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Original Article

T2 relaxation time is related to liver fibrosis severity 
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Background: The grading of liver fibrosis relies on liver biopsy. Imaging techniques, including 
elastography and relaxometric, techniques have had varying success in diagnosing moderate fibrosis. The 
goal of this study was to determine if there is a relationship between the T2-relaxation time of hepatic 
parenchyma and the histologic grade of liver fibrosis in patients with hepatitis C undergoing both routine, 
liver MRI and liver biopsy, and to validate our methodology with phantoms and in a rat model of liver 
fibrosis.
Methods: This study is composed of three parts: (I) 123 patients who underwent both routine, clinical 
liver MRI and biopsy within a 6-month period, between July 1999 and January 2010 were enrolled in a 
retrospective study. MR imaging was performed at 1.5 T using dual-echo turbo-spin echo equivalent pulse 
sequence. T2 relaxation time of liver parenchyma in patients was calculated by mono-exponential fit of a 
region of interest (ROI) within the right lobe correlating to histopathologic grading (Ishak 0–6) and routine 
serum liver inflammation [aspartate aminotransferase (AST) and alanine aminotransferase (ALT)]. Statistical 
comparison was performed using ordinary logistic and ordinal logistic regression and ANOVA comparing 
T2 to Ishak fibrosis without and using AST and ALT as covariates; (II) a phantom was prepared using 
serial dilutions of dextran coated magnetic iron oxide nanoparticles. T2 weighed imaging was performed 
by comparing a dual echo fast spin echo sequence to a Carr-Purcell-Meigboom-Gill (CPMG) multi-echo 
sequence at 1.5 T. Statistical comparison was performed using a paired t-test; (III) male Wistar rats receiving 
weekly intraperitoneal injections of phosphate buffer solution (PBS) control (n=4 rats); diethylnitrosamine 
(DEN) for either 5 (n=5 rats) or 8 weeks (n=4 rats) were MR imaged on a Bruker Pharmascan 4.7 T magnet 
with a home-built bird-cage coil. T2 was quantified by using a mono-exponential fitting algorithm on multi-
slice multi echo T2 weighted data. Statistical comparison was performed using ANOVA.
Results: (I) Histopathologic evaluation of both rat and human livers demonstrated no evidence of steatosis 
or hemochromatosis There was a monotonic increase in mean T2 value with increasing degree of fibrosis 
(control 65.4±2.9 ms, n=6 patients); mild (Ishak 1–2) 66.7±1.9 ms (n=30); moderate (Ishak 3–4) 71.6±1.7 ms  
(n=26); severe (Ishak 5–6) 72.4±1.4 ms (n=61); with relatively low standard error (~2.9 ms). There was a 
statistically significant difference between degrees of mild (Ishak <4) vs. moderate to severe fibrosis (Ishak 
>4) (P=0.03) based on logistic regression of T2 and Ishak, which became insignificant (P=0.07) when using 
inflammatory markers as covariates. Expanding on this model using ordinal logistic regression, there was 
significance amongst all 4 groups comparing T2 to Ishak (P=0.01), with significance using inflammation as a 
covariate (P=0.03) and approaching statistical significance amongst all groups by ANOVA (P=0.07); (II) there 
was a monotonic increase in T2 and statistical significance (ANOVA P<0.0001) between each rat subgroup 
[phosphate buffer solution (PBS) 25.2±0.8, DEN 5-week (31.1±1.5), and DEN 9-week (49.4±0.4) ms];  



104 Guimaraes et al. T2 relaxation time in liver fibrosis

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2016;6(2):103-114qims.amegroups.com

Introduction

Chronic liver disease is an important cause of morbidity and 
mortality throughout the world. Recent studies suggest that 
there will be approximately 150,000 patients with chronic 
liver disease diagnosed each year (1,2). Of these 150,000, 
almost 20%, or an estimated 30,000 patients per year, will 
have cirrhosis at the time of presentation (1,3). Cirrhosis 
remains a major public health problem and disease-related 
complications were associated with nearly 40,000 deaths and 
more than 1.4 billion dollars spent on medical services in 
the US (1,3). There is a great need to develop and identify 
methods of risk stratification and prognosis for patients with 
chronic liver disease (4,5). 

Hepatic fibrosis is the final common pathway for patients 
with chronic liver disease. The diagnosis and quantification 
of fibrosis relies on liver biopsy (6), as liver biopsy is 
currently the standard of reference for detecting and staging 
hepatic fibrosis (7). However, liver biopsy is an invasive 
procedure with significant risks, including hemorrhage, 
infection and visceral perforation (5-7). Moreover, liver 
biopsy is a poor gold standard, limited by both geographic 
sampling error within the liver and by inter-observer 
variation in interpretation of histology with sampling errors 
in 25–45% cases (5-7). 

Noninvasive tests have been applied with varying success 
to diagnose and stage patients with liver fibrosis (8). Serum 
markers such as the aspartate aminotransferase (AST) 
to platelet ratio index (APRI) (9) or composites, serum 
analyses such as FibroTest® or FibroSure® can potentially 
differentiate between those patients with and without 
significant fibrosis or cirrhosis with sensitivity of 76–81% 
(6,10). Imaging techniques, which have exploited the 
increased stiffness exhibited by fibrotic and cirrhotic livers, 
include ultrasound elastography [transient elastography 
(TE)] (11-14) and magnetic resonance elastography (MRE) 

have had varying success to diagnose moderate fibrosis 
found pooled estimates for sensitivity and specificity of 70% 
and 84% respectively (11-13,15-18). The application of 
diffusion-weighted magnetic resonance imaging (DWI), to 
patients with liver fibrosis, has demonstrated lower apparent 
diffusion coefficient (ADC) values in patients with varying 
degrees of fibrosis as compared to normal controls (7,19). In 
addition, other MR based imaging biomarkers including T1 
and T1rho have demonstrated promise in differentiating 
varying degrees of liver fibrosis (20-23) with T2 relaxometry 
demonstrating high variability (20,24,25). 

Given the diversity in imaging biomarkers associated 
with liver fibrosis, we chose to focus on an observation 
that has been noted in early publications of MRI and the 
liver: the increased, and heterogeneous signal intensity in 
fibrotic and cirrhotic MRI examinations of the liver (26,27). 
Although recent results in the pediatric community do 
not demonstrate a quantitative relationship between T2 
and liver fibrosis stage (24), other results in animal models 
of liver fibrosis and in humans with chronic liver disease, 
suggest that the T2 value can separate varying degrees of 
liver fibrosis in murine models of liver fibrosis (20,25,28,29). 
Although the etiology of this finding is unknown, it may 
be related to an increased inflammatory component 
that has been demonstrated in chronic hepatitis (30)  
and steatohepatitis (31). Because of increasing interest in 
quantitative imaging biomarkers associated with disease 
processes, we investigated retrospectively whether there 
is a quantitative relationship and correlation between the 
absolute value of T2 and stage of liver fibrosis. We chose to 
study this retrospectively from patients with either hepatitis 
C, all of whom had undergone random non-focal liver 
biopsy for fibrosis staging and had obtained a clinical MRI 
within 6 months of their liver biopsy. 

As a result of the potential limitations in quantifying the 

(III) the phantoms that had T2 values within the relevant range for the human liver (e.g., 20–100 ms),  
demonstrated no statistical difference between two point fits on turbo spin echo (TSE) data and multi-echo 
CPMG data (P=0.9).
Conclusions: The finding of increased T2 with liver fibrosis may relate to inflammation that may be an 
alternative or adjunct to other noninvasive MR imaging based approaches for assessing liver fibrosis.
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T2 in routine clinical MRI examinations all performed with 
a dual echo turbo spin echo (TSE) equivalent sequence, 
it was important to better understand and study whether 
any limitations existed with quantification of T2 with 
this number of echoes. We therefore prepared a phantom 
containing serial dilutions of ultrasmall superparamagnetic 
iron oxide magnetic nanoparticles (MNP) and compared 
the methodologies used in the clinical retrospective study, 
to more robust, established routines for quantifying 
T2 [e.g., Carr-Purcell-Meigboom-Gill (CPMG) pulse 
sequences].

We then applied our methods in a diethylnitrosamine 
(DEN) rat model of liver fibrosis to test the hypothesis 
that T2 is a robust quantitative imaging biomarker of liver 
fibrosis. As no liver model truly mimics the disease seen in 
humans, we chose a DEN model of liver fibrosis, because 
of its development of fibrosis and eventual cirrhosis similar 
to humans (32,33). This sequential progression is not 
found in many models and rats have a higher propensity for 
cirrhosis (34). There is also a suggestion that the molecular 
alterations seen in human cirrhosis are similarly observed in 
DEN rats and less so in mouse models (35). 

Materials and methods

This study is composed of three parts: (I) a human 
retrospective study in patients with hepatitis C who had 
both MRI and liver biopsy comparing T2 relaxation (as 
determined by a 2 point fit of dual echo turbospin echo 
T2 data) as obtained by MRI with histological assessment 
of liver fibrosis and correlative serum assays of liver 
inflammation [AST and alanine aminotransferase (ALT)]; 
(II) a phantom study using varying concentrations of iron 
oxide nanoparticles in order to vary T2 and compare a 
mono-exponential fit of 2 TE values vs. multiple TE values 
(2–16 TE’s); and (III) a study comparing T2 to histologic 
assays of fibrosis in a rat model of liver fibrosis. 

Clinical study

Approval for this retrospective study was obtained from the 
hospital ethics committee on human studies. This study 
is a Health Insurance Portability and Accountability Act 
(HIPAA) compliant study and patient informed consent was 
waived. 

A search that combined our home-built database of 
interventional procedures (36,37) with our institution’s 
radiology information database (General Electric Medical 

Systems, Milwaukee, WI, USA) sought records of all 
patients with chronic active hepatitis C in whom a random 
liver biopsy was performed during the period 07/1999–
1/2010, and correlated with all patients undergoing MRI 
examination of the liver within a time period of 6 months. 
Patients with iron storage disease (e.g., hemochromatosis), 
or patients that demonstrated evidence of steatosis on 
random liver biopsy, or dual phase gradient echo imaging 
were excluded. The patient population was therefore a 
homogeneous cohort of patients with hepatitis C derived 
chronic liver disease. AST, ALT within 30 days of the MRI 
were collected. Liver biopsy specimens were scored using 
the Ishak classification system (0-6) and grouped into 
normal (score 0, n=6), mild (score 1–2, n=30), moderate 
(score 3–4, n=26), severe (score 5–6, n=61). Patients that 
demonstrated no evidence of fibrosis pathologically, and no 
active inflammation based on serologic data were considered 
control patients.

MR imaging was performed with a phased array 
body coil (8 channel) on either Siemens 1.5 T Avanto/
Allegra (Siemens Medical, Erlangen, GE, Germany) 
or GE Excite (General Electric Medical Systems, 
Milwaukee, WI) and included respiratory gated, multi-
slice TSE equivalent pulse sequences with dual TE 
values (46–99 and 84–177 ms) and TR 2,000–3,500 ms,  
which utilized fat suppression. Field of view (FOV) was  
30–40 cm, with matrix 192×144 size 192×144, and number of 
excitations (NEX) of 2. T1 weighted images were performed 
following T2 weighted acquisitions [volumetric 3D gradient 
echo images LAVA (GE), VIBE (Siemens)] prior to and 
following the administration of 0.1 mmol/kg Gd-DTPA 
(Magnevist®, Bayer Pharmaceuticals, Wayne, NJ, USA).

T2 relaxation time of liver parenchyma in patients was 
calculated by an abdominal radiologist with greater than  
5 years of experience in abdominal MRI, region of interest 
(ROI) was drawn on the right lobe of the liver (segment 5)  
on T1 weighted post contrast images in a region that 
avoided vascular averaging and also ensured liver in 
adjacent slices, so as to avoid partial volume contamination, 
and translating them onto the first echo of the dual echo 
images (so as to avoid bias in areas that may have T2 
hyperintensity). T2 relaxation time was performed by a 
separate radiologist, so as to avoid statistical bias, by using a 
two-point fit. 

The association of liver fibrosis with T2 relaxometry 
measures was assessed using one way ANOVA, and by using 
ordinary and ordinal logistic regression, with and without 
serum biomarkers (AST and ALT) as covariates. Regression 
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models were compared using the Akaike Information 
Criterion (AIC), with smaller values indicating preferable 
models. The statistical significance of T2, both alone, and 
after adjusting for serum biomarkers, was determined using 
the likelihood-ratio Chi-square statistics. Computations 
were done using the R statistics language (38) and 
specifically the ordinal logistic function ‘plot.’ (39).

In order to assess whether there was any relationship 
between T2 relaxometry and liver function tests (AST and 
ALT), linear regression was performed. 

Phantom study

In order to validate the methods of a dual-echo T2 
relaxometry measures, we performed a phantom study 
comparing T2 calculated from mono-exponential fits of 
CPMG type sequences as compared to double echo TSE 
in an iron oxide nanoparticle phantom with serial dilutions 
of saline that contained T2 measures within the breadth 
normally found in the human abdomen. Our phantoms 
consisted of one cc of dextran coated magnetic iron oxide 
nanoparticle (MION 48) (R2=49 s−1) (1 mg Fe/mL) diluted 
with the following fractionations (1:50, 1:100, 1:250, 1:500, 
1:1,000, 1:10,000, normal saline) and placed in 50 mL 
Eppendorf (Fischer Scientific) tubes. 

MRI was performed in a single experiment in a 1.5-T 
Siemens Avanto with TIM technology using a multi-channel 
array head coil (4 channels). All imaging was performed 
immediately following phantom production in order to 
minimize settling, with an asymmetric field of view (FOV) 
(16×14 cm) and 512×409 matrix using a 4-mm slice thickness, 
interleaved with no gap, and utilizing fat suppression in order to 
maintain imaging parameters as close to the human experiment 
as possible. The CPMG sequences were performed all with 
TR 5,000 ms and TE (22 ms in 22 ms intervals). The TSE 
sequences were performed with effective TE of 22 and 86 ms, 
with an echo train length of 7 and a TR of 5,000. T2 was fit 
using a mono-exponential fit from measures obtained within 
a ROI that encompassed the entirety of each tube in the axial 
plane taking care to avoid partial volume artifacts from adjacent 
slices with a customized plug-in for Macintosh based DICOM 
viewer and image analysis platform (Osirix®). Statistical analyses 
compared T2 for each phantom using a student’s paired t-test 
(GraphPad Prism 4, Palo Alto, CA, USA). 

Animal model

This study was approved by and all animals were maintained 

in accordance with the institutional guidelines of the 
Massachusetts General Hospital (MGH) Subcommittee on 
Research Animal Care (SRAC). All animals received humane 
care according to the criteria outlined in the “Guide for 
the Care and Use of Laboratory Animals” of the National 
Academy of Sciences (40). Male Wistar rats received weekly 
IP injections of DEN at 100 mg/kg or vehicle control (PBS) 
for either 5 or 8 weeks. Rats were imaged at 6 and 9 weeks 
after a 1-week washout period to eliminate acute inflammatory 
effects of DEN. After imaging, the animals were sacrificed 
and the liver was removed. The liver was then sectioned and 
fixed in phosphate-buffered 10% formalin for histological 
analysis by H&E and Masson’s trichrome staining. 

Animal magnetic resonance imaging

MRI was performed at 4.7 T on a Bruker imaging system 
(Pharmascan, Karlsruhe, Germany). Animals were placed 
in a specially constructed cradle and imaged with a home-
made bird-cage coil. Animals were anesthetized during 
imaging with 1–1.5% inhaled isoflurane, and monitored 
during imaging with respiratory monitoring. Imaging 
protocols included a Tri-plane and axial TSE localizer. 
Multi-slice multiecho (MSME) T2-weighted imaging was 
performed for T2 quantification. The following parameters 
were utilized: Flip angle =90°; Matrix size (128×64);  
TR =2,500 ms; TE =16 equally spaced echoes at an interval 
of 8.6 ms ranging from 8.6 to 137.6 ms; FOV =4.24×2.12 cm;  
slice thickness =1 mm. T1 weighted imaging was performed 
(TE =8 ms, TR =217 ms) following the administration of  
10 mmol/kg Gd-DTPA. A 1-mL round ROI’s were 
placed by an experienced radiologist with greater than 
5 years training in body imaging, within an area of the 
right lobe of the liver on T1 weighted images (so as to 
avoid T2 bias) that avoided vascular contamination and 
also ensured liver in adjacent slices, so as to avoid partial 
volume contamination, and then copied onto T2 weighed 
images for T2 quantification. T2 was quantified by using a 
mono-exponential fitting algorithm for the multi-TE data 
(Osirix®). T2 was then quantified in all groups and included 
the following: (I) n=4 PBS normal control rats; (II) n=5 
DEN rats treated for 5 weeks, corresponding to moderate 
(Ishak stage 4) fibrosis; and (III) n=4 DEN rats treated for 
8 weeks, which corresponded histologically to Ishak stage 6 
cirrhosis. Our fitting algorithm ensured that we minimized 
echoes below a threshold of 2× the noise floor. The 
association of liver fibrosis with T2 relaxometry measures 
was assessed using one way ANOVA. 
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Results

Patient results

Our database query revealed 123 eligible patients. The 
average time between MRI and biopsy was −8 days with 
standard deviation of 85 days (range, −165 to 177 days).

Patients with liver fibrosis demonstrate significant 
correlation of T2 to fibrosis stage

Pathologic evaluation of all human data from biopsies, 
demonstrated no evidence of increased lipids or iron 

deposition to suggest any contamination of our T2 
relaxometry results with concomitant hemochromatosis 
or steatosis. Examples of ROI (yellow ellipse—Figure 
1A,B) from T2 weighted MRI (TE =60,120; TR =2,000) 
within the right lobe of the liver of patients with chronic 
hepatitis C, avoiding major vessels avoiding areas suffering 
from phase encoding artifact. There was a monotonically 
increasing mean T2 value with increasing degree of fibrosis 
(Figure 1C,D) [control 65.4±2.9 ms (n=6); mild (Ishak 1–2) 
66.7±1.9 ms (n=30); moderate (Ishak 3–4) 71.6±1.7 ms  
(n=26); severe (Ishak 5–6) 72.4±1.4 ms (n=61)], with 
relatively low standard error (~2.9 ms). There was a 

Figure 1 T2 measures in human liver. (A,B) Examples of ROI’s (yellow ellipse) from T2 weighted MRI (TE =60,120; TR =2,000) within 
the right lobe of the liver avoiding major vessels avoiding areas suffering from phase encoding artifact. (C) Box and whisker plots and 
column vertical bar graphs (D) of the absolute T2 measurements (control 65.4±2.9 ms; mild (Ishak 1–2) 66.7±1.9 ms; moderate (Ishak 3–4)  
71.6±1.7 ms; severe (Ishak 5–6) 72.4±1.4 ms), which demonstrated low standard error (~2.9 ms). Furthermore, there was a monotonically 
increasing mean T2 value with increasing degree of histologic fibrosis. There was a statistically significant difference between degrees 
of mild vs. severe fibrosis (P=0.03). (E,F) Linear regression analysis comparing AST (E) (R2=0.00004) and ALT (F) (R2=0.00007) to T2 
demonstrated no evidence of correlation between these serum markers of inflammation and the T2 biomarker. *, based on logistic regression 
and statistical significance amongst all groups by ordinal logistic regression (P=0.01) and ANOVA (P<0.1). ROI, region of interest; AST, 
aspartate aminotransferase; ALT, alanine aminotransferase.

*P<0.05
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statistically significant difference between degrees of 
mild vs. severe fibrosis (P=0.03) as determined by logistic 
regression dichotomizing the data between Ishak grades 
of <4 vs. Ishak >4. These results approached statistical 
significance (P<0.07) when using liver function tests 
as covariates. Expanding on these results with ordinal 
logistic regression demonstrated statistical significance 
comparing T2 to Ishak subgroup alone (P=0.01) and 
using inflammation as a covariate (P=0.03). These results 
approached statistical significance amongst all groups by 
ANOVA (P=0.07). Furthermore, there was no correlation 
between AST vs. T2 (R2=0.00004) and ALT vs. T2 
(R2=0.00007) (Figure 1E,F). 

Dual echo TSE demonstrates equivalent T2 as that 
obtained from multi-echo CPMG

The signal intensity of the phantom tubes (seven Eppendorf 
tubes, with serial dilutions of MNP ranging from 1:50–1:10,000) 
from the T2 weighted MRI (TE =8 ms/TR =2,000 ms)  
demonstrate no evidence of shading or dependent 
settling of the iron oxide nanoparticles (Figure 2A). The 
pseudocolorized T2 maps demonstrate appropriate variation 
in T2 with level of dilution (Figure 2B). Examples of fits 
from mono-exponential fits from  multiecho T2 data  
(Figure 2C) and 2 echo TSE (Figure 2D), are shown. The 
numbers overlaid on the phantom indicate level of dilution 
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Figure 2 T2 measures in a phantom containing multiple different T2 values. (A) T2 weighted (TE =8/TR =2,000) axial image of 
a phantom which consisted of one cc of dextran coated magnetic iron oxide nanoparticle (MION 48) (R2=49 s−1) (1 mg Fe/mL) 
diluted with the following fractionations (1:50, 1:100, 1:250, 1:500, 1:1,000, 1:10,000, normal saline) and placed in 50 cc Eppendorf 
(Fischer Scientific) tubes. Note the decreased signal intensity with increased iron oxide concentration within our phantom (seven 
Eppendorf tubes, with serial dilutions of MNP ranging from 1:50–1:10,000). The numbers overlaid on the phantom indicate level 
of dilution within that specific tube. T2 was quantified using a dual echo TSE sequence (C) and compared with a CPMG sequence 
(D) that used two equivalent echo times to that of the TSE, and next serial increases in number of echoes from 4 to 16 echoes. The 
range of echo times was preserved. T2 was then quantified by using a mono-exponential fit with a customized plug-in for Macintosh 
based DICOM viewer and image analysis platform (Osirix®). The tubes that demonstrated T2 values that were out of range (e.g., T2 
<10, and T2 >300) of human physiology were not included in this analysis. The results from tubes 2, 3 and 4 are tabulated (Table 1)  
and a pseudocolorized map of T2 is shown (B). Paired t-test comparing T2 from both methods demonstrated no statistically significant 
difference between the approaches.
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within that specific tube. The tubes that demonstrated T2 
values that were out of range (e.g., T2 <10, and T2 >300) of 
human physiology were not included in this analysis. The 
results from tubes 2, 3 and 4 are tabulated (Table 1). Table 1 
shows the values obtained from all sequences utilized. The 
values in Table 1 demonstrate that the TSE dual echo values 
are virtually identical to the 12 and in most cases 16 echo 
CPMG sequence results for the phantoms with T2 values 
most relevant to that obtained in human liver. Statistical 
analyses (paired t-test) demonstrates no evidence of 
statistically significant difference between any of the results 
(P=0.9). 

DEN rat model of liver fibrosis demonstrates significant 
correlation of T2 to fibrosis stage

There was homogeneous and lower signal intensity in 
the normal PBS control rat (Figure 3A) as compared to 
the heterogeneous and hyperintense signal intensity on 
T2 weighted imaging in the rat with advanced cirrhosis  
[Figures 3B (DEN 5-week) and 3C (DEN 8-week)]. 
Histologic analysis  included H&E (Figure 3D-F ) 
and Masson’s Trichrome stains (Figure 3G-I) and are 
demonstrated at a magnification of 100×. On H&E stains, 
normal rats (Figure 3D) demonstrated decreased distortion 
of the normal hepatic architecture with periportal bridging 
(Figure 3E,F), and increased septal bands of collagen as 
noted on trichrome stains (Figure 3H,I) in the fibrotic and 
cirrhotic rats without evidence of hemochromatosis or 
fatty infiltration within the liver. Pathologic classification 
of these histologic slices demonstrated that all PBS animals 
demonstrated normal architecture, DEN 5 week rats 
corresponded to Ishak stage 3–4 fibrosis, and DEN 8-week 
rats, corresponded to Ishak stage 6 cirrhosis. No dysplastic 
nodule or hepatocellular carcinoma was evidenced at the 
cirrhotic (DEN 8-week) timepoint. 

ROI’s were placed in the right lobe of the liver in an area 

of the liver excluding major vessels (Figure 4A,B) and areas 
with phase encoding respiratory artifact (yellow elliptical 
ROI, Figure 3A,B) in the normal PBS rat (Figure 4A), and 
cirrhotic (DEN 8) rat (Figure 4B).  Quantitative relaxometry 
demonstrated excellent quality of fit (Figure 4C).  

Quantitative analysis of T2 in each of these subgroups 
demonstrated an increase in the T2 between each rat 
subgroup [(PBS (25.2±0.8) ms, DEN 5-week (31.1±1.5) ms,  
and DEN 8-week (49.4±0.4) ms]. Furthermore, there was 
a statistically significant difference between all groups 
(ANOVA P<0.0001) (Figure 4D,E). 

Discussion

Hepatic fibrosis is the final common pathway for patients 
with chronic liver insults and is now known to be a dynamic 
process that may be partially or wholly reversible. Chronic 
liver damage involves hepatocyte necrosis and apoptosis (31).  
In response to the inflammatory mediators released in 
response to damage, activation of innate immunity may 
take place early in the insult (31). There may be a close 
topographical relationship between inflamed areas of the 
liver and those areas that develop fibrosis (20,28,41). The 
presence of these inflammatory cells could be a source of 
increased T2 value (20,28,41). The purpose of this study was 
to demonstrate that there was in fact a difference in T2 as 
quantified by MRI that correlated with severity of fibrosis. 

It has been long observed by radiologists that the 
cirrhotic liver is “brighter” on T2 weighted images (26). 
Preliminary quantitative analysis in animals (20) and 
humans (29) has suggested that T2 may be able serve as an 
imaging biomarker of liver fibrosis. This is the first report 
to demonstrate in humans with verification in animals 
that varying grades of fibrosis hold statistically significant 
differences in T2, and therefore places a value to this long-
held observation (20,28,41). Our retrospective analysis 
demonstrates that there is a monotonically increasing T2 

Table 1 T2 (ms) measured in select phantoms comparing CPMG and TSE

Number of echoes Tube 2 (1:250) Tube 3 (1:500) Tube 4 (1:1,000)

16 echoes CPMG 63±4 102±2 191±2

12 echoes CPMG 52±3 102±2 192±2

8 echoes CPMG 52±5 103±1 194±2

4 echoes CPMG 54±1 110±2 218±7

2 echoes CPMG 56±3 116±3 242±10

2 echoes TSE 53±2 103±2 188±6
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Figure 3 DEN model of liver fibrosis comparing T2 weighted imaging with histopathology (A-C) T2 weighed MR images (TE =30/
TR =2,000) of rats with varying degrees of liver fibrosis [(A) PBS control, (B) DEN 5-week, (C) DEN 8-week]. Note the heterogeneous 
and hyperintense signal intensity in the rat with advanced cirrhosis as compared to more homogeneous and lower signal intensity in the 
normal PBS control rat. Histologic analysis included hematoxylin and eosin (H&E) (D-F) and Masson’s Trichrome stains (G-I) and are 
demonstrated at a magnification of 100×. On H&E stains, please note the increased distortion of the normal hepatic architecture with 
periportal bridging, and increased septal bands of collagen as noted on trichrome stains. Pathologic classification of these histologic slices 
demonstrated that all PBS animals demonstrated normal architecture, DEN 5-week rats corresponded to Ishak stage 3–4 fibrosis, and DEN 
8-week rats, corresponded to Ishak stage 6 cirrhosis. PBS, phosphate buffer solution; DEN, diethylnitrosamine.

value with increasing fibrosis stage, as has been noted in 
other imaging methods, most notable [MR elastography (42),  
and DWI (43)]. Although some recent results do not 
demonstrate a quantitative relationship between T2 and 
liver fibrosis stage (21,24,41), other results in animal models 
of liver fibrosis and in humans with chronic liver disease, 
suggest that the T2 value has the potential to separate 
varying degrees of liver fibrosis in rodent models of liver 
fibrosis (20,25,28,29). The values obtained in humans and 
rats in this study corroborate numerically values found 

in the literature (20-22,28,41,44) . Although the basis for 
this finding is unknown, it may be related to an increased 
inflammatory component that has been demonstrated in 
chronic hepatitis (30) and steatohepatitis (31). The finding 
that there is an association of liver fibrosis with T2 using 
serum biomarkers of liver inflammation as covariates may 
support this as well. While it is acknowledged that the 
sensitivity of MRE is significantly greater than MRI, the 
data presented here demonstrate similar sensitivity to that 
shown with DWI (43). 
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One potential limitation of this retrospective analysis 
is the large variance and difficulty in quantifying T2 with 
only two values, and consequently, a lower statistical 
certainty associated with the fitting algorithms performed. 
Our phantom data demonstrate, however, close agreement 
in absolute T2 values when comparing a 2 point fit 
from TSE/TSE data as compared to conventional T2 
quantification with multi-echo CPMG data in T2 values 
that are relevant for the liver. The large variance noted 
in the patient data may reflect inherent variance in the 
disease process and inflammatory infiltrate, or that the 
mean value agrees with the mean value from CPMG, but 
adds increased variance in the measure. In addition, there 
is increasing interest in quantitative MR imaging based 

biomarkers associated with liver fibrosis (15,41). Of these, 
T2 relaxometry is relatively B0 and B1 insensitive and 
reproducible (45), relative to other relaxometry techniques 
that have also have been shown to be sensitive to liver 
fibrosis (20,28,41,45).

Our animal data also demonstrate an increasing T2 value 
with increasing stage of liver fibrosis. The choice of the 
DEN model could be criticized as it is not an established 
model of liver fibrosis, but it does progress through varying 
histologically identical phases of liver fibrosis prior to 
eventual HCC, a pattern that closely mimics hepatitis C and 
is the most relevant in the patient population studied. This 
sequential progression of liver fibrosis is not found in many 
animal models. Traditionally, DEN is administered once at 

Figure 4 Quantitative analysis of T2 data from DEN rat model of liver fibrosis compared to ISHAK staging. T2 weighted (TE =17.2 ms/TR 
=2,000) of a normal PBS rat (A), and cirrhotic (DEN 8) rat (B), depicting the placement of ROI, which were placed within the right lobe in 
an area of the liver excluding major vessels and areas with phase encoding respiratory artifact (yellow elliptical ROI). (C) Quality of the T2 fit 
from the measures obtained in the PBS control rat liver obtained from customized software using the Osirix platform (Osirix®). (D) Box and 
whisker plots, and vertical column bar graphs (E) performed for each rat subgroup (n=4 PBS normal control rats; n=5 DEN rats treated for  
5 weeks, corresponding to moderate (Ishak stage 4) fibrosis; and n=4 DEN rats treated for 8 weeks, which corresponded histologically to Ishak 
stage 6 cirrhosis). T2 in each of these subgroups demonstrated a monotonic increase in T2 between each rat subgroup [(PBS (25.2±0.8) ms,  
DEN 5-week (31.1±1.5) ms, and DEN 8-week (49.4±0.4) ms], which confirmed our hypothesis and observation of increased T2 signal with 
liver fibrosis. Furthermore, there was a statistically significant difference between all groups (ANOVA P<0.0001) (*). PBS, phosphate buffer 
solution; DEN, diethylnitrosamine.
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a very high-dose at a young age when hepatocytes are still 
proliferating as an “initiation” event (46). Phenobarbital 
or thioacetamide are then given as “promotion”. In this 
traditional initiation/promotion model, the DEN damaged 
hepatocytes will turn into HCCs months later in an 
otherwise normal liver (46). We gave DEN repeatedly at 
a low-dose with no promotion. In this model, HCCs arise 
from dysplastic nodules in cirrhotic livers—thus our model 
more closely represents human disease (33,47). Detailed 
histologic examination of these rats at this time-point did 
not demonstrate any evidence of HCC.

The DEN-treated rats were an excellent model of 
chronic liver disease and the 1 week wash-out period 
chosen allowed for amelioration of the acute inflammation 
associated with the genotoxic agents. Although our model 
did not have examples of each of the six Ishak stages of liver 
fibrosis, the histologic scoring of the PBS rats corresponded 
to a fibrosis stage of 0, and the rats treated with 4 weeks 
of DEN corresponded to a liver fibrosis stage of 3–4, and 
lastly those rats treated with 8 weeks of DEN, corresponded 
to a liver fibrosis stage of 6. Applying statistical tests to the 
T2 data, demonstrated statistically significant differences 
amongst all groups tested (P<0.001), with small variance. 
The reduced variance in these data may represent a more 
homogeneous liver fibrosis, or perhaps, a decreased variance 
with a 16 point fit of the T2. 

In summary, our results corroborate the existence of 
a MRI-quantifiable difference that can be measured in 
patients with varying degrees of liver fibrosis. The T2 
relaxation parameter can be quantified using a simple 
dual echo turbo-spin echo technique, and can potentially 
separate patients with mild from patients with severe liver 
fibrosis, which implies that T2 may be a contributory 
measure amongst other imaging biomarkers of liver fibrosis. 
We propose that this study warrants further examination of 
this biomarker in a prospective trial comparing T2 to other 
more established, robust surrogate markers of fibrosis, or 
as part of a multiparametric approach to the study of liver 
fibrosis in humans.
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