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Abstract A magnetic resonance spectroscopy (MRS) pro-
cedure for in vivo measurement of lipid levels in mouse
liver is described and validated. The method uses respira-
tory-gated, localized spectroscopy to collect proton spectra
from voxels within the mouse liver. Bayesian probability
theory analysis of these spectra allows the relative intensi-
ties of the lipid and water resonances within the liver to be
accurately measured. All spectral data were corrected for
measured spin-spin relaxation. A total of 48 mice were used
in this study, including wild-type mice and two different
transgenic mouse strains. Different groups of these mice
were fed high-fat or low-fat diets or liquid diets with and
without the addition of alcohol. Proton spectra were col-
lected at baseline and, subsequently, every 4 weeks for up
to 16 weeks. Immediately after the last MRS measurement,
mice were killed and their livers analyzed for triglyceride
level by conventional wet-chemistry methods. The excellent
correlation between in vivo MRS and ex vivo wet-chemistry
determinations of liver lipids validates the MRS method.
These results clearly demonstrate that in vivo MRS will be
an extremely valuable technique for longitudinal studies
aimed at providing important insights into the genetic, envi-
ronmental, and dietary factors affecting fat deposition and
accumulation within the mouse liver.

 

—Garbow, J. R., X. Lin,
N. Sakata, Z. Chen, D. Koh, and G. Schonfeld.
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Alcoholic (1, 2) and nonalcoholic fatty liver (NAFL)
(3–7) are highly prevalent in human populations and may
develop into steatohepatitis and in some cases into cirrho-
sis requiring liver transplantation. Animal models of both
conditions have been developed. Mouse models are par-
ticularly useful because genetic manipulations are highly
developed in inbred mice. However, longitudinal studies
require the killing of animals because no noninvasive
method for quantifying liver fat is available. Here, we de-
scribe a noninvasive, nondestructive method for quantify-

 

ing the liver fat contents of the mouse using a NAFL
mouse model. The overwhelming majority of NAFL cases
are associated with obesity, dyslipidemia, hypertension, in-
sulin-resistant type 2 diabetes mellitus, and atherosclerotic
cardiovascular disease (8–12). This constellation defines
the metabolic syndrome (13, 14). One naturally occurring
cause of fatty liver is familial hypobetalipoproteinemia
(FHBL). FHBL is defined by less than fifth percentile plasma
levels of LDL-cholesterol and/or total apolipoprotein B
(apoB), segregating in families as an autosomal dominant
trait (15–17). The mean liver triglyceride content in apoB-
impaired FHBL subjects is 3- to 5-fold greater than that of
controls (18, 19).

In an attempt to understand the cellular/molecular
bases of hypobetalipoproteinemia, several recombinant mice
mimicking human FHBL have been produced (19–25).
The resulting mice closely resemble their human counter-
parts with respect to the fatty liver phenotype. Thus, these
mice could serve as good models of one genetic form of
fatty liver for studies of the progression of fatty liver and
on the effects of metabolic, hormonal, and therapeutic
perturbations over time.

One current limitation of such studies is the absence of
an accurate, quantifiable, noninvasive method for repeat
assessments of liver fat in animals. In humans, the gold
standard for quantifying liver fat is the liver biopsy, which
is invasive and, at best, semiquantitative. The analogous
procedure in animals is killing of the animal and direct
analysis of liver fat by standard chemical methods after
extraction. Obviously, direct sampling of livers for fat anal-
ysis is not ideal for longitudinal, follow-up studies in hu-
mans or animals. Noninvasive methods would be prefera-
ble in humans; these include ultrasound and computed
tomography scanning with use of brightness scales (26).
However, although these methods are noninvasive, they
are not based on lipid chemical determinants. Further-
more, these methods have not been adapted to mice.

Proton magnetic resonance spectroscopy (MRS) is a
powerful and versatile analytical technique that is specific,
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noninvasive, and quantitative. As a consequence, MRS is
well suited for in vivo, longitudinal studies of liver lipids in
rodents. Proton MRS methods have been used widely to
characterize triacylglycerols and other fatty acids in tissue
and tissue extracts (27–30), and numerous MRS studies of
liver lipids in humans have been described (18, 31–34).
MRS measurements of liver fat levels in rats have been re-
ported previously (35, 36). However, the wide variety of
transgenic species available and the homology between
mouse and human genomes make the mouse more appro-
priate for studying a variety of diseases than is the rat. The
relatively small size of the mouse liver (a mouse weighs 25–
35 g, 

 

�

 

10% the weight of a rat) presents a significant chal-
lenge in the development of appropriate MRS techniques.
The purpose of this work was to adapt MRS technology to
enable quantitative, in vivo measurement of liver fat in
mice. We report on the development and validation of this
methodology and on its preliminary application in longitu-
dinal studies in mouse models of FHBL arising from in-
duced truncation mutations of apoB. The results suggest
that the MRI method may be more generally applicable to
studies of liver fat in other mouse models of fatty liver, in-
cluding fatty liver induced by alcohol.

METHODS

 

MRI and MRS

 

MR images and spectra of mice were collected in an Oxford
Instruments (Oxford, UK) 4.7 tesla horizontal-bore magnet (40
cm bore) equipped with actively shielded, high-performance
Magnex Scientific (Oxford, UK) gradient coils (10 cm inner di-
ameter, 60 G/cm, 

 

�

 

100 

 

�

 

s rise time). The magnet/gradients are
interfaced with a Varian NMR Systems (Palo Alto, CA) INOVA
console, and data were collected using a Stark Contrast (Er-
langer, Germany) 2.5 cm birdcage radio frequency (RF) coil.
Animals were anesthetized with isoflurane anesthetic and main-
tained under 1–1.5% isoflurane-oxygen (v/v) during the imaging
and spectroscopy experiments. Multislice, respiratory-gated, trans-
axial spin-echo images were collected with a repetition time be-
tween acquisitions (TR) 

 

�

 

 3 s and echo time (TE) 

 

�

 

 20 ms.
Localized proton spectroscopy data were initially collected us-

ing both point resolved spectroscopy (PRESS) (37) and localiza-
tion by adiabatic selective refocusing (LASER) pulse sequences
(38). Both sequences use a combination of magnetic field gradi-
ents and frequency-selective 

 

�

 

 pulses (flip angle 

 

�

 

 180

 

�

 

) to select
a three-dimensional voxel of well-defined position and size,
whose spectrum is then collected and analyzed. The PRESS
method uses conventional, frequency-selective pulses, whereas
LASER relies upon adiabatic RF pulses (39). These adiabatic
pulses make the LASER sequence less sensitive to off-resonance
effects (38), improving the overall stability and reproducibility of
the measured liver spectra. As a result, all of the spectroscopy
data reported herein were collected with LASER. To avoid phase
distortion, LASER requires that adiabatic 

 

�

 

 pulses be inserted
into the pulse sequence in pairs. Because voxel selection re-
quires localization in each of three directions, the basic LASER
sequence contains six adiabatic 

 

�

 

 pulses. As a consequence, the
minimum TE in these sequences is 

 

�

 

30 ms. For the measure-
ment of liver lipid levels in mice, we selected voxels that were 4
mm 

 

�

 

 4 mm (in plane) 

 

�

 

 3 mm. This voxel size, selected after
considerable experimentation, is large enough that spectra of in-

dividual voxels have sufficient signal-to-noise ratios but are small
enough to be reliably positioned within the mouse liver.

 

Bayesian probability theory analysis

 

Bayesian probability theory (BPT) methods have been de-
scribed for the analysis of magnetic resonance data (40–42). For
spectral analysis, BPT allows modeling of the experimental data
and extraction of the relevant spectral parameters. Here, we use
BPT both to model the localized proton spectra of liver, allowing
accurate estimation of relative lipid content, and to extract spin-
spin relaxation (T

 

2

 

) values from exponentially decaying relaxation
curves. Briefly, BPT is a time-domain analysis method, modeling
experimental free-induction decay data as the sum of exponen-
tially decaying sinusoids. The frequency, complex amplitudes,
and decay rate constant of each signal in the spectrum are esti-
mated, together with an uncertainty value for each of these pa-
rameters. For this work, the most important parameters were the
relative amplitudes of the water and lipid signals in each spec-
trum. For T

 

2

 

 analyses, amplitudes of the water and lipid signals,
as a function of TE, were estimated, and these amplitudes were
then fit to an exponential decay rate constant (R

 

2

 

 

 

�

 

 T

 

2

 

�

 

1

 

) plus a
constant using BPT methods.

 

Animals

 

All animal procedures were performed in accordance with the
guidelines of Washington University’s Animal Studies Commit-
tee. Results of two different studies, representing a total of 48
mice, are described. Two different strains of transgenic mice,
designated apoB38.9 and apoB27.6, have recently been devel-
oped to investigate the role of apoB in fatty acid transport and
fat accumulation in liver. In heterozygote apoB38.9 mice, a tar-
geted apoB-38.9-producing mutation causes fatty livers as a result
of the reduced ability of apoB-38.9 to transport triglycerides
(23). Hypobetalipoproteinemic mice with a targeted apoB-27.6-
specifying mutation demonstrate reduced capacity to transport
and metabolize apoB-containing lipoprotein (24). Both of these
strains, plus matching wild-type mice, were included in these stud-
ies. The apoB38.9 mice and controls were fed either high-fat or
low-fat diets (vide infra) for 12–16 weeks, with MR spectroscopic
data collected every 4 weeks. Similarly, the apoB27.6 mice and
controls were fed a liquid diet with or without the addition of alco-
hol (vide infra). The use of wild-type and transgenic animals, com-
bined with high-fat, low-fat, and alcohol diets, produced mice with
liver lipids ranging from 2% to 35%, allowing us to test and vali-
date the MRS method over a very wide range of values.

 

Feeding protocols

 

All diets were purchased from TestDiet, a division of PMI
(Richmond, IN). The high- and low-fat diets were both supplied
in the form of dry pellets. For the low-fat diet, energy from pro-
tein, fat, and carbohydrate equaled 29.8, 7.1, and 63.1%, respec-
tively. The corresponding values for the high-fat diet were 22.9,
41.9, and 35.2%. The liquid diet was made from a dry powder
(LD105A) supplemented with maltodextrin (carbohydrate) and
mixed with water. In this liquid diet, the maltodextrin supplies

 

�

 

65% of the total calories. The alcohol diet was derived from
this liquid diet by reducing its maltodextrin content and adding
alcohol, so that the alcohol supplies 

 

�

 

25% of the calories in the
diet. To help acclimate them, animals were fed the liquid diet,
without alcohol, for 1 week before the collection of baseline MR
data. For all animals, food intake was measured daily, and the
mice were weighed twice per week to monitor their weight gain.

 

Triglyceride analysis

 

Immediately after the last MRS measurement, each mouse was
killed and its liver harvested and snap-frozen in liquid nitrogen.
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Lipids were extracted from liver tissues as described previously
(43). The dried lipid extracts were dissolved in 1% Triton X-100
in chloroform, dried under a stream of N

 

2

 

, and redissolved in wa-
ter (44). A commercial kit was used for the specific determina-
tion of triglycerides (WAKO Chemicals USA, Inc., Richmond,
VA). The hepatic triglyceride concentration was expressed as
milligrams of triglycerides per gram of protein. Cellular protein
content was determined using the spectrophotometric bicincho-
ninic acid protocol (Pierce, Rockford, IL).

 

RESULTS AND DISCUSSION

 

Figure 1

 

 shows in vivo localized proton spectra from the
livers of two different mice, one having relatively low lipid
content (bottom) and the other significantly higher lipid
content (top). The inset on the bottom spectrum shows a

 

�

 

20 expansion of the vertical scale. The spectra are domi-
nated by the water signal at 

 

�

 

4.7 parts per million (ppm).
Other resonances in these spectra are attributable to liver
lipid, with the bulk methylene (–CH

 

2

 

–)

 

n

 

 signal at 1.5
ppm, arising from aliphatic fatty acid chains, being the
most prominent. 

 

Figure 2

 

 (bottom) shows an expanded
view of the aliphatic proton region of a typical, in vivo
spectrum of high-fat liver. In addition to the bulk methyl-
ene signal, other lipid signals can be assigned to methyl
(–CH

 

3

 

) protons (0.9 ppm) and protons from methylene
groups proximate to carboxylic or olefinic carbons in the
lipid (1.8–2.5 ppm). Figure 2 (top) displays the reso-
nances found in this expanded aliphatic proton region us-
ing BPT, demonstrating BPT’s ability to accurately model
these data. BPT can accurately quantitate low-level signals,
even in the presence of baseline distortions (40–42). As a
consequence, we confidently included all of the aliphatic
proton signals, and not just the methylene peak, in deter-
mining the lipid content of the liver. Similar BPT model-
ing was performed on all localized proton spectra, allow-
ing correct determination of the relative intensities of

lipid and water resonances. In several of the proton spec-
tra, an additional signal attributable to olefinic (unsatur-
ated) protons appears downfield of the water resonance,
at a chemical shift of 

 

�

 

5.3 ppm. In determining the liver
lipid content by MRS, the amplitudes of all of these lipid
signals, including the resonance at 5.3 ppm, when present,
were summed and compared with the amplitude of the
water resonance.

Respiratory motion can produce severe blurring of MR
images, thus preventing the visualization of anatomic fea-
tures at high resolution, and can also produce variations
in spectral amplitude and phase in localized MR spectra
(45). Therefore, accurate determination of liver lipid lev-
els via MR spectroscopy necessitates the use of respiratory

Fig. 1. Localized, in vivo proton MR spectra of mouse liv-
ers collected using the localization by adiabatic selective refo-
cusing (LASER) pulse sequence with respiratory gating. The
bottom spectrum shows data from a low lipid content liver,
and the top spectrum shows data from a high lipid content
liver. The inset on the bottom spectrum shows a �20 expan-
sion of the vertical scale. Experimental conditions were 4 �
4 � 3 mm3 voxel, repetition time between acquisitions
(TR) � 2 s, echo time (TE) � 30 ms, 16 averages. ppm, parts
per million.

Fig. 2. Expansion of the aliphatic proton region from an in vivo
localized proton spectrum of a high lipid level liver. Bottom: An ex-
perimental 1H spectra. Top: Fourier transformation of the Bayesian
probability theory (BPT) time-domain model.
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gating techniques for the collection of both the spin-echo
images required for voxel selection in the liver and the lo-
calized proton spectra from within the selected voxels.

 

Figure 3

 

 shows transaxial slices of mouse liver from spin-
echo images collected with and without respiratory gating.
The image collected without gating (right) clearly suffers
from blurring attributable to respiratory motion. This
blurring, which is absent in the respiratory-gated image
(left), limits significantly the accuracy with which voxels
within the liver can be selected. Respiratory gating is also
important for collecting localized proton spectra with
peaks having consistent amplitudes and phases. 

 

Figure 4

 

shows in vivo localized MR spectra from a 4 

 

�

 

 4 

 

�

 

 3 mm

 

3

 

voxel positioned within a mouse liver collected using the
LASER pulse sequence. The position of the voxel was se-
lected from respiratory-gated spin-echo images of the liver
(data not shown). The top panel shows 64 individual 

 

1

 

H
spectra in which data collection was synchronized with res-
piration, and the bottom panel shows a collection of 64
spectra gathered in the absence of respiratory gating. The
deleterious effects of respiratory motion on spectral am-
plitude and phase, seen clearly in the top panel, are
nearly completely eliminated by respiratory gating.

As described above, a key to the precise determination
of lipid levels is the accurate localization of the spectros-
copy voxel within the liver. To improve the accuracy of the
MRS measurement, reduce the dependence on specific
voxel position, and ensure uniform representation of the
liver, we adopted an imaging/spectroscopy protocol that
involved averaging together results from several voxels
within the liver. Because our MRI and MRS methods are
spin-echo based, signal from flowing blood in vessels
within the liver does not contribute to either images of
the liver or the resulting localized spectra. In our standard
MRS protocol, we first collect respiratory-gated, spin-echo
multislice transaxial images of the liver. Within this set of
images, we carefully select three contiguous, 1 mm thick
slices that are clearly centered within the liver, as shown in

 

Fig. 5

 

. We next place a 4 

 

�

 

 4 

 

�

 

 3 mm

 

3

 

 voxel within the
middle slice of these three slices, near the left-hand edge
of the liver, and collect localized proton MR data (LASER;
TE 

 

�

 

 30 ms) for this voxel. The 4 

 

�

 

 4 mm

 

2

 

 in-plane di-
mension of the voxel provides adequate signal-to-noise ra-
tios in the resulting proton spectra while ensuring reliable

Fig. 3. Single, transaxial slices from a multislice, spin-echo MRI
experiment. Left: With respiratory gating, in which data acquisition
is synchronized with the animal’s breathing cycle. Right: Without
respiratory gating. Experiment conditions were TR � 3 s, TE � 20
ms, field of view (FOV) � 2.5 cm, slice thickness � 1 mm, 128 �
128 data matrix, 4 averages.

Fig. 4. Localized, in vivo 1H MR (LASER) spectra of mouse liver. Top: 64 individual spectra in which data
collection was synchronized with respiration. Bottom: 64 individual spectra gathered in the absence of respi-
ratory gating. The dominant signal in these spectra is the water resonance at 4.7 ppm. All data were collected
from the same 4 � 4 � 3 mm3 voxel positioned within the liver. TR � 2 s, TE � 30 ms.
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positioning within the liver. Because this voxel has a depth
of 3 mm, it extends to include the slices shown to the left
and right in Fig. 5. We then slide this voxel across the liver,
in 1 mm steps, collecting MRS data at each position. Typi-
cally, we gather data from 8 to 12 overlapped voxels for
each animal, depending on the detailed size and shape of
the liver. Finally, we analyze the data for each voxel sepa-
rately using BPT, averaging (separately) the relative lipid
and water percentages measured in each voxel. For indi-
vidual animals, the variation in measured lipid and water
content across the series of overlapped voxels is typically
less than 10% of the resulting average values.

The LASER proton spectra shown in Fig. 1 were col-
lected with a TE of 30 ms. During this TE, signals attribut-
able to both lipid and water decay as a result of the effects
of transverse T

 

2

 

. An accurate determination of relative
lipid content must properly account for differences in T

 

2

 

between the lipid and water components in liver. To ad-
dress this point, for each liver lipid measurement we col-
lected a series of five LASER spectra, with TE ranging
from 30 to 50 ms, in 5 ms steps. Unlike the lipid/water
composition-of-matter data, in which we measured spectra
for a series of overlapping voxels, the T

 

2

 

 measurement for
each liver was made on a single voxel chosen near the cen-
ter of the organ. Intensities of lipid and water resonances
were determined by BPT analysis of the individual proton
spectra, and these spectral amplitudes as a function of TE
were fit to single exponentials using Bayesian methods. In
determining T

 

2

 

 (lipid) values, the amplitudes of the total
lipid signal, and not those of individual spectral compo-
nents, were measured and fit. Nonetheless, the measured
T

 

2

 

 (lipid) values are essentially those of the methylene
protons that dominate the lipid signal. T

 

2

 

 (lipid) values
calculated in this manner were subsequently applied to
measured total lipid signal amplitudes to account for the
effects of T

 

2

 

 relaxation.

 

Figure 6

 

 shows representative data for water and lipid
peak intensities measured in a series of variable TE LASER
experiments, together with fits to the exponentially decay-

ing data. We did not discover any systematic trends in T

 

2

 

values among our measurements. In particular, we found
no correlation between measured T

 

2

 

 values and liver lipid
content, no difference between T

 

2

 

 relaxation and strain of
mouse (e.g., wild-type vs. either transgenic strain), and no
correlation between lipid and water T

 

2

 

 values. Average val-
ues determined for a total of 165 measurements are T

 

2

 

(water) 

 

�

 

 28 ms and T

 

2

 

 (lipid) 

 

�

 

 39 ms.
The decay of signal attributable to T

 

2

 

 relaxation is a
simple exponential function of TE [i.e., S(TE) 

 

�

 

 S(0) 

 

�

 

exp(

 

�

 

TE/T

 

2

 

)], where S(TE) is the signal amplitude mea-
sured in a LASER experiment with TE and S(0) is the am-
plitude of the signal at TE 

 

�

 

 0. The S(0) values are the
correct measures of lipid and water contents; consequently,
amplitudes measured at TE 

 

�

 

 30 ms were multiplied by
exp(30/T

 

2 

 

[ms]) to account for T

 

2

 

 relaxation. This relax-
ation correction to the MRS-determined composition-of-
matter data was made on a per mouse basis, using the av-
erage lipid and water T

 

2

 

 values obtained for each subject.

Fig. 5. Experimental protocol for the collection of localized, in vivo proton spectra of mouse liver. A set of
respiratory-gated, spin-echo multislice transaxial images of the liver is collected, and within this set of images,
three contiguous, 1 mm thick slices centered within the liver are selected. A 4 � 4 � 3 mm3 voxel is placed in
the middle slice of these three slices, near the left-hand edge of the liver, and localized proton MR data
(LASER; TE � 30 ms) are collected for this voxel. Because this voxel has a depth of 3 mm, it extends to
include the slices shown to the left and right. The voxel is slid across the liver, in 1 mm steps, and magnetic
resonance spectroscopy (MRS) data are collected at each position. Typically, data are gathered from 8 to 12
overlapped voxels for each animal. Finally, data for each voxel are analyzed separately using BPT, and the rel-
ative lipid and water percentages measured in each voxel are (separately) averaged together.

Fig. 6. Representative data for water and lipid peak intensities
measured in a series of variable TE LASER experiments, together
with fits to the exponentially decaying data. Exponential decay time
constants (T2) are those for these specific data sets.
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For each MRS measurement, we normalized the ampli-
tude of the lipid signal (summed across all lipid reso-
nances, averaged across all voxels) to the sum of the lipid
plus water signals to obtain percentage lipid within the
liver. We recognize that liver lipid is a mixture of many dif-
ferent fatty acids, composed of different chain lengths
and degrees of unsaturation. However, all of these fatty ac-
ids are primarily composed of the same lipid building
blocks, i.e., repeat units of methylene (–CH

 

2

 

–) and me-
thine (

 

�

 

CH–) groups. Thus, the ratio of total protons to
molecular weight is nearly constant for all of these fatty ac-
ids, meaning that lipid proton MR signal is a proper mea-
sure of total lipid within the liver. All of the MR spectra in
this work were collected with a TR of 

 

�

 

1.5 s. (The exact
value of TR depends on respiratory rate and thus varies
slightly from animal to animal.) Variable TR experiments
performed on a cohort of mice indicate that with TR �
1.5 s we overestimate the actual lipid content in liver by a
factor of �1.5, and we have scaled all of the results re-
ported below accordingly. Although no comprehensive
study was performed, we found no indication that T1 val-
ues in liver vary significantly or systemically with lipid con-
tent or strain of mouse (wild-type vs. either transgenic
strain) This result would be expected based on the T2 re-
laxation data presented above. In general, T2 relaxation is
more sensitive to differences in tissue character and mi-
crostructure than T1. Thus, the absence of systematic vari-
ations in T2 values with either lipid level or mouse strain
(vide supra) predicts similar behavior for T1.

Baseline liver lipid levels for each animal were mea-
sured at the start of the study, and levels were measured
again at 4 week intervals up to 8 or 12 weeks (i.e., three or
four time points). Immediately after the last MRS mea-
surement, each mouse was killed and its liver harvested

and snap-frozen in liquid nitrogen. For each liver, triglyc-
eride levels were measured, in triplicate, using standard
wet-chemical methods, as described in Methods. The wet
chemistry measurement is a generally accepted method
(gold standard) for determining triglyceride levels in tis-
sue extracts. Figure 7 is a scatterplot showing triglyceride
analysis plotted against lipid determined by MRS for all 48
mice in this study. As described above, the MRS data were
corrected on a per animal basis for the effects of T2. The
correlation coefficient of the straight-line fit of this data,
r2 � 0.91, demonstrates the excellent correlation between
the in vivo and ex vivo methods and serves to validate the
magnetic resonance method. If average T2 (water) and T2
(lipid) values are applied to all of the animals in this study,
the correlation coefficient of the straight-line fit of lipid
levels determined by MRS and wet-chemical methods is
nearly the same (r2 � 0.90), consistent with the earlier ob-
servation that no systematic trends in T2 were observed in

Fig. 7. Scatterplot showing triglyceride (TG) content (mg/g pro-
tein) plotted against MRS-determined lipid content [1H amplitude
lipid/(1H amplitude lipid � 1H amplitude water)] for all 48 mice
in this study. The correlation coefficient of the straight-line fit of
these data (r2 � 0.91) demonstrates the excellent correlation be-
tween the in vivo and ex vivo methods and serves to validate the
magnetic resonance method.

Fig. 8. Top: Average liver lipid level, as a function of time, for
mice (N � 6) fed high- and low-fat diets. After 12 weeks, the aver-
age lipid level in the livers of mice fed a high-fat diet is �1.8 times
that of the animals on the low-fat diet. Bottom: Average liver lipid
level, as a function of time, for transgenic (apoB27.6) and wild-type
mice each fed the same high-fat diet. After 12 weeks, the liver lipid
level of the apoB27.6 mice is �1.5 times that of the wild-type ani-
mals. Error bars represent SEM. Data were analyzed using an un-
paired t-test, with statistical significance accepted at P 	 0.05. Statis-
tically different values are indicated in these plots by asterisks. The
12 week data points in the bottom plot were nearly statistically dif-
ferent (P � 0.07).
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these animals. The focus of this work was in correlating
lipid levels measured via MRS and wet chemistry, for
which a correlation coefficient alone provides the neces-
sary measure of success. The localized MRS technique de-
scribed herein could be readily extended to measure the
absolute liver lipid content in mice in a manner similar to
that reported in a recent study of triglyceride in human
and canine liver and muscle (34).

As described in the introduction, a major motivation of
this work is to develop robust in vivo MRS methods to per-
mit the longitudinal study of liver lipid levels in mice.
When combined with the ever-increasing variety of trans-
genic animal models, these techniques will provide impor-
tant insights into the genetic, environmental, and dietary
factors affecting fat deposition and accumulation within
the liver. Figure 8 demonstrates the promise of such mea-
surements. In the top panel, we plot the average liver lipid
level, as a function of time, for mice (N � 6) fed high- and
low-fat diets. After 12 weeks, the average lipid level in the
livers of mice fed a high-fat diet is �1.8 times that of the
animals on the low-fat diet. Similarly, the bottom panel
shows the average liver lipid level, as a function of time,
for transgenic (apoB27.6) and wild-type mice, each fed
the same high-fat diet. After 12 weeks, the liver lipid level
of the apoB27.6 mice is �1.5 times that of the wild-type
animals. Data in both of these plots were analyzed using
an unpaired t-test, with statistical significance accepted at
P 	 0.05. Another powerful application of these in vivo
MRS measurements is the prescreening of animals before
the start of a study. We have observed significant (greater
than two times) variation in liver lipid levels across groups
of nominally identical mice (data not shown). The ability
to noninvasively measure baseline lipid levels will greatly
improve the statistics of experiments aimed at studying
the factors affecting liver fat deposition and accumula-
tion, strengthening the conclusions drawn from these
studies and reducing the number of animals required.
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