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Abstract

A theoretical triglyceride model was developed for in vivo human liver fat 1H MRS
characterization, using the number of double bonds (-CH=CH-), number of methylene-interrupted
double bonds (-CH=CH-CH,—CH=CH-) and average fatty acid chain length. Five 3 T, single-
voxel, stimulated echo acquisition mode spectra (STEAM) were acquired consecutively at
progressively longer TEs in a fat—~water emulsion phantom and in 121 human subjects with known
or suspected nonalcoholic fatty liver disease. To-corrected peak areas were calculated. Phantom
data were used to validate the model. Human data were used in the model to determine the
complete liver fat spectrum. In the fat—water emulsion phantom, the spectrum predicted by the
model (based on known fatty acid chain distribution) agreed closely with spectroscopic
measurement. In human subjects, areas of CH, peaks at 2.1 and 1.3 ppm were linearly correlated
(slope, 0.172; r =0.991), as were the 0.9 ppm CHz and 1.3 ppm CH,, peaks (slope, 0.125; r =
0.989). The 2.75 ppm CH, peak represented 0.6% of the total fat signal in high-liver-fat subjects.
These values predict that 8.6% ofm the total fat signal overlies the water peak. The triglyceride
model can characterize human liver fat spectra. This allows more accurate determination of liver
fat fraction from MRI and MRS.
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INTRODUCTION

The liver plays a critical role in the regulation of metabolic homeostasis. Derangements in
liver function can lead to abnormal intrahepatic triglyceride storage, resulting in fatty liver
disease. IH MRS is one method used for the measurement of intrahepatic fat in vivo
noninvasively (1), and is increasingly being used as an endpoint in clinical trials and
observational studies (2-7).

Each of the multiple resonance peaks present in the fat 1H MR spectrum (Fig. 1) represents a
structurally distinct proton moiety (Table 1) (8,9). However, because of insufficient spectral
resolution at clinical field strengths, resolution of the individual components of the main
clinically observed fat peaks 4 and 5 is not possible, with the observed ppm values of these
peaks representing the weighted position of the individual resonances. In addition, the 4.2
and 5.3 ppm fat peaks partially overlap and are not clearly distinguishable from the 4.7 ppm
liver water peak. Misclassification of the 4.2 and 5.3 ppm fat peaks as water signal leads to
fat quantification error (4).
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Characterization of the complete liver fat spectrum is important not only for accurate fat
quantification using 1H MRS, but also for accurate quantification using MRI-based
measurement techniques that incorporate the multipeak spectral structure of hepatic
triglycerides. Unlike single-voxel spectroscopy, these techniques allow regional
heterogeneity to be examined in a single scan. However, as these techniques cannot measure
the fat spectrum directly, they require the incorporation of the actual 1H MR spectrum. To
generate an accurate liver fat fraction value, it is vital that the correct spectral model is used
(10-12).

The types of triglyceride in the liver can be measured directly biochemically (13,14) or with
high-field (500 MHz) NMR (4). However, these techniques require invasive tissue sample
collection, which is impractical for large numbers of human subjects. A noninvasive, more
practical approach is to perform in vivo spectroscopy at clinical field strength (3 T) and use
the knowledge of the triglyceride chemical structure to determine the fat spectrum. Similar
techniques have been employed in the food industry to confirm food oil purity (8,15-17).

The chemical structure of a typical triglyceride is shown in Fig. 2. The relative magnitude of
each of the resonances can be specified by three variables: number of -CH=CH- double
bonds per molecule (ndb), number of double bonds separated by a single CH, (nmidb,
number of methylene-interrupted double bonds) and the fatty acid chain length (CL) (Table
1) (8,17,18). This method has been used successfully in human subjects to determine the
type of triglyceride in adipose tissue and bone marrow at high field, both ex vivo and in vivo
(18,19). Importantly, fat peak areas measurable at clinical field strengths (at 0.9, 1.3, 2.1 and
2.75 ppm) alone suffice to determine ndb, nmidb and CL, from which the relative
magnitudes of the nonmeasurable 4.2 and 5.3 ppm fat peaks can be derived, and the
complete liver 1H MR spectrum can be defined.

The purpose of this study was to characterize the complete fat MR spectrum of human liver
by determining the magnitude of nonmeasurable fat peaks directly from measurable fat
peaks and a knowledge of the chemical structure of triglycerides. The approach was
validated in a fat-water emulsion phantom before the spectrum was determined in human
subject studies.

This was a prospective, single-site study approved by our Institutional Review Board and
compliant with the Health Insurance Portability and Accountability Act. Adult subjects gave
informed consent, and pediatric subjects gave assent with parental informed consent.

All phantom and in vivo 1H MR spectra were acquired at 3 T (GE Signa EXCITE HD, GE
Healthcare, Waukesha, WI, USA). A 20 x 20 x 20 mm? voxel was selected and shimmed
after conventional imaging. The stimulated echo acquisition mode (STEAM) sequence
(acquisition bandwidth, 5 kHz) was chosen to allow a shorter minimum TE (20), minimizing
J-coupling effects. Five spectra were acquired consecutively at progressively longer TEs of
10, 15, 20, 25 and 30 ms in a single acquisition. The mixing time for the STEAM sequence
was fixed at a minimum value of 5 ms. The mixing time and range of TE values were also
chosen to minimize J-coupling effects (21). TR = 3500 ms was chosen to minimize Ty
effects. Multi-TE acquisition allowed the calculation of T, and the T,-corrected area of
individual spectral peaks, as the different fat peaks have different T, values (18,22). There
was no water saturation, and spatial saturation bands around the voxel were disabled to
ensure a uniform spectral response across the frequency range of interest.
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A single experienced observer analyzed the spectra using the AMARES algorithm (23)
included in the MRUI software package (24). All the observed or measurable fat peaks were
modeled by multiple Gaussian resonances. The 1.3 ppm peak was modeled by three
Gaussians; the fat peaks at 2.1 and 0.9 ppm were each modeled by two Gaussians, and the
2.7 ppm peak was modeled by a single Gaussian. The water and fat peaks in the 4-6 ppm
range were modeled by five unconstrained Gaussians (that is the amplitude, linewidth and
frequency of the peaks were all fitted freely). The T, values of the spectral peaks and the T,-
corrected peak areas were calculated by nonlinear least-squares fitting that minimized the
difference between the observed peak areas and the values given by theoretical decay.

Phantom study

The experimentally measured spectrum of a fat-water emulsion phantom (Microlipid®,
Nestle HealthCare Nutrition, Inc., Minne-tonka, MN, USA; used under license agreement
with Covidien AG) was compared with that given by the proposed chemical structure
approach. Microlipid® was chosen because the distribution of fatty acid chains in its
constituent triglycerides was provided by the manufacturer.

The relative area of each of the peaks was found by adding the number of hydrogen nuclei
with that type of bond in the triglyceride molecule. For example, each of the three fatty acid
chains was terminated by a CH3 group, giving a total signal of 9 signal units for the 0.9 ppm
peak. Similarly, as each double bond had two CH groups associated with it, the 5.3 ppm
peak was given by 2 x ndb. However, as virtually all fats are mixtures of different
triglycerides, for each of the constituent triglycerides the number of hydrogen nuclei was
weighted by the molecular fraction of the triglyceride type to give a mean CL, ndb and
nmidb.

According to the manufacturer, the distribution of fatty acid types in the Microlipid® fat—
water emulsion is equivalent to a mean fat molecule with CL = 17.86, ndb = 5.04 and nmidb
= 2.35. Using these CL, ndb and nmidb values in the spectral model described in Table 1,
theoretical peak areas of the phantom were calculated (Table 2).

STEAM MRS was performed on the Microlipid® phantom using a head coil with eight
signal averages and one pre-acquisition excitation. When fitting the phantom spectra, all the
Gaussians peaks were left unconstrained. The T,-corrected areas of the individual fat peaks
were expressed as a fraction of the To-corrected area of the main CH» (1.3 ppm) peak. The
measured peak areas from spectroscopy were compared with the reported peak areas
calculated according to the chemical structure, given in Table 1.

In vivo human study

One hundred and thirty-six human subjects were recruited from clinical nonalcoholic fatty
liver disease (NAFLD) studies being conducted at our institution. These subjects either had
biopsy-proven NAFLD, or were at risk for NAFLD because of family history or obesity.
Fifteen subjects with known liver disease other than NAFLD were excluded from the study.
The remaining 121 subjects (42 adult males, 57 adult females, 17 pediatric males and five
pediatric females), with mean ages of 44.3 years (adult subjects) and 14.2 years (pediatric
subjects), were enrolled and underwent research MR examinations of the liver between
August 2008 and March 2009. As most of these subjects had no liver biopsy taken,
differentiation between those with simple steatosis and steatohepatitis was not attempted.

Using multiplanar localization images, a 20 x20 x20 mm? voxel was selected within the
right lobe of the liver parenchyma which avoided the liver edges as well as large biliary or
vascular structures. Following shimming during free breathing, STEAM spectroscopy was
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performed with an eight-channel torso array coil. Following a single pre-acquisition
excitation, five spectra were acquired with a single average at each TE in a single 21 s
breath hold. The spectra from the individual channels were combined using a singular value
decomposition-based approach (25). For each subject, this procedure was repeated twice
more with identical parameters. Thus, a total of three colocalized multi-TE spectra were
acquired for each subject.

As the liver spectra had a lower signal-to-noise ratio than the Microlipid® phantom, in the
MRUI fitting of the spectra, the frequency of the fat peaks was fixed relative to the main
CH, peak at 1.3 ppm. T, decay was assumed to be monoexponential. It is assumed that the
TE range used is sufficiently short such that any errors introduced by J-coupling are small
and can be ignored. For each of the three multi-TE spectra, the water peak and measurable
fat peaks 4, 5 and 6 were corrected for T, decay. The T,-corrected areas of peaks 4, 5 and 6
were averaged over the three spectra acquired for each subject.

In vivo examinations showed that fat peaks 1 and 2 were not measurable because of the
superimposed water peak. In subjects with low liver fat levels, T, values of peaks 4 and 6
were difficult to estimate precisely. In these cases, peak areas were determined by correcting
the TE = 10 ms spectrum using a mean T, value derived from the subjects whose T, value
could be determined.

Peak 3 was only detectable in subjects with the greatest levels of fat in the liver because of
the low levels of polyunsaturated fat in the liver. Thus, subjects with a To-corrected peak
area of CH, (1.3 ppm) greater than 40% of the T,-corrected water peak area were used to
describe the behavior of this peak relative to the other fat peaks. It was then assumed that
this behavior was typical for all subjects.

The relative areas of measurable fat peaks (peaks 3-6) were used to generate mean ndb,
nmidb and CL values for a ‘mean’ liver triglyceride molecule. This allowed the area of
peaks 1 and 2 to be calculated, giving the fraction of the fat signal buried under the water
peak.

Statistical analysis

RESULTS

The T,-corrected areas of peaks 4 and 6 were plotted with respect to the To-corrected areas
of peak 5. Linear least-squares fits of the data were calculated and the quality of fit was
evaluated by the Pearson correlation coefficient r to examine the variability in the ratio of
the peak areas seen in the liver.

Table 2 compares the To-corrected peak areas of the Microlipid® fat-water emulsion
phantom given by spectroscopy with those given by our theoretical model. There is strong
agreement between theoretically predicted and experimental values, except for peak 2.
Using the T,-corrected areas of peaks 3—6 of the phantom in our theoretical model gives CL
=18.44, ndb = 5.19 and nmidb = 2.40 (compared with reported values of CL =17.86, ndb =
5.04 and nmidb = 2.35). The CL, ndb and nmidb values generated from peaks 3-6 give an
expected peak 1 area of 0.204, in close agreement with measurement and reported peak
areas. The measured area of peak 2 does not match that theoretically predicted or that
generated using peaks 3-6. This peak is strongly J-coupled, resulting in T, underestimation
and, hence, peak area overestimation.

Figure 3 compares the T,-corrected areas of peaks 5 and 6 in vivo. There is a strong linear
correlation (r = 0.989) between the two values, with a ratio of the peak area values of 0.125
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(p <0.0001: intercept, 0.000; p = 0.34). Figure 4 compares the To-corrected areas of peaks 4
and 5 in vivo. This shows that the ratio of the areas of peak 4 to peak 5 is 0.172 (p <0.0001:
intercept, —0.001; p = 0.07), and again there is strong linear correlation (r = 0.991) between
the two values. There were only four subjects in the study with T,-corrected peak 4 area fat
ratios of 40% or above (fat fractions: 0.368, 0.392, 0.409 and 0.443). In these subjects, the
mean T,-corrected area of peak 3 (2.75 ppm) was determined to be 0.9% (range, 0.7-1.1%)
of that of the T,-corrected area of peak 5.

Using these relative peak areas in the model given in Table 1, the mean liver triglyceride
molecule had the following parameters: CL = 17.45, ndb = 1.92 and nmidb = 0.32.
Assuming that fat consists entirely of saturated, monounsaturated and diunsaturated fatty
acid chains (18), human liver fat is about 46.8% saturated, 42.6% monounsaturated and only
10.6% diunsaturated.

The mean human liver spectrum, including the calculated areas of the peaks underlying
water or those unresolvable in vivo, is shown in Table 3. This model indicates that the
fraction of fat under the water peak (peaks 1 and 2) is 8.6% of the sum of all the fat peaks.
Using this correction, the mean fat fraction in our subject group was 0.107, with values
ranging from 0.004 to 0.443.

DISCUSSION

In this phantom-human study, a molecular structure-based method for MRS characterization
was validated in a mixed fat emulsion phantom of known composition. We applied this
method to human subjects to determine a mean liver fat MR spectrum, including the peaks
not directly measurable in vivo.

The phantom study shows that the theoretical model accurately derives the complete fat—
water emulsion MR spectrum, with the exception of peak 2 (4.2 ppm), for which the
theoretical and measured peak areas do not match. Peak 2 is a strongly coupled AB spin
system (9), meaning that its behavior is strongly affected by J-coupling even at short TEs
(26), leading to T, underestimation and peak area overestimation (27). However, from Table
1, peak 2 has a fixed relative magnitude of four, and thus can be deduced from other peak
areas and does not require accurate measurement. Thus, we conclude that it is valid to
deduce the entire fat spectrum from the peaks that are resolvable from water.

There have only been limited in vivo measurements of liver T, at 3 T, as multi-TE
spectroscopy at 3 T is not common. Guiu et al. (28) reported the T, value of water as 27.0
ms and the T, value of the CH, (1.3 ppm) peak as 60 ms. These values are in agreement
with our observations. The liver fatty acid profile is different from that seen for the fat—
water emulsion, as well as from that reported previously in adipose tissue and bone marrow
(18,29), which show a higher fraction of diunsaturated fatty acid chains. This suggests that
different human fat depots may have different spectral profiles.

Our results suggest that, regardless of the level of fat deposition, there may only be limited
variation in the liver fat spectrum. As shown in Figs 3 and 4, when the area of peak 4 or 6 is
compared with the area of peak 5, we find similar Pearson correlation coefficients r.
Although peak 6 has a fixed relative magnitude, peak 4 is more sensitive to changes in CL
and ndb. The similar levels of scatter suggest that the variability is mainly a result of noise
rather than biochemical causes. The strong correlation between the fat peak areas also
suggests that it is acceptable to use the relative area of peak 3 in high-fat subjects as the
value for all subjects.

NMR Biomed. Author manuscript; available in PMC 2013 December 12.
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In this study, it was not possible to distinguish between isolated steatosis and steatohepatitis.
However, there is no indication of two different population behaviors when comparing the
spectral peak areas in Figs 3 and 4, as would be expected if NAFLD had a different spectral
profile from steatohepatitis. This suggests that the fat spectrum is similar for the two
conditions, although further work is required to confirm this.

By performing high-field MRS ex vivo of liver biopsy samples from six subjects, Longo et
al. (4) estimated that peaks 1 and 2 contained 15% of the total fat signal. Their 15% value
has been widely used to correct for inferred fat under the water peak (7,30-32), but differs
considerably from the value of 8.6% derived from our study. From Table 1, the fat under the
water peak is equal to 2 x ndb + 5. For CLs between 16 and 18, 15% fat under the water
peak would require an ndb of about 5. However, in the human body, multiple double bonds
in a single fatty acid chain are always separated by a single CHy. Thus, if ndb = 5, nmidb
must be two or more. This would give a relative area of peak 3 (2.75 ppm) of four, which
would be visible at lower fat levels, which is contrary to our observation. Thus, the
theoretical model contradicts the 15% value estimated by Longo et al. (4).

A previous study calculated the saturation and polyunsaturation indices of liver fat in vivo at
clinical field strengths (33). As opposed to our observation that liver fat composition is
independent of fat content, this study found differences in these indices in the liver of lean vs
obese subjects. However, entering their indices for normal subjects into our model gives a
nonphysical solution (ndb ~ 5.7, nmidb ~ 4.8). This may be because they collected data at a
single TE (30 ms) and thus could not correct for the T, effect, or signals from metabolites
could have been erroneously identified as fat (34).

For in vivo human liver fat IH MRS characterization, all of the main fat peaks should be
identified correctly. Misidentification of fat peaks will affect the estimation of ndb and
nmidb values, and hence will give an incorrect measure of the triglyceride types present.
This is challenging at 1.5 T as the peaks are wider (in ppm) at 1.5 T than at 3 T, and so
overlap more, making it more difficult to measure accurately the individual fat peaks.

Accurate quantification using MRI-based measurement techniques requires the
incorporation of the multipeak spectral structure of hepatic triglyceride. This is generally
generated by liver IH MRS, although Yu et al. (10) incorporated the spectral frequencies of
triglyceride in imaging-based methods in an attempt to measure the multipeak spectral
structure directly. The use of an incorrect spectral model will introduce errors in the fat
fraction estimated by these imaging methods. As the liver spectrum derived in this study
differs from that seen in the fat—-water emulsion phantom or adipose tissue (18,29), imaging
techniques that derive their spectral model from these sources may give incorrect liver fat
fraction estimates. Similarly, the spectrum detailed here is only applicable in the liver. The
use of the spectrum detailed here in adipose tissue may lead to errors in the overestimation
of the fraction of water. For greatest accuracy, MRI-based measurement techniques should
use a different spectrum depending on the depot of fat being examined, although this may
prove to be impractical. However, as this study shows that the liver fat spectrum appears to
be independent of fat fraction, it is valid to assume a single, MRS-based spectrum of liver
fat for liver MRI. The spectrum derived in this article is applicable at all field strengths,
although the T, values are only applicable at 3 T.

For the absolute quantification of fat fraction using 1H MRS, correction for fat included in
the (apparent) water signal is only one of several factors requiring consideration. Correction
for T, and T, relaxation is also required. All fat peaks exhibit J-coupling, which depends not
only on the sequence used, but on the parameters selected, such as the TE range and mixing
time (9,21,27). Fat peaks have different T, values from water, and modeling the water peak
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containing fat signals using a single TE may introduce bias. A fraction of water is bound to
protein and is invisible to standard MRS sequences. The differing proton density of water
and fat requires further correction and, to express fat as a fraction of liver mass, the amount
of material which is neither fat nor water must also be known (3).

The sequence used in this study was primarily designed to accurately and rapidly quantify
the liver fat fraction. As peak 3 (CH at 2.75 ppm) is only detected at the highest fat levels,
our nmidb value will be measurable only at the highest fat levels, and hence may be biased
towards high-fat subjects, as we were unable to monitor changes in nmidb with fat fraction.
However, large relative changes in peak 3 will only produce small changes in the spectrum
as a whole, and therefore it is not expected that the liver fat fraction estimates will be
affected significantly.

Further, at low fat levels (<5%), the sequence used in this study may not accurately
determine the fat peak area ratios. Thus, one limitation of this study is that it cannot
determine whether the fat spectrum at low fat levels is different from that seen at higher fat
levels. Our fat spectrum may be biased towards the fat spectrum of individuals with higher
levels of liver fat.

Although the multi-TE approach used in this study is important for water T, correction to
allow fat fraction measurement, it may not be as well suited for fat spectrum measurement.
The longer fat T, values reduce the need for fat T, measurement, and a single multi-average
spectrum at short TE may be more suitable for fat spectrum determination.

The subject population examined was limited to those with known or suspected NAFLD.
The triglyceride profile of subjects with fatty liver with different etiologies, such as
alcoholic or viral hepatitis, was not examined in this study. It is therefore possible that these
subjects may have a different spectral profile from that seen in NAFLD.

CONCLUSIONS

This study shows that it is possible to use measurable 1H MRS fat peaks in vivo to
characterize mean liver triglyceride and hence to derive the complete liver fat MR spectrum.
This molecular structure-based method for fat spectral characterization will allow more
accurate quantification of liver fat using MRS and MRI methods that incorporate spectral
correction.
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nmidb number of methylene-interrupted double bonds
STEAM stimulated echo acquisition mode
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Figure 1.

Microlipid® fat-water emulsion phantom MR spectrum (left) and in vivo liver MR spectrum
from a human subject with fatty liver (right) at 3 T (TR = 3500 ms, TE = 10 ms). Fat peak
assignment: 1, -CH=CH- and -CH-0O-CO-; 2, -CH»,-0-CO-; 3, -CH=CH-CH -
CH=CH-; 4, -CO-CH»—CHy- and -CH»—CH=-CH-CH»—; 5, -CO-CH»—-CH,— and —
(CH2)—; 6, <(CH2);—CHa3. Of the six fat peaks resolvable by spectroscopy at 3 T, in vivo
two peaks (peaks 1 and 2) are buried within the water peak, and one peak (peak 3) is small

and is rarely seen in the human liver clinically.
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Figure 2.

Diagrammatic representation of typical triglyceride molecule.
acid. R indicates the other fatty acid chains in the triglyceride.

The chain shown is linoleic
Several resonances (at 5.29

and 5.19 ppm; 2.20 and 2.02 ppm; 1.6 and 1.3 ppm) are not resolvable in vivo at clinical

field strengths (< 3 T) and appear as single peaks.
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Page 12

Comparison of peak 6 area (CH3 at 0.9 ppm) with peak 5 area (CH at 1.3 ppm) in pediatric
and adult human subjects. There is strong correlation between these two peak areas, with

peak 6 being 12.5% of the area of peak 5.
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Figure4.

Comparison of peak 4 area (CH5 at 2.1 ppm) with peak 5 area (CH at 1.3 ppm) in pediatric
and adult human subjects. There is strong correlation between these two peak areas, with
peak 4 being 17.2% of the area of peak 5.
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T, values and measured and reported peak areas for Microlipid® fat-water emulsion phantom

Table 2

Peak

Observed ppm  Reported area T2 (MS)

Measured peak area

2

3
4
5
6

53
42

2.75
2.1
13
0.9

0.207
0.075

0.088
0.314
1.000
0.168

38.7

25.48
415
41.9
46.0
714

0.212

0.0972
0.086
0.307
1.000
0.161

a\/alues unreliable as a result of J coupling.
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