.12�1.12
2e –(CH2)n–CH3 (EMCL) 1.52�1.52
1i –(CH2)n–CH2–CH3 (IMCL) 0.90�0.89
2i –(CH2)n–CH3 (IMCL) 1.30�1.31
3 –OOC–CH2–CH2– (EMCL) 1.78�1.78
4 –CH@CH–CH2–CH2– (IMCL) 2.03�2.03
5 –OOC–CH2–(IMCL), –CH@CH–CH2–CH2– (EMCL) 2.23�2.23
6 –OOC–CH2– (EMCL) 2.41�2.42
7 –CH@CH–CH2–CH@CH– (IMCL) 2.77�2.77
13 R–(CO)–O–CH0H00–CH–O–(CO)–R 4.06�4.06
14 R–(CO)–O–CH0H00–CH–O–(CO)–R 4.30�4.30
16 –CH@CH– (IMCL) 5.30�5.30
17 –CH@CH– (EMCL) 5.54�5.54

Metabolites cross-peaks
Ethanolamine Et H3N+–CH2–CH2–OH 3.15�3.87
Taurine Tau H2N–CH2–CH2–SO3 3.40�3.23
Creatine/PhCr Cr, PCr –(CH3)N–CH2–CO2 3.02�3.92
Cho, PCho, GPC tCho (CH3)3–N–CH2–CH2–OPO3 3.65�4.31

Metabolites diagonal peaks
Cr/PhCr* 8 R–N–CH3 3.02�3.02
Cho, taurine 9 –(CH3)3–N–CH2–CH2–OH, H2N–CH2–CH2–SO3 3.20�3.20
Taurine 10 H2N–CH2–CH2–SO3 3.40�3.40
PCho, Cho, GPC 11 (CH3)3–N–CH2–CH2–OPO3 3.65�3.65
Creatine/PhCr 12 RN–CH2–CO2 3.92�3.93
PCho, GPC 14 (CH3)3–N+–CH2–CH2–OPO3 4.31�4.31
H2O 15 H2O 4.69�4.69
Carnosine 18 RNH–CH@CR2 7.07�7.07
Carnosine 19 RNH–CH@NR 8.05�8.05

‘i’ and ‘e’ in table stand for IMCL and EMCL, respectively.
* Cr methyl peak at 3.02 ppm was used as a chemical shift reference.
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identity of the molecular fragments from which these peaks arise.
However, the dispersion along the diagonal for (CH2)n from IMCL
and EMCL provides a more accurate measure of these compart-
ments. Using the 2D L-COSY data, the IMCL/tCr and EMCL/tCr were
found to be 5.4 ± 2.4 and 19.2 ± 4.7, respectively. These results are
different from what was found earlier [21], but matches with male-
only derived ratios reported elsewhere [27]. Velan et al. explored
the use of 2D 1H MRS for quantification of IMCL and EMCL at 3T
[21]. However, even at 3T there is significant overlap of the reso-
nances in the 1D and cross-peaks in the 2D MR spectra making
assignment and definitive correlations with disease difficult.

It was reported that the total-choline (tCho) resonance to tCr
resonance (tCho/tCr ratio) at 1.5T can vary from one muscle type
to another in the same person and between healthy and diseased
muscles [42]. The ratio of tCho/tCr, at 1.5T, was found to be 0.6
when recorded in a 1D spectrum with a TE of 30 ms. In the present
study at 7T, the tCho/tCr ratio was found to be 1.15 ± 0.24 in L-
COSY spectrum by comparing the diagonal peaks. A T1 increase
and a T2 decrease of tCho and tCr is expected with Bo elevation
[43], which might explain the higher tCho/tCr ratio obtained here.
However, it is expected that this ratio to be Bo dependent.
It has been described by others that MR spectroscopy can pro-
vide information about the IMCL and EMCL in muscle and that
the lipid resides in different compartments which causes their pro-
tons to be shielded differently [20]. Researchers [19,44] suggested
that EMCL is located in long fatty septa along the muscle fiber bun-
dles or fasciae, whereas IMCL are within the cytoplasm of muscle
cells as spherical droplets. At 1.5T, this resulted in a chemical shift
separation of 0.2 ppm between the two compartments in the tibi-
alis anterior and 0.15 ppm in the soleus compartment [19,44].
These chemical shift differences were observed for methyl and
methylene resonances arising from the IMCL and EMCL. Here, we
confirm the chemical shift separation range of 0.20–0.26 ppm be-
tween all the resonances of the EMCL and IMCL moieties in the so-
leus muscle from spectra collected at 7T. Note that IMCL and EMCL
resonance frequencies are different for every set of protons within
the lipid molecule with an increase ranging from 0.20 to 0.26 ppm
for EMCL groups relative to the IMCL groups (Fig. 3). The difference
between chemical shifts between the IMCL/EMCL has been associ-
ated with bulk magnetic susceptibility (BMS) which describes the
extent that the material increases or decreases the applied mag-
netic field [44]. This variation in BMS between different materials



Fig. 5. Representative T1 (above) and T2 (below) array of spectra acquired from a healthy volunteer. The creatine methyl peak at 3.02 ppm was used as an internal chemical
shift reference.
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(as a result of experiencing a different ‘apparent’ magnetic field)
introduces an additional frequency shift to the standard resonance
(Larmor) frequency.

IMCL are known to be liquid and spherical droplets where as
EMCL are portrayed as nearly cylindrical clusters of lipids aligned
between muscle fibers. The symmetrical spherical shape of IMCL
means that its BMS frequency shift contribution is negligible com-
pared to that of EMCL fibers that might be orthogonal to or aligned
with the applied magnetic field [45]. That is the main reason why
IMCL resonances do not vary, while those of EMCL do, when the
orientation of muscle fiber in a magnetic field is varied. BMS seems
to affect different fragments of the lipid molecule differently. This
differential intramolecular behavior of BMS is not unexpected due
to the effect of chemical shielding, vis-à-vis chemical shift, on mag-
netic susceptibility.

The improved spectral resolution at 7T combined with the 2D
spectroscopy method offers a new opportunity for inspection of li-
pid alterations in muscle associated with a range of diseases. Two
potential examples of this include the effect of the cholesterol-low-
ering drugs, statins that commonly cause muscle pain or weakness
and can progress to rhabdomyolysis and mortality [46]. Another is
the relationship between skeletal muscle triglycerides and insulin
resistance, obesity and exercise [47].
4.2. Relaxation measurements

Stimulated echo spectroscopy was preferred to double echo,
even though the latter gives higher signal-to-noise ratio per unit
time, due to the claim that anomalous J-coupling behavior in dou-
ble echo sequences might interfere with measurements of T1 and
T2 values [48,49].

T1 and T2 constants of IMCL are expected to be longer than their
EMCL counterparts, due to the isotropic nature of the IMCL present
in the spherical droplets in contrast to dense and oriented EMCL
present along the muscle fibers. This was observed at 3T [23]
where T2 (CH2)nIMCL > T2 (CH2)nIMCL, but not at 7T [26] where
T1 (CH2)nIMCL < T1 (CH2)nIMCL. In addition, T1 and T2 values of
the lipid CH3 groups are expected to be longer than T1 and T2 val-
ues of (CH2)n, due to the efficient relaxation mechanisms available
for the (CH2)n group. Relaxation times constants obtained in this
work are listed in Table 3. Comparison of relaxation time constants
with respect to each other in Table 1 reveals that they have met the
above expectations.

A resonance at 2.4 ppm was assigned to COCH2CH@CH in Wang
et al. [26]. Careful inspection of the lipid structural formula shown
in Fig. 3 reveals that such a fragment (COCH2CH@CH) does not ex-
ist. A better assignment seems to be the –O–CCH2 fragment in the



Table 3
T1 and T2 relaxation values of resonances from human soleus muscle in vivo at 7T.
The standard deviation is shown in brackets.

Chemical
shift (ppm)

Species T1(SD) ms T2(SD) ms

0.88 CH3 (IMCL) 1735(132) 85(23)
1.12 CH3 (EMCL) 1470(102) 117(28)
1.32 (CH2)n (IMCL) 1350(193) 78(12)
1.51 (CH2)n (EMCL) 1031(166) 64(10)
1.79 –O–CO–CH2–CH2 1343 (173) 65(9)
2.02 HC@CH–CH2– 972(170) 36(5)
2.21 –OOC–CH2– (IMCL) 1420(130) 49(10)
2.42 –OOC–CH2– (EMCL) 907(206) 52(13)
3.02* tCr(CH3) 1320(121) 101(29)
3.20 tCho 1216(85) 93(18)
3.40 H3N–CH2–CH2–SO3 (taurine) 1573(181) 75(25)
3.65 –CH2–CH2–OPO3 (PCho) 2244(440) 61(13)
3.91 Cr(CH2) 1150(123) 74(8)
4.06 –CHH–O–CO (glycerol) 2031(534) 66(9)
4.26 –CH2–CH2–OPO3 (PCho),

–CHH–O–CO (glycerol)
1053(90) 47(8)

4.70 H2O 1514(10) 22(2)
5.30 HC@CH (IMCL), HCO (glycerol) 1195(122) 72(19)
5.51 HC@CH (EMCL) 1398(190) 70(22)
7.05 Carnosine 908(165) 59(18)
8.01 Carnosine 1464(210) 86(19)

* Cr methyl 3.02 ppm was used as a chemical shift reference.
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EMCL compartment, especially when taken with the 2.21 ppm res-
onance which can be assigned to the same fragment in the IMCL
compartment. Relaxation measurements in Table 3 also support
this assignment.

Carnosine concentration, as estimated from diagonal peak vol-
ume, was variable between different volunteers. Carnosine diago-
nal peaks can be seen in Fig. 4. T2 value of the 8.0 ppm peak of
carnosine in soleus muscle in vivo at 3T was found to be
107.54 ± 25.34 [50]. Relaxation parameters for carnosine at 7T field
strength have not been reported before. T2 value for the 8.0 ppm of
carnosine at 7T was found to be 86 ± 19 ms, which is as expected
less as the T2 value at 3T. T1 and T2 of carnosine are shown in Ta-
ble 3.

T2 of water was determined by MRI studies to be 31 ms at 1.89T
field strength in the flexor digitorum profundus (a deep muscle of
the forearm that flexes the terminal phalanges of the four fingers)
[51]. A more detailed study by the same authors [51] showed that
at least four compartments of water exist with T2 values of 5, 21,
39 and 114 ms with variable fractional volumes. In the present
study, the T2 weighted spectroscopic signal can only be fit to a
mono-exponential curve, yielding a T2 value of 22 ± 2 ms.

5. Conclusions

The 2D L-COSY spectra, recorded at 7T from the soleus muscle,
provide detailed information on metabolite ratios, lipid chemistry
and multiple lipid compartments. For the first time, it is shown
that all molecular moieties of IMCL and EMCL are 0.2 ppm shifted
with respect to each other. At 7T the 2D method offers improved
resolution and sensitivity compared with previous reports at 3
and 4T and the opportunity to study effect of disease in muscles.
T1 and T2 relaxation constants were also determined and can be
used to further improve spectroscopic sequence design.
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