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Abstract
Proton MR spectroscopy (1H-MRS) has been used for in vivo quantification of intracellular
triglycerides within the sarcolemma. The purpose of this study was to assess whether breath-hold
dual-echo in- and out-of-phase MRI at 3.0 T can quantify the fat content of the myocardium.
Biases, including T1, , and noise, that confound the calculation of the fat fraction were carefully
corrected. Thirty-four of 46 participants had both MRI and MRS data. The fat fractions from MRI
showed a strong correlation with fat fractions from MRS (r = 0.78; P < 0.05). The mean
myocardial fat fraction for all 34 subjects was 0.7 ± 0.5% (range: 0.11–3%) assessed with MRS
and 1.04 ± 0.4% (range: 0.32–2.44%) assessed with in- and out-of-phase MRI (P < 0.05).
Scanning times were less than 15 sec for Dixon imaging, plus an additional minute for the
acquisition used for calculation, and 15-20 min for MRS. The average postprocessing time for
MRS was 3 min and 5 min for MRI including  measurement. We conclude that the dual echo
method provides a rapid means to detect and quantifying myocardial fat content in vivo.
Correction/adjustment for field inhomogeneity using three or more echoes seems crucial for the
dual echo approach.
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The concept of fatty myocardium has recently received attention because of its role in
diabetic cardiomyopathy and obesity. Abundant storage of lipids, known as cardiac
steatosis, produces lipotoxic substances that result in oxidative stress and apoptosis.
Steatosis of the pancreas, liver, heart has been associated with end-organ dysfunction
(insulin resistance/diabetes, nonalcoholic steatohepatitis, cleft ventricular dysfunction,
respectively) (1–7). The storing of excess lipids in human cardiac myocytes is an early
manifestation of type 2 diabetes.

Myocardial fat content has also been reported to be elevated within the myocardium of
obese subjects. In the study conducted by Sharma et al. (8) on end-stage heart failure
patients, increased triglyceride staining was coupled with increased free fatty acid delivery

*Correspondence to: Chia-Ying Liu, Ph.D., MRI Room 110, The Johns Hopkins Hospital, 600 N. Wolfe Street, Baltimore, MD 21287.
cliu51@jhmi.edu.

NIH Public Access
Author Manuscript
Magn Reson Med. Author manuscript; available in PMC 2011 April 1.

Published in final edited form as:
Magn Reson Med. 2010 April ; 63(4): 892–901. doi:10.1002/mrm.22289.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to myocytes of obese and type 2 diabetic subjects. Animal models have shown that cardiac
abnormalities in diastolic and systolic function can be associated with excessive lipolysis
and lipotoxic injury to myocytes. While some evidence from animal and human models
links observations of cardiac lipotoxicity to diabetes mellitus, very little is known about the
association between myocardial steatosis and its effect on cardiovascular disease end-points
in high-risk persons, including diabetic and obese individuals.

Measurement of the ectopic fat deposition in the myocardium may provide a useful index of
the degree of lipid overload. Several methods have been employed to quantify ectopic fat
deposition in humans. Proton MR spectroscopy (1H-MRS) has proven to be reliable and
reproducible in measuring myocardial triglyceride content in humans (9–12).

1H-MRS offers technological advantages because it can distinguish between the
triglycerides stored in the adipose tissue cells (which contain very little water) and
triglyceride droplets stored in the cytosol of parenchymal cells (13). However, 1H-MRS is
relatively complex and time consuming. Acquisition during breath holding is difficult, and a
sophisticated respiratory navigator gating is usually applied for motion correction. 1H-MRS
also requires extensive postprocessing.

By exploiting the 3.5-ppm (parts per million) chemical shift difference between the main
lipid peak and water, MRI may be very sensitive for fat detection. At 1.5 T, this relative
chemical shift is −210 Hz (14,15) and is −420 Hz at 3.0 T. Most routine clinical MR water/
fat imaging protocols exploit this difference in precession frequency to create “in-phase”
(IP) and “out-of-phase” (OP) images by the Dixon method of varying echo times (TE) in
consecutive echoes (16). At 3.0T, IP images are acquired at TEs that are multiples of 2.46
ms when the signals from water and fat add constructively. OP images are typically acquired
at TE = 3.69 ms when the signals from water and fat destructively interfere (subtract). This
method has been applied in the quantification of fatty infiltration of the liver (17,18). The
sensitivity and specificity of IP- and OP imaging for the detection of steatosis is very high,
approaching 100% (19,20).

Although MRI is sensitive to detect steatosis, no MR methods have been successful for its
accurate quantification. Neither the work by Fishbein et al. (17) nor that by Hussain et al.
(18) performed a rigorous correction method for relaxation (T1 and ) effects (21). The fat
signal is amplified because of the shorter T1 value of fat compared to that of water. At 1.57,
signal attenuation of the later echo due to  decay leads to spurious negative values for the
fat fraction when the IP image is acquired at a longer TE than the OP image. However, at
3.0T the resulting signal loss in the OP image will cause overestimation of the fat fraction.
Moreover, in the situation of low fat content, noise is also a nonnegligible factor (22,23).
Achieving accurate estimation of cardiac steatosis requires correction for confounding
effects such as tissue biophysical properties (relaxation times) and imaging noise (24).

The purpose of this study was to investigate the accuracy of a two-point Dixon MR method
for cardiac fat quantification after rigorous postprocessing to reduce  weighting and noise
bias. The two-point method in combination with spoiled gradient echo (SPGR) sequences
and the magnitude-based postdata processing is commonly used in clinical applications due
to its simplicity (18). The potential utility of the two-point Dixon technique was compared to
results using 1H-MRS.
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Theory
T1 Effects on the Quantification of Low-Fat Fraction

A commonly used MR method for fat detection and quantification is SPGR imaging using
Dixon's two-point technique. This method assumes a simplified two-component system
wherein the observed MR signal is the summation of two signal sources: fat protons and
water protons. Images are acquired at two TEs, at which the signals from fat protons and
water protons are presumed to be exactly IP and OP. When the TEs are short relative to the

, the  decay can be ignored. Under this assumption, all signal variation between the two
TEs is due to the phase interference of the fat and water protons. The IP image is the sum of
the water and fat signals, and the OP image is the difference between the water and fat
signals. The water and fat amplitudes (Sw and Sf, respectively) can then be estimated by
linear combinations of the IP and OP images:

[1]

Accordingly, the fat fraction is defined by Eq. 2 and can be estimated as:

[2]

[3]

Equation 4 characterizes the dependence of the SPGR signal on T1, , flip angle α, pulse
repetition time (TR), TE, and the true density of water and/or fat (Mo).

[4]

Considering all of the factors that affect the SPGR signal intensity, naive calculation of the
signal fraction measured with IP and OP will be confounded by the effects of T1 and  and
will not represent the true fat fraction η. For example, in hepatic fat quantification, the T1 of
fat and water in the liver at 1.5 T is approximately 343 ms and 586 ms (25), respectively, so
the fat magnetization will be less saturated than the water magnetization, leading to
overestimation of the amount of fat fraction. If the T1 of both water and fat were known, the
correct fat fraction could be calculated. However, the T1 of water and fat is usually not
known and T1 mapping is not part of routine clinical assessment. Furthermore, the T1
mapping of cardiac triglycerides would be difficult to obtain due to its extremely low proton
density.

One method for reducing the T1 dependence on the SPGR signal is to reduce the imaging
flip angle (24). As the flip angle decreases, the T1 weighting of SPGR decreases. With
reduced T1 weighting, the fat signal fraction approaches the true fat fraction. The degree of
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error depends on the T1 values of myocardial water and fat. The simulated fat fraction
(ignoring  effects) for a given TR = 10 ms, T1w = 1200 ms (26), and T1f = 800 ms at 3.0 T
of various flip angles is demonstrated in Fig. 1. With greater difference between T1s of fat
and water, more T1 bias is generated. T1f = 800 ms may be considered as worst-case
scenario: for a true fat fraction of 1%, using 5° and 15° of flip angles would lead to 1.15%
and 1.37% overestimation of the fat fractions, respectively. In practice, the cardiac
experiments are electrocardiogram gated and the steady state pulses train is regularly
interrupted. This provides an extra delay for signal recovery and thus further reduces the
errors caused by differences in T1.

 Effects on the Quantification of Low-Fat Fraction

In fast imaging techniques, TE is relatively short compared to the  of the species (TE ∼2-4
ms and  in the normal heart (27)). However,  effects must be considered for
low-fat fractions. At 3.0T, IP images are acquired at TEs that are multiples of 2.46 ms when
signal from water and fat adds constructively. OP images are typically acquired at TE = 3.69
ms when signal from water and fat destructively interfere (subtract). At 3.0 T, the effect of

 relaxation (without considering T1 effects) on fat quantification is as follows, assuming a
common  for both fat and water and a TE difference between IP and OP of ΔTE,

[5]

Figure 2a plots the calculated fat signal fraction using Eq. 5, assuming  for both
water and fat versus true fat fraction.  signal decay leads to 2.0% calculated fat fraction
when the true value is zero.

To explore the  effects on the fat fraction without the hypothesis of a single  value, we
performed a simulation with  of water , and  of fat , varying from 10
ms to 60 ms. Figure 2b plots the fat fraction after  correction using Eq. 5, assuming

 and a true fat fraction of 1%. As shown, the calculated fat fraction is
underestimated when  and overestimated when . The error is less than 0.04%

in the worst-case scenario . Hence, the single  value was a reasonable
assumption.

Field Inhomogeneity and Noise Bias on the Quantification of Low-Fat Fraction
Water-fat separation using the Dixon method relies on a phase difference that evolves as a
result of chemical shift difference between water and fat. When the absolute signal
intensities per pixel are used, the exact spectrometer frequency has no influence on the
result, but a noise bias is created due the nonzero means of the magnitude of the noise
signal. For an offset frequency Ψ the phases of the IP and OP signals are

[6]

Liu et al. Page 4

Magn Reson Med. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[7]

where TEIP and TEOP are the TEs at IP and OP, respectively. The offset generated phase
term is irrelevant if we use the absolute signals, which still have IP and OP fat signals that
respectively add and subtract relative to the water signal. Assuming ,

, and , then

[8]

[9]

Hence, the IP and OP images are altered by the  effect, not the field inhomogeneity. The
fat and water images are reconstructed based on the magnitude images. The noise bias is
introduced in the calculation of myocardial fat fraction because of the low fat signal in the
fat images. We proposed to correct this bias by the “Magnitude discrimination” (24) method,
in which the fat fraction is defined as η = 1 − [Sw/(Sf + Sw)], with the hypothesis that the
water images have high signal to noise ratio (SNR).

Materials and Methods
Study Population

The institutional review board at our institution approved all experimental protocols, and
participants provided written informed consent. Forty-six subjects were included in the
study: 24 women, 22 men. Inclusion criteria included age ≥18 years, absence of acute or
chronic disease, absence of personal history and symptoms of cardiac disease, normal
physical examination and normal electrocardiogram.

Myocardial Imaging and Spectroscopy
All studies were performed on a 3.0-T MR scanner (Trio Tim; Siemens, Erlangen,
Germany) with a six-channel anteriophased-array torso coil and corresponding posterior coil
elements resulting in 12 channels of data. To measure left ventricular function, the heart was
imaged in short-axis orientation, using a retrospectively gated fast gradient echo sequence.
Imaging parameters were TR/TE: 7.3/3.4 ms, slice thickness: 8 mm, field of view: 360 mm,
matrix: 256 × 192, temporal resolution: 78 ms. The short-axis view, along with the two- and
four-chamber views, was used to position the spectroscopic volume (6- to 8-mL voxel)
within the interventricular septum. Participants were instructed to hold their breath at end
expiration during imaging and breathe normally during spectroscopy. Myocardial 1H-MRS
spectra were obtained with electrocardiogram gating during diastole, with navigator gating
using a single voxel point-resolved spectroscopy sequence, TR/TE = 1R-R/30 ms. The
navigator was placed across the liver-lung interface. For reliable measurement of the low-fat
signals with adequate receiver gain and also to prevent the distorted spectrum due to
digitization noise, one spectrum (32 averages) was recorded with WET (water suppression
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enhanced through T1 effects) water suppression, with 1024 data points collected over a
1000-Hz spectral width. Another spectrum (four averages) was recorded with the water
suppression RF pulse power set to zero. Outer volume suppression using saturation bands
was applied to exclude the lipids from ventricular blood flow and epicardial triglycerides.
Scan time was 15-20 min for 1H-MRS, including positioning, shimming, and acquisition
(5-10 min).

The same four-chamber view used for 1H-MRS was used to acquire a dual-echo SPGR
sequence with a bipolar gradient to achieve the desired TE times. Imaging parameters were
TR/TE (In, Out) = 6.3/2.46, 3.69 ms, slice thickness: 8 mm, field of view: 360 mm, matrix:
192 × 144 with electrocardiogram-gated image acquisition in late diastole. The receiver
bandwidth was set to 1130 Hz/pixel to reduce water-fat shifts in the readout direction to less
than half a pixel. The flip angle was limited to 15° to reduce the effects of T1 weighting
caused by the short TR and varying relaxation delays due to the electrocardiogram gating.
The breath-hold acquisition time was less than 15 sec, depending on the heart rate. For
estimation of , additional images were acquired at 10 different TEs (2.46-16 ms). Images
of a water phantom were acquired using the same protocol with simulated heart rate of 60
beats per minute to test the pulse sequence, reconstruction, and correction algorithm of the
two-point Dixon technique.

Analysis
Left ventricular volumes and mass were determined at end diastole from endocardial and
epicardial contours traced on 12 adjacent short-axis slices using commercially available
software (QMass, Medis, The Netherlands). Spectral analysis was done offline using Java-
based MR user interface (jMRUI version 3.0 software; developed by A. van den Boogaart,
Katholieke Universiteit Leuven, Leuven, Belgium) (28). After removal of residual water by
subtraction of Hankel Lanczos singular values decomposition, estimated water signals were
fitted by the advanced method for accurate robust and efficient spectral fitting (29), with the
assumption of gaussian curves. Resonance frequency estimates of lipids at 0.9 and 1.3 ppm
were summed to quantify myocardial triglycerides content and related to accurate robust and
efficient spectral fitting estimated water in unsuppressed spectra (30). Myocardial fat
fraction was calculated as the ratio of myocardial triglycerides to water content and reported
as a percentage. Fat fraction was expressed as the mean ± standard deviation of multiple
measurements.

Fat and water images were reconstructed from IP and OP magnitude images using Matlab
(Mathworks, Natick, MA). Images were corrected for  decay, assuming the same  for
both water and fat. Correction was based on a region of interest (ROI) in the septum, with
one  value estimated to account for the entire septum.  estimation was based the best fit
of the curve fitting. To reduce the noise bias, we applied a “magnitude discrimination” (24)
method with fat fraction calculated as 1 − (Sw/IP), where Sw is the separated water signal
and IP is the IP signal, after  correction. Fat fraction was expressed as  corrected values
± the variance from the bounds of  estimation.

Baseline characteristics of the study population are reported by gender as means and
standard deviation for continuous variables and frequencies and percentages for discrete
variables. Unadjusted comparisons across gender were done by unpaired t tests assuming
unequal variance (Welch correction) for continuous variables and with χ2-tests for
dichotomous variables. The Pearson correlation coefficient (r) and linear regression analysis
were used to examine the association between calculated fat fractions on the MR images and
spectroscopy. Statistical significance was defined at the P < 0.05 level. Fat fractions for 
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versus 1H-MRS methods were compared (paired t test) and expressed as mean ± standard
deviation. Statistical analysis was performed using SPSS (Chicago, IL).

Results
Study subject characteristics by gender are summarized in Table 1. The mean age was 44 ±
16 years (20 to 78 years). No significant demographic differences were present between men
and women. In seven subjects, 1H-MRS data could not be assessed because of technical
problems, due to differences in myocardial position between the MR localization images
and 1H-MRS acquisition resulting from irregular breathing. For IP and OP images, five of
46 studies were not analyzed because of data corruption due to motion, flow, and/or
susceptibility artifacts. Both techniques were successfully completed in 34 subjects. The
average postprocessing time for MRS was 3 min and 5 min for MRI, including 
measurement.

The water phantom exhibited a 0.9% and a 0.08% fat fraction before and after  (measured
63 ms) and noise bias corrections, respectively. The fat fraction due to  decay could be
calculated using the simulation as demonstrated in Fig. 2a. Using , 0.97% fat
fraction was estimated in the water phantom, which was similar to the measured 0.9% value.
The residual amount after correction may be due to slight inaccuracies in  and noise
correction; however, the effectiveness of the correction was demonstrated.  values
estimated for 41 subjects revealed mean  (range: 18–55 ms). Figure 3
shows a representative spectrum and the experimental setup for the measurement of
myocardial triglyceride content. An example of water and fat fraction images, as well as the
water and fat spectra with low fat content, is given in Fig. 4. The mean measured fat
fractions for 1H-MRS and MRI were 0.49 ± 0.08% and 0.43 ± 0.1, respectively. Figure 5
shows a subject who exhibited high myocardial fat content. The measured fat fractions were
1.32 ± 0.1% versus 1.91 ± 0.12% for 1H-MRS and MRI, respectively.

The myocardial fat fractions from MRI show a strong correlation (r = 0.68, P < 0.05)
with 1H-MRS (Fig. 6a). The mean percentage of myocardial fat for subjects with both 1H-
MRS and MRI was 0.7 ± 0.5% (range: 0.11-3%) and 1.04 ± 0.4% (range: 0.32-2.44%),
respectively (P = 0.002, Fig. 6b).

Discussion
The results of this study demonstrate that IP- and OP MRI compares favorably to the 1H-
MRS technique for measurement of myocardial fat content, particularly in terms of time
efficiency. 1H-MRS is technically challenging to perform and is thus less likely to be
applied than MRI for clinical patients due to long acquisition times for 1H-MRS. In this
study, 85% and 89% of subjects had successful acquisitions using 1H-MRS and MRI,
respectively. The success rate of 1H-MRS in this study was higher for our relatively healthy
participants than in the study reported by McGavock et al. (9). In their study using 1H-MRS
to evaluate patients with diabetes mellitus, 134 of 177 (76%) patients were included in the
final analysis. The difficulties of analysis were mainly from the cardiac and respiratory
motion, similar to what we have observed.

The dual echo technique showed higher estimates of fat fraction compared to the 1H-MRS
technique. Some discrepancy is to be expected as the lipid peaks quantified by 1H-MRS
(intracellular triglycerides at 0.9 and 1.3 ppm) differ from fat (both intra- and extracellular)
included in the fat fractions with the Dixon method. Furthermore, the olefinic protons have a
chemical shift of 5.35 ppm, which is close to that of water (4.65 ppm) and could contribute
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to water images in chemical shift imaging methods but would be excluded in 1H-MRS.
Improved fat-water separation is achievable with a more accurate multipeak modeling of fat
(32). However, those techniques would require a sophisticated reconstruction algorithm, and
the effectiveness to quantify low fat fraction is still questionable. In skeletal muscle, the
quantification of the lipid signal depends on the orientation of the muscle fibers in relation to
the static magnetic field (33,34). Although fiber orientation in the myocardium is less
uniform, it cannot be ruled out that these fiber orientation–related changes also occur in 1H-
MRS of intracellular myocardial fat.

For accurate determination of fat fraction with MRI, four major issues should be addressed:
the effect of tissue relaxation (T1, ), image noise, and off resonance effects. T1 bias is
another source that leads to the higher fat fraction by MRI than 1H-MRS. However, the bias
can only be eliminated if accurate T1 values are known or long TR values are used. In our
initial experiments, Dixon images with flip angles of 5°, 10°, and 15° were compared. We
have found that a flip angle of 15° provided the highest-quality images. Use of a lower flip
angle might be possible in a more SNR-efficient sequence such as steady-state free precision
or if multipoint fat-water separation technique is employed. Compared to T1,  is a more
important factor for the accurate estimation at low fat fractions. The average cardiac tissue

 value measured in our study was 27.6 ± 6.9 ms, which is shorter than that measured on
the 20 healthy subjects at 1.5 T by Pepe et al. (27) but is closer to the results by Reeder et al.
(35). If the  of fat is shorter than the measured tissue , this will lead to a slight
underestimation of the fat fraction.

Off-resonance effects necessitate the use of magnitude signals rather than complex signals,
although phase foldover may occur when the off-resonance-induced phase shifts are large.
In tissues with relatively low fat content such as the myocardium, the ambiguity of foldover
effects is far less than in tissue with high fat content. Off-resonance effects can be corrected
by a phase-correction algorithm (36).

Methods for separating the water and fat components in MRI based on the Dixon type
acquisition have been under intensive investigation for a number of years. In a recent study
by Kim et al. (37), the performance of the two-point method with conventional magnitude
reconstruction and a three-point chemical shift–based method known as iterative
decomposition of water and fat with echo asymmetry and least squares estimation (38–42)
was compared for measurement of hepatic fat fraction. In that study, three-point iterative
decomposition of water and fat with echo asymmetry and least squares estimation
demonstrated higher correlation than the two-point method with fat fraction measured
by 1H-MRS. Another method, based on a different computational requirement known as
variable projection, was proposed by Hernando et al. (43). Variable projection accounts for
both the field inhomogeneity and relaxation effects to decompose water and fat signal. This
method is very robust and can be used in low-SNR conditions, which is crucial in the
quantification of myocardial triglycerides. Kellman et al. (44) successfully generalized this
method for the detection of fibrofatty infiltration in the myocardium at 1.5 T. With their
four-echo approach, fatty infiltration was clearly shown in patients with a variety of heart
diseases.

In the current study, the MRI and MRS data did not correlate with a slope of unity.
Additional simulations (Appendix) demonstrate that discrepancies are primarily due to a
limitation of the spectral model that is implicitly assumed for the fat signal. Other more
elaborate spectroscopic models than can be employed in the variable projection or
multipoint iterative decomposition of water and fat with echo asymmetry and least squares
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estimation may yield a correspondence between MRI and MRS closer to unity. For clinical
applications, linearity is highly desirable.

In conclusion, we have shown high correlation for myocardial fat content measured by the
two-point Dixon method compared to 1H-MRS. Unlike the 1H-MRS, MRI can be acquired
in a breath hold, without the complexity of manual shimming, voxel positioning, and
navigator echoes. A disadvantage of the two-point Dixon method is the requirement of an
additional breath hold, with the potential for misregistration  correction and discrepancy
with 1H-MRS for very low fat values. If only higher fat values need to be determined, the
limitations of the Dixon approach may be less clinically relevant. Further evaluation of
myocardial fat content in comparison to myocardial function may help determine the level
of accuracy required for determination of myocardial fat fraction.
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Appendix

Spectral Modeling of Fat-Water Spectra and Two-Point Dixon Methods
Spectroscopic modeling for fat-water spectra and two-point Dixon MRI was performed to
compare the two methods. Table 2 displays the frequencies, relative fat and water peak
amplitudes, and the line widths of the corresponding peaks. The simulated Lorentzian line
spectrum with 30% of true fat fraction is demonstrated in Fig. 7a. The true fat fraction was
defined as the ratio of fat signals from all fat peaks divided by the summation of total water
and fat signals.

Water and fat peak amplitudes were mixed at variable ratios to simulate different fat
fractions and normal distribution random numbers were added to each data point to simulate
noise in an imaging pixel at the appropriate SNR level. A free induction decay signal of 10
echoes was generated at 1194-μs intervals to provide simulated IP and OP MRI data and
data for  correction. Figure 7b shows the normalized signal intensity of 10 echoes and 
fitted from the noisy IP simulated data (SNR = 120 with 1000 trials). Applying this
spectroscopic modeling (Fig. 7a) and using the second pair of IP and OP signals (Fig. 7b),
we calculated the fat fraction with  correction at three different SNR levels. Note that in
the actual experiments, the input for data  correction is derived from multiple points in an
ROI, and here it was done before averaging the multiple noise instances. The MRS fat
fraction was calculated from the (noise free) input amplitudes of water and the last two fat
peaks (at frequencies −420 and −472). Figure 8a-c exhibits the simulated results at SNR =
120, 60, and 30 (1000 trials each) in comparison with those estimated with MRS. The
overestimation of fat fraction at less than 1% level by the imaging method could be
corrected by a “magnitude discrimination” algorithm, as shown in Fig. 8d.

Imaging using two-point Dixon fat-water separation underestimated fat fractions when fat
fractions were greater than 1%, as shown in our in vivo experiments from Fig. 6a. This
observation was consistent with the results from spectral modeling (Fig. 8), where fat
fraction by Dixon method reached only 94% of the MRS estimated value. To explore the
sources of this discrepancy, a simplified spectroscopic model with single peak for both
water and fat of the same line width (23 Hz) was examined. Figure 9a depicts the spectrum
and the corresponding IP and OP signal response of 10 echoes (Fig. 9b, SNR = 120, 1000
trials). Using the same simulation but different model, the fat fractions were much closer to
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those predicted by MRS, as shown in Fig. 9c. We have also calculated fat fractions based on
 estimated from OP signals (five points) or both IP and OP signals (10 points). For

example, the  estimated by OP signals in Fig. 9b (30% of MRS fat fraction) was 14.3 ms,
which was slightly longer than that of IP (13.7 ms), and was 10.64 ms using all IP and OP
signals. The fat fractions were 30.005%, 29.983%, and 29.430% using IP, OP, and both
signals for the correction of , respectively. This represents a worst-case scenario since
lower fat fractions (such as found in myocardial steatosis) have a smaller difference between
the signal intensities between IP and OP echoes and thus less difference between the 
values determined from subsets of these echoes.
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FIG. 1.
Simulated fat fractions of flip angles = 5° and 15° at true fat fraction <5% using T1f = 800
ms, and T1w = 1200 ms. Using lower flip angle reduces the T1 effects.
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FIG. 2.
a: Fat signal fraction in the presence of  effects with . The effects lead to
2% of bias at the true fat fraction = 0. b: Simulated fat fraction after  correction (i.e., Eq.
5) with , and  varies from 10 ms to 60 ms. The correction was performed using
30 ms to correct for both the water and fat signals. Assuming the true fat fraction is 1%
(point as the dotted lines crossed, where  corrected fat fraction is also 1%), the deviation
from true value is less than 0.04% in the worst case.
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FIG. 3.
Representative 1H-MRS water-suppressed fat spectrum on a participant with the selected
volume superimposed on four-chamber and short-axis cine MR images; TG: triglyceride
peaks at 0.9 and 1.3 ppm.
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FIG. 4.
Water and fat fraction images with low fat contents and the corresponding water and fat
spectra (insets, y-axis in arbitrary unit). The mean fat fractions measured by 1H MRS and
MRI are shown to the right (bar graphs).

Liu et al. Page 16

Magn Reson Med. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 5.
Water and fat fraction images and the corresponding water and fat spectra (insets, y-axis in
arbitrary units) of two other participants with high fat contents. The bar graphs demonstrate
the mean fat fractions measured by 1H MRS and MRI.
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FIG. 6.
Correlation between 1H-MRS and two-point Dixon MR methods (a), and comparison of the
averages (b) of myocardial fat fractions in the 34 participants with successful MRS and MRI
data analyzed (r2 = 0.61, Pearson correlation r = 0.68, P = 0.002; error bar is the standard
deviation).
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FIG. 7.
Simulated fat-water spectrum (a) and IP and OP MRI data for  correction (1000 trials,
SNR = 120) (b). Both simulations were generated using parameters as shown in Table 2, and
30% of true fat fraction.
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FIG. 8.
Simulated fat fractions using spectroscopic modeling (Table 2) and two-point Dixon
methods (with  correction) at three different SNR levels (a-c) in comparison with those
estimated with MRS. (d) Noise bias could be corrected by “magnitude discrimination”
methods.
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FIG. 9.
a: Simplified spectroscopic model with single peak for both water and fat with 30% of true
fat fraction, and the corresponding IP and OP signal response (b) at SNR = 120, 1000 trials.
c: Compared to Fig. 8a, fat fraction calculated by two-point Dixon methods (with 
correction) using the simplified model resulted in the same value as estimated by MRS
(except at MRS fat fraction <1% due to the noise bias).
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Table 1
Characteristics of the Study Population*

Women (n = 24) Men (n = 22)

Age (years) 45 ± 17 44 ± 15

Weight (kg) 73 ± 19 84 ± 17

BMI 27 ± 7 28 ± 6

Caucasian/African/Asian 14/7/3 13/5/4

Systolic BP (mmHg) 125 ± 20 125 ± 16

Diastolic BP (mmHg) 71 ± 11 74 ± 11

Heart rate (bpm) 66 ± 6 64 ± 12

Hypertension 7 (29%) 8 (36%)

Diabetes 0 (0%) 2 (9%)

Smoking 1 (4%) 4 (18%)

LVEDV (mL) 123 ± 34 143 ± 31

LVESV (mL) 40 ± 19 51.7 ± 11

LVEF (%) 68 ± 5 63 ± 7

LV mass (g) 113 ± 32 151 ± 38

*
BMI, body mass index; BP, blood pressure; LV, left ventricle; EDV, end-diastolic volume; ESV, end-systolic volume; LVEF, left ventricular

ejection fraction.
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