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Original Article

Collagen deposition in the liver is strongly and positively 
associated with T1rho elongation while fat deposition is 
associated with T1rho shortening: an experimental study of 
methionine and choline-deficient (MCD) diet rat model
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Background: A number of questions concerning the histological mechanism of elongated T1rho in liver 
fibrosis remain unanswered. Using a rat model of non-alcoholic fatty liver disease (NAFLD) induced with 
methionine and choline-deficient (MCD) diet, the primary aim of this study is to clarify whether collagen 
deposition per se causes liver T1rho elongation. 
Methods: There were 45 rats in the NAFLD model group and 8 rats in the control group. NAFLD 
model rats were fed MCD diet for 1, 2, 4, 6, 8, or 10 weeks, respectively. At the endpoint, the rats had in 
vivo MRI at 3.0 T and followed by histology. For T1rho data acquisition, a rotary echo spin-lock pulse was 
implemented in a three-dimensional fast field echo sequence with frequency selective fat suppression. The 
spin-lock frequency was set to 500 Hz, and the spin-lock times of 5, 10, 40, and 50 ms were used. Liver 
specimens were processed with hematoxylin-eosin staining for steatosis and inflammation evaluation, and 
Masson’s trichrome staining for collagen visualization. The semiquantitative histopathological evaluation was 
based on NASH Clinical Research Network criteria. Histomorphometric analysis calculated percentages of 
fat and collagen accumulations in the livers.
Results: A strong (r=0.82) and significant (P<0.0001) positive correlation between liver collagen content 
and liver T1rho was observed. Rats with no or minimal inflammation could have very long T1rho value. 
Among experimental rats without a positive fibrosis grading, five rats did not have an inflammation score (i.e., 
had minimal inflammation or no inflammation) while four had a positive inflammation score; the difference 
in liver T1rho between these two types of rats was minimal. Eight control rat livers and 15 stage-1 fibrosis 
rat livers were separated by liver T1rho completely. When four subgroups of experiment rats were selected 
where the liver collagen had a very narrow range within these subgroups, all these four subgroups showed a 
trend of negative correlation between liver fat and liver T1rho. 
Conclusions: Collagen deposition in the live strongly contributes to liver T1rho elongation, while fat 
deposition contributes to T1rho shortening. In a well-controlled experimental setting, T1rho measure alone 
allows separation of healthy livers and stage-1 liver fibrosis in the MCD rat liver model. 
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Introduction

Liver fibrosis, a common feature of almost all chronic 
liver diseases, involves the accumulation of collagen, 
proteoglycans,  and other macromolecules  in the 
extracellular matrix. Clinically liver fibrosis usually has 
an insidious onset and progresses slowly over decades. To 
date, noninvasive diagnostic tests available from clinical 
practice are not sensitive or specific enough to detect occult 
liver injury at early stages. Liver biopsy is currently the 
standard of reference for the diagnosis and staging of liver 
fibrosis. However, it is an invasive procedure with possible 
complications. Histologic assessment of fibrosis is also 
an inherently subjective process, and subject to sampling 
variability. A noninvasive and quantitative technique for 
assessing liver fibrosis and monitoring disease progression 
or therapeutic intervention is highly desirable. 

T1rho (T1ρ) relaxation time describes spin-lattice 
relaxation in the rotation frame at the presence of an 
external radiofrequency pulse in the transverse plane. 
Numerous pre-clinical studies reported the potential 
usefulness of T1rho MR imaging for assessment liver 
fibrosis, with the elongation of T1rho value correlated 
severity of fibrosis (1-6). A number of clinical studies in 
human subjects have also been reported (7-17). In a group of 
25 healthy volunteers and 35 cirrhosis patients, Allkemper  
et al. (9) reported that T1rho value was significantly 
associated with the Child-Pugh staging of the patients. In 
patients with chronic liver diseases, Takayama et al. (11) 
demonstrated liver T1rho values showed significant positive 
correlations with the serum levels of total bilirubin, direct 
bilirubin, and indocyanine green (ICG-R15), and significant 
negative correlations with the serum levels of albumin 
and γ-glutamyl transpeptidase. Recently, more reports 
confirmed diseased livers have longer T1rho measure than 
healthy livers, and elongated liver T1rho is associated 
comprised liver function (13-17).

Despite these publications, a number of questions 
concerning the histological mechanism of elongated T1rho 
in liver fibrosis remain unanswered (18,19). Liver ‘fibrosis 
process’, depending on its causes, is associated with a 
number of complicated pathological processes, including 

steatosis, hepatocellular ballooning, inflammation, as well 
as collagen deposition. Inflammation involves presence of 
inflammatory cells, including lymphocytes, eosinophils and 
neutrophils, near ballooned hepatocytes. Researchers in 
prior studies have observed T1rho elongation in conditions 
associated with depletion of macromolecules (20), but 
liver ‘fibrosis process’ is associated with macromolecular 
accumulation (collagen deposition) rather than depletion. 
Though it has been reported the higher extent of liver 
collagen deposition is seen with longer liver T1rho measure, 
it has been hypothesized that the primary contributor to 
liver T1rho elongation in ‘fibrosis process’ might be the 
inflammation rather than collagen deposition (6,18,19). 
Using a rat model of liver fibrosis induced with the 
methionine and choline-deficient (MCD) diet, the primary 
aim of this study is to clarify whether collagen deposition 
per se causes liver T1rho elongation. Compared with the 
commonly used CCl4 intoxication model and biliary duct 
ligation (BDL) model, the diet induced model has the 
advantage that it is pathophysiologically more similar to 
the non-alcoholic fatty liver disease (NAFLD) and non-
alcoholic steatohepatitis (NASH) process in human patients. 

Methods

Animals

This study was approved by the local Animal Experimentation 
Ethics Committee (NO. 2017-217), and conducted in 
compliance with institutional guidelines for the care and 
use of animals of Zhejiang University School of Medicine 
and Nanjing University Medical School, China. Fifty-eight 
8-week old male Sprague-Dawley rats with initial weights 
between 250 and 300 g were used. The animals were 
housed on a 12-h light/12-h dark cycle in an airconditioned 
room at 25 ℃. Food and water were available ad libitum. 
Bodyweight was recorded daily.

Rats were divided into two groups randomly, with 50 
rats in the NAFLD model group and 8 in the control 
group. After one week of acclimatization with control 
diet (A02082003B, Research Diets Inc., USA), NAFLD 
model group rats were fed MCD diet (A02082002B, 
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Research Diets Inc., USA) with 1, 2, 4, 6, 8, or 10 weeks, 
respectively. Five rats in the NAFLD model group died 
during anesthesia for MRI. Finally, 45 NAFLD model 
rats (week-1, n=4; week-2, n=9; week-4, n=8; week-6, n=8; 
week-8, n=8; week-10, n=8) were available for final analysis, 
with end-stage in vivo MRI and followed by histology. The 
8 control rats had MRI and then histology after one week of 
acclimatization with control diet. 

MR imaging and image analysis

MRI was performed in Nanjing, China, on a 3.0T MR 
scanner (Ingenia; Philips Medical Systems, Best, the 
Netherlands), using a 16-channel human head & neck 
phased array coil. The T1rho sequence was provided via 
Academic Medical Center Amsterdam, the Netherlands. 
T1rho MRI was performed after anatomical imaging for the 
liver. For T1rho data acquisition, a rotary echo spin-lock 
pulse was implemented in a three-dimensional (3D) fast 
field echo sequence with frequency selective fat suppression. 
The spin-lock frequency was set at 500Hz, and the spin-
lock times (TSL) of 5, 10, 40, and 50 ms (milliseconds) were 
used. The delay time after each shot acquisition was set to 
5,000 ms to restore equilibrium magnetization before the 
next T1rho preparation. Twelve axial slices were selected 
to cover the whole liver. TR/TE (ms) =8.0/4.1, FOV= 
120×120×24 mm3; voxel size = 0.61×0.60×2.00 mm3, matrix 
= 200×196, Flip angle =15°, TFE factor =210, number of 
signal averaging =2. The acquisition duration for MRI-
T1rho was 6 minutes 41 seconds. 

For magnetic resonance imaging derived proton density fat 
fraction (MRI-PDFF) measure, mDIXON Quant imaging was 
obtained by using a 3D fast field echo (FFE) sequence, whose 
parameters were as follows: TR =12 ms, TE1 =1.45 ms, delta 
TE=1.2 ms with 6 echoes acquired. Twelve axial slices were 
scanned to cover the whole liver. FOV=100×100×24 mm3; 
voxel size=1.2×1.2×2 mm3; number of signal averaging =16. 
A low flip angle of only 3 degrees was applied to limit the T1 
bias. The acquisition duration was 2 minutes 48 seconds.

T1rho maps were computed on a pixel-by-pixel basis 
using mono-exponential decay {Eq. [1]} model with an in-
house developed MATLAB program (Mathworks, Natick, 
MA, USA):

M(TSL) = M0*exp (−TSL/T1rho) [1]

Where M0 and M (TSL) denote the equilibrium 
magnetization and T1rho-prepared magnetization with the 
spin-lock time of TSL, respectively. In order to avoid the 

influence of gas from the lungs and gastrointestinal tract on 
the scanning images, the upper and lower 2 slices images 
were excluded for analysis. Therefore, the only 8 slices were 
included for T1rho mapping and measurements. T1rho 
value measurement method was regions-of-interest (ROIs) 
methods as same as our former study reported, which is 
setting 5 ROIs in each slice with avoiding blood vessels and 
artifacts (1,2) (Figure 1). 

Quantitative PDFF maps were calculated after the 
acquisition of mDIXON Quant sequence. The same as 
T1rho measurement, the central 8 slices images were 
measured with ROI based approach using RadiAnt DICOM 
Viewer (version 5.5.0; https://www.radiantviewer.com/). 

Histopathological examination

For histologic examination, animals were sacrificed 
within 4 hours after MRI. Liver specimens were fixed in 
4% phosphate-buffered formaldehyde and embedded in 
paraffin. Sections of 5 μm thick were dewaxed in xylene 
and rehydrated in a series of ethanol. Hematoxylin-
eosin (H & E) staining was processed for steatosis and 
inflammation evaluation. Masson’s trichrome staining was 
applied for collagen visualization. Histology was assessed 
independently by a liver histopathologist (WX. Z., with  
15-year experience).  

The quantitative histopathological evaluation of steatosis 
and fibrosis was analyzed by histomorphometric analysis 
with a computerized image analysis system comprised of 
a photomicroscope and digital camera (Olympus; KF-
PRO-020 Digital slice scanner, Ningbo, China) and 
software (K-Viewer, version 1.5.2.5, KFBIO Co., Ningbo, 
China; http://www.kfbio.cn). Liver sections stained with 
H & E staining were assessed for the presence of fat 
accumulation in 10 systematically sampled areas per section. 
Then the percentages of fat accumulation (% area) were 
calculated for each rat. Similarly, liver sections stained with 
Masson’s trichrome staining were assessed for the presence 
of collagen deposition in 10 systematically sampled areas 
per section. Then the collagen fractions (% area) were 
calculated for each rat.

The semiquantitative histopathological evaluation 
was based on NASH Clinical Research Network (NASH 
CRN) criteria including: lobular inflammation score 
(overall assessment of all inflammatory foci: 0 was no foci, 
1 was <2 foci/200× field, 2 was 2–4 foci/200× field, and  
3 was >4 foci/200× field), fibrosis stage (0 was no fibrosis, 
1 was portal or perisinusoidal fibrosis, 2 was periportal 
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Figure 1 T1rho images of two rats with T1rho mapping of one of the rats. TSL, spin-lock time. Arrows indicate satisfactory suppression of 
subcutaneous fat signal. Circles on T1rho map denote region of interests for T1rho measurement. 

and perisinusoidal fibrosis, 3 was bridging fibrosis, and 
4 was cirrhosis) and steatosis scoring: (evaluation of liver 
parenchymal involvement by steatosis: 0 is <5%, 1 is 5–33%, 
2 is >33–66%, and 3 is >66%) (21) (Figure 2).

Statistical analysis

Because rat’s intakes of MCD diet could not be well-
controlled, the rats in the group with the same duration of 
MCD diet feeding presented different histopathological 
results. Therefore, the rats in this study were grouped for 
analysis according to the histological evaluation for liver 
steatosis scoring, steatotic inflammation scoring and fibrosis 
staging, rather than the duration of MCD diet feeding. 

Data are presented as mean ± standard deviation. All 
statistical analyses were done using SPSS 25.0 (IBM SPSS 
Statistics, IBM Corporation, Chicago, IL). The Mann-
Whitney U test was used for non-paired comparison. 
A P value <0.05 was considered statistically significant. 
Strength of correlation was evaluated by using the Pearson 
correlation coefficient (r), with a r lower than 0.3, indicating 
weak, 0.3–0.7 indicating moderate; and higher than  
0.7 indicating strong correlation. 

Results

Among the total 45 experimental rats, 18, and 27 had 

steatosis score of 1, and 2 respectively; 14, 4, and 2 had 
inflammation score of 1, 2, 3 respectively, 15, 15, and  
6 had fibrosis stage of 1, 2, 3 respectively (Table 1). The 
correlations between collagen content and liver T1rho 
in 8 control rats and experimental 5 rats with histological 
diagnosis of no positive inflammation scoring (i.e., with no 
or minimal inflammation) and no positive fibrosis grading 
are shown in Figure 3. The results show collagen content 
was positively associated with T1rho measure even the 
collagen content was low. 

For the experimental rats (total n=45), a strong (r=0.82) 
and significant (P<0.001) positive correlation between 
liver collagen content and liver T1rho was observed, with 
1% collagen area increase contributed to T1rho value 
increase of 1.35 ms (Figure 4A). There was a weak trend 
that higher liver inflammation was associated with longer 
liver T1rho measure (Figure 2B, r=0.25, P=0.1). However, 
it can be noted that a number of rats with no or minimal 
inflammation had very long T1rho value (Figure 4B). 

Despite not graded as having developed fibrosis,  
9 experimental rats in Figure 5 differ from control rats 
that they had increased liver collagen, this was translated 
to longer liver T1rho. Among experimental rats without 
fibrosis grading, five rats did not have positive inflammation 
score (i.e., minimal inflammation or no inflammation) while 
four had positive inflammation score. The difference in 
liver T1rho between these two types of rats were minimal. 
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Figure 2 H & E staining (A,C,E,G,I,K) and Masson’s trichrome staining (B,D,F,H,J,L) of liver in different rats with representative stages of 
liver fatty and fibrosis (original magnification, ×100). (A,B) Steatosis grade 0, Fibrosis stage 0; (C,D) Steatosis grade 1, Fibrosis stage 0; (E,F) 
Steatosis grade 1, Fibrosis stage 2; (G,H) Steatosis grade 2, Fibrosis stage 1; (I,J) Steatosis grade 2, Fibrosis stage 2; (K,L) Steatosis grade 2, 
Fibrosis stage 3. *, fat accumulation, ∆, collagen deposition.
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Table 1 The relationship between methionine and choline-deficient (MCD) diet feeding duration and the development of liver inflammation and 
fibrosis in experimental rats

MCD diet feeding duration
Steatosis scoring Inflammation scoring Fibrosis grading

S0 S1 S2 S3 I0 I1 I2 I3 F0 F1 F2 F3

1 week 4 3 1 4

2 weeks 9 3 3 2 1 5 4

4 weeks 3 5 7 1 5 3

6 weeks 8 6 2 4 4

8 weeks 2 6 4 4 2 2 4

10 weeks 8 2 3 2 1 6 2

Total 0 18 27 0 25 14 4 2 9 15 15 6

S0, S1, S2, S3: steatosis of 0, 1, 2, 3 respectively. I0, I1, I2, I3: inflammation score of 0, 1, 2, 3 respectively. Inflammation score of 0 
denotes no or minimal inflammation. F0, F1, F2, F3: fibrosis score of 0, 1, 2, 3 respectively. 
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Figure 4 Correlation between liver T1rho (in milliseconds) and liver collagen content (percentage area measured by histology) or liver 
inflammation severity. (A) There is a strong and significant positive correlation between liver collagen content and liver T1rho; (B) the 
correlation between liver T1rho measure and liver inflammation is less strong (r=0.25) and not significant (P=0.1). 

While higher collagen content was associated with longer 
T1rho measure, the impact on T1rho from inflammation 
was less notable (Figure 5B). 

Rats with positive fibrosis grading had substantially 
longer T1rho values than those rats without positive 
fibrosis grading (Figure 6). For the rats with positive fibrosis 
grading, the rats with positive inflammation scoring had 
slightly higher liver collagen deposition (3.28%±1.22% 
vs. 2.89%±1.40%) and also slightly longer liver T1rho 
(62.23±1.84 vs. 61.21±2.21 ms) than those without positive 
inflammation scoring. 

The 8 control rat livers and 15 stage-1 fibrosis rat livers were 

separately by liver T1rho completely (Figure 7). The longest 
value of control rat livers was 56.6 ms (54.40±1.65 ms), while 
the shortest value of fibrotic rat liver was 58.0 ms. Higher 
fibrosis grading was associated with longer T1rho value, 
with stage-1, stage-2, stage-3 liver fibrosis had 60.01±1.34, 
62.07±0.91, and 64.79±1.34 ms, respectively (compared 
with each other, all P<0.01).

The fat percentage quantified by histology and by 
MRI-PDFF had a very good agreement (Figure 8A). The 
fat percentage quantified by MRI also had a very good 
agreement with subjective scoring (Figure 8B). Higher fat 
content in the liver was significantly and positively correlated 

Figure 3 The correlation between collagen content and liver T1rho (in milliseconds) for rats without pathologic fibrosis. (A) Control 
rats show a positive trend of higher liver collagen area (percentage measured by histology) correlated longer liver T1rho measure (r=0.61, 
P=0.11); (B) in addition to the data in (A), 5 rats from the experiment group are added in the graph. These 5 rats were graded histologically 
as without positive inflammation score and without positive fibrosis grading. The correlation between collagen area and liver T1rho become 
statistically significant in B (r=0.80, P=0.0011). 
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Figure 5 Liver T1rho measure (in milliseconds) difference between control rats and experimental rats without fibrosis. (A) Liver collagen content 
(measured in percentage area by histology) among three types of rats. (B) Liver T1rho among three types of rats. Group-1 are control rats. Both 
group-2 and group-3 are experimental rats without positive fibrosis grading [fibr grading (−)]. Group-2 had no or minimal inflammation [infl 
grading(−)]. Group-3 had positive inflammation scoring [infl grading (+)], with three rats of inflammation score-1 and one rat of inflammation score-2. 
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area by histology). (B) Liver T1rho in milliseconds. Groups 1 and 2 rats did not develop positive fibrosis grading, group-2 rats differ from 
group 1 rats that they had positive inflammation grading (three rats of inflammation grade-1 and one rat of inflammation grade-2), the 
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rats, which had positive inflammation grading, have slightly higher mean collagen content and have slightly longer mean liver T1rho than 
Group 3 rats which had only minimal inflammation (inflammation score=0). 

with both higher liver collagen deposition (Figure 8C) and 
longer ‘apparent’  liver T1rho measures (Figure 8D).

For further clarification of liver fat and T1rho, four 
subgroups of experiment rats were selected where the 

liver collagen had a narrow range within these subgroups, 
including six rats with liver collagen of 1.75–1.82% area, 
five rats with liver collagen of 2.57–2.66% area, five rats 
with liver collagen of 2.94–3.29% area, and five rats 
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Figure 7 T1rho can separate control rat livers (n=8) and stage-1 fibrosis rat livers (n=15) completely. (A) Liver collagen contents (measured 
in percentage area by histology) of control rats and stage-1 fibrosis rats forms two clusters which can be separated; (B) liver T1rho (in 
milliseconds) of control rats and stage-1 fibrosis rats; (C) higher histology fibrosis grading is associated with higher liver T1rho measure. F1, 
stage-1 fibrosis; F2, stage-2 fibrosis; F3, stage-3 fibrosis bar: mean.
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with liver collagen of 3.9–4.09% area (Figure 9). All four 
subgroups showed a trend of negative correlation between 
liver fat and liver T1rho. 

Discussion

The clinical spectrum of NAFLD ranges from fatty liver 
with intracellular lipids exceeding 5% of the hepatic tissue, 
fatty liver with infiltration of inflammatory cells (referred 
to as NASH) and signs of liver injury (e.g., ballooning 
hepatocytes), and can progress to fibrosis and cirrhosis. 
The MCD model aims to mimic NAFLD in human 
(22,23). Methionine and choline deficiency rapidly induce 
steatohepatitis in rodents. Triglycerides and lipoperoxides 
accumulate, and while these changes are variable, levels 
usually become significantly increased compared to 
appropriate dietary controls after 2–5 days of MCD feeding. 
After 3 weeks of MCD feeding, steatohepatitis is well 
developed, and by 8–10 weeks pericellular and perisinusoidal 
fibrosis are present. After 10 weeks of dietary feeding, 
there is extensive macrovesicular steatosis in all zones 
except the periportal region, together with multiple foci of 
necroinflammation in the liver. The hepatic inflammatory 
infiltrate includes lymphocytes and neutrophils. Perivenular 
and pericellular fibrosis, the so-called chicken-wire fibrosis 
typically seen in human NASH, also readily develops (22,23). 
Leaving aside the issue that histology misses many aspects 
of in vivo process such as edema, the current study using 

MCD model strongly suggest that collagen deposition alone 
can lead to liver T1rho elongation. T1rho is highly sensitive 
to liver collagen content. As shown in this study even the 
variation of liver collagen content in healthy control rats 
can be observed with a positive correlation. In the current 
study, 1% collagen increase contributed to approximately  
1.4 ms T1rho relaxation time elongation. 

We have previously reported that liver T1rho is 
positively associated with liver collagen deposition in the rat 
BDL model (1,3). In BDL model, increased intraluminal 
pressure is a mechanism of initiating entry of biliary 
epithelial cells into the replicative cycle. Stellate cells 
activated and transformed into myofibroblasts and thus 
fibrogenesis developed. On the other hand, inflammatory 
reactions associated with this model is mild, even at day-16 
after BDL (24,25). The positive correlation between T1rho 
and fibrosis has also been reported by Hector et al. (26), 
where they reported T1rho values were significantly higher 
in the cortex of fibrotic vs. functional kidney allografts 
(111.8±17.2 vs. 99.0±11.0 ms). Cortical T1rho significantly 
correlated with Masson’s trichrome-stained fractions. Renal 
allograft fibrosis, associated with the deposition of collagen 
in the cortical interstitial space, is considered an important 
factor for allograft prognosis. In another study, Hector  
et al. (27) reported that spleen T1rho showed a significant 
correlation with portal pressure and clinically significant 
poral hypertension. It was suggested that the elevation in 
T1rho in the spleen with increased poral hypertension 
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Figure 8 Fat content’ effect on liver collagen. (A) Correlation between fat content measured by MRI and by histology (measured in 
percentage area); (B) correlation between fat content measured by MRI and histology score (45 experimental rats); (C) higher liver fat 
content is associated with higher liver collagen content; (D) higher liver fat content is associated with ‘apparent’ longer T1rho measure (in 
milliseconds).

severity may reflect the deposition of collagen associate with 
fibrogenesis (27). 

This study showed a weak trend that higher liver 
inflammation was associated longer liver T1rho measure, 
while rats with no or minimal inflammation could also have 
very high T1rho value (Figure 4B). While inflammation, 
particularly in vivo inflammation, can contribute to 
T1rho elevation to some degree (2), it is possible that 
the correlation between liver T1rho measure and liver 
inflammation in this study is more mediated via liver 
collagen content, as severe inflammation tends to induce 
more collagen deposition. On the other hand, with a CCl4 
intoxication rat model of live inflammation and fibrosis, Xie 
et al. (6) reported liver T1rho values mildly correlated with 
fibrosis stages (r=0.362) and moderately correlated with 
grades of inflammation (r=0.568). The T1rho values of rats 

with the same inflammation grades showed no significant 
difference among different fibrosis stages. They concluded 
that inflammation grade was an independent variable 
associated with T1rho values, and inflammatory activity 
had a greater impact on liver T1rho values than fibrosis. 
Their results differ from the results of our studies. A few 
points should be considered. Firstly, CCl4-induced liver 
fibrosis is associated with a greater extent of inflammation, 
with greater extent of edema, infiltration of inflammation 
cells, degeneration, and necrosis of hepatocytes than BDL 
model and MCD model. It is accepted that the causes of 
liver T1rho elongation in vivo would be multi-factorial, 
and indeed inflammatory changes would contribute to 
liver T1rho elevation (2), but MCD diet model is a more 
clinically relevant animal model. Secondly, the fibrosis 
extent in the study of Xie et al. was not quantified as in this 
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Figure 9 Experimental rats show a trend of negative correlation between liver fat and liver T1rho (in milliseconds) when the liver collagen 
content is controlled. Subgroup of A, B, C, D each has 6, 5, 5, 5 rats, respectively. Collagen %: collagen area in percentage by histology. 
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study, instead they only offered subjective grading. Thirdly, 
it is less convincing that after withdrawal of CC4 for 3 or 
4 weeks, liver T1rho values would have shortened to the 
levels substantially lower than the baseline measure (Figure 
2 of Xie et al.’s article). 

The same as  previous  reports  (28) ,  th is  s tudy 
demonstrated the correlation between MRI-PDFF measure 
and histology measure of T1rho was robust. In a clinical 
observation, Xie et al. reported simple steatosis does not 
elongate liver T1rho (14). The current study shows liver 
fat actually shorten T1rho. For Figure 9, if liver fat had 
no effect on T1rho, a weak positive correlation would 
be expected, as from the fibrosis pathogenesis point of 
this MCD model, higher liver fat would be associated 

higher extent of liver inflammation and then higher extent 
of collagen deposition in the liver. Higher liver fat was 
associated with higher extent of collagen deposition in 
the liver is shown in Figure 8C of this study. In this study, 
despite fat suppression technique is applied satisfactorily 
(Figure 1), Figure 9 shows all four subgroups had a trend 
of negative correlation between liver fat and liver T1rho. 
Thus, the relationship observed in Figure 8D might be 
due to that higher liver fat was associated with higher liver 
collagen, while the relation between collagen and T1rho 
was dominant. Liver fat contributes to T1rho decrease 
would partially explain our previous report on volunteer 
subjects that men tended to have shorter T1rho than 
women and older subjects had shorter liver T1rho than 
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younger subjects (29,30). It is known older age subjects 
are associated higher prevalent of liver steatosis, and liver 
steatosis is more prevalent in men than women up to the 
age of 60 years. Beyond menopause, the prevalence of fatty 
liver rises sharply in women and may exceed that observed 
in their male counterparts (31-33). 

Both animal experiments and clinical studies have 
revealed that liver fibrosis, even early cirrhosis, is reversible, 
treatment with combined therapies on underline etiology 
and fibrosis simultaneously might expedite the regression 
of liver fibrosis and promote liver regeneration (34-37). 
Earlier stage liver fibrosis is more amenable to therapeutic 
intervention. Even when the underline etiology of liver 
fibrosis could not be eradicated, therapies on liver fibrosis 
might help restrict the disease progression to cirrhosis. 
Therefore, early detection of liver fibrosis and treatment 
monitoring is of paramount importance. T1rho MRI has 
the advantage of no additional hardware is needed, the 
imaging post-processing is straightforward, and also T1rho 
measurement can have very good scan-rescan reproducibly 
if a right T1rho acquisition method is applied (29,30). 
In addition to our pre-clinical study with BDL model 
suggesting that T1rho MRI alone allow differentiation 
of normal livers and stage-1 liver fibrosis livers (3), it is 
interesting that our current study with diet induced NASH/
fibrosis once again demonstrated T1rho MRI alone allow 
differentiation of normal livers and stage-1 liver fibrosis 
livers (Figure 7). On other hand, while stage 1, 2, and 
3 fibrotic livers had different mean T1rho values, the 
separation of these three groups by T1rho was not discreet. 
Our explanation is that increased liver T1rho primarily 
reflect increased collagen content, while staging of fibrosis 
is more subjective and also more reflect the structural 
distribution of fibrotic formations. 

Compared with animal model results, till now the 
evidences from human studies suggest the clinical 
application may be more challenging which may be related 
to the wide range of physiological T1rho measures in 
healthy livers and also the narrow dynamic range of T1rho 
for diseased livers (10,11,13-19,30). Liver physiology has 
variations related to age and gender which in turn are 
affected by variations of iron/fat deposition and perfusion 
changes. Aging is associated with increased iron deposition 
and decreased blood perfusion with this phenomenon being 
more prominent among women after menopause (30,38-43). 
In addition to develop sequences to compensate or remove 
iron related T2* effect and fat’s effect during T1rho analysis, 
one apparent strategy for clinical study is to use age- 

and gender-matched subjects as controls. Moreover, the 
combined application of hepatocyte specific contrast agents 
and T1rho may improve the diagnostic performance (5,16). 
Stief et al. (16) performed T1rho-weighted images before 
Gd-EOB-DTPA contrast agent administration. Gd-EOB-
DTPA-enhanced MR images were acquired before and  
20 min after injection of 0.1 ml/kg body weight of Gd-EOB-
DTPA. ‘Relative Enhancement was calculated as (S20min − 
Sunenhanced)/Sunenhanced’ and ‘Fibrosis Function Quotient’ was 
calculated as ‘T1rho/ Relative Enhancement’. Fibrosis 
Function Quotient improved diagnostic performance for 
cirrhotic noncirrhotic liver. In a study of rabbit model, Xie 
et al. (5) reported T1rho imaging during the hepatobiliary 
phase of Gd-EOB-DTPA allowed a total separation of 
normal livers and livers with NASH, such a differentiation 
was better than T1rho alone. In their study, the T1rho and 
Gd-EOB-DTPA enhanced T1rho for control rabbit livers 
was 40.50±1.34 and 34.37±1.74 ms respectively, while the 
T1rho and Gd-EOB-DTPA enhanced T1rho for rabbit 
livers with NASH was 45.48±2.40 and 42.31±3.07 ms (mean 
difference between control rabbits and NASH rabbits:  
4.98 ms for native T1rho and 7.94 ms for enhanced T1rho).

Magnetic resonance elastography (MRE) is one of the 
most promising MR imaging techniques for liver fibrosis, 
which quantitatively assesses liver tissue stiffness by analysis 
of shear waves induced in the liver by low-frequency 
vibrations applied to the abdominal wall (44,45). However, 
MRE needs a specific external equipment, and remains 
challenging in the detection of early-stage liver fibrosis. 
Elastography methods require propagation of mechanical 
waves into the tissue of interest. Wave propagation may 
be limited in obese patients. High hepatic iron overload 
also leads to MRE exam non-diagnostic (46). It is likely 
that a multi-parametric approach will have even better 
accuracy for evaluating the spectrum of chronic liver disease  
(5,47-51). In their study with MCD rabbit model, Xie  
et al. (5) reported that a combination of T1rho at Gd-EOB-
DTPA-enhanced hepatobiliary phase and IVIM (Intravoxel 
incoherent motion) derived perfusion fraction had a very 
high diagnostic value for NASH (AUC: 0.971). Recently  
Wang (48) proposed that liver vessel density can be 
measured by a diffusion weighted imaging derived surrogate 
biomarker [diffusion derived vessel density (DDVD)] which 
refers to the signal difference between images when the 
diffusion gradient is off (where blood vessels show high 
signal) and images when the diffusion gradient is on (where 
blood vessels show signal void). DDVD measure has the 
advantage of simplicity, and image data can be potentially 
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acquired by a single breath-hold. It has been shown that 
DDVD is correlated to the IVIM perfusion parameters 
perfusion fraction and Dfast(perfusion associated diffusion), 
and is a useful biomarker for the separation of livers with 
and without fibrosis, and livers with severe fibrosis tend 
to have even lower DDVD measurements than those with 
milder liver fibrosis (49). Moreover, the combination of 
DDVD and IVIM parameters improves the separation of 
fibrotic and nonfibrotic livers (49). 

There are a few limitations of this study. The T1rho 
values for control rats in this study, ranging 51.7–56.47 ms  
(54.40±1.65 ms) for control rat livers, were slightly higher 
than our former studies (1-3). This may be related to 
the T1rho sequence configuration as well as imperfect 
TSLs selected in this study. However, the CoV of healthy 
liver T1rho in this study (0.03) was similar or better than 
our previous studies [0.0399 in reference (3), 0.0452 in 
reference (1)]. On the other hand, T1rho measure can 
be relatively robust for the same sequence configuration 
(52,53). The reference standard used in this study was 
histology, which was not a perfect comparison with in 
vivo MRI measurement. Histology does not assess edema, 
vessel dilatation, etc which are measure by in vivo MRI. 
Our previous study using CCl4 intoxication suggests edema 
may slightly contribute to T1rho elevation (2). ‘Fibrosis 
process’ includes collagen deposition and inflammation, it 
can be considered that collagen deposition is a reaction to 
inflammation. Severe inflammation tends to induce more 
collagen deposition. To disentangle what is contributed 
by inflammation and what is contributed by collagen 
deposition can be difficult. Histological grading of ‘fibrosis’ 
is primarily based on the severity ‘collagen deposition’, 
while reflects less on inflammation components. In the 
meantime, the semi-quantitative inflammation scoring 
system used in this study may still lack sufficient details (21). 
Moreover, histology grading and scoring are associated with 
subjectivity and potential sampling bias. 

In conclusion, this study with an MCD diet rat model 
suggests collagen deposition in the live strongly contributes 
to liver T1rho elongation, while fat deposition contributes 
to T1rho shortening. In a well-controlled experimental 
setting, T1rho measure alone allows separation of healthy 
livers and stage-1 liver fibrosis in the MCD model. 
Together with previous studies, this study further supports 
the potential of T1rho MRI for assessing early stage liver 
fibrosis. After removing the confounding factors such liver 
iron and fat contents, or in the combination of hepatocyte 
specific contrast agent, T1rho may be able to play important 

roles in liver fibrosis management, both for early detection 
as well as longitudinal monitoring. 
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