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Abstract

Objective—To compare breath-hold 1H-MRS to respiratory-gated 1H-MRS and CT for
quantification of hepatic lipid content.

Methods—Twenty-three premenopausal women underwent breath-hold point-resolved single
voxel (PRESS) 1H-MRS of the liver followed by respiratory-gated 1H-MRS at 3Tesla and CT slice
through the liver. Interscan variability for 1H-MRS was assessed in six volunteers. Pearson
correlation coefficients, Bland-Altman 95% limit of agreement, and concordance correlation
coefficients were calculated.

Results—There was a strong correlation between breath-hold and respiratory-gated 1H-MRS
(r=0.94, p<0.0001, concordance correlation coefficient:0.75). Using Bland-Altman analysis, all but
two data points were within the limits of agreement. Both 1H-MRS techniques had low inter-scan
variability. There was an inverse correlation of both 1H-MRS techniques with CT attenuation values
of the liver.

Conclusions—Breath-hold 1H-MRS is a reliable method to measure hepatic lipid content at
3Tesla. Breath-hold 1H-MRS of the liver provides data that closely correlates with that obtained
from longer duration respiratory-gated technique.
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Introduction

Obesity is a major public health problem and is associated with increased metabolic and
cardiovascular risk (1,2). Obesity is the biggest risk factor for the development of nonalcoholic
fatty liver disease. Seventy to eighty percent of obese subjects are estimated to have hepatic
steatosis and 15-30% may have nonalcoholic steatohepatitis which carries a risk of cirrhosis
and hepatocellular carcinoma (3-5). Liver biopsy is considered the gold standard for
diagnosing fatty liver disease. However, biopsy is invasive, making it impractical for screening,
disease monitoring, and for assessment of treatment response. Several studies using magnetic
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resonance imaging (MRI) and computed tomography (CT) have examined liver steatosis non-
invasively (6-12). CT depicts fatty infiltration of the liver as a decrease in attenuation which
relates to the degree of fatty infiltration by histology (10). Although CT is widely available
and allows for easy quantification of hepatic lipid content, it involves radiation exposure.
Hepatic lipid content can be quantified non-invasively with proton magnetic resonance
spectroscopy (1H-MRS), which provides data that closely correlate with hepatic lipid content
from biochemical and histologic analyses (13,14). Therefore, 1H-MRS has been used as the
standard of reference in several clinical studies (7,8,15-18). However, 1H-MRS image
acquisition of the liver can be time consuming and is limited especially by patient motion
leading to spectral degradation (15). Respiratory motion can lead to voxel misregistration and
linewidth broadening of spectral resonances (15). This can be overcome by using motion
correction sequences, respiratory-gated, or multiple breath-hold 1H-MRS techniques that
require operator involvement and are also time consuming (8,19-22).

The purpose of our study was to evaluate the feasibility and reproducibility of a single breath-
hold 1H-MRS technique for non-invasive hepatic lipid quantification at 3 Tesla.

This prospective study was approved by our institutional review board and complied with
Health Insurance Portability and Accountability Act guidelines. Written informed consent was
obtained from all subjects. The study group was comprised of 23 healthy pre-menopausal
women (ages 21-45 years, mean: 34.0+7.7 years, mean BMI: 33.2+4.8 kg/m?) who were part
of a clinical obesity trial. Seven women were overweight (BMI > 25 kg/m?2 and < 30 kg/m?)
and 16 women were obese (BMI > 30 kg/m?). Exclusion criteria for the study were pregnancy,
presence of a pacemaker or metallic implant, claustrophobia, diabetes mellitus or other chronic
illness, estrogen or glucocorticoid use. None of the patients had a history of liver disease, and
all patients had a normal alanine aminotransferase. Breath-hold 1H-MRS data have been
previously reported in 6 of the 23 subjects (23).

A separate reproducibility study was performed on 6 volunteers (5 males, 1 female, mean age:
33.7£5.1 years) who underwent breath-hold and respiratory-gated 1H-MRS before and after
repositioning in the MRI scanner within 30 minutes. Two of the volunteers were overweight
(mean BMI: 28.622.0 kg/m?) and 4 were of normal weight (mean BMI: 23.7+4.0 kg/m?2).

1H-MR spectroscopy of liver

Study subjects (23 overweight/obese women) and subjects for the reproducibility component
(6 healthy volunteers) were examined with the same 1H-MRS pulse sequences and equipment.
1H-MRS was performed using a 3.0 Tesla (Siemens Trio; Siemens Medical Systems, Erlangen,
Germany) MRI system. After an 8-hour overnight fast, each subject underwent 1H-MRS of
the liver. Imaging was supervised by a radiologist who reviewed voxel placement and the
quality of the spectra before the patient was discharged. Subjects were positioned supine and
feet first in the magnet bore. A body matrix phased array coil was positioned over the abdomen.
A tri-plane gradient echo localizer pulse sequence of the abdomen [repetition time (TR), 15
msec; echo time (TE), 5 msec; slice thickness, 3 mm] was obtained to localize the liver. A
breath-hold True Fast Imaging with Steady Precession (True FISP) sequence of the liver (TR,
3.8 msec; TE, 1.9 ms; slice thickness, 10 mm; imaging time, 12 seconds) was obtained. A voxel
measuring 20 x 20 x 20 mm (8 mL) was placed within the right hepatic lobe, avoiding vessels
or artifact. For each voxel placement, automated optimization of gradient shimming was
performed. The voxel placement was registered using screen captures to enable similar
placement in the subsequent respiratory-gated 1H-MRS examination. Single breath-hold
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single-voxel 1H-MRS data were acquired in mid-expiration using point-resolved single voxel
spectroscopy (PRESS) pulse sequence without water suppression with the following
parameters: TR, 1,500 msec; TE, 30 msec; 8 averages; 1024 data points; and receiver
bandwidth, 2000 Hz. The acquisition time was 18 seconds. Patients were instructed to inhale,
exhale, then inhale and hold their breath.

Subsequently, a respiratory transducer was placed over the patient’s abdomen and used for
gating of the 1H-MRS acquisition. A voxel measuring 20 x 20 x 20 mm (8 mL) was placed in
the right hepatic lobe in a similar location as that of the breath-hold study. Similar voxel
placement was ensured using screen capture from the breath-hold 1H-MRS. A PRESS pulse
sequence with the following parameters was used: TR, 1,500 msec; TE, 33 msec; 64 averages;
1024 data points; and receiver bandwidth, 2000 Hz. Subjects were instructed to breathe
regularly during signal acquisition. The acquisition time ranged from 4 to 10 minutes (mean 5
minutes).

For the separate reproducibility component of this study, each subject underwent breath-hold
and respiratory-gated 1H-MRS of the liver using the above described protocol before and after
repositioning. After initial examination using both 1H-MRS techniques, subjects were
removed from the MRI scanner. Subjects were then repositioned in the scanner and both 1H-
MRS techniques were repeated, including the localization pulse sequences described above.

1H MR Spectroscopic Data Analysis

Fitting of all 1H-MRS data was performed using LCModel (Stephen Provencher, Oakuville,
ON, Canada, version 6.1-4A) (24). Data were transferred from the MR scanner to a Linux
workstation and metabolite quantification was performed using eddy current correction and
water scaling. A customized fitting algorithm for liver analysis provided estimates for all lipid
signals combined (0.9, 1.3, and 2.3 ppm). LCModel liver lipid estimates were automatically
scaled to unsuppressed water peak (4.7 ppm). Values provided by 1H-MRS denote relative
quantity of water to lipids in the volume of interest. The lipid to water ratio (%) is expressed.

Computed tomography

Subjects who were part of an obesity trial (n=23) underwent single slice CT of the upper
abdomen (LightSpeed, General Electric, Milwaukee, WI) to determine liver density. Patients
were placed supine and feet first in the CT scanner. Scan parameters for each image were
standardized (144 table height, 80kV, 70 mA, 2 seconds gantry rotation, 1 cm slice thickness,
48 FOV). Single slice CT through the abdomen encompassing the liver and spleen was
obtained. To assess hepatic fat content, the attenuation of the liver and spleen were determined
within circular regions of interest placed in the dorsal aspect of each organ. Attempts were
made to avoid vessels, artifacts, and other areas of inhomogeneity. Hepatic fat content was
studied as the liver attenuation absolute values and as the liver-to-spleen attenuation ratio.

Statistical analysis

Statistical analysis was performed using JMP (version 5.0.1a, SAS Institute, Cary, NC) and
MedCalc (version 9.2.1.0, MedCalc, Mariakerke, Belgium) software. All results are expressed
as means + standard deviation (SD). Linear regression analysis between breath-hold and
respiratory-gated 1H-MRS of the liver and between liver density measurements was
performed. Pearson correlation coefficients (r) are reported. In order to determine agreement,
the 1H-MRS methods were compared using Bland-Altman analysis (25), in which the
differences between the hepatic fat content measured with breath-hold and that with
respiratory-gated 1H-MRS is plotted against their means with 95% confidence intervals. Bland
Altman Analysis was also used to assess inter-scan variability of both 1H-MRS techniques.
We also calculated the concordance correlation coefficient, which combines measures of
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precision and accuracy to determine whether the observed data deviate significantly from the
line of perfect concordance (26).

Respiratory-gated and breath-hold 1H-MRS measurements were of adequate quality for
analysis in all patients (Figure 1). All patients were able to cooperate for the breath-hold 1H-
MRS and no studies had to be repeated. Imaging time for breath-hold 1H-MRS was 18 seconds
and mean imaging time for respiratory-gated 1H-MRS was 5 minutes.

There was no significant difference between the mean hepatic lipid content in the group of
premenopausal women with obesity (n=23) measured with breath-hold 1H-MRS (4.9+5.9%)
and mean lipid content measured with respiratory-gated 1H-MRS (3.1+3.6%, p=0.2)

There was a strong correlation between breath-hold and respiratory-gated 1H-MRS for
intrahepatic lipid quantification in overweight/obese premenopausal women (r=0.93,
p<0.0001) (Figure 2). Likewise, breath-hold and respiratory-gated 1H-MRS showed good
agreement using Bland Altman analysis (Figure 3). The values for hepatic lipid content
obtained from breath-hold 1H-MRS were relatively higher when compared to respiratory-gated
1H-MRS. The mean difference between the techniques was 1.8% with a 95% confidence
interval between —4.2 and 7.8%. The concordance correlation coefficient between breath-hold
and respiratory-gated 1H-MRS was 0.75.

Both techniques showed an expected inverse correlation with liver density determined by CT.
Pearson correlation coefficient for breath-hold 1H-MRS and liver density was r=-0.71,
p<0.0002, and for respiratory-gated 1H-MRS was r= —0.67, p<0.0005, respectively. Pearson
correlation coefficient for breath-hold 1H-MRS and liver-to-spleen attenuation ratio was r=
—0.52, p<0.01, and for respiratory-gated 1H-MRS r=—0.57, p<0.004.

Reproducibility of both breath-hold and respiratory-gated 1H-MRS was high. Correlation
analysis between the data before and after repositioning for breath-hold 1H-MRS was r=0.99,
p=0.0003 and for respiratory-gated 1H-MRS was r= 0.93, p= 0.007. Using Bland Altman
analysis the mean difference between same-day scans for the breath-hold technique was 0.29%
with a 95% confidence interval between —1.46 and 2.05%. For respiratory-gated 1H-MRS the
mean difference between same-day scans was —0.54% with a 95% confidence interval between
—2.53 and 1.45%. The concordance correlation coefficient for breath-hold 1H-MRS was 0.97
and for respiratory-gated 1H-MRS was 0.91.

Discussion

We demonstrated the feasibility and reproducibility of a single breath-hold 1H-MRS technique
for non-invasive intrahepatic lipid quantification at 3 Tesla. Single breath-hold 1H-MRS
showed high correlation and agreement with respiratory-gated 1H-MRS and both techniques
showed an inverse correlation with liver density determined by CT, which is considered a
simple and widely available technique for determination of fatty liver disease. Both breath-
hold and respiratory-gated 1H-MRS showed low inter-scan variability which is critical for
longitudinal studies. However, breath-hold 1H-MRS consistently provided relatively higher
values of hepatic lipid content compared to respiratory 1H-MRS with a mean difference of
1.8% hepatic lipid content.

Obesity has become the biggest risk factor for nonalcoholic fatty liver disease, affecting an
increasing number of adults and children (5,27). Several therapeutic interventions have been
suggested to reduce the amount of hepatic lipids (7,28,29), requiring accurate, non-invasive
methods for hepatic lipid quantification that can be performed longitudinally. Liver biopsy
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remains the standard of reference providing information about the severity of steatosis and
disease activity. However, the procedure is invasive making it unsuitable for repeated
examinations. Several imaging techniques have been described to evaluate intrahepatic lipid
content. CT is a widely available technique that can be used for easy determination of liver
attenuation. However, it requires radiation exposure. Moreover, liver attenuation is not only
affected by fat infiltration but also by other metabolites such as iron and iron deposition within
the liver that can mask decreased attenuation from fatty infiltration (30). 1H-MRS has been
found to be a very sensitive imaging technique to quantify hepatic lipid content and has shown
to correlate with liver biopsy results (7,13,14,31,32). However, several inherent factors can
affect the accuracy of 1H-MRS, such as magnetic field inhomogeneity and voxel
misregistration due to respiratory motion. Free-breathing ungated 1H-MRS would likely
broaden the linewidth of lipid and water resonances leading to a greater measurement error
and decreased reproducibility. In order to minimize artifact from respiratory motion, 1H-MRS
has been performed with respiratory-gating, respiratory-motion correction, coordinated breath-
holding or synchronization to the breathing pattern of the patient to minimize line broadening
of the spectra (8,19-22,33). Those methods require operator involvement and are time
consuming. The use of a respiratory transducer to monitor liver motion is limited by the
variability in the subject’s breathing pattern that can lead to different tissues being sampled
(20). We therefore instructed our patients to breathe in quiet, regular respiration during the
respiratory-gated 1H-MRS acquisition.

In order to be feasible for routine clinical practice, 1H-MRS must be performed in a timeframe
comparable with that of other MR imaging methods, preferably during a single breath-hold.
The single breath-hold 1H-MRS technique described in our study required patients to hold
their breath for 18 seconds and was well tolerated. We minimized operator involvement by
using automated shimming procedures that makes it suitable for routine clinical practice. The
post-processing steps performed offline were automated for speed and simplicity. The high
field strength at 3 Tesla allowed the fast acquisition of good quality spectra in all patients using
both techniques.

Cowin et al. (7) used a breath-hold 1H-MRS technique, in-and out-of phase MRI, and plus/
minus fat saturation techniques to correlate MR findings with histology and monitor hepatic
fat content at 1.5 Tesla in subjects with and without hepatic steatosis before and after weight
loss. In their study, 1H-MRS showed a strong correlation with histological assessment of
hepatic lipid content and MRI, and was able to monitor hepatic lipids before and after weight
loss. Our study used a single-breath hold 1H-MRS technique with shorter TR at 3 Tesla and
compared it to other imaging techniques that are frequently used to quantify hepatic fat content.

Our study had limitations. Although several non-invasive imaging techniques for hepatic lipid
quantification were compared amongst each other, we did not obtain liver biopsies as a gold
standard. None of our patients had a history of liver disease and all had normal liver enzymes,
therefore it was not feasible to perform liver biopsies in our cohort. However, the focus of our
study was to examine the performance of breath-hold 1H-MRS compared to other accepted
imaging techniques for liver fat quantification. The hepatic lipid contents obtained from breath-
hold 1H-MRS were relatively higher when compared to respiratory-gated 1H-MRS. Although
the study was not designed to evaluate linewidth and SNR, a potential explanation for higher
lipid content of breath-hold 1H-MRS could be that it yielded narrower linewidths and better
SNR, which may have impacted lipid-to-water ratios. Our study group was comprised of
healthy premenopausal women who were obese but had no history of fatty liver disease and
had normal liver enzymes. As we did not study subjects with steatohepatitis, it is not possible
to determine the performance of single breath-hold 1H-MRS in such cases. Also, the two
subjects outside the confidence limit of the Bland-Altman Analysis were the ones with highest
fat content. The cause of this discrepancy cannot be determined from our data. It is possible
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that these obese patients had difficulties holding their breath for the 1H-MRS sequence.
Therefore, further testing in a population with a wider range of liver fat content and pathology
is necessary. In our study, T2-corrections were not performed due to time constraints. While
T2 relaxation effects may influence the quantification of hepatic lipid content (34,35), such
effects may have been limited considering the expected T1 and T2 liver relaxation times at 3
Tesla of 809 ms and 34 ms, respectively, and our use of breath-hold 1H-MRS with repetition
time of 1,500 ms (36). Furthermore, Cowin et al. (7) showed high accuracy of a breath-hold
1H-MRS technique without T2 correction at 1.5 Tesla with liver biopsy samples. A standard
limitation of single-voxel 1H-MRS is that sampling errors may occur if lipid accumulation is
heterogeneous throughout the liver. In these cases multiple sample sites within different parts
of the liver can be performed and the results averaged.

In conclusion, single breath-hold 1H-MRS is a reproducible and fast technique for non-invasive
quantification of hepatic lipids. It has a low inter-scan variability that makes it suitable for
longitudinal assessment and provides data that closely correlate to longer duration respiratory-
gated 1H-MRS. Breath-hold 1H-MRS of the liver was well-tolerated by all subjects and is
minimally operator dependent, making it feasible for routine clinical practice. Breath-hold 1H-
MRS may represent a simple yet powerful extension of diagnostic liver MRI techniques.
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Figure 1.

Qualitative assessment of respiratory-gated (A) and breath-hold (B) 1H-MRS of the liver at 3
Tesla from an obese subject (BMI: 30 kg/m,) showing comparable quality of lipid resonances
at 1.3 ppm and water resonances at 4.7 ppm, respectively.
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Figure 2.
Correlation analysis between breath-hold and respiratory-gated 1H-MRS. There is a strong
correlation between both techniques (r= 0.94, p<0.0001).

J Comput Assist Tomogr. Author manuscript; available in PMC 2011 May 1.




1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Bredella et al.

Breath-hold Fat% - Gated Fat%

Page 11

| Q

[ ® W9y o Mean
= L=

o .

_@.% O

3 o

h -1.96SD

| |
0 5 10 1o 20
AVERAGE of Breath-hold Fat% and Gated Fat%

Figure 3.

Bland Altman analysis of breath-hold and respiratory-gated 1H-MRS. All but two values are
within limits of agreement (dotted lines), corresponding to £ 1.96 SDs from mean. Breath-hold
1H-MRS consistently provided relatively higher values of hepatic lipid content compared to

respiratory 1H-MRS.
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