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PURPOSE

We aimed to evaluate the ability of 1TH-magnetic resonance spectroscopy (1H-MRS) to detect and
quantify hepatic fat content in vivo and ex vivo in an experimental rat model of alcoholic fatty
liver using histopathology, biochemistry, and laboratory analyses as reference.

METHODS

Alcoholic fatty liver was induced within 48 hours in 20 Lewis rats; 10 rats served as control. In-
trahepatic fat content determined by 1H-MRS was expressed as the percent ratio of the lipid
and water peaks and was correlated with intrahepatic fat content determined histologically and
biochemically. Liver enzymes were measured in serum.

RESULTS

Fatty liver could be detected in vivo as well as ex vivo using TH-MRS, in all 20 animals. Histologic
analysis showed a fatty liver in 16 of 20 animals. Histology and 1H-MRS results were highly cor-
related (in vivo, r=0.93, P = 0.0005; ex vivo, r=0.92, P = 0.0006). Also a strong correlation was noted
between in vivo TH-MRS measurements and the fat content determined biochemically (r=0.96,
P =0.0003). Ex vivo results showed a similarly strong correlation between 1H-MRS and biochem-
istry (r=0.89, P = 0.0011).

CONCLUSION
1H-MRS can be carried out in ex vivo models, as well as in vivo, to detect and quantify intrahepatic
fat content in the acute fatty liver.

longside diabetes mellitus and obesity, high alcohol consumption is one of the most

common causes of fatty liver disease. Acute alcohol-induced steatosis represents

the first stage of alcoholic liver disease and is defined as the presence of >5% of
hepatocytes containing fat (1); over time steatosis progresses to alcoholic steatohepatitis,
liver fibrosis, and cirrhosis. Biopsy of liver parenchyma with histologic analysis is currently
the gold standard in the detection and quantification of fatty liver disease. Semiquantita-
tive histologic assessment of the liver provides information about fat distribution within
the hepatic lobules, can distinguish between simple steatosis and steatohepatitis (alcoholic
and nonalcoholic), and can identify healthy livers as well as pathologic processes such as
viral hepatitis (2). Despite these advantages, liver biopsy is an invasive procedure with risk
of morbidity and complications (3). Furthermore, liver biopsy is not practical for monitoring
the progression or regression of fatty liver diseases.

Noninvasive imaging techniques offer several advantages over biopsy for diagnosis and
staging of fatty liver diseases including the possibility of simultaneously screening for other
liver abnormalities. For example, information on lipid metabolism can be obtained using a
noninvasive approach, which is especially useful in high-risk patients with insulin resistance
or obesity (4). Moreover, preoperative quantitative assessment in drug-induced fatty liver by
chemotherapeutic agents (e.g., methotrexate and irinotecan) can positively influence the risks
of perioperative morbidity and mortality. A follow-up of intrahepatic fat content also leads to
a better control of therapy using chemotherapy in primary or metastatic liver tumors (5). In
addition, it is important to obtain an accurate and fast diagnosis prior to liver transplantation.
Thus, the transplantation of a liver with cirrhosis or severe steatosis (> 60%) is associated with
high risk of primary nonfunctioning of the organ (6). Furthermore, an acute fatty liver is a sig-
nificant risk factor for postoperative liver failure after transplantation (7). Better regeneration
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of the remaining organ has been shown for
donors after partial hepatectomy with intra-
hepatic fat content of < 5% than those livers
with a fat content of 5% to 30% (8).

Noninvasive methods for quantification
of steatosis have been developed using ul-
trasonography, computed tomography (CT)
or magnetic resonance imaging (MRI). Ul-
trasonography is widely used to detect he-
patic steatosis, but its sensitivity is reduced
in patients with small amounts of fatty in-
filtration. CT is associated with significant
radiation exposure, which limits its use (9).
MRI provides sensitive and semiquantitative
assessment of tissue, but cannot present a
precise and absolute metabolite quantifica-
tion of intrahepatic fat (10). In vivo 1H-mag-
netic resonance spectroscopy (1H-MRS) has
been recently shown to be safe and accurate
and has been used as the reference standard
(11). However, due to varying results, espe-
cially regarding the feasibility and reliability
of a quantitative evaluation, further investi-
gation is warranted. Although studies have
focused on detecting fatty liver in in vivo
models we could identify no study exploring
the possibility of detecting alcohol-induced
fatty liver in ex vivo models using TH-MRS.

Here, we focus on the role of TH-MRS in
the detection of the initial stage of alco-
hol-induced fatty liver in vivo and ex vivo
using histologic and biochemical analyses
as the reference standards.

Animals
This study was approved by the govern-
mental committee and our institutional

* 1H-MRS is a noninvasive, safe, and
quantitative method for detecting fatty liver
in the initial stage, as soon as 48 hours after
alcohol consumption.

* In addition, it is possible to detect fatty
infiltration precisely in ex-vivo models using
1H-MRS, which correlates strongly with the
gold standard of histology and biochemical
measurements.

* 1H-MRS is superior to other imaging
techniques such as ultrasonography, CT,
and MRI in the accurate quantification of
intrahepatic fat content.

* With its accuracy, TH-MRS has the potential
to be an important clinical tool for the
diagnosis of alcoholic steatosis diseases at
the onset and help the evaluation of liver
transplants before transplantation.

animal research review board. In total 30
female Lewis rats (Charles River), aged 6 to
8 weeks, weighing 200 g were used in this
study. Animals were kept under standard
conditions with a mean temperature of
22°C+2°C, 55%+10% mean relative humid-
ity, and 12 h light/dark cycle. All animals
had free access to water and feed. The max-
imum number of animals per cage was six.
Liver samples were initially extracted from
10 animals to obtain biochemical and histo-
logic results for healthy livers.

Ethanol treatment of rats

Following the method of Ratner et al.
(12), each ratin the experimental group was
twice given a dose of 9.3 g/kg body weight
of 50% ethanol within a period of 24 h. The
application took place via oral gavage using
a 2 mm (diameter) X 75 mm (length) steel
buttoned cannula. The dose of ethanol as
well as the mode of application had previ-
ously been shown to safely introduce acute
fatty liver (13).

Measurements

Summary of the experimental proce-
dures is presented in Table 1. To allow
paired comparisons all measurements were
repeated on 20 animals before and after
ethanol exposure; a separate group of 10
rats served as healthy controls. 1H-MRS
and laboratory-chemical examination were
performed one day before the first ethanol
application and one day after the second
ethanol application. During in vivo TH-MRS,
rats were anesthetized by isoflurane (2.2%
isoflurane in air; 1 L/min) fixed in a supine
position and allowed to breath freely. Un-
der this ratio of anesthetic and oxygen, ar-
tifacts caused by fast heartbeat and respira-
tory motions were minimized. For serologic
analysis the retrobulbar venous plexus of all
animals was punctured and 3 mL blood was
withdrawn, following in vivo TH-MRS scans.
Serologic levels of aspartate aminotrans-
ferase (AST) and alanine aminotransferase
(ALT) were determined at the laboratory of
the university hospital within 24 h of sam-
ple withdrawal. After in vivo post-ethanol
measurements, the liver was removed and
put into a 10 mL syringe plunger. To ensure
repeatability, all biochemical and histologic
analysis and spectroscopic ex vivo measure-
ments were made on the same day.

Magnetic resonance imaging
MRI was performed on a 3.0 T/70 cm
horizontal open bore unit (Magnetom Trio,
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Siemens Healthcare) with a peak gradient
amplitude of 45 mT/m and a maximum
slew rate of 200mT/m/ms. An eight-channel
multifunctional coil (Clothespin coil; CPC)
consisting of two coil pairs of four channel
arrays each (Noras MRI products) was used.

For diagnostic imaging of the liver a
three-dimensional T1-weighted sequence
(“fl3d_vibe") was used with the following
parameters: TR, 10.7 ms; TE, 2.75 ms (in-
phase, IP) and 6.125 ms (out-of-phase, OP);
flip angle, 9° signal averages, 20; field of
view (FOV), 100 mm; slice thickness, T mm.
Localizing sequences served as the basis for
correct placement of the volume of interest
(VOlI), followed by T1-weighted sequences
in the transverse (turbo spin echo: TR, 684
ms; TE, 20 ms) and coronal (turbo spin echo:
TR, 745 ms; TE, 20 ms) plane, as well as a
T2-weighted sequence in the transverse
plane (turbo spin echo; TR, 4820 ms; TE, 79
ms) (Fig. 1).

1H-magnetic resonance spectroscopy

Gradient determination and automat-
ic shimming (applied and controlled by
interactive shimming) were applied prior
to spectroscopic measurements being
taken. For each animal, a single voxel of
10x10x10 mm was placed in the liver,
avoiding inclusion of the diaphragm,
edges of the liver and vascular and bili-
ary structures (Fig. 2). To achieve precise
adjustment of the VOI (i.e., isomorphic to
anatomical structures) a VOI-size was se-
lected that would minimize location fail-
ures and artifacts, but maximize homoge-
neity of the liver parenchyma.

1H-MRS data were acquired on the same
scanner used for the imaging but includ-
ing a PRESS (point resolved spectroscopy)
sequence with 1500 ms TR and 30 ms TE.
Spectral data were acquired in 1024 data
points with a 1000 Hz bandwidth, no water
suppression, 256 signal averages and a to-
tal acquisition time of 6.5 min. Although a
longer TR time would minimize T1 effects,
the chosen TR time was an acceptable com-
promise between the T1 effects and the ex-
amination time (14). Immediately following
1H-MRS data acquisition, the T2 relaxation
times for water and fat were determined
with a series of six spectra with TE times of
30 ms, 40, 60, 80, 100, and 120 ms. The com-
plete length of the MR, including MRI scans
(as described above) and 1H-MRS (position-
ing of the voxel, shimming procedures), did
not exceed 40 min.

Keese et al.
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Figure 1. a-c. Coronal T1-weighted (a) (TR=745 ms, TE=20 ms), transverse T1-weighted (b) (TR=648 ms,
TE=20 ms), and transverse T2-weighted (c) images in vivo (TR=4820 ms, TE=79 ms).

Figure 2. a, b. Coronal T1-weighted image (a) in vivo illustrating the position of the VOI of 10x10x10
mm and representative coronal T1-weighted image (b) illustrating the position of the VOI of
10x10x10 mm ex vivo.

All spectra were processed using the
standard Siemens software. Postprocess-
ing and quantification included zero filling
from 1024 to 2048 data points, multiplica-
tion by noise filtering and phase correc-
tion, signal fitting of the peaks within the
acquired spectra, and integration to find
the area under each spectral peak of inter-
est (water at 4.7 ppm, methylene fat at 1.3
ppm). Peak integrations were found by fit-
ting Gaussian functions and were carried
out in the real part of the spectrum. The T2

calculation for fat and water was obtained
from the signal intensity measured by the
various echo times and was determined by
a corresponding exponential equation for
fat and water as follows:

fat: TE fat-peskearea = l,xexp (-TE/T2, )

water: TE water-peakcares = I, xexp (-TE/T2 ),

where | corresponded to the signal in-
tensity at TE=0 ms.

Subsequently, according to Guiu et al.
(15), liver fat content (as a percentage) was
calculated as follows:

Hepatic fat fraction (HFF),,, .. =100 X A -
CH, / (A;CH, + A-H,0), where A -CH, and
A-H,0 describe the peak integrals of methy-
lene and water peaks respectively. For ex vivo
measurements the removed liver was mea-
sured spectroscopically with the same set-
tings described above. The calculated spec-
trum displayed water and fat metabolites by
their specific position on the x-axis (Fig. 3).

Serologic parameters

For serologic analysis, the retrobulbar ve-
nous plexus of all animals was punctured
after TH-MRS measurements, 3 mL blood
was extracted and serologic levels of ALT and
AST (including the AST/ALT ratio) were deter-
mined spectrophotometrically using a Mod-
ular P analyzer and a commercial kit (Roche
Diagnostics) following IFCC standards.

Biochemical analysis/Folch method
Triglyceride content was obtained before
and after alcohol intoxication after each
1TH-MRS performance and liver extraction
was made according to the method of Folch
et al. (16). Approximately 100 mg of rat liver
tissue samples were homogenized in 2 mL
of chloroform-methanol solution (2:1 v/v)
followed by centrifugation at 16,000 g for 1
min. The solvent was evaporated in a Speed-
Vac concentrator (Thermo Fischer Scientific,
Waltham) and the lipid residue resuspended
in 100 pL isopropanol. Triglyceride content
was determined spectrophotometrically
using a Modular P analyzer and a commer-
cial kit from Roche Diagnostics. To minimize
unequal distribution of lipids with respect to
hepatic triglyceride, several tissue samples
were taken from different hepatic regions.

Liver histology

Liver biopsies were fixed in formalin
and embedded in paraffin. Liver biopsy
sections were analyzed by an experienced
hepatopathologist who was blinded to the
laboratory parameters and clinical data.
The histomorphologic assessment of liver
tissue was evaluated by hematoxylin-eosin
(HE) staining. The number of fat-containing
hepatocytes was estimated semiquantita-
tively as a percentage (0%-100%), contain-
ing macrovesicular fat (fat droplets equal to
or larger than the size of the nucleus, often
displacing the nucleus) or microvesicular
fat (numerous small fat droplets surround-
ing a centrally located nucleus). For semi-
quantitative scoring of fatty infiltration,
the following values were used: score 0, no
visible fat; score 1, <5% of liver surface infil-
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Figure 3. a-c. TH-MRS spectrum of rat no. 13

of the post-ethanol group in vivo (a) with a
hepatic fat fraction (HFF) of 14.7%. The spectrum
shows the dominant water peak at 4.7 ppm

with a prominent lipid peak ([CH,In) at 1.1-1.3
ppm (I, integral; A, amplitude). Panel (b) shows
enlargement of the lipid peak of rat no. 7; y-axis
shows amplitude, x-axis shows the frequency of
the corresponding metabolites: (CH,)n, saturated
lipids at 1.3 ppm; CH=CH,, unsaturated lipids at
2.0 ppm; CH,, mobile lipids at 0.6 ppm; y - CH,,
glutamate/glutamine at 2.6 ppm. The right side
of panel (a) shows the sectional plane and the
positioning of the voxel in the localizer sequence
and in the coronal and transverse planes. Rat

no. 9 of the post-ethanol group ex vivo in panel
(c) shows a HFF of 7.9% with dominant water
peak and a prominent lipid peak ([CH,In) at
1.1-1.3 ppm. The right side of panel (c) shows
the explanted liver in a 10 mL syringe plunger,
including the sectional plane.

Figure 4. a, b. Panel (a) shows histologic section of the liver and HE-staining measured 24 hours after
the second ethanol intoxication with about 30% fatty degeneration including microvesicular (thin
arrow) and macrovesicular fat droplets. Panel (b) shows approximately 50% mainly macrovesicular fatty
degeneration of hepatocytes (thick arrow) with leukocyte demarcated single cell necrosis.

Control group Procedure

Table 1. Summary of experimental procedures

Day 0

- 10 rats anesthetized with isoflurane

- Explantation of the liver

« Biochemical determination of TG by Folch method

« Histologic fat determination

Experimental group Procedure

Day 1

- 20 rats anesthetized with isoflurane

« Spectroscopic measurement of hepatic lipid concentration

« Blood sample (3 mL) taken for determination of AST and ALT

Day 2
Day 3
Day 4

« First administration of ethanol
- Second administration of ethanol

« Same 20 rats (day 1-3) anesthetized with isoflurane

- Spectroscopic measurement of HFF

« Blood sample (3 mL) taken for determination of AST and ALT

- Explantation of the liver

« Biochemical determination of TG by Folch method

« Histologic fat determination

TG, triglycerides; AST, aspartate aminotransferase; ALT, alanine aminotransferase; HFF, hepatic fat fraction.

trated by fat; score 2, 5%-25% fat; score 3,
25%-50% fat; score 4, >50% fat (17) (Fig. 4).

Statistical analysis

Statistical analysis was performed by us-
ing BiAS version 8.4 (Epsilon). Agreement
between the fat content measured spectro-
scopically (i.e., HFF) in vivo as well as ex vivo
with histology was assessed in two steps.
First, we drew a scatterplot including a re-
gression line and calculated the coefficient
of determination (r?) to assess the relation-
ship between HFF and histology. Second,
Spearman’s nonparametric correlation co-
efficient (r) was calculated to determine the
correlation between the different diagnos-
tic methods (HFF vs. biochemistry, HFF vs.
ALT, and HFF vs. AST).
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The Shapiro-Wilk test was used to test
the normal distribution of the datasets (ALT,
AST, triglyceride-content, HFF data, and T2
times). When variables were normally dis-
tributed, results were expressed as mean
values and standard deviation (SD), other-
wise median and 25%-75% interquartile
range (IQR) was reported. Because of the
semiquantitative nature of the values, the
Shapiro-Wilk test was not applied to histo-
pathologic data. Wilcoxon signed-rank test
was used to compare the difference among
the various pre- and post-ethanol results of
AST, ALT, triglycerides, and HFF and were
also given for the T2 times for water and fat
protons determined in vivo and ex vivo. Re-
sults were considered to be significant at P
< 0.05.

Keese et al.
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r - Histologically measured mean intrahe-
S ‘| patic fat before ethanol intoxication was
) : 1.5%+1.42% (n=10). Liver steatosis (hepatic
1248 - . : . . . e . . :| fat infiltration >5% hepatocyte) after eth-
i : : : . : : : : : : ‘| anol intoxication was present in 16 of 20
104: ' —_— .| rodents (80%). A histologic grading score of
0 was found in four animals, grade 1 in five
animals, grade 2 in six animals, and grade 3
in five animals. The percent mean value of
steatosis was 12.75%11.64%.
ALT and AST activity values were deter-
A\ mined in all 20 animals of the experimental
2 ’ ‘ o group before and after ethanol intoxication.
N =) ‘ | The mean ALT was 51.29+13.64 U/L before
ethanol intoxication, which increased sig-
pre-ethanol group post-ethanol group post-ethanol group nificantly to 114.9+28.78 U/L after ethanol
n=20 (in vivo) n=20 (exvivo) n=20 intoxication (P < 0.001). The mean AST value
increased significantly from 165.24+63.15
Figure 5. Reproducibility of fat measurements by TH-MRS (hepatic fat fraction, HFF) obtained from in vivo U/L before ethanol intoxication to a median
livers before ethanol intoxication (left box plot), after ethanol intoxication (middle box plot), and ex vivo of 571.65 U/L (IQR, 240-1116 U/L) after etha-
livers (right box plot) (n=20, for each group). In the pre-ethanol group mean HFF was 0.69% (SD, +0.33%; nol intoxication (P < 0.001). The AST:ALT ratio
= intoxication in vi 9 i 9 o . . .
7153, et el orcatonn o messrements houeda eanof 8% medan o 41% (e futs quotent was 2inall 20 il

*Significant difference between pre- and post-ethanol HFF measured in vivo (P = 0.0029), as well as pre- and post- Tr'glyce”de content of the liver of healthy
ethanol HFF measured ex vivo (P < 0.001). rats is typically assumed to be about 4 to

7 mg/g (18), which can increase four-fold
within 12 h of ethanol intoxication (19). The
triglyceride content before ethanol intox-

HFF (%)
1

Table 2. Comparison of spectroscopic and histologic hepatic fat content and serologic and bio- ication showed a mean of 6.78+2.19 mg/g
chemical diagnostics after ethanol intoxication and increased to 18.45+11.51 mg/g at 24 h

1H-MRSinvivo ~ 1H-MRS exvivo after the second ethanol dose (P < 0.001).
Rat no. HFF (%) HFF (%) HlStOIOgy (%) TG (mg/g) ALT (U/L) AST (U/L) Th us, a tr|g|ycer|de content that corre-
1 6.06 556 20 23.81 126 868 sponded to an acute fatty degeneration of

the liver could be determined.

2 12.86 9.11 30 37.18 147 897 .
1H-MRS measurements were carried out
3 2.03 3.77 0 5.27 67 255 before the initial administration of ethanol
4 3.9 4.70 5 13.85 114 348 and 24 h after the second ethanol intox-
s 41 5y 10 1638 123 465 ication. Detec'Flon of |ntrahepatlF fat (i.e.,
HFF) was achieved in all 20 animals be-
o zal Nl Y L 72 o fore and after ethanol intoxication (in vivo
7 241 3.21 0 3.85 74 290 and ex vivo). The mean value of HFF was
3 38 509 5 1053 104 323 0.69%=0.33% before ethanol intoxication.
0 866 786 30 a4 146 832 After ethanol intoxication, HFF was mea-
’ ’ ’ sured as a median of 4.1% (IQR, 2%-15%) in
10 3.74 3.73 5 10.7 104 387 vivo and as a mean of 5.67%=+2.09% ex vivo
11 6.82 6.34 10 23.34 144 761 (Fig. 5). Pre- and post-ethanol HFF values
- - = 0 — . S were 5|gn|f|can.tly different both in vivo (P <
0.001) and ex vivo (P < 0.001).
13 14.69 9.81 30 41.1 154 1116

In vivo post-ethanol mean T2 times were
14 4.07 451 10 17.81 123 576 as follows: tissue water protons, 34.1 ms
(range, 23.8-47.6 ms); tissue fat protons, 53

15 4,05 433 5 12.2 117 546 )

ms (range, 38.2-86.2 ms). Ex vivo post-eth-
S oS ) =Y i 5 il anol mean T2 times were as follows: tissue
17 13.13 9.14 30 40.81 149 1058 water protons, 32.3 ms (range, 24.1-42.3
18 444 518 20 16.62 126 739 mS)} tissue fat prOtOnS, 56.2 ms (range,

42.1-83.4 ms). There was no significant dif-
19 247 3.23 0 8.25 77 323 . L

ference between T2 times measured in vivo
20 3.89 4.98 5 19.02 106 31 and ex vivo (P = 0.821 for water protons; P =
No, number; HFF, hepatic fat fraction; TG, triglyceride; ALT, alanine aminotransferase; AST, aspartate aminotransferase. 0.7936 for fat—protons).
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Figure 6. a, b. Plot of calculated linear dependency of histology vs. HFF in vivo (a) is shown with the
regression line: y=0.3054x + 1.911; r*=0.81, P < 0.001; n=20. A similar plot for histology vs. HFF ex vivo (b)
is shown with the regression line: y=0.161x + 3.6169; r’=0.87, P < 0.001; n=20.

Table 3. Spearman correlation coefficient (r) describing the relationship between different diag-

nostic methods

Diagnostic method Histology Folch AST ALT
1H-MRS (HFF) in vivo 0.93 0.96 0.96 0.82
TH-MRS (HFF) ex vivo 0.92 0.89 0.95 0.90

TH-MRS, 1H-magnetic resonance spectroscopy; HFF, hepatic fat fraction; AST, aspartate aminotransferase; ALT, alanine aminotransferase.

Spectroscopically measured HFF was
compared with the laboratory-determined
chemical parameters of AST and ALT. In
vivo spectroscopically measured HFF of
alcohol-toxic fatty livers correlated pos-
itively with AST (r=0.96, P < 0.001) and
ALT (r=0.95, P < 0.001). Similarly, ex vivo
post-ethanol values showed a strong cor-
relation between TH-MRS and the serolog-
ic parameters AST (r=0.82, P < 0.001) and

ALT (r=0.9, P < 0.001). Furthermore, histo-
logic results (as the percentage of infiltrat-
ed fat hepatocytes) were compared with
spectroscopically measured lipid content.
Although the spectroscopic values were
lower in direct comparison of histology
and TH-MRS, a significant positive correla-
tion was found between the two methods
(in vivo, r=0.93, P = 0.0005; ex vivo, r=0.92,
P < 0.001) (Fig. 6).
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A high correlation was also discovered
between TH-MRS and biochemically de-
termined in vivo and ex vivo fat content
(in vivo, r=0.96, P < 0.001; ex vivo, r=0.89,
P =0.0011). Comparison between HFF in
vivo and HFF ex vivo showed no signifi-
cant difference between the mean val-
ues of both groups (P = 0.7623). Table 2
shows a summary of all values of the ex-
perimental group after ethanol intoxica-
tion. Summary of all r values is reported
in Table 3.

Discussion

The assessment of liver fat infiltration is
typically based on liver biopsy with sub-
sequent histologic analysis, which is con-
sidered as the diagnostic gold standard.
However, liver biopsy is an invasive proce-
dure that is associated with complications
and sampling errors. Several studies have
shown that the use of TH-MRS is an estab-
lished noninvasive method to detect and
quantify fat content in human liver steatosis
(20). As a quantitative method, TH-MRS has
a unique advantage over ultrasonography,
CT, and MRI (which are qualitative or semi-
quantitative) (21). In recent years various
strategies have been developed to obtain
volume-selective TH-MRI spectra from liv-
er parenchyma in vivo and to enhance this
technique; however, no study has been
conducted that explores the possibility of
using TH-MRS to detect an acute alcohol-in-
duced fatty liver in animal models ex vivo.

Here, we successfully detected a lipid sig-
nal by a spectroscopic approach in all ani-
mals before and after ethanol intoxication,
including animals in which no fatty degen-
eration of hepatocytes was observed histo-
logically. The presence of histologically de-
tectable steatosis was found in only 80% of
biopsies after ethanol intoxication. In addi-
tion, the results demonstrated a discrepancy
between the HFF measured spectroscopical-
ly and the histologic fat determination. For
example, rat no. 9 showed a fatty degenera-
tion of about 30% by a histologic approach,
compared to a value of approximately 9% by
TH-MRS in vivo. This result suggests that pa-
tients are likely to be ranked higher by histo-
logic grading compared with spectroscopic
measurements. One possible explanation
for this discrepancy is the semiquantitative
nature of histologic classification of obesity,
which relies on recording the percentage
of hepatocytes within the microscopic view
that display visible steatosis. Consequently,
the visual estimate and evaluation of only

Keese et al.
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Figure 7. a, b. Calibration graph with exponential dependency of histology vs. HFF in vivo (a): y=23.485 In(x)
-23.269; r’=0.91, P < 0.001; n=20. The calibration graph with exponential dependency of histology vs. HFF
ex vivo (b): y=29.701 In(x) - 36.994; r>=0.96, P < 0.001; n=20.

a small liver biopsy leads to sampling errors
and inaccurate measurements. Ratziu et al.
(22) found that there is a correspondence of
only ~60% between two liver biopsies of the
same patient. In addition, variability in the
severity of steatosis by histologic examina-
tion within a single biopsy sample has been
reported (23). Moreover the heterogeneity
of distribution and quantity of fatty hepato-
cytes in liver biopsies can lead to distorted
and false negative results, especially in low-
grade fatty degeneration (24).

The present discrepancy between histol-
ogy and TH-MRS results support not only

a linear dependence but also the use of a
calibration graph. In this case, nonlinear
exponential fit is performed based on the
collected data and four-step grading of the
histologic measurement is performed with
the assumption that the curve starts at a
histologic fat content of 0% (Fig. 7). Con-
sequently, there is an even higher r? value
than with the linear dependence approach
(in vivo, r*=0.91; ex vivo, r’=0.96). Different
results in the comparison of intrahepatic fat
content measured histologically and spec-
troscopically have also been reported in
other studies. d'Assignies et al. (25) report-

ed a histologic fat content of 47.5%+19.6%
in 20 patients with steatosis, which dropped
to 18.1%+9% when assessed by TH-MRS.
The calculated correction coefficient for ad-
justing the TH-MRS measurements on the
histologic fat content was 2.6. Also, Hajek et
al. (26) used linear and nonlinear models to
describe the relationship between TH-MRS
and histology. The correction coefficients
of the linear models for three groups of
77 patients were 3.3, 4.2, and 6.1. In the
present work, correction coefficients were
calculated as 2.2 and 2.5 for in vivo and ex
vivo measurements, respectively. The clin-
ical relevance of the differences between
the findings of histologic and spectroscopic
approaches is currently under discussion
(27). There remains no consensus on a stan-
dardized normal value for spectroscopically
measured intrahepatic fat. An initial pro-
posal suggested a value of 20% as a refer-
ence threshold (28). A subsequent study
has suggested that >3.6% intrahepatic fat
measured by TH-MRS should be considered
as steatosis (29). In the present study, a HFF
of 3.7% measured by 1H-MRS correspond-
ed to a histologically determined fatty liver
(involvement of >5% of hepatocytes by his-
tologic analysis).

For the exact determination of HFF, the
spectroscopic peak areas should be correct-
ed for T2 relaxations as described above. In a
series of studies, the following average T2 val-
ues were calculated by the 3.0 T MRI system:
T2 water, 27 ms (range, 12.4-54.3 ms) and T2
fat, 61 ms (range, 28-82.2 ms) (30); T2 water,
12.4-54.3 ms and T2 fat, 49-60 ms (26); T2
water, 28 ms (range, 22-42 ms) and T2 fat, 64
ms (range, 36-99 ms) (31). These values are
consistent with the results obtained in the
present study.

The additional comparison of the TH-MRS
data with the biochemical analysis of ex-
tracted tissue samples is a unique advantage
of our study. The high correlation of TH-MRS
and triglyceride content (r=0.96, in vivo;
r=0.89, ex vivo) suggests the reproducibility
of the spectroscopic analysis to other quan-
tification methods and confirm the results
of the correlation between histology and
TH-MRS. Although triglyceride levels were
too low for the formation of macroscopic
vesicles that could be detected histological-
ly, these could be measured using the Folch
method. In conjunction with the sufficient
sensitivity of TH-MRS for the quantification
of HFF, the results of the biochemical analysis
showed similarly strong correlation with the
spectroscopic data compared with histolog-
ic fat content determination.
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The significant correlation between
TH-MRS and the liver enzyme activity data
confirm the hypothesis that TH-MRS may
be able to predict the function and condi-
tion of diseased livers. Reasons for elevated
serum aminotransferase activities include
alcohol abuse, medication, autoimmune
hepatitis, hepatic steatosis, and nonalcohol-
ic steatohepatitis (32). Compared with ALT,
AST activity has been reported to be more
sensitive to liver damage caused by alco-
hol (33), which would explain the slightly
better correlation between in vivo TH-MRS
results and AST activity in our analyses. The
AST/ALT ratio has been used to distinguish
cirrhotic from noncirrhotic patients and pa-
tients with nonalcoholic liver disease from
those with alcoholic liver disease (34). How-
ever, it should be noted that liver enzyme
data alone can only provide a general indi-
cation of liver function. More precise stag-
ing of acute decompensation can be given
only in conjunction with other laboratory
tests or with the De-Ritis quotient.

The results of this work indicate that ex vivo
TH-MRS measurements work especially well.
The comparisons between ex vivo TH-MRS
and biochemical triglycerides determination,
as well as the histologic analyses show a sim-
ilarly strong correlation to in vivo measure-
ments. These data suggest that TH-MRS is a
useful method for the detection of fat con-
tent, especially from liver grafts of deceased
donors before liver transplantation.

The measured range of fat values in ex
vivo measurements showed less variation
than in vivo measurements, which might
be accounted for in three ways. First, during
in vivo measurements perfusion of the liv-
er is affected by the blood pressure and
blood flow, which is not purely steady state,
whereby in ex vivo the blood-influence is
missing. Thus, measurements of fatty infil-
tration in ex vivo livers are likely to be more
accurate. Second, respiratory motion in liv-
ing rodents can lead to erroneous fat sig-
nal contamination of the TH-MRS spectra.
Third, a different fat-water ratio could be
crucial for higher fat values in most of the
ex vivo livers. T2-weighted images receive
their contrast from the transverse magnetic
relaxation of water protons in tissue. A loss
of water due to the explantation of the liver
may be an important cause of a lower water
signal and subsequent higher fat content
values. Additionally, systematic variations
in the two methods (e.g., spatial volume ef-
fects in in vivo TH-MRS, shrinkage artifacts)
may adversely affect different results.

Our study has some limitations. It should
be noted that TH-MRS measurements were
carried out under highly standardized ex-
perimental conditions. Nevertheless, motion
of the animals, the small voxel size and the
difficulty of obtaining field homogeneity in
a small object using a full body scanner lead
to inhomogeneities that partially extend and
distort the spectral lines. Free breathing of
the rats is a principal cause of artifacts during
TH-MRS measurements. In addition, different
technical conditions such as magnetic field
strength, localization methods, or different
repetition times may influence the spectro-
scopic results. Another limitation of this study
is the small number of animals. In order to
substantiate the results in the present study,
the exvivo data should be validated and con-
firmed by further research.

In conclusion, our findings suggest
1H-MRS as a noninvasive, safe, and accurate
quantitative method for detecting acute
fatty liver, as soon as 48 h after alcohol con-
sumption. Furthermore, 1H-MRS shows the
potential to detect fatty infiltration espe-
cially in ex vivo models. With its increasing
accuracy TH-MRS is likely to become an im-
portant clinical tool, potentially becoming
the technique of choice for the diagnosis of
early-stage alcoholic liver diseases, as well
as for analyzing and evaluating liver trans-
plants before transplantation.
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