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Quantitative T2 mapping of rats with chronic hepatitis
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Abstract. The aim of the study was to explore the diagnostic
value of T2 mapping in an experimental rat model of chronic
liver disease. Chronic hepatitis was induced in Sprague-Dawley
male rats (n=88) by intraperitoneal and abdominal subcuta-
neous injection of carbon tetrachloride in olive oil. The normal
control rats (n=12) were similarly injected with the same dose
of normal saline. All rats were randomly selected and subjected
to T2-weighted/spectral adiabatic inversion recovery and
multiple gradient- and spin-echo sequence. After scanning, rats
were sacrificed immediately and livers removed for staining
with hematoxylin and eosin, as well as Masson's trichrome,
to determine the pathological stage of hepatic fibrosis, necro-
inflammatory activity and steatosis. The T2 values were
measured and associated with histopathological findings. The
T2 values were significantly associated with hepatic fibrosis
(P<0.05), but not with hepatitis (P>0.05) or steatosis (P>0.05).
By partial correlation analysis, a significant positive correla-
tion was observed between the T2 values and stages of liver
fibrosis (r=0.820; P<0.05). T2 values increased with progres-
sive hepatic fibrosis. The differences between T2 values and
stages of liver fibrosis were statistically significant. Statistically
significant differences were observed between different stages
of liver fibrosis (P<0.05), with an area under the curve value of
0.944 for predicting stage F1 or greater, 0.942 for stage F2 or
greater, 0.958 for stage F3 or greater, and 0.948 for F4. Thus,
the T2 value is one of the quantitative indices of imaging and
accurately reflects the stages of liver fibrosis.

Introduction

Chronic liver disease refers to chronic inflammation and
fibrosis, representing major pathological changes induced
by various etiologies lasting >6 months. Liver fibrosis is a
wound-healing response generated against a wide range of
underlying injuries. It can progress to liver cirrhosis, causing
portal hypertension, hepatocellular carcinoma and liver
failure. Liver fibrosis is a reversible process (1). If liver fibrosis
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is detected early, recovery is close to normal, but complete
recovery from cirrhosis is not possible (2).

Early diagnosis of liver fibrosis is a critical step for early
intervention, detection of disease course, and prognosis of
various chronic liver diseases (3,4). Diagnosis of chronic liver
diseases is mainly based on patients' signs and symptoms,
laboratory serological markers of liver function and histo-
pathological examination. Currently, liver biopsy remains the
gold standard for the assessment of liver fibrosis. However,
biopsy is limited primarily by its inherent invasiveness and
inconsistency due to blind puncture and sampling errors (5,6).

Noninvasive diagnostic tests facilitate the assessment of the
severity of chronic liver disease. However, relatively few diag-
nostic tests are noninvasive. In various chronic liver diseases,
liver cell degeneration, necrosis, fibrosis and steatosis result in
inhomogeneity of liver magnetic field and influence the quan-
tized value of magnetic resonance imaging (MRI). Currently,
several studies are focused on the role of quantitative MR in
the staging of chronic hepatitis, including T1 mapping (5,7)
and multiecho gradient recalled echo T2 star weighted
imaging (T2*WI) (7), diffusion-weighted imaging (8,9),
magnetic resonance elastography (10,11), magnetic resonance
spectroscopy (12), and dynamic contrast-enhanced MRI with
gadolinium ethoxybenzyl diethylenetriamine penta-acetic
acid (13,14).

The T2 value can be used to evaluate the histological
staging of liver fibrosis in animal models and humans with
chronic liver disease (15,16), but cannot distinguish between
inflammation and fibrosis (17). The T2 value increases
with increasing tissue water content and is decreased with
increasing liver iron content, while the R2 value is increased
with increasing liver iron content (T2=1/R2) (18-20). The R2
value can be used to quantify liver iron overload noninvasively
and effectively, and liver fibrosis and iron concentration affect
the measurement of R2 relaxation rate (21). T2 mapping not
only reveals the changes in liver morphology but also partially
reflects the liver metabolism biochemically. Therefore, the
purpose of the present study was to explore the diagnostic
role of T2 mapping in hepatic fibrosis (F), necroinflammatory
activity (A), and steatosis (S) in a rat model of chronic hepatitis
by injecting carbon tetrachloride (CCl,), based on pathological
findings as the reference standard.

Materials and methods
Liver fibrosis model. One-hundred male adult Sprague-Dawley

rats (210+5.2 g; n=100; age, 6-8 weeks) were randomly divided
into two groups: A chronic hepatitis model group (n=88) and



2 WANG et al: QUANTITATIVE T2 MAPPING OF RATS WITH CHRONIC HEPATITIS

a normal control group (n=12). Before the experiment started,
the rats were raised for a week. Forty-four rats were injected
intraperitoneally with a mixture of CCl, in olive oil (2:3) at a
dose of 0.3 ml/100 g for 5-12 weeks, twice a week. Another
44 rats were treated via subcutaneous injection abdominally
to induce chronic hepatitis. The model simulated the evolution
mechanism of chronic viral hepatitis. Six rats were induced
by intraperitoneal injection with the same dose of normal
saline (NS), and another six rats were induced via abdominal
subcutaneous injection. All animals were fed under the same
conditions of the facility at a temperature of 27+1°C, at a
humidity of 40-60%, with free access to food and water.

MRI experiments. Imaging was performed using a 3.0 T
MRI scanner (Achieva 3.0 T, Philips Healthcare) with an
eight-channel knee joint coil. The scanning range extended
from the top of the diaphragm to the lower edge of the liver.
After 5-12 weeks post-injection, three to six rats injected
abdominally to develop models of chronic hepatitis, four to
six rat models of chronic hepatitis injected subcutaneously
and two normal rats from the control group were randomly
selected for T2-weighted/spectral adiabatic inversion
recovery (T2WI-SPAIR) and multiple gradient- and spin-echo
(M-GRASE) scan every week. Before scanning, rats were
anesthetized by intraperitoneal injection of 1% pentobarbital
(50 mg/kg). When the anesthetic effect was poor, a small
amount of additional dose was appropriate. The parameters
of T2WI-SPAIR included echo time (TE), 70 msec; repetition
time (TR), 544 ms; field of view (FOV), 90x67 mm?; slice
thickness, 2.5 mm; slice gap, 0.3 mm; number of excitations
(NEXs), 1; flip angle, 90 degrees; and scan time, 2'10.6". The
parameters of M-GRASE included TEs, 19, 38, 57, 76 and
95 msec; TR, 1660 msec; FOV, 120x120 mm?; slice thickness,
2.5 mm; slice gap, 0.6 mm; NEX, 1; flip angle, 90 degrees;
and scan time, 2' 26". The T2 values were measured on the T2
map obtained from images of different TE and reconstructed
automatically.

Histology studies. After scanning, the aforementioned anesthe-
tized rats were sacrificed immediately by cervical dislocation
and the livers removed were stained with H&E and Masson's
trichrome. The specimens were fixed in 10% formalin solution
for 18-24 h under the room temperature. After washing, dehy-
drating and decalcifying, the specimens were embedded in
paraffin wax and then sectioned at the thickness of 5 ym. H&E
was performed following the instructions of the Hematoxylin
and Eosin Staining kit (Beyotime Institute of Biotechnology).
Masson trichromatic staining was carried out according
to the instructions of the Masson trichromatic Staining kit
(Beijing Solarbio Science & Technology Co., Ltd.). All dyed
slices were assessed by two pathologists, who worked for
more than 10 years in a double-blind method. The stages of
hepatic fibrosis (F) and necroinflammatory activity (A) were
assessed pathologically according to the METAVIR scoring
system (22). F was staged on a scale of O to 4: FO, no fibrosis;
F1, portal fibrosis without septa; F2, portal fibrosis with rare
septa; F3, numerous septa without cirrhosis; and F4, cirrhosis.
A was determined according to the severity of portal, periportal
and lobular inflammation and was classified as follows: AO,
no activity; Al, mild activity; and A3, severe activity. Hepatic

steatosis (S) was measured by determining the percentage of
fatty infiltration, which was graded as SO (0-5%), S1 (6-30%),
S2 (31-50%), S3 (51-75%) and S4 (>75%). If the diagnoses of
the two doctors were inconsistent, the final pathological result
was obtained based on subsequent discussion. The normal
control rats with hepatitis, liver fibrosis or fatty liver were not
included in the statistical analysis.

Image analysis. All images were processed in the Philips
Extended MR WorkSpace 2.6.3.4. The images with abnormal
signal and artifact interference on the liver were deleted.
The T2 values were measured by an experienced radiologist
in cases lacking pathological results. Three ROIs (region of
interest) of 10-mm? area were placed on T2 map that showed
the maximum liver area (Fig. 1).

Data analysis. Multiple linear regression analysis (the enter
method) was performed to determine the T2 values that
associated with stages of hepatic fibrosis, necroinflammatory
activity and steatosis. The correlation between T2 value and
hepatic fibrosis and steatosis were analyzed independently
via partial correlation analysis to determine the correlation
coefficient (r value). Based on the results of multiple linear
regression analysis, the differences in T2 value between
the stages of liver fibrosis were tested by one-way analysis
of variance, and the differences between the groups were
analyzed using the Tukey's test. The accuracy of the T2 values
for the assessment of fibrosis stage was evaluated using the
receiver operating characteristic (ROC) curves. All statistical
analyses were performed using SPSS software (version 17.0;
SPSS, Inc.). P<0.05 was considered to indicate a statistically
significant difference.

Results

Pathology results. Twenty-five rats from the chronic hepa-
titis group died of systemic failure caused by acute hepatic
necrosis, abdominal infection or intestinal obstruction. The
mortality rate was 28.41%. One rat was not included in the
statistical analysis because of hepatitis in the normal control
group. The FOAOSO results were available for 11 normal
control rats. The pathology results of 63 rats with chronic
hepatitis were as follows: F1 (n=19), F2 (n=16), F3 (n=13), F4
(n=15), Al (n=31), A2 (n=22), A3 (n=10); S1 (n=12), S2 (n=12),
S3 (n=19), and S4 (n=20) (Table I). The pathology results and
T2 maps at different stages of hepatic fibrosis are shown
in Figs. 2-4.

Statistical analysis. Based on the results of multiple linear
regression analysis (Table II), the T2 value was closely associ-
ated with F (P=0.000), but not with A (P=0.052) or S (P=0.409).
According to the partial correlation analysis, a significant
positive correlation was detected between the T2 value and the
staging of liver fibrosis (=0.820; P<0.05; Table II). As shown in
Table 111, the average T2 value of different stages of liver fibrosis
increased with progressive hepatic fibrosis. The difference
between T2 value and the stages of liver fibrosis were statisti-
cally significant (F=55.61; P=0.000). There were statistical
differences between each stage of T2 value as follows: FO and F1
(P=0.029), FO and F2 (P=0.000), FO and F3 (P=0.000), FO and
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Table I. Distribution of T2 values in liver pathogenesis
(mean + SD).

Table II. Results of regression analysis correlating T2 values
and pathology.

Pathologic staging (n) T2 value, ms

AOF0S0 (11) 34.68+1.59
AIF1S1 (5) 34.98+2.76
AIF1S2 (2) 39.13+6.43
AIF184 (3) 38.07+4.96
AIF2S1 (2) 44.96+2.78
A1F2S2 (4) 39.38+2.08
A1F2S3 (3) 44.45+3.99
A1F2S4 (4) 44264431
A1F3S3 (2) 44.912.65
A1F384 (2) 48.51+1.38
A1F4S2 (2) 50.38+1.66
A1F4S3 (1) 47 430
A1F4S4 (1) 49.77+0
A2F1S3 (2) 41.34+6.17
A2F154 (3) 39.82+1.26
A2F2S1 (1) 40.47+0
A2F2S3 (1) 45.15+0
A2F3S1 (1) 47 45+0
A2F3S2 (1) 45.030
A2F3S3 (1) 40.23+0
A2F354 (2) 49.80+4.67
A2F4S1 (2) 51.00+3.92
A2F4S2 (3) 52.29+3.13
A2F4S3 (4) 52.41+4.09
A2F484 (1) 55.55+0
A3F1S3 (2) 41.27+0.29
A3F154 (2) 40.47+0.14
A3F284 (1) 45.13£0
A3F3S1 (1) 49.40+0
A3F3S3 (2) 51.04+3.73
A3F354 (1) 50.45+0
A3F4S3 (1) 55.80+0

F4 (P=0.000), F1 and F2 (P=0.002), F1 and F3 (P=0.000), F1
and F4 (P=0.000), F2 and F3 (P=0.004), F2 and F4 (P=0.000),
F3 and F4 (P=0.020). Fig. 5 shows the ROC curves based on
different thresholds of fibrosis stages. The area under the ROC
curve (AUC), optimal cutoff values, as well as the corresponding
sensitivity and specificity, are presented in Table I'V.

Discussion

The present study analyzed the association between the T2
value of hepatic parenchyma and the histological grade of
liver fibrosis, steatosis and hepatitis activity in a toxic model of
chronic hepatitis, in which rats were injected with a suspension
of CCl,. The results show that the T2 value was associated
with hepatic fibrosis, but not with steatosis or hepatitis. The
T2 value increases with advanced fibrosis. The AUC obtained
using T2 values was 0.944 for the prediction of stage F1 or

T2 value
Pathologic staging B P-value r
F 3.904 0.000 0.820
A 1.061 0.052 0.230
S 0.270 0.409 0.099

B value, unstandardized coefficient. r value, partial correlation coef-
ficient. F, hepatic fibrosis; necroinflammatory activity; S, steatosis.

Table III. Distribution of the T2 value in the different stages
of liver fibrosis.

Stages of liver fibrosis (n) T2 value, mean + SD

FO (n=11) 34.68+1.58
F1 (n=19) 38.58+3.87
F2 (n=16) 43.04+3.62
F3 (n=13) 47.77+3.72
F4 (n=15) 51.85+3.26

—/ 1:10.0 mm2

1: 10.0 mn”' v

Figure 1. Measurement ROIs shown in the T2 map. Three ROIs are located
on the image with the largest slice of liver area. At least one ROI with 10-mm?
area is located on the left or right lobes of the liver, avoiding intrahepatic bile
ducts, blood vessels and artifacts, and at least 3 mm from the edge of the liver.
ROI, region of interest.

greater, 0.942 for stage F2 or greater, 0.958 for stage F3 or
greater, and 0.948 for F4.

Inflammatory necrosis and fibrosis of liver tissue, the most
fundamental pathological basis of chronic hepatitis, are char-
acterized by liver cell degeneration, necrosis and apoptosis
to varying degrees. With the infiltration of inflammatory
cells in the portal area, the activation of hepatic stellate cells,
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Table I'V. Diagnostic performance of T2 value in the staging of liver fibrosis.

Statistic FO vs. F1-4 FO,1 vs. F2-4 FO-2 vs.F3 4 FO-3 vs. F4
AUC 0.944 0.942 0.956 0.948
P-value 0.000 0.000 0.000 0.000
Cut-off value 37.315 42.55 46.10 46.83
Sensitivity, % 88.89 81.82 89.29 100.00
Specificity, % 100.00 93.33 91.30 81.36
Positive predictive value, % 100.00 94.74 86.21 57.69
Negative predictive value, % 61.10 77.78 93.30 100.00

AUC, area under the curve; F, hepatic fibrosis.

Figure 2. H&E staining of liver in rats with chronic hepatitis FO (magnification, x100) and F1-4 (magnification, x200), with different grades of inflammation
and steatosis. FO, normal liver tissue; F1, portal fibrosis without septa; F2, portal fibrosis with rare septa; F3, numerous septa without cirrhosis; and F4,

cirrhosis. F, hepatic fibrosis.

Figure 3. Masson's trichrome staining of liver in rats with chronic hepatitis FO (magnification, x100) and F1-4 (magnification, x200), with different grades of
inflammation and steatosis. The whole blue stained area is hepatic fibrosis. FO, normal liver tissue; F1, portal fibrosis without septa; F2, portal fibrosis with rare
septa; F3, numerous septa without cirrhosis; and F4, cirrhosis. F, hepatic fibrosis.

Figure 4. T2 maps of liver fibrosis (FO-4). FO, normal liver tissue; F1, portal fibrosis without septa; F2, portal fibrosis with rare septa; F3, numerous septa

without cirrhosis; and F4, cirrhosis. F, hepatic fibrosis.

excessive extracellular matrix (ECM) hyperplasia and depo-
sition result in fibrous scar formation eventually (23-25). A
close topographical association exists between inflamed areas
of the liver and areas that develop fibrosis. The presence of
these inflammatory cells may increase the T2 value (16). In
addition, hepatocyte necrosis and rupture result in a large and
abnormal accumulation of ferritin. Iron deposition further
damages the liver by inducing oxidative stress in the liver
cells (14). All these processes alter the T2 value. In our study

group, the hepatic T2 value was not associated with hepatitis
or steatosis.

In recent years, MRI has been increasingly used for
the diagnosis and staging of chronic liver diseases. A few
studies reported T2 mapping techniques to grade liver
fibrosis. Zhang et al (26) reported that T2 value correlated
positively with stages of liver fibrosis, and increased T2 value
was observed in severe liver fibrosis. Spearman's correlation
test showed that the mean T2 value correlated positively
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Figure 5. ROC curves for T2 values for the determination of fibrotic stage thresholds. (A) FO vs. F1-4 (AUC, 0.944); (B) FO-1 vs. F2-4 (AUC, 0.942);
(C) FO-2 vs. F3-4 (AUC, 0.958); (D) F0-3 vs. F4 (AUC, 0.948). ROC, receiver operating characteristics; F, hepatic fibrosis; AUC, area under curve.

(r=0.73; P<0.001) with fibrosis stages. Guimaraes et al (16)
demonstrated an increased T2 value with increasing stage of
liver fibrosis in a diethylnitrosamine rat model of liver fibrosis,
without evidence of hemochromatosis or fatty infiltration
within the liver. The T2 relaxation time can potentially sepa-
rate patients with mild disease from patients with severe liver
fibrosis, based on a statistically significant difference between
degrees of mild vs. severe fibrosis (P=0.03). Luetkens et al (27)
used two different models of chronic liver disease in rats,
including the cholestatic model of liver fibrosis, induced by
bile duct ligation, and a toxic model of liver fibrosis, in which
rats were exposed to periodic CCl, inhalation. The results
demonstrated that the quantitative values of hepatic T2 can be
used to differentiate between the stages of liver fibrosis based
on histology.

The present study yielded similar results. The T2 value
of hepatic parenchyma was closely related to hepatic fibrosis
(P<0.05), but not to hepatitis or steatosis, and the difference
in T2 value was statistically significant between the different
stages of hepatic fibrosis. However, it is inconsistent with the
results of Chow et al (15), who reported that the degree of
fibrosis and inflammation in fibrotic livers remained relatively
stable after week 4 and T2 value showed a higher sensitivity
for the detection of early liver fibrosis rather than each
stage of hepatic fibrosis. It may be attributed to different rat
species and the effect of CCL, doses on the degree of liver
damage. The studies (15,26,27) did not indicate the effects of
liver inflammation on the T2 value. However, as mentioned
earlier, inflammatory activity and steatosis affect the T2 value.
Therefore, a comprehensive analysis of factors that affect the
T2 value in patients with liver disease is needed.

Limitations. The study limitations are as follows: In this study, a
single-animal model was used, and liver fibrosis was not analyzed
using multiple modeling methods. The maximum image level
without artifact was not rejected. Any artifacts associated with
smaller images may be attributed to the low weight of the rats,
respiratory movement, heartbeat, gastrointestinal peristalsis and
intestinal gas. Hepatic iron deposition in liver fibers affects the
T2 value. However, the classification and measurements were
not corrected for hepatic iron overload in the present study. The
association between liver iron overload and liver fibrosis was also

not analyzed, nor the effect of liver iron overload on liver T2
value. Further studies are needed to address these limitations.

Conclusions. The experiments showed that the T2 value was
mainly affected by liver fibrosis, but was not associated with
hepatitis or fatty liver. It was positively correlated with the T2
value and staging of liver fibrosis. The T2 value is one of the
indices of quantitative image analysis and reflects the stage of
liver fibrosis.
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