
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
A multiparametric MRI protocol for PDFF, ADC, T1 and T2: applications in the NAFLD and 
NASH disease spectrum evaluated using multiple mouse models

Permalink
https://escholarship.org/uc/item/1xm5r2x5

Author
Blizard, Gabrielle

Publication Date
2020
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1xm5r2x5
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA SAN DIEGO 

 

A multiparametric MRI protocol for PDFF, ADC, T​1​ and T​2​: applications in the NAFLD and 
NASH disease spectrum evaluated using multiple mouse models 

 

A thesis submitted in partial satisfaction of the requirements for the degree Master of Science 

  

in 

  

Biology  

  

by 

  

Gabrielle Blizard  

 

 

 

 

  

Committee in charge:  

Professor Patrick McConville, Chair 
Professor Michael David, Co-Chair  
Professor Brenda Bloodgood 

 

2020 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

     The Thesis of Gabrielle Blizard is approved, and it is acceptable in  

     quality and form for publication on microfilm and electronically: 

 

_____________________________________________________________ 

 

_____________________________________________________________ 

  Co-chair 

_____________________________________________________________ 

         Chair 

University of California San Diego  

2020 

 

 

 

 

 

 

iii 



DEDICATION 

 

 

To my cats, Louis and Mouse, for keeping me company during  

the many weeks I spent locked away writing this. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

iv 



TABLE OF CONTENTS 

Signature Page................................................................................................................................iii 

Dedication.......................................................................................................................................iv 

Table of Contents.............................................................................................................................v 

List of Figures.................................................................................................................................vi 

List of Tables .................................................................................................................................ix 

Acknowledgements..........................................................................................................................x 

Abstract of the Thesis.....................................................................................................................xi 

Introduction......................................................................................................................................1 

Materials and Methods...................................................................................................................22 

Results............................................................................................................................................30 

Discussion......................................................................................................................................67 

Appendix........................................................................................................................................93 

References....................................................................................................................................105 

 

 

 

 

 

 

v 



LIST OF FIGURES 

Figure 1. ​Schematic representing the imaging study design. Following week 0 imaging, mice             
were placed onto respective experimental diets for the remainder of the 12-week time course.              
*Represents imaging timepoints for study 1 (n=19). #Represents imaging timepoints for study 2             
(n=24) and study 3 (n=23) ............................................................................................................24 
 
Figure 2. ​Graphs showing the mean body weight with standard error vs time by group. Standard 
error bars which are not shown are shorter than the symbol at each data point.​ A.​ Study 1: 
Standard (n=3), MCD (n=4), CDAA (n=4), CSAA (n=2), WD (n=3), WD + CCl​4​ (n=3); ​B. 
Study 2: Standard (n=4), MCD (n=4), CDAA (n=4), CSAA (n=4), WD (n=4), WD + CCl​4​ (n=4);  
……................................................................................................................................................32 
 
Figure 3.​ Heat Map representing the percent difference in combined mean body weight between 
experimental diet groups and mice on the standard diet at each timepoint over the three studies. 
Group labels are to the left of the heat map and week labels are at the bottom. Color bar indicates 
percent differences ranging from -27 to +36.................................................................................33 
 
Figure 4. ​Calibration of MRI-PDFF parameter showing strong correlation between MRI 
quantified PDFF and oil content in fat phantom.​ A. ​Color map of single transversal slice through 
fat phantom representing PDFF values from 0% (blue) to 50% (red). Actual oil percentage in 
each tube is shown. The 100% tube was excluded from analysis as PDFF ​in vivo​ never reached 
……................................................................................................................................................34 
 
Figure 5. ​Color maps of a single transversal slice (out of 7) visualizing liver PDFF map of a 
representative animal from each group in study 2 at week 4 or 12, overlaid on a grey scale 
anatomical scan. Color bar represents PDFF values from 0% (blue) to 60% (red). ​A. ​Standard 
diet, 16% at week 12; ​B.​ MCD diet, 29% at week 4; ​C.​ CDAA diet, 52% at week 12; ​D.​ CSAA 
……................................................................................................................................................37 
 
Figure 6.​ Graphs showing the mean liver PDFF with standard error vs time by group. Standard 
error bars which are not shown are shorter than the symbol at each data point.​ A.​ Study 1: 
Standard (n=3), MCD (n=4), CDAA (n=4), CSAA (n=2), WD (n=3), WD + CCl​4​ (n=3); ​B. 
Study 2: Standard (n=4), MCD (n=4), CDAA (n=4), CSAA (n=4), WD (n=4), WD + CCl​4​ (n=4);  
……................................................................................................................................................38 
 
Figure 7. ​Heat Map representing the percent difference in combined liver PDFF between 
experimental diet groups and mice on the standard diet at each timepoint over the three studies. 
Group labels are to the left of the heat map and week labels are at the bottom. Color bar indicates 
percent differences ranging from -8 to +460.................................................................................39 
 
 
 
 
 

vi 



Figure 8. ​Color maps of a single transversal slice (out of 7) visualizing liver ADC map of a 
representative animal from each group in study 2 at week 4 or 12, overlaid on a grey scale 
anatomical scan. The color scale represents ADC values from 0 x 10​-3​ mm​2​/s (purple) to 4.0 x 
10​-3​ (yellow). ​A. ​Standard diet,  1.9 x 10​-3​ mm​2​/s at week 12; ​B.​ MCD diet, 1.3 x 10​-3​ mm​2​/s at  
……................................................................................................................................................43 
 
 
Figure 9.​ Graphs showing the mean liver ADC with standard error vs time by group. Standard 
error bars which are not shown are shorter than the symbol at each data point.​ A.​ Study 1: 
Standard (n=3), MCD (n=4), CDAA (n=4), CSAA (n=2), WD (n=3), WD + CCl​4​ (n=3); ​B. 
Study 2: Standard (n=4), MCD (n=4), CDAA (n=4), CSAA (n=4), WD (n=4), WD + CCl​4​ (n=4);  
……................................................................................................................................................44 
 
Figure 10. ​Heat Map representing the percent difference in combined liver ADC between 
experimental diet groups and mice on the standard diet at each timepoint over the three studies. 
Group labels are to the left of the heat map and week labels are at the bottom. Color bar indicates 
percent differences ranging from -60 to 0......................................................................................45 
 
Figure 11. ​Graph depicting the correlation between quantified T​1​ relaxation time and actual 
percentage of fat (by volume) in each vial of the fat phantom from 5 - 100%. The 100% vial was 
included in analysis in order to determine the T​1​ relaxation time of fat at 11.7T. 
……................................................................................................................................................46 
 
Figure 12.​ Graphs showing the mean liver T​1​ relaxation time with standard error vs time by 
group. Standard error bars which are not shown are shorter than the symbol at each data point.​ A. 
Study 1: Standard (n=3), MCD (n=4), CDAA (n=4), CSAA (n=2), WD (n=3), WD + CCl​4​ (n=3); 
B.​ Study 2: Standard (n=4), MCD (n=4), CDAA (n=4), CSAA (n=4), WD (n=4), WD + CCl​4  
……................................................................................................................................................49 
 
Figure 13. ​Heat Map representing the percent difference in combined liver T​1​ relaxation time 
between experimental diet groups and mice on the standard diet at each timepoint over the three 
studies. Group labels are to the left of the heat map and week labels are at the bottom. Color bar 
indicates percent differences ranging from -56 to 9......................................................................50 
 
Figure 14. ​Graphs representing the correlation between calculated T​2​ relaxation time and actual 
percentage of fat (by volume) in each vial of the fat phantom from 5 - 50%. The vial containing 
100% fat was excluded from analysis because PDFF ​in vivo​ never reached that large of a 
percentage. ....................................................................................................................................51 
 
Figure 15. ​Graphs showing the mean liver T​2​ relaxation time with standard error vs time by 
group. Standard error bars which are not shown are shorter than the symbol at each data point.​ A. 
Study 1: Standard (n=3), MCD (n=4), CDAA (n=4), CSAA (n=2), WD (n=3), WD + CCl​4​ (n=3); 
B.​ Study 2: Standard (n=4), MCD (n=4), CDAA (n=4), CSAA (n=4), WD (n=4), WD + CCl​4  
……................................................................................................................................................55 
 

vii 



 
Figure 16. ​Heat Map representing the percent difference in combined liver T​2​ relaxation time 
between experimental diet groups and mice on the standard diet at each timepoint over the three 
studies. Group labels are to the left of the heat map and week labels are at the bottom. Color bar 
indicates percent differences ranging from -5 to 126....................................................................56 
 
Figure 17.​ Heat Maps depicting the percent difference between the control group and the 
experimental groups for all imaging  parameters across the three studies. ​A​. Combined mean 
PDFF (Fig. 7); ​B.​ Combined mean ADC (Fig. 10); ​C.​ Combined mean T​1​ (Fig. 13); ​D. 
Combined mean T​2​ (Fig. 16).........................................................................................................57 
 
Figure 18. ​Correlation graphs between each of the MRI biomarkers. The correlation coefficient 
(R​2​) was calculated based upon individual mouse data at each imaging time point across all three 
studies. Groups are color coded. ​A. ​T​1​ versus PDFF;​ B.​ T​2​ versus PDFF; ​C.​ ADC versus PDFF; 
D.​ ADC versus T​1​; ​E. ​T​1​ versus T​2​; ​F.​ ADC versus T​2​................................................................58 
 
Figure 19. ​Graphs showing biomarker return to baseline following dietary intervention at week 
12. MCD data is not included due to being removed from study at week 4. ​A. ​Body weight; ​B. 
PDFF; ​C.​ ADC; ​D.​ T​1​; ​E.​ T​2​.........................................................................................................63 
 
Figure 20.​ Heat Maps depicting the percent change in each of the parameters over the 12 week 
time course and then the percent change from week 12 following dietary intervention. Group 
labels are shown to the left of the heat map and week labels are shown underneath. ​A. ​mean body 
weight; ​B. ​mean liver PDFF​ C. ​mean liver ADC​ D. ​mean liver T​1​ relaxation time ​E. ​mean liver  
……................................................................................................................................................64 
 
Figure 21. ​Graphs depicting the correlation of T​2​ with PDFF and T​1 ​with high and low values 
excluded. ​A.​ PDFF values < 20%; ​B.​ PDFF values > 20%; ​C.​ T1 values < 2300 ms; ​D.​ T1 
values > 2300 ms...........................................................................................................................87 
 
 
 

 

 

 

 

 

 

viii 



 

LIST OF TABLES 

Table 1. ​Therapeutics with indications in NAFLD or NASH. Information was adapted from a 
recent comprehensive review by Dufour ​et al.​ of the current therapeutic landscape in NAFLD 
and NASH [13]. This table does not include all compounds currently in phase 2 
trials……………………………………………….………………….…….…….…….……....….7 
 
Table 2. ​Table representing the different NAFLD and NASH mouse models used in this study 
and their associated phenotypes. *Expected based on diet composition, reference not 
available………………..…….……………………….……………………….…………………19 
 
Table 3. ​Results of the mixed ANOVA conducted with a 95% confidence interval showing the 
effect of both time and diet on ​A. ​PDFF; ​B.​ ADC ​C.​ T​1​; ​D. ​T​2​. P values < 0.050 represent effects 
which are statistically significant. Greyed out boxes indicate effects that are not statistically 
significant. *P values calculated in a secondary mixed ANOVA which included the MCD group  
………………..…….……………………….……………………….…………………...………99 
 
Table 4. ​Results of the post-hoc Tukey HSD test using a 95% confidence interval showing 
statistical significance of each of the experimental diet groups versus all other groups is shown 
for each MRI biomarker: ​A.​ PDFF; ​B.​ ADC; ​C.​ T​1​; ​D.​ T​2​. P values < 0.050 represent differences 
between the control group and each of the experimental groups which are statistically significant  
……………..……………..…….……………………….……………………….……...………101 

 

 

 
 
 
 
 

 

 
 
 

 

 

 

 
 

ix 



ACKNOWLEDGEMENTS 

 
I would like to thank Dr. Patrick McConville for seeing potential in me as a young 

undergraduate and grooming me into a prudent scientist. I am grateful for you mentoring me 

through this project and always being available and willing to help me through all of the 

challenges that came with it. You taught me so much about what it means to be a scientist and 

the three most important rules of imaging that I will never forget: positioning, positioning, and 

positioning.  

            ​I would also like to thank Deanne Lister for rescuing me countless times when the MRI 

‘wasn’t working’. I would like to recognize the invaluable assistance that you provided and the 

effort that went into creating and testing the MRI protocols for my experiments. I could always 

go to you with any problems I was having or ask your opinion on my observations and I always 

appreciated your great advice.  

            Lastly, I would like to thank Edward Cabral for always being willing to assist with my 

experiments when needed and for helping keep me sane during some long days in the ‘dungeon’. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

x 



ABSTRACT OF THE THESIS 

 

A multiparametric MRI protocol for PDFF, ADC, T​1​ and T​2​: applications in the NAFLD and 
NASH disease spectrum evaluated using multiple mouse models 

 

by 

 

Gabrielle Blizard 

Master of Science in Biology 

University of California San Diego, 2020 

Professor Patrick McConville, Chair 
Professor Michael David, Co-Chair  

 
 
 

Purpose​ ​– ​Nonalcoholic fatty liver disease (NAFLD) and its subtype, Nonalcoholic 

steatohepatitis (NASH), are highly prevalent diseases which are characterized by diagnostic 

limitations and unmet therapeutic need. The disease spectrum in the liver includes hepatic 

steatosis, inflammation, and fibrosis. In this study we investigate a multiparametric MRI protocol 

across multiple research standard mouse models of NAFLD and NASH in order to provide 

biomarkers which can noninvasively and objectively quantify disease progression or regression 

longitudinally 
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Methods – ​Male C57BL/6 mice were subjected to diet- and chemical-based induction of 

NAFLD and NASH for 12 weeks and imaged at specified time points throughout the disease 

time course. At each timepoint, a sequence of MRI protocols were acquired at 11.7T which 

enabled the quantification of MRI-PDFF, ADC, T​1​, and T​2​ in the liver.  

 

Results – ​Liver PDFF was found to increase in all experimental diet groups versus 

control mice on a standard diet over the 12 week time course. In contrast, liver ADC decreased 

in all experimental diet groups. Liver T​1​ relaxation time was found to decrease and liver T​2 

relaxation time increased in all experimental groups.  

 

Conclusions – ​We conclude that PDFF and T​1​ relaxation time are accurate and robust 

biomarkers in the quantification of hepatic steatosis. Additionally, ADC may be a viable 

biomarker in the detection of liver fibrosis while T​2​ relaxation time has indications in liver 

inflammation. Our multiparametric MRI protocol has implications in diagnosis, clinical trial 

stratification, and therapeutic advance.  
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INTRODUCTION 
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Nonalcoholic Fatty Liver Disease (NAFLD) and Nonalcoholic Steatohepatitis 

(NASH)  

Background 

Nonalcoholic fatty liver disease (NAFLD) is a disease which is characterized by hepatic 

steatosis, or fat accumulation in the liver, in the absence of other causes such as alcohol 

consumption [1, 2].  The American Association for the Study of Liver Diseases (AASLD) 

considers fat accumulation above 5 to 10% by weight in the liver to be sufficient for diagnosis of 

NAFLD [3]. While fatty liver itself is often reversible and benign, NAFLD can progress to a 

more severe subtype known as nonalcoholic steatohepatitis (NASH) which is further 

accompanied by liver inflammation with or without liver fibrosis (scarring) [1, 4]. Fibrosis often 

occurs within and surrounding inflamed tissue and is characterized by the overaccumulation of 

fibrous connective tissues such as collagen [5]. The presence of fibrosis in the liver is associated 

with higher rates of morbidity and mortality [3]. In extreme cases in which fibrosis becomes 

severe enough to impair normal liver function, liver cirrhosis will occur [6]. Liver cirrhosis is 

associated with a greater risk of developing hepatocellular carcinoma (HCC), or liver cancer [1, 

6]. An estimated 30% of patients with NAFLD will develop NASH, and of those patients, 20% 

will eventually develop fibrosis [6]. Understanding and accurately identifying NASH is 

paramount in diagnosis, prognosis, and therapeutic advances in this disease [7].  
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Epidemiology: Prevalence and Population 

There is an array of comorbidities that are associated with NAFLD, and a bidirectional 

association has been observed between NAFLD and Metabolic Syndrome (MetS) [8]. MetS 

encompasses a range of lifestyle type diseases including obesity, hyperlipidemia, and type II 

diabetes [2]. Incidence of NAFLD increases notably in individuals with these conditions: 

patients with obesity are 80 to 90% more likely to have NAFLD, 60% more likely if they have 

hyperlipidemia, and 30 to 50% more likely if they have diabetes [9].  Along with increasing rates 

of obesity and diabetes, NAFLD is becoming increasingly prevalent globally [1]. A 

meta-analysis conducted in 2017 estimated NAFLD occurrence as high as one billion globally 

[2]. NAFLD is currently the leading cause of chronic liver disease worldwide and is projected to 

soon become the leading indication for liver transplantation [2, 9].  

The prevalence of NAFLD has been most well-characterized in Caucasian cohorts in the 

United States [10]. Rates in the United States are an estimated 24% with Europe following close 

behind at 23% [10]. However, a recent review warned against characterizing NAFLD as an 

affliction restricted to affluent Western societies [10]. Rates of NAFLD are reported to be 

highest in the Middle East (32%) followed by South America (31%) and Asia (27%) with the 

lowest rates being observed in Africa at 14% [10]. There is mounting evidence which suggests 

that ethnic background may be an independent risk factor both in developing the disease and 

severity of progression [10].  
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Disease Management and Current Treatments 

            ​At present, lifestyle modifications are the primary interventions in the treatment and 

management of NAFLD and NASH [7]. Lifestyle modifications include both diet and exercise; it 

has been shown that body weight loss of ≥10% is correlated with significant improvement in 

NAFLD and NASH including fibrosis [7]. Lifestyle changes have proven to be more efficacious 

than current drugs in phase III trials, however, lifestyle modifications which are substantial and 

sustained are challenging to accomplish and highly variable in individuals [11]. Furthermore, 

clinical trials which investigate the effects of lifestyle modulation on disease progression or 

regression tend to last between 3 and 12 months and lack long-term data [11]. 

Drugs that treat comorbidities such as type II diabetes and hyperlipidemia have proven 

beneficial in reducing NAFLD and NASH [12]. In patients with type II diabetes, the anti-diabetic 

pioglitazone can be used [12]. Pioglitazone can improve hepatic steatosis, inflammation, and 

fibrosis [12]. However, pioglitazone has been shown to have negative effects including edema 

and increases in body weight [13]. NAFLD or NASH patients with hyperlipidemia can be treated 

with statins, a class of lipid lowering drugs [12]. Vitamin E has also been indicated for the 

treatment of hepatic steatosis and inflammation due to its antioxidant characteristics [14]. 

However, long term use of vitamin E is not recommended due to concern of induced bladder 

cancer or hemorrhagic stroke [14]. 
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Therapeutics in Development 

There are currently no NAFLD-specific therapies approved by the US Food and Drug 

Administration (FDA), but promising therapies appear to be on the horizon [7]. A significant 

limitation with therapeutics in development is the fact that subpopulations within the NASH 

spectrum are still not well characterized and therefore do not permit proper stratification in 

clinical trials [13]. 

Therapies which have reached phase 3 trials include elafibranor, cenicriviroc, obeticholic 

acid, aramchol, resmetirom, MSDC-0602K and selonsertib [7, 12, 13]. Elafibranor has shown 

promise in reducing hepatic steatosis, inflammation and fibrosis through activation of the 

peroxisome proliferator-activated receptors (PPARs)​ ​PPARɑ and PPARδ [12]. Its phase 3 trial is 

targeted for completion in December 2021 (NCT02704403) [12]. Cenicriviroc specifically 

targets liver fibrosis through inhibition of the chemokine receptor CCR2/5 [12]. The phase 3 trial 

which is currently underway for cenicriviroc has a study completion date targeted for October 

2028 (NCT03028740) [12]. Obeticholic acid agonizes the farnesoid X receptor (FXR) 

throughout the entire body and is indicated in the reduction of liver inflammation 

(NCT02548351) [12, 13]. However, there are currently no quantitative biomarkers which have 

been established to predict NASH patient response to FXR agonist drugs and response has only 

been reported in < 25% of patients in which it has been tested [13]. Additionally, FXR agonists 

have been shown to increase low density lipoprotein (LDL) cholesterol while decreasing high 

density lipoprotein (HDL) cholesterol [13]. Armachol inhibits steroyl-CoA desaturase-1 (SCD-1) 
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in the liver and was shown to improve fibrosis-stage in a phase 2b trial and is currently being 

investigated in a phase 3/4 trial (NCT04104321) [13].​ ​Resmetirom is a thyroid hormone receptor 

beta (TRβ) agonist with proven efficacy in reducing hepatic steatosis as well as NASH resolution 

in a phase 2b trial and is currently being investigated in a phase 3 trial (NCT03900429) [13]. 

MSDC-0602K is a mitochondria pyruvate carrier (MPC) inhibitor which had indication in 

glycemic control and improvement in NAFLD activity score in a phase 2b trial [13] 

MSDC-0602K will soon be investigated in a phase 3 trial (NCT03970031) [13]. Lastly, 

selonsertib is an inhibitor of an apoptosis-regulating kinase (ASK1) [12]. Selonsertib was found 

to reduce hepatic steatosis and fibrosis as well as body weight in both a preclinical NASH model 

and a phase 2 clinical study [12]. However, selonsertib did not demonstrate adequate efficacy as 

a monotherapy drug in its phase 3 (​NCT03053050​ and ​NCT03053063​) study and is now being 

investigated as a potential combination therapy drug (NCT02781584) [13].  Additional 

information regarding therapeutics in active and completed phase 2 trials can be found in  

Table 1. 

The diversity of targets and related NASH physiologies being examined for therapeutic 

potential, coupled with the lack of a single approved disease modifying therapy today underlies a 

major need for improved translational and quantitative biomarkers to increase the efficiency and 

predictive potential of preclinical and clinical trials. Ideally future translational biomarkers will 

be tailored for specific disease subtypes and also specific therapeutic targets, as a one size fits all 
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biomarker is unachievable in such a diverse disease with multiple downstream hallmarks and 

indications.  

Table 1. ​Therapeutics with indications in NAFLD or NASH. Information was adapted from a recent comprehensive 
review by Dufour ​et al.​ of the current therapeutic landscape in NAFLD and NASH [13]. This table does not include 
all compounds currently in phase 2 trials. 
 

Drug Target / Mechanism Phase / Trial Number 

Saroglitazar PPAR-ɑ agonist 
PPAR-ɣ agonist 

Phase 2 
NCT03061721 

Lanifibranor pan-PPAR agonist Phase 2b 
NCT03008070 

MSDC-0602K PPAR-ɣ agonist Phase 2 
NCT02784444 

Tropifexor FXR agonist Phase 2 
NCT02855164 

Cilofexor FXR agonist Phase 2 
NCT03449446 

EDP-305 FXR agonist Phase 2 
NCT03421431 

EYP 001 FXR agonist Phase 2 
NCT03812029 

Nidufexor FXR agonist Phase 2 
NCT02913105 

PF-05221304 Acetyl-CoA carboxylase (ACC) 
inhibitor 

Phase 2 
NCT03248882 

PF-06865919 Ketohexokinase (KHK) inhibitor Phase 2 
NCT03256526 

VK2809 TRβ agonist Phase 2b 
NCT04173065 

Pegbelfermin Fibroblast growth factor 21 (FGF21) 
analogue 

Phase 2b 
NCT03486899 
NCT03486912 
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Table 1. ​Therapeutics with indications in NAFLD or NASH, continued. 
 

Drug Target / Mechanism Phase / Trial Number 

Semaglutide Glucagon-like peptide-1 (GLP-1) 
agonist 

Phase 2b 
NCT02970942 

Tirzepatide Glucose-dependent insulinotropic 
polypeptide and GLP-1 agonist 

Phase 2b 
NCT04166773 

 

Current Clinical Diagnostic Paradigm 

Liver Biopsy and Limitations 

Liver biopsy and subsequent histopathology remains the gold standard in clinical 

diagnosis of NAFLD and NASH; it is used to confirm or exclude diagnosis, determine the 

presence of other liver diseases, and to conclude prognosis [9]. However, liver biopsy is an 

invasive procedure and can be dangerous to the patient, especially if they have other 

comorbidities [9]. In fact, the AASLD has listed morbid obesity as a contraindication for liver 

biopsy [15]. Potential complications include pain, bleeding, and even death [15].  

A further limitation of liver biopsy is the subjective nature associated with it and the 

inherently limited sampling size of biopsy; a biopsy represents only 1/50,000th of the liver [16]. 

Also, there have been no histopathologic biomarkers shown to consistently indicate the severity 

of NASH [7,16]. A recent study of 91 bariatric surgical patients revealed histological variability 

in samples which were biopsied from different lobes of the liver [17]. While there was 

significant agreement between pathologists on the presence of NAFLD or NASH in the liver 

samples, there was substantial disagreement on the presence of fibrosis [17]. A preclinical 
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NAFLD/NASH study mirrored this finding in which five sections of diseased mouse liver were 

sampled and blindly scored for fibrosis by two independent pathologists [18]. The difference 

between the two observers' scores was found to be statistically significant both intra- and 

interlobularly suggesting both that fibrosis was distributed heterogeneously throughout the liver 

and that observer scoring was subjective [18].​ Since increasing evidence has elucidated fibrosis 

as the single most rob​ust histological predictor of mortality [1]​, ​subjectivity and spatial 

heterogeneity could result in life-threatening underestimation of disease stage in using biopsy 

and pathology [16].  

The presentation of NAFLD and NASH varies markedly across populations and so 

diagnostic ​discrepancies which arise from heterogeneity of disease presentation and subjectivity 

become increasingly concerning when ethnic variability is taken into account [3,9]. When 

comparing the histological features of NAFLD across ethnic populations, it was found that those 

of African descent tend to exhibit a lesser extent of steatosis and inflammation while those of 

East Asian descent show more severe hepatic inflammation [10]. Those of Hispanic ethnicity 

elicit the most severe NAFLD phenotype and those of Caucasian and South Asian descent 

display a similar histopathological profile [10]. Due to such variability, predicting which patients 

will exhibit disease progression is one of the biggest issues facing clinicians [6].  

The level of risk associated with liver biopsy has brought into question its practicality as 

a screening tool [9]. Nevertheless, early diagnosis of NASH has important implications in 

disease management as patients can implement lifestyle changes, treat underlying syndromes, or 

participate in clinical trials with promising therapies [2]. The limitations of histopathology along 

with the major disease diversity in patients that present with NAFLD and NASH, again points to 
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a need for quantitative biomarkers, especially those that are customized to specific aspects of 

NAFLD and NASH.  Better understood and more versatile non-invasive biomarkers will directly 

improve the ability to diagnose, complete accurate prognosis and to translate and determine 

efficacy of treatments. 

Serum Biomarkers: Alanine Transaminase (ALT) 

NAFLD is typically asymptomatic and so liver biopsy and subsequent diagnosis often 

occurs as the result of initial abnormal blood findings [19]. Elevated levels of the liver enzyme 

alanine transaminase (ALT) can be an indicator of liver disease, however, an estimated 80% of 

patients with NAFLD have levels of ALT within the normal range [19]. Of those with elevated 

ALT levels, it is known that this level decreases during the progression of fibrosis to cirrhosis 

[19].  Therefore, ALT levels do not correlate with the severity of NAFLD or the progression of 

NASH and are not reliable as a diagnostic biomarker [19]. Clinical reliance on this biomarker 

has caused significant underdiagnosis of NAFLD and NASH [19]. ]. Generally, blood-based 

biomarkers have not been successful in addressing unmet needs in NAFLD and NASH, but are 

one of the avenues for future developments in this regard and remain a subject of current 

research.  

Noninvasive Imaging Biomarkers: Computed Tomography (CT) and Ultrasound (US) 

There is an urgent need for the standardization of noninvasive, highly sensitive, 

translational and quantitative tools for diagnosis and longitudinal evaluation of NAFLD and 

NASH [16].​ ​Translational imaging modalities have emerged as potential noninvasive tools for 

determining the presence of diffuse liver disease [20].  
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Computed tomography (CT) can be used to assess hepatic steatosis through detectable 

differences in the X-ray absorbing properties of fat and water [16]. Fat has less of an effect on 

X-rays as compared to water and so fatty livers would have a lower attenuation as compared with 

a normal liver [16]. While CT is useful in diagnosing moderate to severe steatosis, it is limited in 

its ability to detect mild steatosis [16, 20]. Additionally, the nature of CT makes it unsuitable for 

longitudinal evaluation due to the risk of ionizing radiation [16].  

Ultrasound (US) is currently the most widely used noninvasive imaging method for 

diagnosing hepatic steatosis by detecting the degree of attenuation of the sound wave, or 

echogenicity [3, 16]. Whereas normal liver tissue only marginally attenuates ultrasound waves, 

fatty tissue has a much more pronounced effect on sound wave scatter and attenuation and 

appears bright [16, 20]. However, ultrasound is heavily operator dependent, qualitative in nature, 

and can only detect steatosis when fat content exceeds 33% in the liver [3, 20]. Using ultrasound 

in a study of 161 clinical patients, the diagnosis of hepatic steatosis differed significantly 

between two observers’ in 21.7% of cases [20]. Furthermore, the simplistic four-point scoring 

system which is used for grading hepatic steatosis has been criticized as impervious to detecting 

small changes in longitudinal evaluation or following therapeutic intervention [20]. Additionally, 

the presence of fibrosis or other underlying liver disease has also been suggested to increase 

echogenicity and may therefore confound diagnosis [20].  

New ultrasound methods which have been developed to enable objectivity in the 

evaluation of NAFLD and NASH include FibroScan [16]. FibroScan measures transient 
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elastography, a parameter that quantifies the velocity in which an elastic shear wave can 

propagate throughout the liver [21]. The speed with which the wave transits the liver is 

proportional to the stiffness of the tissue, or the liver stiffness measurement (LSM) [21]. 

Collagen accumulation in the liver as a result of fibrosis confers rigidity; in the assessment of 

liver fibrosis, increases in LSM have been associated with severity of fibrosis [20, 22]. However, 

the usefulness of this parameter in NAFLD patients is contested as some studies have shown that 

steatosis increases liver stiffness and other studies do not [21]. More recently the controlled 

attenuation parameter (CAP) has been developed for evaluation of hepatic steatosis which 

quantifies transient elastography at the same time as sound wave attenuation [21]. Nevertheless, 

CAP has not demonstrated precise discrimination between steatosis grades [21]. Additionally, 

CAP has shown deficiency in the presence of covariates including obesity, NAFLD, and diabetes 

[16, 21].  

Noninvasive Imaging Biomarkers: Magnetic Resonance Imaging (MRI) and Elastography 

(MRE)  

Magnetic resonance imaging (MRI) is a uniquely versatile translational imaging modality 

that does not incorporate any ionizing radiation. One of the major advantages of MRI, compared 

with other imaging modalities is the broad array of contrast types and related biomarkers that can 

be obtained from a single imaging session in a living subject.  Conventional MRI detects signal 

from hydrogen nuclei or protons, which in living subjects originate primarily from water and 

secondarily, labile protons of fat (eg. those in methyl groups) [20]. Underlying this is the 
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excellent, relatively high resolution anatomical and structural images that MRI has become 

known for, and that enhance diagnosis and longitudinal monitoring across many major diseases. 

Additionally, MRI facilitates highly efficient multiplexing of individual scan-based exams and 

associated biomarkers making a conventional MRI exam one of the most comprehensive 

imaging exams that can be done in major hospitals and clinics today. 

In NASH, magnetic resonance elastography (MRE) can be used to assess liver stiffness 

associated with fibrosis[21]. Similar to ultrasound-based elastography, MRE involves the 

mechanical generation of elastic shear waves [21]. A gradient echo pulse sequence is then used 

to generate MRE stiffness maps in which LSM is a measure of the mean stiffness per pixel [21, 

22]. MRE has demonstrated accuracy and precision in the assessment of hepatic fibrosis 

independent of patient populations and disease severity [22]. Additionally, inter-observer 

agreement was achieved [22]. Performing MRE, however, requires additional software and 

hardware modifications beyond standard MRI leading to limitations of cost and availability of 

MRE [21].  

While CT and US measure hepatic steatosis indirectly, through X-ray attenuation and 

echogenicity/elastography, respectively, magnetic resonance imaging (MRI) uniquely allows for 

more direct quantification of fat by measuring the proton density fat fraction (PDFF) in tissues 

[20]. PDFF is the number of protons which are bound to triglycerides as a fraction of the total 

number of protons which are bound to triglycerides and water [16]. PDFF is expressed as a 

percentage between 0-100% and can be used as a biomarker to reflect hepatic steatosis [16]. 
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Whereas histological analysis is inherently subjective in nature, PDFF can be quantified via MR 

images through computational analysis, which has proven to be highly accurate (correlation 

reportedly ＞0.9 with histologically quantified fat) and reproducible [12, 20]. MRI also has 

relatively high sensitivity for fat detection (approaching 100%) and is capable of detecting liver 

fat content greater than or equal to 5.56% [7]. MRI poses no risk to the patient and can be used 

both as a screening tool and longitudinally to assess steatosis progression or regression [20]. 

However, MRI-PDFF has no indication in inflammation or fibrosis [16]. Furthermore, the degree 

of steatosis in the liver does not appear to predict disease progression in NASH, and the degree 

of progression of steatosis should not be used as an indicator for disease severity [1, 23]. 

Apparent diffusion coefficient (ADC) is another quantitative biomarker measurable by 

MRI, which has applications in liver fibrosis and can be quantified using diffusion-weighted 

imaging (DWI) [24]. DWI reflects structural characteristics of tissues by quantifying the degree 

in which water molecules can freely diffuse through tissues, or the ADC value [24]. The 

presence of increased hydrophobic cellular structures, such as collagen, attenuates the diffusion 

of water molecules through tissues, thus decreasing the effective rate of diffusion, and the ADC 

[24] . A decrease in ADC may therefore be associated with an increasing presence of fibrosis in 

the liver, and ADC may serve as a biomarker for NASH [24]. Of note, inconsistencies in image 

acquisition and analysis have led to poor reproducibility in this biomarker, and further 

standardization is required [24]. 
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The longitudinal relaxation time (T​1​) and transverse relaxation time (T​2​) are intrinsic MRI 

parameters which reflect the interaction between tissues and an applied magnetic field [25]. 

More specifically, T​1​ measures the rate in which fat and water protons in a tissue relax back into 

a state of equilibrium following magnetic perturbation and is sensitive to higher frequency 

rotational motion of the nuclei (eg. water or labile fat protons) being detected [25]. T​2​ is a 

parameter that measures the time in which the transverse magnetization exponentially decays to 

equilibrium and is more sensitive to lower frequency rotational motion of nuclei [25]. As such, 

structural characteristics of tissues which affect water and fat rotational motion, influence both 

T​1​ and T​2​ relaxation times [26].   Discerning between the signals produced by both fat and water 

allow for the investigation of morphological changes in tissues [27]. The T​1​ relaxation time of fat 

protons is shorter than the T​1​ relaxation time of water protons [27]. As such, the effective liver T​1 

relaxation time (comprised of T​1​ from both water and fat) has been demonstrated to shorten as a 

result of chronic fat accumulation and therefore may be an additional biomarker to identify 

hepatic steatosis [25]. Because fibrosis and scarring only comprise a relatively small volume of 

the liver, it does not significantly affect T​1​ or T​2​ relaxation times [26]. Inflammation and edema 

in tissues, which also affects water and fat proton rotational motion, has been reported to 

lengthen relaxation times [26]. Therefore, liver T​1 ​and​ ​T​2​ relaxation time may serve as viable 

biomarkers in the detection, quantification and monitoring of NAFLD and NASH.  
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MRI therefore presents a non-invasive and translational modality that may enable 

measurement of several complementary aspects of NAFLD and NASH through multiple 

quantitative biomarkers that could be measured in a single, efficient imaging session.  

 

Translational Research: Preclinical Models   

The exact pathogenesis of NAFLD remains to be elucidated; it has been suggested that 

the progression of NAFLD to NASH and subsequently to HCC is not always linear [7]. For 

example, it is possible for a NASH patient to develop liver cancer in the absence of fibrosis [6]. 

This gap in knowledge has plagued the translational value of research in the field as researchers 

struggle to develop preclinical models which mimic the varied human pathogenesis and 

presentation of NAFLD and NASH [14, 29]. 

Mouse Models 

An ideal preclinical model would closely replicate the human phenotype by inducing 

obesity, hepatic steatosis, inflammation, and fibrosis [14]. Murine models are the most broadly 

used preclinical models in this field of research [29]. The C57BL/6 strain of mice are most 

commonly used due to their predisposition towards developing NAFLD and its associated 

syndromes including obesity and type II diabetes [29]. Dietary and/or chemical modulations can 

be used to induce phenotypical features of NAFLD and the composition of such influences both 

the time frame of development as well as the severity of NAFLD progression [29]. 
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A variety of high fat and/or sugar- based diets have become the standard for mouse 

models of NASH. The methionine and choline deficient diet (MCD) based model is one of the 

best characterized models [29]. The MCD diet contains approximately 40% sucrose and 10% fat 

while being completely deficient in methionine and choline [29, 30]. Because they are essential 

nutrients in hepatic functioning, the deficiency in methionine and choline causes impaired 

β-oxidation and very low-density lipoprotein (VLDL) secretion in the liver [30]. These events 

result in oxidative stress and increased lipid deposition in the liver which ultimately induce 

features of NASH including steatosis, inflammation, and fibrosis [30]. The MCD diet, however, 

has been demonstrated to cause weight loss [31]. Although the mechanism in which this model 

induces NASH is not clinically relevant, this model is sufficient for the study of intrahepatic 

events related to this disease [29, 31].  

A more recently used model which negates the weight loss issues in the MCD model in 

the choline deficient L-amino acid defined diet (CDAA) [30]. The CDAA diet elicits similar 

features of NASH as the MCD diet due to the shared deficiency in choline [30]. The addition of 

L-amino acids supplements the lacking proteins in the diet [30]. The choline sufficient L-amino 

acid defined diet (CSAA) serves as a control for the CDAA diet. The Western diet (WD) 

contains high levels of fat, cholesterol, and sugar [31]. The WD brings about features similar to 

the MCD diet including steatosis, inflammation, and fibrosis while also promoting weight gain 

[31]. Carbon tetrachloride (CCl​4​) is a chemical which, upon repeated administration, enhances 
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the effects of the WD by inducing hepatic oxidative stress and therefore exacerbating the 

development of fibrosis [29].  

Unfortunately, therapies that have proven efficacious in these preclinical models have 

repeatedly failed in clinical settings [29]. ASP9831, a phosphodiesterase-4 inhibitor, was shown 

to lessen both liver inflammation and fibrosis in an MCD diet model, however, upon translation 

to the clinic, no evidence for efficacy was observed [29]. Other drugs which have mirrored this 

phenomenon include the antioxidant resveratrol and the hypolipidemic drug ezetimibe [29]. A 

clinical study which enrolled obese patients with NAFLD showed no decrease in hepatic 

steatosis compared to baseline following eight-week administration of reveratrol [32]. Similarly, 

a meta-analysis of clinical studies employing ezetimibe showed that although the drug 

significantly reduced hepatic steatosis, hepatic inflammation and fibrosis were unchanged in 

NAFLD and NASH patients [33]. 

Several factors are thought to contribute to the consistent translational failure in this area 

of research [14]. First, preclinical models can never fully replicate the heterogenous 

physiological environment which is seen in the human population [14]. Confounding this 

phenomenon is the inherent nature of scientific experiments in which variability, or 

heterogeneity, between subjects is controlled for [14]. Secondly, while a number of mouse 

models have been developed to mimic the human disease, each model is limited in its ability to 

elicit the entire disease spectrum with relevant pathogenesis both on the molecular level and its 

associated syndromes [14, 29]. Additionally, these results underpin limitations with IHC and 
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gross assessment of body weight as indicators of efficacy, and the need for more specific and 

quantitative biomarkers to better predict potential treatments based on work in preclinical 

models.  Tailored and well understood biomarkers that are sensitive to different aspects of 

NAFLD and NASH (such as steatosis, inflammation and fibrosis) and that can be measured in 

the same subject or patient will improve the ability to successfully translate therapies and predict 

clinical outcomes.  

Therefore, in preclinical NAFLD and NASH research, it is of exceeding importance to 

select the model as well as biomarkers which are most relevant to the targeted pathological 

component of the disease in order to preserve clinical relevance, and to test therapeutic 

interventions across multiple models [29, 34]. 

 

Table 2. ​Table representing the different NAFLD and NASH mouse models used in this study and their associated 
phenotypes. *Expected based on diet composition, reference not available.  
 

Diet / 
Chemical Diet Composition Liver Histology 

Metabolic Features 

Obesity Various 

MCD 

~40% sucrose 
~15% fat 

Methionine deficient 
Choline deficient ​[Appx A] 

Steatosis, 
Inflammation, 

Fibrosis, 
NASH ​[31] 

  -- ​[31] 
 

Weight loss,  
Increase in AST and 

ALT levels ​[29] 

CDAA 
~40% sucrose 

~15% fat 
Choline deficient ​[Appx A] 

Steatosis, 
Inflammation, 

Fibrosis, 
NASH ​[29] 

Not 
Expected 

[29] 

Body weight gain,  
Insulin resistance, 

Increase in AST and 
ALT levels​ [29] 

CSAA 
~40% sucrose 

~15% fat 
Choline sufficient ​[Appx A] 

Steatosis, 
Inflammation, 

Fibrosis, 
NASH ​* 

Not 
Expected 

[29] 

Body weight gain, 
Increase in AST and 

ALT levels ​* 
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Table 2. ​Table representing the different NAFLD and NASH mouse models used in this study and their associated 
phenotypes, continued. 
 

Diet / 
Chemical Diet Composition Liver Histology 

Metabolic Features 

Obesity Various 

WD 50% sucrose 
        5% fat ​[Appx A] 

Steatosis, 
Inflammation, 

Fibrosis, 
NASH ​[31] 

Yes ​[31] Insulin resistance  ​[29]  

CCl​4 N/A 

Steatosis, 
Inflammation, 

Dose-dependent 
Fibrosis ​[29] 

 -- ​[29] Increased AST and 
ALT levels​  [29] 

 

A Noninvasive and Comprehensive Approach: MRI and Multiple Mouse 

Models 

While certain MRI biomarkers have shown promise in NASH, they are largely 

non-standardized, and to date have not been used in parallel in a controlled setting across NASH 

disease models. In this study we sought to test and implement ​a multi-parametric MRI protocol 

enabling the quantification of liver PDFF, ADC, T​1​ and T​2​ longitudinally at specific time points 

over the course of disease induction, and in parallel measure body weight. We originally sought 

to use liver histopathology for correlative data, but unfortunately closures in our IHC providers 

prevented such work. We then sought to test the ability of the MRI protocol to provide 

biomarkers of aspects of NASH including hepatic steatosis, ​inflammation and fibrosis​. 
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Secondarily we ​aimed to characterize several industry and academic research standard 

NAFLD/NASH mouse models in the context of our experimental MRI protocol. By employing a 

broad spectrum of mouse models, our research aimed to incorporate the variability of disease 

presentation as seen in the clinical population, as well as test the breadth of applicability of the 

experimental MRI biomarkers in accurately detecting and following the progression of both 

NAFLD and NASH. This represents the first comprehensive comparison of multiple MRI 

biomarkers in multiple NAFLD/NASH models. This work will help advance our knowledge of 

MRI biomarkers for future use in elucidating disease biology and therapeutic testing in both 

mouse models of NASH and in clinical translation. 
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MATERIALS AND METHODS 
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Study Design 

Fat Phantom 

A fat phantom was designed in order to permit evaluation of the fat/water content 

dependence of MRI parameters including PDFF, T​1​ and T​2​. Soy oil was mixed with agarose at 

the following concentrations: 5%, 10%, 15%, 20%, 25%, 30%, 40%, 50%, and 100%. The soy 

oil and agarose solution was transferred into 5 mm glass NMR tubes and allowed to solidify. The 

eight tubes containing the various concentrations of soy oil were arranged in a 50 mL conical 

tube containing saline.  

Animal Experiments 

All experimental work was performed under an approved Institutional Animal Care and 

Use Committee (IACUC) protocol. Male, 7-8 weeks old C57BL/6 mice were purchased from 

Envigo (Placentia, CA). Mice were allowed to acclimatize for at least 48 hours before 

experimentation and were provided diet and water ad libitum. All mice were subjected to a 

standard 12-hour light/12-hour dark cycle. Body weight was taken twice weekly for all mice 

over the 12-week time course.  

Mouse Models of NAFLD and NASH 

Mice were provided either a standard diet or an experimental diet ad libitum, with or 

without carbon tetrachloride (CCl​4​) for 4, 9, or 12 weeks. In each study, mice were stratified into 

6 groups: 1 control group and 5 experimental groups. Mice in the control group remained on the 

standard diet for the duration of observation. The five experimental groups included mice on the 
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methionine and choline deficient diet (MCD), the choline deficient diet (CDAA), the choline 

sufficient diet (CSAA), the western diet (WD), and the western diet with weekly administration 

of carbon tetrachloride (WD + CCl​4 ​) (see Appendix A for more detailed diet information). Mice 

that received CCl​4 ​were dosed once each week (QW) by body weight at a volume of 0.1 mL/g. 

CCl​4 ​was diluted in mineral oil at a ratio of 1:9 and administered via oral gavage throughout the 

12-week time course. MCD-fed mice displayed marked weight loss which did not permit 

observation past week 9 in study 1. Due to the observed trend, MCD-fed mice were only 

observed until week 4 in the studies 2 and 3​. 

In study 2, a dietary intervention was introduced following the 12-week disease time 

course in which the experimental diet was removed from all groups (excluding MCD due to 

early body weight loss) and mice were placed back on standard diet.  

 

Imaging Experiments 
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Animal Handling and Preparation for Imaging 

Mice underwent imaging at week 0, 3, 6, 9, and 12 weeks post diet- and chemical-based 

disease induction in study 1. After elucidating trends in our NAFLD and NASH models in the 

context of our multiparametric MRI protocol and body weight time course in study 1, mice were 

imaged at 0, 4, 8, and 12 weeks in study 2 and 3 which was considered to be a sufficient time 

course for the observation of major trends in these models. In study 2, mice were additionally 

imaged at week 14.5 and 16.5 (week 2.5 and 4.5 post-intervention). 

Mice were anesthetized using 2% isoflurane and 98% oxygen using an induction box 

which was placed under a heat lamp in order to maintain the mouse body temperature at 33℃. 

Animals were then transferred to a mouse bed in the MRI bore with a nose cone which 

maintained isoflurane flow rate at 0.8 L/min​ ​throughout the duration of scanning. Mice were 

positioned supine with the liver positioned in the center of a Bruker 38-mm transmit/receive 

quadrature radio frequency (RF) coil. The amount of isoflurane administered was adjusted 

throughout the scan session to maintain respiration at approximately 40 breaths/min. Using a 

Small Animal Monitoring and Gating System (SA Instruments, Inc. Model 1025), mice were 

heated at 33℃ throughout the course of scanning using a temperature sensor which was inserted 

into the rectum and a warm air blower. A respirator pad with a pressure sensor was taped just 

beneath the rib cage on the abdomen of the mice to monitor the respiration rate as well as to 

respiratory gate the scans. Body temperature as well as respiration were monitored using the 

PC-SAM32 software provided by SA Instruments to ensure mice remained at physiological 

conditions.  
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Images were acquired on a 11.7 Tesla (T) Bruker BioSpec Avance III preclinical MRI 

system with a tuned and matched 38-mm RF coil.  A series of imaging protocols which lasted 

approximately 75 minutes was used for the fat phantom and the mice. Scans were acquired and 

reconstructed using Bruker ParaVision 6.0. For each sample or live subject, a localizer scout 

scan was performed first to ensure proper positioning within the isocenter of the magnet. 

Shimming was performed after acquisition of a B​0​ map (using 2 averages and a repetition time 

(TR) of 10 ms) with subsequent use of the MAPSHIM automated shimming routine including 

higher order shims. A slice packet containing 7 contiguous transaxial slices of 1.5mm thickness 

was then planned using the scout scan to ensure full coverage of the liver. Slice packet geometry 

and positioning was constant throughout the scanning session.  

Proton Density Fat Fraction 

Animals underwent four sequential T​2​* map multiple gradient-echo (MGE) scans with 

staggered starting echo times (TE) of 1.304 ms, 1.769 ms, 2.234 ms, and 2.699 ms, and a total of 

8 echoes per scan with 1.86 ms echo spacing. Image size was maintained at 128x192 while field 

of view was adjusted to each mouse accordingly; typically 24x36mm or 30x40mm. The images 

were acquired with 6 averages, TR was fixed at 300 ms, and flip angle was 45°. The nominal 

scan time for each MGE was 4m19s, however the actual scan time was increased due to 

respiratory gating. 
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Apparent Diffusion Coefficient  

A diffusion weighted (DWI) spin echo scan was used to quantify the water ADC and 

incorporated B values of 0, 300 (2 averages) and 600 (2 averages). Slice packet geometry and 

positioning was maintained as above for the MGE. The image size was 128x96 across the same 

field of view as used for the MGE . TE was 17.524ms and TR was 1000ms. The nominal scan 

time was 12m0s, however the actual scan time was increased due to respiratory gating. 

T​1​ and T​2  

Mice underwent a combined T​1​ and T​2​ mapping RARE spin-echo scan. Slice packet 

geometry and positioning was maintained as above. The image matrix size used was 128x96. 

The T​1​/T​2​ images were acquired with 2 averages and a RARE factor of 2. For T​2​, TE for the first 

echo was 6.50 ms, the echo spacing was 6.50 ms, and a total of 5 echoes were used. Eight TR 

values were used for T​1​: 5500 ms, 3000 ms, 1500 ms, 1000 ms, 1000 ms, 550 ms, 550 ms, 550 

ms. The T​1​/T​2​ map scan time was 21m50s400ms and the scan was not gated. 

  

Image Analysis 

Images were transferred from ParaVision 6.0 onto an analysis computer using the FTP 

client FileZilla. All images were imported into the image analysis tool VivoQuant (Invicro, 

Boston, MA). Using VivoQuant, a region of interest (ROI) was drawn in the reconstructed 

images over the entire liver for each mouse with this ROI applied to each scan type. 
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Proton Density Fat Fraction  

All 4 MGE scans were loaded as Bruker MR files into VivoQuant. Proton density fat 

fraction was quantified by fitting to a standard multi-interference multi-echo model that included 

six lipid resonances and included temperature (recorded during each scan) as a variable. The ROI 

was drawn to include the entire liver and exclude other anatomical features such as lungs, 

stomach, intestines, kidneys and major vessels, and mean liver PDFF calculated over this ROI.  

Apparent Diffusion Coefficient  

The diffusion scan was imported into VivoQuant as a DICOM file. A map for the 

apparent diffusion coefficient (ADC) was generated in VivoQuant by fitting to a Stejskal-Tanner 

diffusion model [35]. Mean ADC was then quantified over the entire liver using the same ROI 

that was drawn for the MGE scans.  

T​1​ Relaxation 

A T​1​ relaxation map was generated using ParaVision by fitting the variable TR data to a 

single exponential recovery model and imported into VivoQuant as a DICOM file. ROIs were 

drawn to encompass the entire liver using the T​1​ maps. Mean liver T​1​ relaxation time was then 

quantified over each ROI. 

T​2​ Relaxation 

A T​2​ relaxation  map was generated using ParaVision by fitting the variable TE data to a 

single exponential decay model and imported into VivoQuant as a DICOM file. ROIs were 
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drawn to encompass the entire liver using the T​2​ maps. Mean liver T​2​ relaxation time was then 

quantified over each ROI. 

  

Statistical Analysis 

Using the SPSS Statistics (version 26) software package, a mixed ANOVA was 

conducted for each of the three studies and for each biomarker within each study in order to 

compare all groups and determine the effects of both time and diet on the MRI parameters PDFF, 

ADC, T​1​ relaxation time, and T​2​ relaxation time. Due to differential timing associated with the 

MCD diet group, a secondary mixed ANOVA was conducted for each study and each biomarker 

in order to compare the MCD group to all other experimental groups using only the time points 

for which the MCD group was studied. A post-hoc Tukey HSD test was used in order to 

determine which groups were statistically different from the control group and each other. For 

biomarker correlations, a correlation coefficient (R​2​) was calculated using a simple linear 

regression in GraphPad Prism 8.  
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RESULTS 
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Body Weight 

Body weight was recorded at each imaging time point across the three studies for each of 

the NAFLD/NASH models and the control mice on the standard diet (Fig. 2). Mice on the 

standard diet exhibited marginal increases in body weight over the 12-week time course 

consistent with age. Mice on the standard diet had a combined average weight of 24.7 ± 0.8 g at 

baseline and 30.4 ± 1.2 g at week 12 (Fig. 2D). MCD-fed mice displayed marked weight loss in 

each study, consistent with published data on this model, which did not permit observation past 

week 9 in study 1. In study 1, MCD-fed mice had a mean body weight of 19.7 ± 1.7 g at week 3 

(Fig. 2A) representing a -27% decrease versus control (Fig. 3). Due to the observed trend, 

MCD-fed mice were only observed until week 4 in the subsequent studies and combined data. 

CDAA-fed and CSAA-fed mice showed very similar trends in body weight in each of the three 

studies. At week 12, CDAA-fed mice had a combined mean body weight of  37.1 ± 1.2 g (Fig. 

2D) which represents a +22% increase versus control (Fig. 3).  CSAA-fed mice showed a +25% 

increase in body weight versus control (Fig. 3) with a combined mean body weight of 38.0 ± 1.0 

g (Fig. 2D). WD-fed mice showed large increases in body weight, generally similar to that 

observed in the CDAA and CSAA groups, and greater than mice on the WD + CCl​4​ regimen. At 

week 12, mice on the WD had a combined mean body weight of 40.8 ± 1.2 g while mice on the 

WD + CCl​4​ regimen had a combined mean body weight of 35.1 ± 1.1 g (Fig. 2D). At week 12, 

WD-fed mice showed a +34% increase versus control while mice on the WD + CCl​4​ regimen 

showed a +15% increase versus control (Fig. 3).  
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Figure 2. ​Graphs showing the mean body weight with standard error vs time by group. Standard error bars which 
are not shown are shorter than the symbol at each data point.​ A.​ Study 1: Standard (n=3), MCD (n=4), CDAA (n=4), 
CSAA (n=2), WD (n=3), WD + CCl​4​ (n=3); ​B.​ Study 2: Standard (n=4), MCD (n=4), CDAA (n=4), CSAA (n=4), 
WD (n=4), WD + CCl​4​ (n=4);​ C.​ Study 3: Standard (n=3), MCD (n=4), CDAA (n=4), CSAA (n=4), WD (n=4), WD 
+ CCl​4​ (n=4); ​D. ​Combined mean across the three studies: Standard (n=10), MCD (n=12), CDAA (n=12), CSAA 
(n=10), WD (n=11), WD + CCl​4​ (n=11). 
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Figure 3.​ Heat Map representing the percent difference in combined mean body weight between experimental diet 
groups and mice on the standard diet at each timepoint over the three studies. Group labels are to the left of the heat 
map and week labels are at the bottom. Color bar indicates percent differences ranging from -27 to +36. 

 

Proton Density Fat Fraction 

in vitro 

            ​A calibration experiment​ ​was performed to evaluate the accuracy of the MRI-PDFF 

against our fat phantom with tubes containing varying concentrations of oil. The calculated 

PDFF values across the various concentrations of oil in the phantom exhibited strong correlation 

with the actual percentage of fat (by volume) in each vial (R​2​ = 0.97) (Fig. 4B). At lower oil 

percentages, PDFF was quantified to be 7% in the reference vial containing 5% fat and 10% in 

the reference vial containing 10% fat (Fig. 4). At fat percentages which would be consistent with 

hepatic steatosis, PDFF was calculated to be 19% in the 20% reference vial, 28% in the 30% 

reference vial, and 40% in the 40% reference vial (Fig. 4).  
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Figure 4. ​Calibration of MRI-PDFF parameter showing strong correlation between MRI quantified PDFF and oil 
content in fat phantom.​ A. ​Color map of single transversal slice through fat phantom representing PDFF values from 
0% (blue) to 50% (red). Actual oil percentage in each tube is shown. The 100% tube was excluded from analysis as 
PDFF ​in vivo​ never reached that large of a percentage. ​B. ​Correlation between measured MRI-PDFF versus actual 
oil percentage in the various tubes in the fat phantom. 
 

in vivo 

Extending this platform ​in vivo​, liver PDFF was quantified in all mice at each of the 

imaging time points in order to evaluate the induction and severity of hepatic steatosis across 

various mouse models of NAFLD and NASH. The individual gradient echo images in the MGE 

protocol used were generally of high quality and showed relatively uniform liver contrast.  Fitted 

PDFF maps showed relatively uniform PDFF with evidence of some small heterogeneity and the 

data was generally well fitted to the PDFF equation (Fig. 5). PDFF was found to increase in all 

experimental groups in each of the three studies over the 12-week time course consistent with the 

expected development of NAFLD and underlying fatty liver. 

In study 1, all NAFLD/NASH models (including diet- and chemical-based models) 

showed significantly increasing PDFF over time. In contrast, mice on the standard diet exhibited 
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marginal fluctuations throughout each of the studies. Both time and diet were found to have a 

significant effect on liver PDFF (Appendix B). A significant difference was found between all 

experimental groups (MCD,  p < 0.001; CDAA, p < 0.001; CSAA, p = 0.007; WD, p = 0.002; 

WD + CCl​4​, p = 0.001) and mice on the standard diet (Appendix B). Mice on the standard diet 

exhibited relatively consistent PDFF values over the time course studied, with a mean liver 

PDFF of 8 ± 5% at baseline and 10 ± 3% at week 12 (Fig. 6A). Mice on the WD exhibited the 

highest mean liver PDFF of 41 ± 8% at week 12 (Fig. 6A).  Of the experimental groups, mice on 

the WD + CCl​4​ regimen exhibited the lowest increase by week 12 with a mean liver PDFF of 24 

± 6%. 

In study 2, a similar increase in PDFF was found across all the diseased groups, with 

relatively consistent PDFF observed across the 12 week period in mice on the standard diet. 

Both time and diet were again found to have a significant effect on liver PDFF with CDAA-fed 

(p < 0.001) and CSAA-fed (p = 0.​ ​009) mice exhibiting significant differences in liver PDFF as 

compared to mice on the standard diet (Appendix B). Mice on the standard diet exhibited a mean 

liver PDFF of 10 ± 4% at baseline and 15 ± 1% at week 12 (Fig. 6B). CDAA-fed mice exhibited 

the highest mean liver PDFF followed by CSAA-fed mice at week 12. Mice on the CDAA diet 

had a mean liver PDFF of 47 ± 2% and mice on the CSAA diet had a mean liver PDFF of 40 ± 

4% at week 12 (Fig. 6B). Of the experimental groups, mice on the WD + CCl​4​ regimen exhibited 

the lowest increase by week 12 with a mean liver PDFF of 25 ± 5% (Fig. 6B). 
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In study 3, the PDFF results were consistent with those in study 2. Both time and diet had 

a significant effect on liver PDFF (Appendix B). CDAA-fed (p = 0.001) and CSAA-fed (p = 

0.038) mice exhibited increases in liver PDFF which were found to be statistically different from 

liver PDFF of mice on the standard diet (Appendix B). While mice on the standard diet exhibited 

a mean liver PDFF of 11 ± 4% at week 12, CDAA-fed mice had a mean liver PDFF of 36 ± 2% 

and CSAA-fed mice had a mean liver PDFF of 26 ± 8% (Fig. 6C). Of the experimental groups, 

mice on the WD + CCl​4​ regimen exhibited the lowest liver PDFF increase by week 12 with a 

mean liver PDFF of 16 ± 4% (Fig. 6C). 

Due to the consistency of the data across the 3 studies, the data was also combined 

(averaged across all mice on all studies). After combining the data, mice on the standard diet 

exhibited a combined mean liver PDFF of 12 ± 2% (Fig 6D). CDAA-fed mice exhibited the 

largest overall increase in mean liver PDFF by week 12. Combined mean liver PDFF of 

CDAA-fed mice was 41 ± 2% at week 12 (Fig. 6D). This represents a +237% increase as 

compared to the combined mean liver PDFF of mice on the standard diet at week 12 (Fig. 7). 

MCD-fed mice exhibited a precipitous increase by week 4 with a combined mean liver PDFF of 

29 ± 2% (Fig. 6D) representing a +209% increase as compared to the combined mean liver 

PDFF of mice on the standard diet at week 4 (Fig. 7). Mice on the CSAA diet exhibited the third 

largest increase in combined mean liver PDFF by week 12 at 33 ± 4%, followed by WD-fed 

mice at 29 ± 4% and WD + CCl​4 ​mice at 22 ± 2% (Fig. 6D). Together, these represent +171, 
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+141, and +86% differences between these groups and combined mean liver PDFF of mice on 

the standard diet, respectively (Fig. 7). 

 

 
 

Figure 5. ​Color maps of a single transversal slice (out of 7) visualizing liver PDFF map of a representative animal 
from each group in study 2 at week 4 or 12, overlaid on a grey scale anatomical scan. Color bar represents PDFF 
values from 0% (blue) to 60% (red). ​A. ​Standard diet, 16% at week 12; ​B.​ MCD diet, 29% at week 4; ​C.​ CDAA 
diet, 52% at week 12; ​D.​ CSAA diet, 47% at week 12; ​E.​ WD, 24% at week 12; ​F.​ WD + CCl​4​regimen, 30% at 
week 12.  
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Figure 6.​ Graphs showing the mean liver PDFF with standard error vs time by group. Standard error bars which are 
not shown are shorter than the symbol at each data point.​ A.​ Study 1: Standard (n=3), MCD (n=4), CDAA (n=4), 
CSAA (n=2), WD (n=3), WD + CCl​4​ (n=3); ​B.​ Study 2: Standard (n=4), MCD (n=4), CDAA (n=4), CSAA (n=4), 
WD (n=4), WD + CCl​4​ (n=4);​ C.​ Study 3: Standard (n=3), MCD (n=4), CDAA (n=4), CSAA (n=4), WD (n=4), WD 
+ CCl​4​ (n=4); ​D. ​Combined mean across the three studies: Standard (n=10), MCD (n=12), CDAA (n=12), CSAA 
(n=10), WD (n=11), WD + CCl​4​ (n=11). 
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Figure 7. ​Heat Map representing the percent difference in combined liver PDFF between experimental diet groups 
and mice on the standard diet at each timepoint over the three studies. Group labels are to the left of the heat map 
and week labels are at the bottom. Color bar indicates percent differences ranging from -8 to +460. 
 

 

Apparent Diffusion Coefficient  

The apparent diffusion coefficient (ADC) of pure water at 25°C has been previously 

determined to be 2.24 x 10​-3 ​mm​2​/s and 2.84 x 10​-3​ mm​2​/s at 35°C [36]. Baseline mean liver ADC 

values at 33°C ranged between 1.39 x 10​-3​ mm​2​/s and 1.98 x 10​-3​ mm​2​/s.  When attenuation due 

to tissue structure is taken into account, these values exhibit good agreement with the previously 

determined diffusion coefficient of pure water and also typical values measured in tissues.  

Apparent Diffusion Coefficient (ADC) was quantified in all mice over the entire diet- and 

chemical-based disease induction period in order to quantify the diffusion of water throughout 

the liver tissue. The individual spin echo images in the DWI protocol used were generally of 

high quality and showed relatively uniform liver contrast. Fitted ADC maps show relatively 

uniform ADC signal with evidence of some small heterogeneity and the data was generally well 
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fitted to the Stejskal-Tanner equation (Fig. 8). Liver ADC was found to decrease across all 

disease groups in each study over the 12-week time course, but by comparison was generally 

relatively constant for the mice on the standard diet over this period.  

In study 1, both time and diet were found to have significant effects on liver ADC 

(Appendix B). All experimental groups (MCD, p = 0.005; CDAA, p = 0.040; CSAA, p = 0.039; 

WD, p = 0.007; WD + CCl​4​, p = 0.035) were found to be significantly different from mice on the 

standard diet (Appendix B). Mice on the standard diet exhibited relatively constant mean liver 

ADC values over the first 6 weeks before a moderate decrease of -16% was observed after 

12-weeks, relative to baseline for this group (Fig. 9A). Liver ADC in mice on the standard diet 

was quantified to be 1.9 x 10​-3​ ± 0.2 x 10​-3​ mm​2​/s at baseline and 1.6 x 10​-3​ ± 0.2 x 10​-3​ mm​2​/s at 

week 12 (Fig. 9A). At week 12, mice on the WD exhibited the lowest mean liver ADC of 0.8 x 

10​-3​ ± 0.0 x 10​-3 ​mm​2​/s followed closely by mice on the CSAA diet with a mean liver ADC of 0.8 

x 10​-3​ ± 0.0 x 10​-3​ mm​2​/s (Fig. 9A).  Of the experimental groups, mice on the WD + CCl​4 

regimen exhibited the smallest decrease by week 12 with a mean liver ADC of 1.0 x 10​-3​ ± 0.3 

mm​2​/s (Fig. 9A). 

In study 2, the mixed ANOVA which excluded MCD-fed mice due to differing disease 

time courses, revealed both time and diet were found to have significant effects on liver ADC 

(Appendix B). In this analysis, all included experimental groups (CDAA, p < 0.001; CSAA, p = 

0.002; WD, p = 0.013; and WD + CCl​4​, p = 0.010) were found to be statistically different from 

mice on the standard diet (Appendix B). Mice on the standard diet had a mean liver ADC of 1.5 

x 10​-3​ ± 0.1 x 10​-3​ mm​2​/s at baseline and 1.7 x 10​-3​ ± 0.1 x 10​-3​ mm​2​/s at week 12 (Fig. 9B). Mice 

on the WD again exhibited the lowest liver ADC value of 0.6 x 10​-3​ ± 0.1 x 10​-3​ mm​2​/s at week 
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12 followed by mice on the CDAA diet at 0.7 x 10​-3​ ± 0.1 x 10​-3 ​mm​2​/s (Fig. 9B). Mice on the 

WD + CCl​4​ regimen exhibited the smallest decrease by week 12 with a mean liver ADC of 1.2 x 

10​-3​ ± 0.3 mm​2​/s (Fig. 9B). The mixed ANOVA performed including data from MCD-fed mice 

and all other groups up to week 4 only, did not show significant effects of either time or diet on 

liver ADC by week 4 (Appendix B). Furthermore, liver ADC of MCD-fed mice was not found to 

be statistically different from mice on the standard diet or any other experimental groups 

(Appendix B).  

In study 3, the mixed ANOVA performed on data excluding MCD-fed mice revealed that 

time and diet both had significant effects on liver ADC while the mixed ANOVA including 

MCD-fed and all other groups up to week 4 revealed a significant effect of time but not diet on 

liver ADC (Appendix B). Liver ADC of CDAA-fed (p = 0.024) mice was found to be 

statistically different as compared to mice on the standard diet (Appendix B). Control mice 

exhibited a mean liver ADC value of 1.6 x 10​-3​ ± 0.2 x 10​-3​ mm​2​/s at week 12 while CDAA-fed 

mice exhibited a mean liver ADC value of 1.0 x 10​-3​ ± 0.1 x 10​-3​ mm​2​/s at week 12 (Fig. 9C). 

Mice on the WD + CCl​4​ regimen exhibited the smallest decrease by week 12 with a mean liver 

ADC of 1.3 x 10​-3​ ± 0.1 mm​2​/s (Fig. 9C). Liver ADC of mice in the MCD, CSAA, WD, and WD 

+ CCl​4​, was not found to be significantly different as compared to mice on the standard diet 

(Appendix B).  

When liver ADC data was combined across each of the three studies, mice on the 

standard diet had a combined mean liver ADC of 1.7 x 10​-3​ ± 0.4 x 10​-3​ mm​2​/s at week 12 (Fig. 

9D). WD-fed mice exhibited the greatest decrease by week 12 with a combined mean liver ADC 

of 0.9 x 10​-3​ ± 0.1 x 10​-3​ mm​2​/s which represents a -48% difference versus combined mean liver 
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ADC of mice on the standard diet at week 12 (Fig. 9D, 10). CDAA-fed and CSAA-fed mice 

exhibited similar decreases in combined mean liver ADC across the three studies. At week 12, 

both CDAA-fed and CSAA-fed mice had a combined mean liver ADC of 0.9 x 10​-3​ ± 0.1 x 10​-3 

mm​2​/s (Fig. 9D). This represents a -46% difference and -45% difference versus combined mean 

liver ADC of mice on the standard diet at week 12 for both CDAA-fed and CSAA-fed mice, 

respectively (Fig. 10). Mice on the WD + CCl​4 ​regimen showed the least decrease in combined 

mean liver ADC by week 12. Mice on the WD + CCl​4 ​regimen exhibited a combined mean liver 

ADC of 1.2 x 10​-3​ mm​2​/s ± 0.1 x 10​-3​ which represents a -30% difference versus mean liver ADC 

of mice on the standard diet at week 12 (Fig. 9D, 10). MCD-fed exhibited a precipitous decrease 

in combined mean liver ADC by week 4 with a mean value of 1.2 x 10​-3​ ± 0.1 x 10​-3​ mm​2​/s 

which represents a -30% change versus control mice on the standard diet (Fig. 9D, 10). 
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Figure 8. ​Color maps of a single transversal slice (out of 7) visualizing liver ADC map of a representative animal 
from each group in study 2 at week 4 or 12, overlaid on a grey scale anatomical scan. The color scale represents 
ADC values from 0 x 10​-3​ mm​2​/s (purple) to 4.0 x 10​-3​ (yellow). ​A. ​Standard diet,  1.9 x 10​-3​ mm​2​/s at week 12; ​B. 
MCD diet, 1.3 x 10​-3​ mm​2​/s at week 4; ​C. ​CDAA diet, 1.0 x 10​-3​ mm​2​/s at week 12; ​D.​ CSAA diet, 0.9 x 10​-3​ mm​2​/s 
at week 12;​ E.​ WD, 1.1 x 10​-3​ mm​2​/s at week 12; ​F.​ WD + CCl​4​ regimen, 1.2 x 10​-3​ mm​2​/s at week 12.  
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Figure 9.​ Graphs showing the mean liver ADC with standard error vs time by group. Standard error bars which are 
not shown are shorter than the symbol at each data point.​ A.​ Study 1: Standard (n=3), MCD (n=4), CDAA (n=4), 
CSAA (n=2), WD (n=3), WD + CCl​4​ (n=3); ​B.​ Study 2: Standard (n=4), MCD (n=4), CDAA (n=4), CSAA (n=4), 
WD (n=4), WD + CCl​4​ (n=4);​ C.​ Study 3: Standard (n=3), MCD (n=4), CDAA (n=4), CSAA (n=4), WD (n=4), WD 
+ CCl​4​ (n=4); ​D. ​Combined mean across the three studies: Standard (n=10), MCD (n=12), CDAA (n=12), CSAA 
(n=10), WD (n=11), WD + CCl​4​ (n=11). 
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Figure 10. ​Heat Map representing the percent difference in combined liver ADC between experimental diet groups 
and mice on the standard diet at each timepoint over the three studies. Group labels are to the left of the heat map 
and week labels are at the bottom. Color bar indicates percent differences ranging from -60 to 0. 
 

 

T​1​ relaxation time 

in vitro 

T​1​ relaxation time exhibited a strong negative correlation (R​2​ = 0.90) with fat content in 

the fat phantom (Fig. 11). The reference vial containing 5% soy oil in agarose had a T​1​ relaxation 

time of 3132 ms and the reference vial containing 50% soy oil in agarose had a T​1​ relaxation 

time of 1327 ms suggesting an inverse relationship between the two biomarkers (Fig. 11).   
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Figure 11. ​Graph depicting the correlation between quantified T​1​ relaxation time and actual percentage of fat (by 
volume) in each vial of the fat phantom from 5 - 100%. The 100% vial was included in analysis in order to 
determine the T​1​ relaxation time of fat at 11.7T. 
 

in vivo 

            Liver T​1​ relaxation time was quantified at each MRI timepoint in order to investigate the 

effects of diet and chemical based NAFLD and NASH induction on this parameter. Individual 

images for each TR value used were of generally high quality and the data was well fitted to the 

exponential recovery function. Liver T​1​ relaxation time was observed to decrease in all diseased 

groups in each study over the 12-week time course, with relatively constant values measured in 

the standard diet control. T​1​ findings were consistent across the three studies for the 12 week 

period. 

In study 1, both time and diet were found to have statistically significant effects on liver 

T​1​ relaxation time (Appendix B). When standard error is taken into account, mice on the standard 

diet exhibited no change in mean liver T​1​ relaxation time. At baseline, mice on the standard diet 
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have a mean liver T​1​ relaxation time of 3042 ± 183 ms​ ​compared to 3084 ± 418 ms at week 12 

(Fig. 12A). All experimental groups exhibited decreases in mean liver T​1​ relaxation time over the 

12-week time course. Mean liver T​1​ relaxation time was found to be statistically different from 

the mice on the standard diet for the mice on the MCD diet (p = 0.004), CDAA diet (p = 0.002), 

WD (p = 0.031) and WD + CCl​4 ​regimen (p = 0.021) (Appendix B). Mice on the WD exhibited 

the largest decrease by week 12 with a mean liver T​1​ relaxation time of 1483 ± 73 ms (Fig. 12A). 

Mice on the CSAA diet exhibited the least decrease with a mean liver T​1​ relaxation time of 1926 

± 152 ms at week 12 (Fig. 12A). 

            In study 2, both time and diet were found to have statistically significant effects on liver 

T​1​ relaxation time (Appendix B). Mice on the standard diet exhibited a modest decrease in liver 

T​1​ relaxation time over the course of the study with a mean liver T​1​ relaxation time of 3629 ± 

251 ms at baseline and 3347 ± 39 ms at week 12 (Fig. 12B). All experimental groups showed 

decreases in liver T​1​ relaxation time that was found to be statistically different (MCD, p = 0.017; 

CDAA, p < 0,001; CSAA, p < 0.001; WD, p = 0.008; WD + CCl​4​, p < 0.001) versus mice on the 

standard diet (Appendix B). CDAA-fed mice exhibited the greatest decrease at week 12 with a 

mean liver T​1​ relaxation time of 1450 ± 43 ms (Fig. 12B). Mice on the WD + CCl​4 ​regimen had 

the smallest decrease by week 12 with a mean liver T​1​ relaxation time of 2475 ± 320 ms (Fig. 

12B).  

            In study 3, both time and diet were found to have statistically significant effects on liver 

T​1​ relaxation time (Appendix B). When standard error is taken into account, mice on the standard 
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diet exhibited no change in mean liver T​1​ relaxation time over the 12-week time course. At 

baseline, mice on the standard diet had a mean liver T​1​ relaxation time of 3375 ± 254 ms 

compared with 3057 ± 23 ms at week 12 (Fig. 12C). Mice on the CDAA diet, again, exhibited 

the largest decrease in mean liver T​1​ relaxation time at week 12 with a value of 1493 ms ± 62 

while mice on the WD + CCl​4 ​regimen again had the smallest decrease at week 12 with a mean 

liver T​1​ relaxation time of 2152 ms ± 69 (Fig. 12C). 

            Liver T​1​ relaxation time was combined for each group across each of the three studies. 

Mice on the standard diet had a combined mean liver T​1​ relaxation time of 3222 ± 68 ms at week 

12 (Fig. 12D). CDAA-fed mice exhibited the largest decrease in combined mean liver T​1 

relaxation time over the course of the study. At week 12, CDAA-fed mice had a combined mean 

liver T​1​ relaxation time of 1547 ± 68 ms which represents a -52% difference versus mice on the 

standard diet (Fig 12D, 13). Mice on the WD exhibited a -46% difference versus mice on the 

standard diet with a combined mean liver T​1​ relaxation time of 1678 ± 198 ms at week 12 (Fig 

12D, 13). CSAA-fed mice exhibited the third largest decrease with a combined mean liver T​1 

relaxation time of 1672 ± 28 ms at week 12 and a -45% difference versus mice on the standard 

diet at week 12 (Fig 12D, 13). Mice on the WD + CCl​4 ​regimen had a combined mean liver T​1 

relaxation time of 2093 ± 75 ms and a -35% decrease versus mice on the standard diet at week 

12 (Fig 12D, 13). Mice on the MCD diet exhibited a -45% difference versus mice on the 

standard diet by week 4 with a combined mean liver T​1 ​relaxation time of 1997 ± 100 ms (Fig 

12D, 13). 
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Figure 12.​ Graphs showing the mean liver T​1​ relaxation time with standard error vs time by group. Standard error 
bars which are not shown are shorter than the symbol at each data point.​ A.​ Study 1: Standard (n=3), MCD (n=4), 
CDAA (n=4), CSAA (n=2), WD (n=3), WD + CCl​4​ (n=3); ​B.​ Study 2: Standard (n=4), MCD (n=4), CDAA (n=4), 
CSAA (n=4), WD (n=4), WD + CCl​4​ (n=4);​ C.​ Study 3: Standard (n=3), MCD (n=4), CDAA (n=4), CSAA (n=4), 
WD (n=4), WD + CCl​4​ (n=4); ​D. ​Combined mean across the three studies: Standard (n=10), MCD (n=12), CDAA 
(n=12), CSAA (n=10), WD (n=11), WD + CCl​4​ (n=11). 
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Figure 13. ​Heat Map representing the percent difference in combined liver T​1​ relaxation time between experimental 
diet groups and mice on the standard diet at each timepoint over the three studies. Group labels are to the left of the 
heat map and week labels are at the bottom. Color bar indicates percent differences ranging from -56 to 9. 
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T​2​ relaxation time 

in vitro 

A simple linear regression of liver T​2​ relaxation time versus fat content in the fat phantom 

revealed no correlation between the two biomarkers ​in vitro ​(Fig. 14)​.  

 
Figure 14. ​Graphs representing the correlation between calculated T​2​ relaxation time and actual percentage of fat 
(by volume) in each vial of the fat phantom from 5 - 50%. The vial containing 100% fat was excluded from analysis 
because PDFF ​in vivo​ never reached that large of a percentage.  
 
 
in vivo 

At each MRI imaging time point, mouse liver T​2​ relaxation time was quantified in order 

to determine the longitudinal effects of diet and chemical based NAFLD and NASH disease 

induction on this biomarker. Individual TE value echo images were of high quality, and the data 

was well fitted to a decaying exponential. While liver T​2​ relaxation time remained stable in 
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control mice, liver T​2​ relaxation time was observed to increase in all experimental groups over 

the course of each study.  

In study 1, both time and diet were found to have statistically significant effects on liver 

T​2​ relaxation time (Appendix B). Control mice on the standard diet showed no change in mean 

liver T​2​ relaxation time over the 12-week time course with a baseline mean liver T​2​ relaxation 

time of 19 ± 1  ms as compared to 19 ± 1 ms at week 12 (Fig. 15A). Mice on the MCD diet (p < 

0.001), CDAA diet (p < 0.001), and WD + CCl​4 ​regimen (p = 0.018) exhibited increases in mean 

liver T​2​ relaxation time which were found to be statistically different versus mice on the standard 

diet (Appendix B). Mice on the CDAA diet exhibited the largest increase with a mean liver T​2 

relaxation time of 34 ± 2 ms at week 12 (Fig. 15A). Mice on the CSAA diet had the smallest 

increase over the 12-week time course with a mean liver T​2​ relaxation time of 26 ± 1 ms at week 

12 (Fig. 15A).  

In study 2, both time and diet were found to have statistically significant effects on liver 

T​2​ relaxation time (Appendix B). Mice on the standard diet showed no change in mean liver T​2 

relaxation time over the course of the study. At baseline, control mice had a mean liver T​2 

relaxation time of 17 ± 1 ms versus 16 ms ± 1 ms at week 12 (Fig. 15B). All experimental groups 

exhibited increases in liver T​2​ relaxation time which were found to be significantly different 

(MCD, p = 0.001; CDAA, p < 0.001; CSAA, p = 0.002; WD, p = 0.013; WD + CCl​4​, p = 0.010) 

from mice on the standard diet (Appendix B). Mice on the CDAA diet exhibited the largest 

increase with a mean liver T​2​ relaxation time of 40 ± 1 ms at week 12 (Fig. 15B). Mice on the 
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WD + CCl​4​ regimen exhibited the smallest increase at week 12 with a mean liver T​2 ​relaxation 

time of 24 ± 3 ms (Fig. 15B). 

In study 3, both time and diet were found to have statistically significant effects on liver 

T​2​ relaxation time (Appendix B). When standard error is taken into account, mice on the standard 

diet exhibited no change in mean liver T​2​ relaxation time over the course of the study. Mice on 

the standard diet had a mean liver T​2​ relaxation time of 19 ms ± 0 ms at baseline and 17 ms ± 1 

ms at week 12 (Fig. 15C). All experimental groups exhibited increases in liver T​2​ relaxation time 

which were found to be significantly different (MCD, p < 0.001; CDAA, p < 0.001; CSAA, p = 

0.007; WD, p = 0.021; WD + CCl​4​, p = 0.016) from mice on the standard diet (Appendix B). 

Mice on the MCD diet exhibited the largest increase by week 4 with a mean liver T​2​ relaxation 

time of 32 ± 2 ms (Fig. 15C). At week 12, CDAA-fed mice had the largest mean liver T​2 

relaxation time of 33 ± 1 ms (Fig. 15C). Mice on the WD + CCl​4​ regimen exhibited the smallest 

increase at week 12 with a mean liver T​2​ relaxation time of 23 ± 0 ms (Fig. 15C). 

Liver T​2​ relaxation time was combined in each experimental group across each of the 

three studies. Mice on the standard diet had a combined mean liver T​2​ relaxation time of 18 ± 0 

ms at week 12 (Fig. 15D). Mice on the CDAA diet exhibited the largest increase with a 

combined mean liver T​2​ relaxation time of 35 ± 1 ms at week 12 and a +101% increase versus 

mice on the standard diet (Fig. 15D, 16). Mice on the CSAA diet exhibited the second largest 

increase with a combined mean liver T​2​ relaxation time of 28 ± 1 ms at week 12 and a +60% 

increase versus mice on the standard diet (Fig. 15D, 16). Mice on the WD had a combined mean 
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liver T​2​ relaxation time of 27 ± 1 ms at week 12 representing a +51% difference versus mice on 

the standard diet (Fig. 15D, 16). Mice on the WD + CCl​4 ​regimen exhibited the lowest combined 

mean liver T​2​ relaxation time of 25 ± 1 ms at week 12 representing a +41% difference versus 

mice on the standard diet (Fig. 15D, 16). Mice on the MCD diet showed a steep increase with a 

combined mean liver T​2 ​relaxation time of 29 ± 1 ms at week 12 representing a +71% difference 

compared to control mice on the standard diet (Fig. 15D, 16).  
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Figure 15. ​Graphs showing the mean liver T​2​ relaxation time with standard error vs time by group. Standard error 
bars which are not shown are shorter than the symbol at each data point.​ A.​ Study 1: Standard (n=3), MCD (n=4), 
CDAA (n=4), CSAA (n=2), WD (n=3), WD + CCl​4​ (n=3); ​B.​ Study 2: Standard (n=4), MCD (n=4), CDAA (n=4), 
CSAA (n=4), WD (n=4), WD + CCl​4​ (n=4);​ C.​ Study 3: Standard (n=3), MCD (n=4), CDAA (n=4), CSAA (n=4), 
WD (n=4), WD + CCl​4​ (n=4); ​D. ​Combined mean across the three studies: Standard (n=10), MCD (n=12), CDAA 
(n=12), CSAA (n=10), WD (n=11), WD + CCl​4​ (n=11). 
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Figure 16. ​Heat Map representing the percent difference in combined liver T​2​ relaxation time between experimental 
diet groups and mice on the standard diet at each timepoint over the three studies. Group labels are to the left of the 
heat map and week labels are at the bottom. Color bar indicates percent differences ranging from -5 to 126. 
 

 

Correlations 
 

Correlations between individual biomarkers were investigated in order to elucidate the 

underlying biological mechanisms for which they are a proxy for. The relationships were 

investigated by plotting ​in vivo​ data of individual mice at each time point across the three 

studies.  

Liver  T​1​ relaxation time was found to decrease across all experimental groups versus 

control while liver PDFF was found to increase (Fig. 17A,C). A linear regression revealed a 

negative correlation (R​2​ = 0.55) between T​1​ and PDFF ​in vivo ​(Fig. 18A).  Liver ADC was also 

found to decrease while PDFF increased in all experimental groups (Fig. 17A-B). A negative 

correlation (R​2​ = 0.34) was established between ADC and PDFF (Fig. 18C). Accordingly, ADC 

56 



and T​1​ exhibited a positive correlation (R​2​ = 0.38) as both biomarkers were found to decrease 

over the disease time course (Fig. 17B-C; 18D). Conversely, liver T​2​ relaxation time was found 

to increase in all experimental groups versus control alongside of PDFF with a positive 

correlation (R​2​ = 0.66) (Fig. 17A,D; 18B). Both ADC and T​1 ​were found to have a negative 

correlation (R​2​ = 0.57 and R​2​ = 0.33, respectively) with T​2  ​(Fig. 18E-F). 

 
Figure 17.​ Heat Maps depicting the percent difference between the control group and the experimental groups for 
all imaging  parameters across the three studies. ​A​. Combined mean PDFF (Fig. 7); ​B.​ Combined mean ADC (Fig. 
10); ​C.​ Combined mean T​1​ (Fig. 13); ​D.​ Combined mean T​2​ (Fig. 16). 
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Figure 18. ​Correlation graphs between each of the MRI biomarkers. The correlation coefficient (R​2​) was calculated 
based upon individual mouse data at each imaging time point across all three studies. Groups are color coded. ​A. ​T​1 
versus PDFF;​ B.​ T​2​ versus PDFF; ​C.​ ADC versus PDFF;​ D.​ ADC versus T​1​; ​E. ​T​1​ versus T​2​; ​F.​ ADC versus T​2​. 
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Dietary Intervention: Study 2 

Following the 12 week diet and chemical-based disease time course in study 2, all 

experimental groups were placed back on a standard diet regimen identical to the mice on the 

standard diet. All experimental groups showed sharp regression towards basal levels in each of 

the measured parameters, body weight, PDFF, ADC, T​1​, and T​2​, following dietary intervention 

(Fig. 19A-E). Of note, MCD-fed mice were excluded from this experimental intervention 

because they were removed from study at week 4 due to diet-induced body weight loss. 

 Mice on the standard diet exhibited increases in body weight over this intervention time 

period consistent with the increases that were observed over the 12 week disease time course. At 

week 12, mice on the standard diet had a mean body weight of  30.9 ± 2.8 g at week 12 to 32.3 ± 

2.7 g at week 16.5 (4.5 weeks post-intervention) (Fig. 19 A). Mice on the CDAA diet exhibited a 

-11% decrease in mean body weight (Fig. 20A) from 41.4 ± 1.3 g at week 12 to 36.8 ± 1.2 g at 

week 16.5 (Fig. 19 A). Similarly, CSAA-fed mice displayed a -9% decrease (Fig. 20A) in mean 

body weight from 39.8 ± 2.3 g at week 12 to 36.1 ± 2.1 g at week 16.5  (Fig. 19 A). WD-fed 

mice exhibited the most precipitous decrease in body weight of -16% (Fig. 20A) from a mean of 

38.7 ± 1.6 g at week 12 to 32.7 ± 1.7 g at week 16.5  (Fig. 19 A). Of the experimental groups, 

mice on the WD + CCl​4 ​regimen displayed the least change in mean body weight over this time 

period with -1% decrease (Fig. 20A) and an average body weight of 35.7 ± 3.1 g at week 12 to 

35.3 ± 3.3 g at week 16.5  (Fig. 19 A). 

Mice on the standard diet exhibited negligible changes in mean liver PDFF over the 4.5 

week intervention time course. At week 12, mice on the standard diet had a mean liver PDFF of 

15 ± 1% as compared to 17 ± 2% at week 16.5 (Fig. 19B). CDAA-fed mice exhibited the largest 
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decrease in mean liver PDFF over this time period with a mean liver PDFF of 47 ± 2% at week 

12 as compared to 11 ± 4% at week 16.5 (Fig. 19B) which represents a -76% decrease from 

week 12 (Fig. 20B). CSAA-fed mice exhibited a similar downward trend in body weight with a 

-71% decrease in liver PDFF at week 16.5 as compared to week 12 (Fig. 20B). At week 12, 

CSAA-fed mich had a mean liver PDFF of 40 ± 4% at week 12 as compared to 12 ± 1% at week 

16.5 (Fig. 19B). WD-fed mice and mice on the WD + CCl​4 ​regimen also displayed similar 

decreases in liver PDFF with a -66% and -63% decrease, respectively, at week 16.5 as compared 

to week 12 (Fig. 20B). At week 12, WD-fed mice displayed a mean liver PDFF of 26 ± 6%  mice 

on the WD + CCl​4 ​regimen displayed a mean liver PDFF of 25 ± 3% while at week 16.5, these 

groups both exhibited a mean liver PDFF of 9 ± 3% (Fig. 19B). 

Mice on the standard diet again exhibited negligible changes in mean liver ADC over the 

intervention time course. At week 12, mice on the standard diet had a mean liver ADC of 1.7 ± x 

10​-3​ ± 0.1 x 10​-3​ mm​2​/s as compared to 1.7 ± x 10​-3​ ± 0.2 x 10​-3​ mm​2​/s at week 16.5 (Fig. 19C). 

Mice on the CDAA diet exhibited at +124% increase (Fig. 20C) in liver ADC at week 16.5 as 

compared to week 12. At week 12 CDAA-fed mice had a mean liver ADC of 0.7 ± x 10​-3​ ± 0.1 x 

10​-3​ mm​2​/s as compared to 1.6 ± x 10​-3​ ± 0.1 x 10​-3​ mm​2​/s at week 16.5 (Fig. 19C). CSAA-fed 

mice exhibited a +94 increase (Fig. 20C) over this same time period with a mean liver ADC of 

0.8 ± x 10​-3​ ± 0.2 x 10​-3​ mm​2​/s as compared to 1.5 ± x 10​-3​ ± 0.3 x 10​-3​ mm​2​/s at week 16.5 (Fig. 

19C). WD-fed mice exhibited the most precipitous increase of + 131% in mean liver ADC over 

this time period while mice on the WD + CCl​4 ​regimen displayed the least increase of +42% 

(Fig. 20C). At week 12, mice on the WD and WD + CCl​4 ​regimen, respectively, had a mean liver 

ADC of 0.6 ± x 10​-3​ ± 0.1 x 10​-3​ mm​2​/s and  1.2 ± x 10​-3​ ± 0.2 x 10​-3​ mm​2​/s (Fig. 19C). At week 
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16.5 these groups had a corresponding mean liver ADC of 1.4 ± x 10​-3​ ± 0.3 x 10​-3​ mm​2​/s and 

1.6 ± x 10​-3​ ± 0.2 x 10​-3​ mm​2​/s (Fig. 19C). 

Control mice on the standard diet exhibited a slight decrease in mean liver T​1​ relaxation 

time over the intervention time course. At week 12, mice on the standard diet had a mean liver T​1 

relaxation time of 3347 ± 39 ms as compared to 3907 ± 135 ms at week 16.5 (Fig. 19D). Mice on 

the CDAA diet exhibited a +72% increase (Fig. 20D) in mean liver T​1​ relaxation time with an 

average of 1450 ± 43 ms as compared to 2492 ± 205 ms at week 16.5 (Fig. 19D). CSAA-fed 

mice displayed a +63%  increase (Fig. 20D) in mean liver T​1​ relaxation time with an average of 

1820 ± 149 ms as compared to 2973 ± 272 ms at week 16.5 (Fig. 19D). WD-fed mice displayed 

the largest percent increase of +80% while mice on the WD + CCl​4 ​regimen exhibited the 

smallest increase of +45% over the intervention time course (Fig. 20D). At week 12, WD-fed 

mice exhibited a mean liver T​1​ relaxation time of 1892 ± 143 ms while mice on the WD + CCl​4 

regimen exhibited a mean liver T​1​ relaxation time of 2475 ± 320 ms (Fig. 19D). At week 16.5, 

WD-fed mice exhibited a corresponding mean liver T​1​ relaxation time of 3396 ± 120 ms while 

mice on the WD + CCl​4 ​regimen exhibited a mean liver T​1​ relaxation time of 3590 ± 277 ms 

(Fig. 19D). 

Mice on the standard diet exhibited no change in mean liver T​2​ relaxation time over the 

intervention time course (Fig. 20E). At week 12 and 16.5, mice on the standard diet had a mean 

liver T​2​ relaxation time of 16 ± 1 ms (Fig. 19E). CDAA-fed mice exhibited the most precipitous 

decrease towards basal level with a -53% decrease in mean liver T​2​ relaxation time from week 12 

to week 16.5 (Fig 20E). At week 12, CDAA-fed mice had a mean liver T​2​ relaxation time of 40 ± 

1 ms as compared to 19 ± 0 ms at week 16.5 (Fig. 19E). CSAA-fed and WD-fed mice exhibited 

61 



similar decreases in liver T​2​ relaxation time over the time course with a -38% and -32% decrease, 

respectively (Fig. 20E). At week 12, CSAA-fed mice had a mean liver T​2​ relaxation time of 29 ± 

3 ms as compared to 18 ± 0 ms at week 16.5 (Fig. 19E). At week 12, WD-fed mice had a mean 

liver T​2​ relaxation time of 25 ± 1 ms as compared to 17 ± 0 ms at week 16.5 (Fig. 19E). Mice on 

the WD + CCl​4 ​regimen exhibited the least decrease over the time course with a mean liver T​2 

relaxation 24 ± 3 ms at week 12 as compared to 18 ± 1 ms at week 16.5 (Fig. 19E), representing 

a -24% decrease (Fig. 20E).  
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Figure 19. ​Graphs showing biomarker return to baseline following dietary intervention at week 12. MCD data is not 
included due to being removed from study at week 4. ​A. ​Body weight; ​B.​ PDFF; ​C.​ ADC; ​D.​ T​1​; ​E.​ T​2​. 
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Figure 20.​ Heat Maps depicting the percent change in each of the parameters over the 12 week time course and then 
the percent change from week 12 following dietary intervention. Group labels are shown to the left of the heat map 
and week labels are shown underneath. ​A. ​mean body weight; ​B. ​mean liver PDFF​ C. ​mean liver ADC​ D. ​mean 
liver T​1​ relaxation time ​E. ​mean liver T​1​ relaxation time. 
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Figure 20.​ Heat Maps depicting the percent change in each of the parameters over the 12 week time course and then 
the percent change from week 12 following dietary intervention, continued. 
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Figure 20.​ Heat Maps depicting the percent change in each of the parameters over the 12 week time course and then 
the percent change from week 12 following dietary intervention, continued. 
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DISCUSSION 
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Body Weight 

Mice exhibited body weight modulation consistent with their dietary/chemical model. 

Mouse models of NAFLD used in this study can be broken into two major categories: (1) diets 

which are methionine and/or choline deficient, and (2) Western-like diets containing trans fat, 

saturated fat, and sugar [31]. Based upon known characteristics of these diets, we expected that 

CDAA-fed, CSAA-fed, and WD-fed mice would elicit relatively large increases in body weight 

while mice on the WD + CCl​4 ​regimen would display a more moderate increase in body weight. 

Additionally, we expected mice on the MCD diet to exhibit body weight loss.  

While mice on the standard diet displayed body weight gain over the course of the study, 

this increase was marginal compared with CDAA-fed, CSAA-fed, WD-fed and WD + CCl​4 

mice. According to the growth curve, 7-8 week male C57BL/6 mice have an average body 

weight between 20 and 25 ± 4 g and an average body weight between 25 and 30 ± 4 g at 14-15 

weeks (which is equivalent to week 6-7 in our studies) [37]. This data is consistent with the body 

weight trends observed in male C57BL/6 mice on the standard diet in each of our studies in 

which body weight was found to be 28.5 ± 1.6 g at week 6 in study 1, 29.6 ± 2.8 g at week 8 in 

study 2, and 27.5 ± 1.5 g at week 8 in study 3 (Fig. 2). 

Mice on the MCD diet exhibited precipitous body weight loss, as previously 

characterized in this model [31]. The MCD diet has been reported to cause up to 40% body 

weight loss in animals after 8 weeks feeding time and therefore fails to induce obesity [29, 38]. 

In contrast with the MCD diet, the CDAA diet has been shown to induce increases in body 

weight in a time dependent manner [39]. In a study by Rao ​et al.​ CDAA-fed male C57BL/6 mice 

were observed to have an average body weight between 35 and 40 ± 4 g after 12 weeks feeding 
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time which is on par with the observed average body weight for CDAA-fed mice in our studies 

at week 12 [40]. CDAA-fed mice in our studies exhibited an average body weight at week 12 of 

36.2 ± 3.4 g in study 1, 41.4 ± 1.3 g in study 2, and 33.8 ± 0.8 g in study 3 (Fig. 2). A study by 

Mincis ​et al.​ which compared both CDAA-fed and CSAA-fed male C57BL/6 mice found that 

body weight was not significantly different between CDAA-fed and CSAA-fed mice at 12 weeks 

post disease induction [39]. In our studies, body weight of CDAA-fed and CSAA-fed mice 

followed very similar trends (Fig. 2).  

The Western diet has been demonstrated to induce obesity [31]. In a study performed by 

Desmarchelier ​et al.​, male C57BL/6 mice fed the WD exhibited an average body weight between 

40 and 45 ± 1 g after 12 weeks of feeding time [41]. In our studies, WD-fed mice generally 

displayed some of the largest increases in body weight over time. WD-fed mice exhibited a mean 

body weight at week 12 of 43.0 ± 2.3 g in study 1, 38.7 ± 1.7 g in study 2, and 41.9 ± 2.1 g in 

study 3 (Fig. 2). In contrast, mice on the WD + CCl​4 ​regimen displayed smaller increases in body 

weight over the course of the study. A study by Tsuchida ​et al.​, found that the addition of CCl​4  

to a WD regimen in C57BL/6 mice attenuated body gain and also decreased food consumption 

[42]. Mice subjected to the WD + CCl​4 ​regimen in the study by Tsuchida ​et al.​ had an average 

body weight near 32 ± 2 g at 12 weeks post diet and chemical based disease induction [42]. In 

our study, mice on the WD + CCl​4 ​regimen exhibited a mean body weight at week 12 of 36.1 ± 

2.0 g in study 1, 35.7 ± 3.2 g in study 2, and 33.4 ± 1.8 g in study 3 (Fig. 2). This suggests 

attenuation in weight gain due to the administration of CCl​4 ​(which has adverse side effects) and 

an associated decrease in food intake.  
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Of note, after dietary intervention (removal of experimental diets at week 12) in study 2, 

the body weight of all experimental groups was found to regress towards the average body 

weight of mice on the standard diet (Fig. 19A).  

Body weight has implications in NAFLD and NASH in terms of both induction (obesity) 

and reduction (lifestyle modifications) [7, 8]. Our body weight data suggest that the models were 

highly diverse in terms of one of the most standardized noninvasive metrics which is used both 

preclinically and clinically in this disease. Furthermore, our body weight data suggests that these 

models of NAFLD and NASH are diverse in terms of their disease phenotypes, consistent with 

the clinical diversity of NAFLD and NASH. Based on the body weight results, we conclude that 

the set of models undertaken represents a diverse platform, as we sought for comprehensive 

testing of the imaging biomarkers and their performance in different disease settings.  

 

Proton Density Fat Fraction 

The strong correlation (R​2​ = 0.97) which was observed between MRI quantified PDFF 

and actual oil percentage ​in vitro​ is in agreement with previously reported accuracy of 

MRI-PDFF and therefore permits confidence in the sensitivity and accuracy of this parameter in 

our experiments (Fig. 4) [12].  

Hepatic steatosis is a hallmark feature of NAFLD and diet has been well-characterized as 

a factor contributing to the development of such [7]. Each experimental diet which was used in 

this study has been shown to induce steatosis and so we expected liver PDFF to exhibit 

monotonic increases in all experimental groups over the 12-week time course while remaining 

relatively stable in mice on the standard diet. Consistent with our hypothesis, mice on the 
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standard diet maintained a relatively constant liver PDFF over the time course in each of our 

studies while all experimental diets displayed large increases in liver PDFF by week 12 (Fig. 6, 

7).  

The MCD, CDAA, and CSAA diet used in this study all contain ~40% sucrose whereas 

the standard diet contains 3.18% sucrose (Appendix A). Sucrose has been indicated for its 

implications in lipid metabolism and ability to induce hepatic steatosis in wild-type mice [31]. 

Male C57BL/6 mice are prone to development of hepatic steatosis when placed on the MCD diet 

[30]. The MCD diet has been shown to induce hepatic steatosis as early as 4 weeks in 

experimental mouse models [31]. Mice on the MCD diet exhibited increases in liver PDFF by 

week 3 in study 1 and by week 4 in study 2 and 3 suggesting that this is a robust model for 

hepatic steatosis (Fig. 6). While increases in liver PDFF of this experimental group were found 

in all 3 studies, it was statistically significant in study 1 only, which is likely the result of shorter 

feeding time after having to remove mice from study, due to body weight loss in studies 2 and 3 

(Appendix B). The CDAA diet is known to induce similar disease features, such as steatosis, as 

the MCD diet due to the shared deficiency in choline [29]. In our studies, mice on the CDAA 

diet exhibited a similar, while slightly more severe, trend as the MCD diet fed mice in the time 

course of PDFF, and presumably the development of hepatic steatosis (Fig. 6). CDAA-fed mice 

consistently exhibited large increases in liver PDFF which were found to be statistically 

significant compared to controls across all studies (Appendix B). Therefore, significant hepatic 

steatosis can be achieved reproducibly in CDAA-fed mice without considerable weight loss [43]. 

The CSAA diet contains sufficient choline and is a control for the CDAA diet. The CSAA diet 

(similarly high in sugar and fat versus the CDAA diet) has been reported to induce hepatic 
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steatosis in recent studies [40]. Consistent with recent studies, CSAA-fed mice in our studies 

showed a similar, but less severe, upward trend in liver PDFF over the course of 12 weeks as 

compared to CDAA-fed mice (Fig. 6). Of note, CSAA-fed and CDAA-fed mice exhibited similar 

body weight trends across each of our three studies therefore suggesting a partial decoupling of 

body weight and liver fat in these models (Fig. 2). This is consistent with the fact that methionine 

and/or choline deficient diets induce hepatic steatosis in the absence of obesity [29]. Liver PDFF 

of CSAA-fed mice was found to be statistically significant compared with mice on the standard 

diet in each of the three studies (Appendix B). Additionally, liver PDFF of CDAA-fed and 

CSAA-fed mice were not found to be significantly different in study 1 and 3 (Appendix B). 

While the CSAA diet may serve as a control for choline deficiency, it is not a model devoid of 

disease progression.  

The Western Diet (WD) is meant to mirror the dietary components which lead to the 

development of NAFLD and NASH in modern day humans by including varied contents of trans 

fat, saturated fat, and sugar [31]. For this reason, the WD is designed to bring about hepatic and 

metabolic features in a way that mimics the pathophysiological changes seen clinically [31]. The 

induced hepatic changes are highly dependent on the components of this diet [31]. In a study 

performed by Schierwagen ​et al​., a WD containing 19.5% casein induced hepatic steatosis after 

7 weeks [31]. The WD used in this study contained 20% casein and mice on the WD exhibited 

steep increases in liver PDFF near this time point with a 51% increase between week 6 and 9 in 

study 1 and 72% increase between week 4 and 8 in study 3 (Fig. 6A,C). This observation was 

less pronounced in study 2 with a 16% increase between week 4 and 8 (Fig. 6B). While WD-fed 

mice exhibited the largest increase in body weight out of all experimental groups in study 1 and 
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3, WD-fed mice exhibited less precipitous increases in body weight in study 2 (Fig. 2A-C). In 

study 2, WD-fed mice had a lower average body weight than both CDAA-fed and CSAA-fed 

mice at each time point over the course of the study, consistent with natural variability (Fig. 2B). 

Because obesity is related to steatosis, this aberration in body weight is likely the cause of the 

observed less severe steatotic phenotype in study 2 and suggests a coupling of body weight with 

liver steatosis in our WD model (Fig. 6B). Additionally, the WD used in our studies contains 

50% sucrose, which is likely contributing to the increase in liver PDFF and presumably hepatic 

steatosis in these mice (Appendix A). While the increases in liver PDFF of WD-fed mice were 

found to be statistically significant versus mice on the standard diet in study 1, and similar trends 

were observed in study 2 and 3, the statistical significance did not persist in study 2 and 3 

(Appendix B). This lack of significant difference may be due to additional variability from the 

method of grouping mice. In study 1, mice were grouped at baseline based on body weight data. 

Whereas in study 2 and 3, mice were first imaged at baseline and then grouped to match mean 

liver PDFF across groups. This led to an average baseline liver PDFF varying more between 

groups in study 1 compared with studies 2 and 3, and may explain the statistically different 

PDFF for the WD versus control group being found in study 1 only (Fig. 6A-C). Overall the 

results for PDFF in the WD group (and corresponding lack of statistical difference versus 

control) suggest the steatotic phenotype of WD-fed mice is less robust as compared to CDAA 

and CSAA induced disease.  

The observed phenotype of NAFLD in mice subjected to CCl​4​ is often less severe in 

terms of body weight gain, and this is likely a result of the decreased food consumption in mice 

receiving CCl​4​ due to related adverse effects such as irritation of the esophageal lining following 
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oral dosing [44]. Mice on the WD + CCl​4 ​regimen exhibited the least increase in body weight in 

each of the three studies compared to CDAA-fed, CSAA-fed and WD-fed mice (Fig. 2). Mice on 

the WD + CCl​4 ​regimen also consistently exhibited the lowest increases in liver PDFF of all 

experimental groups in each of the three studies (Fig. 6). This may be due to the decrease in 

consumption of the disease-inducing diet as compared to the mice on the WD only. Furthermore, 

body weight data and corresponding PDFF of our WD model suggested a coupling between the 

two and so the lower body weight of mice on the WD + CCl​4 ​regimen is consistent with a lower 

liver PDFF. Although the increase in liver PDFF of  mice on the WD + CCl​4 ​regimen was found 

to be statistically significant versus control in study 1, this result may not be reliable due to lack 

of matching of baseline PDFF between groups as mentioned above (Appendix B) (Fig 6A). In 

this study, mice on the WD + CCl​4 ​regimen had the highest mean liver PDFF at baseline and so 

this initial difference versus the control group may have contributed to the observed statistical 

difference (Fig. 6A). Consistent with this, statistical significance for PDFF versus controls was 

not achieved in the WD + CCl​4 ​group in study 2 and 3 in which all groups were stratified to have 

uniform mean liver PDFF at baseline (Appendix B).  

The observed increase in MRI-PDFF across all experimental groups over the course of 

the study is consistent with NAFLD steatosis-based progression. Furthermore, these increases 

transcend a wide range of preclinical models and were found to be relatively consistent and 

reproducible in three subsequent studies. While the above cited studies relied upon histological 

analysis, which requires terminal sacrifice, our studies permitted non-invasive, longitudinal 

quantification and detection of hepatic steatosis which was observed as early as week 3 and week 

4. This suggests that MRI allows for identification and diagnosis of hepatic steatosis in the early 
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stages of disease progression. In clinical terms this could translate to facilitation of prompt 

lifestyle modifications and other interventions that may prove to be of clinical significance. 

Following dietary intervention at week 12 in study 2, liver PDFF was observed to regress 

towards basal levels in all experimental groups. It has been found that dietary interventions 

which result in body weight loss between 7 and 10% is associated with improvement in liver fat 

in humans [45]. CDAA-fed, CSAA-fed, and WD-fed mice exhibited the largest decreases in liver 

PDFF following dietary intervention of -76%, -71%, and -66%, respectively (Fig. 20B). 

Corresponding body weight loss in these groups was -11%, -9%, and -16% at week 16.5 after 4.5 

weeks back on the standard diet (Fig. 20A). Interestingly, CSAA-fed mice elicited the largest 

decline in liver PDFF at week 14.5, greater than CDAA-fed mice despite displaying comparable 

weight loss. Additionally, mice on the WD + CCl​4 ​regimen displayed only -1% change in body 

weight at week 16.5 (Fig. 20A). However, corresponding PDFF reduction in this group was 

-63% (Fig. 20B). This decoupling of body weight with hepatic steatosis in the choline deficient 

and CCl​4​ models underlies the importance of more specific biomarker based assessment of 

NASH through a biomarker like PDFF.  

 

Apparent Diffusion Coefficient 

Elucidating a non-invasive and accurate biomarker for identifying liver fibrosis remains 

at the forefront of translational research in this field. The ability to objectively identify and 

quantify the degree of liver fibrosis in NASH patients has implications in prognosis, longitudinal 

surveillance, and therapeutic advance [7].  
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ADC has been reported to have an inverse relationship with the extent of fibrosis at 11.7 

T in which decreases in liver ADC are associated with the progression of liver fibrosis [24, 46]. 

This relationship is consistent with fibrotic structures composed of collagen and other 

macromolecular deposition inhibiting the diffusional mobility of water and therefore reducing 

the liver water ADC as fibrosis develops [24]. Each of the models which was investigated in this 

study have been reported to induce varying degrees of liver fibrosis in a time-dependent manner. 

Additionally, C57BL/6 mice have a significantly higher tendency towards developing 

diet-induced hepatic fibrosis than other mouse strains [47]. Therefore, we hypothesized that liver 

ADC would decrease in all experimental groups while remaining relatively unchanged in mice 

on the standard diet.  

Within​ ​the variability in the data, mice on the standard diet exhibited no noteworthy 

decreases in mean liver ADC in each of the studies consistent with a relative absence of fibrosis 

or disease in the liver tissue (Fig. 9). Additionally, this observation provides confidence that the 

decreases seen in all experimental models is a result of disease induction and progression. All 

experimental models showed decreases in liver ADC over the disease time course in each study 

although differentiation between groups was not as well defined versus other biomarkers such as 

PDFF (Fig. 9).  

Nutrient-deficient diets such as the MCD and CDAA diet induce hepatic fibrosis over a 

shorter time period than obesogenic diets such as the WD [47]. MCD-fed mice exhibited a 

generally downward trend in average liver ADC over the 9-week time course in study 1 (Fig. 

9A). This decrease was observed to be statistically significant versus mice on the standard diet 

(Appendix B). In study 2 and 3, MCD-mice exhibited steep declines in average liver ADC 
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between 0 and 4 weeks post disease induction (Fig. 9B-C). These decreases, however, were not 

statistically significant versus mice on the standard diet, and this is likely at least partly due to 

the limited feeding time of this model based on adverse effects including excessive body weight 

loss (Appendix B). Furthermore, in each study mice were grouped by either body weight or liver 

PDFF and so baseline liver ADC was not explicitly matched, potentially leading to some 

additional variability than otherwise (Fig. 9). Even so, the observed decreases in liver ADC 

across this model are likely attributable to the development of liver fibrosis. A study by Simon ​et 

al.,​ showed that mice developed fibrosis in as short as 2 weeks on the MCD diet [31].  A study 

conducted by Wei ​et al. ​utilizing histopathology as a terminal endpoint identified two-fold 

increases in collagen content in the liver of MCD-fed C57BL/6 mice at 8 weeks consistent with 

the development of liver fibrosis [48]. The findings of Simon ​et al. ​and Wei​ et al.​ provide 

confidence in the development of fibrosis in MCD-fed mice in our studies, and therefore in 

attributing the observed decreases in liver ADC to disease induction. CDAA-fed mice also 

exhibited steep decreases in liver ADC following relatively short feeding times (Fig. 9). 

Regardless of baseline stratification, CDAA-fed mice consistently exhibited the earliest and 

largest decrease in average liver ADC at week 3 in study 1 and week 4 in study 2 and 3 (Fig. 9). 

These decreases were found to be statistically significant in each study (Appendix B). Consistent 

with these results, in the same study conducted by Wei ​et al​., CDAA feeding in C57BL/6 mice 

induced fibrosis by week 4 [48]. CSAA-fed mice also exhibited a downward trend in mean liver 

ADC, though to a lesser degree than CDAA-fed mice as was observed for PDFF (Fig. 9).  

Consistent with the longer feeding time for fibrosis induction in obesogenic diets, 

WD-fed mice exhibited a mean liver ADC value within range of mice on the standard diet at 
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week 3 in study 1 and week 4 in study 2 and 3 (Fig. 9A-C) [47]. From week 3 and 4 in each 

respective study however, WD-fed mice elicited nearly-monotonic decreases in average liver 

ADC through week 12 (Fig 9A-C). In study 2, WD-fed mice exhibited the largest decrease in 

mean liver ADC across all experimental groups by week 12 (Fig. 9B). Fibrosis is likely to be 

playing a role in this observation. As reported in a study by Dorn ​et al., ​a diet containing high fat 

and sucrose, similar to the WD used in our study, induced NASH with fibrosis in mice [31]. 

Furthermore, variations of the WD diet which incorporate sucrose most closely reflects the 

human phenotype by inducing aspects of metabolic syndrome which are thought to stimulate the 

development of fibrosis [31]. Conversely, in each of the three subsequent studies, mice on the 

WD + CCl​4 ​regimen exhibited the least decrease in average liver ADC by week 12 as compared 

to all other experimental groups (Fig. 9). CCl​4​ has shown strain-dependent and route-dependent 

effects [49]. The C57BL/6 strain of mice has shown intermediate susceptibility to developing 

liver fibrosis following administration of CCl​4 ​intraperitoneally (IP) [49]. Fibrosis can be 

observed 2-4 weeks post CCl​4 ​treatment when this route of administration is utilized [49]. 

Exposure via oral gavage, however, is known to elicit intestinal inflammation rather than have 

hepatic effects [49]. Because mice were dosed via oral gavage in our experiments, this may 

account for the marginal decreases in mean liver ADC. Additionally, the possibility of lower 

feeding rates in these mice due to esophageal irritation has implications in fibrosis as well. Mice 

on the WD + CCl​4 ​regimen exhibited the smallest increases in mean liver PDFF as well as the 

smallest decreases in mean liver ADC in each of the three studies (Fig. 6, 9). Further studies 

which adjust the administration route of WD + CCl​4 ​to IP and monitor food intake may provide a 

better overview of this experimental model.  
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Notably, ADC regressed towards basal levels in all experimental groups following 

dietary intervention in study 2 (Fig. 19C). Importantly, it has been demonstrated that body 

weight loss of  ≥10% corresponds with improvement in histologic grade of fibrosis [7]. Mice on 

the WD exhibited the sharpest return to baseline following 2.5 weeks of post intervention 

consistent with a sharp decrease of -15% in body weight during this time period as well (Fig. 

20C). As lifestyle modifications are currently the first line of treatment for NAFLD, this suggests 

that the obesity seen in this model may be closely associated with or the driver of fibrosis 

induction/progression.  

 

T​1​ relaxation time 

T​1​ relaxation time represents one of the more exploratory biomarkers in our studies. T​1​ is 

an inherent MRI parameter which draws from the rotational mobility of molecules within a 

tissue, in our case that of water molecules and labile groups in fat molecules [25]. T​1​ is therefore 

sensitive to biologic and structural properties of tissues such as water content and 

macromolecular structure including fat [25]. Since the measured T​1​ in our studies is an effective 

T​1​ based almost entirely on water and fat components, as the relative concentrations of water and 

fat change, so too will the effective (or measured) T​1​. Therefore, we hypothesized that tissue 

structure and water content (inversely related to fat content) changes in the liver following diet- 

and chemical-based disease induction would cause modulation in this parameter.  
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Liver T​1​ relaxation time was found to decrease in a time-dependent manner across all 

experimental groups in our studies while mice on the standard diet maintained a relatively 

constant mean liver T​1​ relaxation time between 2800 and 3700 ms (Fig. 12). We hypothesize that 

the observed decrease in all experimental groups is due to a significant extent to increasing liver 

fat content.  

At 3T, a clinical study of NAFLD patients found the average T​1​ relaxation time of 

NAFLD livers to be 1134 ± 97 ms [50]. Preclinical MRI is usually performed at higher field 

strengths in order to increase sensitivity in the typically smaller tissue volumes being studied. At 

7T, C57BL/6 mice were found to have a mean healthy liver T​1​ relaxation time of 995 ± 58 ms 

[28]. T​1​ relaxation time is known to increase with increasing field strength [51]. Therefore, 

baseline liver T​1​ relaxation time should be > 995 ms at 11.7T. In our studies at 11.7T, mean liver 

T​1​ relaxation at baseline was 3332 ± 76 ms (Fig. 12). 

T​1 ​has been reported both to increase and to decrease​ ​in the presence of the NAFLD 

spectrum across different studies, preclinically and clinically, which is likely at least partly due 

to magnetic field strength dependence of T​1​. In a preclinical study of CCl​4​-induced disease in 

mice, mean liver T​1​ relaxation time was found to be significantly shorter​ ​in mice treated with 12 

IP injections of CCl​4​ as compared to mice treated with 6 IP injections of CCl​4​ at 9.4T [52]. 

Conversely, clinical evaluation of patients with confirmed diagnosis of NAFLD revealed 

significantly ​longer​ liver T​1​ relaxation times in patients with steatosis as compared to a control 

non-diseased cohort at 1.5T [53].  
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At 1.5T, fat has been reported to have a T​1​ relaxation time of ~200 ms while non-fatty 

tissues such as healthy human liver have a T​1​ relaxation time of ~570 ms [54]. Likewise, fat is 

known to have a shorter T​1​ relaxation time than water at 11.7T [27].  In our fat phantom, T​1 

relaxation time was found to be 3130 ms at 5% oil content and 500 ms at 100% oil content at 

11.7T (Fig. 11). The difference in T​1​ of fat and non-fatty tissues at lower field strengths is 

therefore less (~200 ms versus ~570 ms, respectively, or a less than 3 fold difference) while the 

difference which was observed in our phantom at 11.7T is much greater (~500 ms versus ~>3100 

ms, or a greater than 6 fold difference). Therefore, the presence of fat at higher field strengths 

would conceivably exert a greater shortening effect on the effective liver T​1​ relaxation time, even 

in the presence of other possibly influential covariates such as inflammation, while this effect 

would be less pronounced and even possibly secondary to other disease-based drivers at lower 

field strengths. More specifically, with higher percentages of fat, the measured T​1​ is expected to 

decrease due to the much lower T​1​ of fat compared with that of water at 11.7T.  

Consistent with this, a strong negative correlation (R​2​ = 0.90) between T​1 ​relaxation time 

and oil content in our fat phantom was observed (Fig. 11). Furthermore, the quantified T​1 

relaxation time across the various fat concentrations ​in vitro​ also coincides with the liver T​1 

relaxation times and their corresponding liver PDFF values ​in vivo. ​For example, in the 5% oil 

vial, T​1​ relaxation time was found to be 3130 ms ​in vitro​. In the 30% vial, T​1​ relaxation time was 

1823 ms and in the 40% vial, 1508 ms. In study 1, mice on the standard diet exhibited a mean 

liver PDFF of 6 ± 1% and a corresponding T​1​ relaxation time of 3274 ± 237 ms at 6 weeks (Fig. 

6A, 12A). In study 2, MCD mice exhibited a mean liver PDFF of 29 ± 2% with a corresponding 

T​1​ relaxation time of 1997 ± 201 ms at 4 weeks (Fig. 6B, 12B). In study 3, CDAA mice had a 
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mean liver PDFF of 39 ± 3% with a corresponding T​1​ relaxation time of 1625 ± 136 ms at 8 

weeks (Fig. 6C, 12C). Therefore, a negative correlation (R​2​ = 0.52) between T​1​ and PDFF​ ​was 

established  ​in vivo​, permitting confidence in the translation of our hypothesis from the fat 

phantom to our models of NAFLD and NASH (Fig. 18A)​. ​Furthermore, we can conclude that at 

11.7T, effective liver T​1​ is a sensitive biomarker for steatosis. 

 

T​2​ relaxation time 

Similar to T​1​, T​2​ relaxation time is an inherent MRI parameter which is driven by the 

rotational mobility of water and labile group fat protons [25].  Compared with T​1​, T​2​ is more 

sensitive to lower frequency rotational motion and therefore presents a distinct biomarker, but 

one that is also dependent on tissue structure and water content. We hypothesized that T​2 

relaxation time would change longitudinally following diet- and chemical-based NASH disease 

induction based on the expected structural and compositional differences between healthy and 

NASH-based diseased livers. 

In our studies, liver T​2​ relaxation time was found to increase in all experimental groups 

over the 12-week time course while remaining stable in mice on the standard diet (Fig. 15). 

Based on results from the fat phantom, T​2​ relaxation time showed no correlation with oil 

percentages between 5 and 50% (Fig. 14). Therefore, the universal and monotonic 

disease-dependent increase in T​2 ​relaxation time we found ​in vivo​ must be driven by something 

other than the increasing fat content in the liver. A likely candidate for this effect is 

inflammation. Inflammation is a hallmark feature of NASH and is associated with edema which 
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is known to cause a prolonged water T​2​ relaxation time [26]. Therefore, we postulate that liver 

inflammation is driving the observed increases in liver T​2​ relaxation time.  

Investigation of the T​2​ parameter in relation to NAFLD and NASH has produced similar 

trends in the literature. A study performed by Chow ​et al.​ examined the effects of CCl​4​-induced 

disease on T​2 ​relaxation time in C57BL/6 mice [28]. At 7T, T​2​ relaxation time was found to 

increase up to 4 weeks post disease induction at which point it remained relatively stable 

throughout the duration of the 8-week study [28]. Hepatic inflammation and edema were 

confirmed by histology [28]. A study by Guimaraes ​et al.​ examined the correlation of T​2​ with 

hepatic fibrosis both clinically and preclinically [55]. On the clinical side, Guimaraes ​et al. 

conducted a retrospective study of patients who had previously undergone both liver MRI and 

biopsy within a 6-month period and found that T​2​ relaxation time increased with increasing 

fibrosis at 1.5T [55]. While there was a significant difference in T​2​ values between patients with 

histologically confirmed mild versus severe fibrosis, this finding became insignificant when 

inflammation was used as a covariate [55]. Preclinically, T​2​ relaxation time was found to 

increase with the degree of diethylnitrosamine (DEN) induced fibrosis in rats at 4.7T [55]. DEN 

is a carcinogen known to cause hepatic fibrosis as well as inflammation [29, 55, 56]. 

Additionally, rat liver T​2​ relaxation time in this study exhibits strong agreement with the liver T​2 

relaxation time observed in our studies (Fig. 15). Control rats had a mean liver T​2​ relaxation time 

of 25.2 ± 0.8 ms while rats subjected to DEN exhibited a mean liver T​2 ​relaxation time of 31.1 ± 

1.5 ms at week 5 and 49.4 ± 0.4 ms at week 9 [55]. 

Each of the experimental mouse models used in our studies have been shown to induce 

inflammation, albeit on different time frames and to different extents. In our studies, mice on the 
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MCD diet consistently exhibited steep, monotonic increases in liver T​2​ relaxation time by week 3 

and week 4 which were found to be statistically significant in each of the three subsequent 

studies (Fig. 15, Appendix B). A study by Wang ​et al. ​and a study by Matsunaga ​et al.​, 

demonstrated that C57BL/6 mice fed an MCD diet developed liver inflammation at 2 and 8 

weeks, respectively [31]. Additionally, a study conducted by Tosello-Trampont ​et al.​, found that 

wild-type mice on the MCD diet exhibited elevated expression of tumor necrosis factor-ɑ 

(TNF-ɑ), which is a serum biomarker of inflammation, as early as 10 days post-disease induction 

[31]. This suggests that MCD feeding can lead to early development of NASH [31]. CDAA-fed 

mice also displayed large increases in liver T​2​ relaxation time early in the time course (Fig. 15). 

The CDAA-diet is known to induce a similar, while more severe NASH phenotype as compared 

to the MCD diet [29]. In a study by Mincis ​et al.​, CDAA feeding was found to significantly 

activate the expression of genes associated with liver inflammation, including TNF-ɑ, as early as 

4 weeks post disease induction [39]. TNF-ɑ levels were found to decrease slightly by 12 weeks, 

consistent with the plateau and slight downward trend observed in this group from week 8 and 9 

to week 12 in our studies (Fig. 15, 16) [39]. Both MCD and CDAA-fed mice elicited the largest 

and earliest increases in mean liver T​2​ relaxation time over the disease time course in each of our 

studies. The CSAA diet displayed modest increases in liver T​2​ relaxation time in each of our 

studies (Fig. 15). Consistent with this observation, in the study by Mincis ​et al.​, CSAA-fed mice 

exhibited significantly less upregulation of inflammatory markers at week 4 and 12 as compared 

to CDAA-fed mice [39]. 

 The presence of sugar, or sucrose, in the WD is suggested to be a trigger for the 

inflammatory process in the liver [31]. While increases in liver T​2​ relaxation time in WD-fed 
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mice had a slower onset as compared to MCD-fed and CDAA-fed mice, WD-fed mice exhibited 

large increases by week 12 which were found to be statistically significant in study 2 and 3 (Fig. 

15, Appendix B). While significance was not achieved in study 1, this could be attributable to a 

slightly more delayed onset of inflammation between 0 and 3 weeks as compared to study 2 and 

3 (Fig. 15, Appendix B). The study performed by Dorn ​et al.​ showed that mice fed a WD 

containing 30% sucrose developed liver inflammation after 12 weeks [31]. Another study by 

Machado​ et al.​ showed that the WD induced hepatic inflammation in mice after 16 weeks, 

however, the degree of inflammation was significantly less pronounced as compared to 

MCD-fed mice in this study [31]. This is consistent with both the time course as well as severity 

of increases in liver T​2​ relaxation time in mice on the WD in our studies. Mice on the WD + CCl​4 

regimen exhibited a similar trend in liver T​2​ relaxation time over the 12-week time course as 

mice on the WD (Fig. 15). Although CCl​4​ has been reported to contribute to the development of 

hepatic inflammation, it induces a more acute form which is reduced 48 hours post-dose [52]. In 

our studies, mice were not imaged within 48 hours of CCl​4 ​dosing, and so the trend in liver T​2 

relaxation time in this group is consistent with the WD component being the major driver for T​2 

based detection of inflammation (Fig. 15). However, mice on the WD + CCl​4​ regimen exhibited 

slightly lower mean liver T​2​ relaxation time at week 12 as compared to mice on the WD (Fig. 

15). This may be due to the above mentioned possible decrease in food intake due to adverse 

events related to CCl​4 ​oral dosing, and subsequently attenuated diet based liver inflammation.  
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Although liver T​2​ relaxation time exhibited a positive correlation (R​2​ = 0.66) with PDFF 

in vivo ​in our studies, hepatic steatosis is a prerequisite to inflammation in the NAFLD to NASH 

spectrum (Fig. 18B) [1]. In fact, inflammation is a distinguishing factor between NAFLD and 

NASH [31]. Therefore, it is expected that steatosis would approximately parallel the presence of 

inflammation ​in vivo​, given that the onset of steatosis occurred within a few weeks of the start of 

the diets.  

Furthermore, the accumulation of fat in the liver is suggested to trigger secretion of 

inflammatory markers such as TNF-ɑ [57]. Upon closer investigation of the relationship between 

liver T​2​ and PDFF, it was revealed that there is no correlation (R​2​ = 0.07) at PDFF values < 20% 

while at PDFF values > 20%, a positive correlation (R​2​ = 0.54) is observed (Fig. 21A,B). 

Likewise, at T​1​ relaxation times > 2300 ms (the T​1​ relaxation times correlating with ≤ 20% fat in 

the phantom), again almost no correlation (R​2​ = 0.16) is observed with T​2​ (Fig. 21D). At T​1 

relaxation times  < 2300 ms (the T​1​ relaxation times correlating with > 20% fat in the phantom), 

a moderate negative correlation (R​2​ = 0.42) is established (Fig. 21C). This further reflects the 

progression of NAFLD, or simple fatty liver, to NASH in which fatty liver becomes 

accompanied by inflammation, consistent with T​1​ and T​2​ correlating at this point. 
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Figure 21. ​Graphs depicting the correlation of T​2​ with PDFF and T​1​ ​with high and low values excluded. ​A.​ PDFF 
values < 20%; ​B.​ PDFF values > 20%; ​C.​ T1 values < 2300 ms; ​D.​ T1 values > 2300 ms. 
 

 

Biomarker Comparisons 

Hepatic steatosis is a fundamental aspect of the NAFLD spectrum. MRI-based PDFF was 

found to be consistent and reproducible across our three studies suggesting that it is viable as a 

biomarker for more broad diagnosis and longitudinal evaluation of hepatic steatosis (Fig. 6). The 

use of MRI for PDFF is appropriate in both preclinical and clinical trials in which the 

intervention being examined is likely to have an anti-steatotic effect [16]. Additionally, because 
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steatosis has been observed to correlate with body weight, interventions which are targeted at 

weight loss would also be appropriate in an MRI-PDFF-based study [16]. Limitations of this 

biomarker include its inability to detect other features of NASH including inflammation and 

fibrosis [16]. Also, PDFF is often associated with quality control challenges caused by patient 

size, positioning and motion [16]. Ultimately, while PDFF provides a largely viable surrogate to 

liver biopsy for diagnosis of hepatic steatosis, it is best used in combination with the evaluation 

of other biomarkers presented here such as ADC, T​1​, and T​2 ​in the evaluation of NAFLD and 

NASH.  

We postulate that ADC changes were driven by the presence of collagen deposition and 

hydrophobic macromolecular structures associated with fibrosis in the liver [24]. Therefore, 

ADC may serve as a biomarker for the detection of NASH based liver fibrosis. Quantification of 

ADC using MRI could help overcome current limitations in diagnosis of fibrosis which are 

associated with observer subjectivity as well as geographic sampling limitation. Parametric ADC 

colormaps over the MR liver images illustrate heterogeneity which would likely lead to sampling 

error if liver histopathology was used as a terminal endpoint (Fig. 8). Of note, steatosis is known 

to have confounding effects on the ADC parameter; increases in steatosis correlate with 

decreases in ADC [24, 46]. Fat accumulation in the liver diminishes interstitial space thus 

interfering with the diffusion of water molecules [46]. In our studies, liver ADC was found to 

have a moderate negative correlation (R​2​ = 0.34) with liver PDFF ​in vivo ​which may be 

indicative of the non-fibrosis specific effect of hepatic fat on this biomarker (Fig. 18C). Further 

work is needed to fully elucidate liver ADC as a biomarker in NASH. 
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Liver T​1​ relaxation time was found to have a moderate positive correlation (R​2​ = 0.38) 

with liver ADC ​in vivo​ (Fig. 18D). It is possible that the presence of liver fibrosis may be a 

contributor to the measured disease-dependent shortening effect on liver T​1​ relaxation time as 

was reported in the study by Mueller ​et al ​[52]. However, considering the variability of data in 

other studies on the relationship between liver fibrosis and T​1​ relaxation time as well as the 

stronger correlation between fat and T​1​ ​in vitro ​and ​in vivo ​in our studies​, ​it remains likely that 

the shortening effect on liver T​1​ relaxation time was primarily associated with increasing liver fat 

and its corresponding shorter T​1​ relaxation time. Additionally, inflammation could have a 

lengthening effect on T​1​. We conclude that liver T​1​ is a sensitive and disease-specific biomarker 

across a broad range of NAFLD/NASH disease severities and subtypes. Further work should 

further interrogate the drivers for liver T​1​ changes in these disease settings and the roles of fat 

concentration, fibrosis and inflammation in determining effective T​1​. Upon further 

standardization, T​1​ could have positive implications in the diagnosis and quantification of the 

comprehensive NAFLD spectrum including steatosis, inflammation, and fibrosis. Notably, T​1​ is 

a much more universally and broadly measured parameter than PDFF, and is based on simpler 

acquisition and modeling methods. T​1 ​is therefore attractive for broad use in preclinical and 

clinical MRI labs. A potential limitation however is apparent from our results which suggest T​1 

may be a different biomarker at higher magnetic field strength and therefore is not a purely 

translational​ biomarker. Despite this it presents unique opportunities for higher field strength 

labs in terms of investigation of NASH disease biology and discovery and translation of novel 

NASH therapeutics in preclinical work, that may not be as feasible at lower field strength. 
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Liver T​2​ relaxation time was elucidated as a biomarker that is likely inflammation driven 

in our studies, as also evidenced by its lack of correlation with oil concentration ​in vitro ​(Fig. 

14). Although studies have concluded correlation between liver T​2​ relaxation time and degree of 

fibrosis, T​2​ was only marginally correlated (R​2​ = 0.33) with liver ADC in our studies (Fig. 18F). 

It is important to note that fibrosis occurs in the presence of inflammation in NASH [5]. 

Therefore, the changes which are seen in T​2​ in the presence of fibrosis are likely still a result of 

the underlying inflammation. As inflammation is the defining factor between NAFLD and 

NASH, quantification of liver T​2​ may serve as a useful and complementary biomarker in NASH. 

For T​2​, the literature suggests that the biomarker correlates similarly with NASH based disease 

across magnetic field strengths. However, as for T​1​,​ ​field strength dependencies should be further 

considered and examined.  

 

Summary 

NAFLD is a spectrum disease which encompasses the progression of hepatic steatosis 

(NAFLD) to NASH in which the liver becomes additionally inflamed, with or without fibrosis.  

Our studies have shown modulation which was found to be reproducible in each of the 

parameters of our experimental multiparametric MRI protocol (PDFF, ADC, T​1​, and T​2​) 

following diet- and chemical-based NAFLD and NASH disease induction. Our results indicate 

that our MRI multiplexed biomarker protocol covers the breadth of the major hallmark features 

which are associated with these diseases. All four biomarkers were robustly able to detect the 
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presence of disease versus control, disease progression in most of the models and studies that 

were run, and intervention-based normalization (after diet cessation).  At the same time the four 

biomarkers proved to be complementary and (albeit in the absence of planned IHC) our results 

are consistent with differential disease based drivers across these MRI biomarkers. 

Our multiparametric MRI protocol holds implications in diagnosis, prognosis, and 

treatment response. While further work is required to correlate our findings with IHC and to 

further elucidate the biomarkers, the results indicate potential for a biomarker package like this 

be used to noninvasively and objectively classify NASH subtypes in preclinical testing. While 

the acquisition was relatively efficient in our protocol, we believe there will be ways to 

streamline MRI data collection, and importantly also the analysis pipelines, which will make our 

multiparametric MRI protocol even more viable for routine use by academic labs or 

pharmaceutical companies that are leading efforts to treat NASH.  

Such implementation and use may lead to better and more disease target-specific 

prediction of therapies with true clinical potential, and more impactful translation of such 

therapies. These findings lay the groundwork for testing of novel therapeutics using our 

paradigm which is an important next step in the near future. Furthermore, the ability to quantify a 

wide range of MRI parameters efficiently in one imaging session will allow for proper staging 

and stratification of clinical trials. Additionally, this MRI protocol may help to avoid 

over-reliance upon liver sampling as an endpoint, both preclinically and clinically. Our work 
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therefore presents comprehensive ground work with significant implications in propelling 

NAFLD and NASH research and related therapeutic strategies forward.  
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APPENDIX A: Diet Composition 
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Standard Diet 
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MCD Diet 
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CDAA and CSAA Diet 
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Western Diet 
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APPENDIX B: SPSS Statistics 
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Table 3. ​Results of the mixed ANOVA conducted with a 95% confidence interval showing the effect of both time 
and diet on ​A. ​PDFF; ​B.​ ADC ​C.​ T​1​; ​D. ​T​2​. P values < 0.050 represent effects which are statistically significant. 
Greyed out boxes indicate effects that are not statistically significant. *P values calculated in a secondary mixed 
ANOVA which included the MCD group and all data up to week 9. **P values calculated in a secondary mixed 
ANOVA which included the MCD group and all data up to week 4.  
 
 

  Time Diet 

 

 

Study 1 F(1, 36) = 7.36, p = 0.024 F(4,9) = 19.96, p < 0.001 

Study 2 F(1, 45) = 42.32, p < 0.001 F(4, 15) = 15.23, p < 0.001 

Study 3 F(1, 39) = 13.42, p = 0.003 F(4, 13) = 9.03, p = 0.001 

Study 1* F(1, 36) = 9.93, p = 0.008 F(5, 12) = 13.78, p < 0.001 

Study 2** F(1, 18) = 54.99, p < 0.001 F(5, 18) = 4.07, p = 0.012 

Study 3** F(1, 17) = 35.74, p < 0.001 F(5, 17) = 2.98, p = 0.041 

 Study 1 F(1, 36) = 8.48, p = 0.017 F(4,9) = 6.81, p = 0.008 

Study 2 F(1, 45) = 9.42, p = 0.008 F(4, 15) = 10.38, p < 0.001 

Study 3 F(1, 39) = 12.71, p = 0.003 F(4, 13) = 4.52, p = 0.017 

Study 1* F(1, 36) = 7.21, p = 0.020 F(5, 12) = 6.62, p = 0.004 

Study 2** F(1, 18) = 3.81, p = 0.067 F(5, 18) = 2.20, p = 0.100 

Study 3** F(1, 17) = 20.64, p < 0.001 F(5, 17) = 1.53, p = 0.233 

 Study 1 F(1, 36) = 10.22, p = 0.011 F(4,9) = 8.77, p < 0.004 

Study 2 F(1, 45) = 25.40, p < 0.001 F(4, 15) = 23.37, p < 0.001 

Study 3 F(1, 39) = 48.40, p < 0.001 F(4, 13) = 39.89, p < 0.001 

Study 1* F(1, 36) = 10.59, p = 0.007 F(5, 12) = 7.83, p = 0.002 

Study 2** F(1, 18) = 20.96, p  < 0.001 F(5, 18) = 6.88, p = 0.001 

Study 3** F(1, 17) = 57.70, p < 0.001 F(5, 17) = 4.81, p = 0.006 

Study 1 F(1, 36) = 19.88, p = 0.002 F(4,9) = 24.47, p < 0.001 

Study 2 F(1, 45) = 57.44, p < 0.001 F(4, 15) = 34.79, p < 0.001 
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Table 3. ​Results of the mixed ANOVA conducted with a 95% confidence interval showing the effect of both time 
and diet on ​A. ​PDFF; ​B.​ ADC ​C.​ T​1​; ​D. ​T​2​, continued. 
 

  Time Diet 

 Study 3 F(1, 39) = 29.65, p < 0.001 F(4, 13) = 18.13, p < 0.001 

Study 1* F(1, 36) = 24.40, p < 0.001 F(5, 12) = 20.15, p < 0.001 

Study 2** F(1, 18) = 144.30, p < 0.001 F(5, 18) = 14.27, p < 0.001 

Study 3** F(1, 17) = 52.73, p < 0.001 F(5, 17) = 12.39, p < 0.001 
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Table 4. ​Results of the post-hoc Tukey HSD test using a 95% confidence interval showing statistical significance of 
each of the experimental diet groups versus all other groups is shown for each MRI biomarker: ​A.​ PDFF; ​B.​ ADC; 
C.​ T​1​; ​D.​ T​2​. P values < 0.050 represent differences between the control group and each of the experimental groups 
which are statistically significant and are highlighted yellow. *P values calculated in a secondary mixed ANOVA 
which included the MCD group and all data up to week 9. **P values calculated in a secondary mixed ANOVA 
which included the MCD group and all data up to week 4.  
 

A: PDFF Standard MCD CDAA CSAA WD WD + 
CCl​4 

 

 

Standard  p < 0.001* p < 0.001 p = 0.007 p = 0.002 p = 0.001 

MCD   p = 0.835* p = 0.630* p = 0.791* p = 1.00* 

CDAA    p = 0.155 p = 0.523 p = 0.348 

CSAA     p = 0.913 p = 0.925 

WD      p = 1.000 

WD + CCl​4       

 

 

Standard  p = 0.121** p < 0.001 p = 0.009 p = 0.361 p = 0.134 

MCD   p = 0.884** p = 0.400** p = 0.397** p = 0.654** 

CDAA    p = 0.026 p < 0.001 p = 0.002 

CSAA     p = 0.284 p = 0.624 

WD      p = 0.966 

WD + CCl​4       

 

 

Standard  p = 0.060** p = 0.001 p = 0.038 p = 0.068 p = 0.530 

MCD   p = 0.999** p = 0.830** p = 0.225** p = 0.312** 

CDAA    p = 0.128 p = 0.070 p = 0.011 

CSAA     p = 0.996 p = 0.515 

WD      p = 0.707 

WD + CCl​4       
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Table 4. ​Results of the post-hoc Tukey HSD test using a 95% confidence interval showing statistical significance of 
each of the experimental diet groups versus all other groups is shown for each MRI biomarker: ​A.​ PDFF; ​B.​ ADC; 
C.​ T​1​; ​D.​ T​2​, continued. 
 
 

B: ADC 
Standard MCD CDAA CSAA WD WD + 

CCl​4 

 

 

Standard  p = 0.005* p = 0.040 p = 0.039 p = 0.007 p = 0.035 

MCD   p = 0.850* p = 0.995* p = 0.845* p = 0.992* 

CDAA    p = 0.967 p = 0.383 p = 0.997 

CSAA     p = 0.802 p = 0.997 

WD      p = 0.575 

WD + CCl​4       

 

 

Standard  p = 0.165** p < 0.001 p = 0.002 p = 0.013 p = 0.010 

MCD   p = 1.000** p = 0.754** p = 0.245** p = 0.975** 

CDAA    p < 0.001 p = 0.194 p = 0.246 

CSAA     p = 0.846 p = 0.907 

WD      p = 1.000 

WD + CCl​4       

 

 

Standard  p = 0.785** p = 0.024 p = 0.852 p = 0.239 p = 0.998 

MCD   p = 0.940** p = 0.998** p = 0.997** p = 0.861** 

CDAA    p = 0.095 p = 0.592 p = 0.041 

CSAA     p = 0.697 p = 0.956 

WD      p = 0.371 

WD + CCl​4       
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Table 4. ​Results of the post-hoc Tukey HSD test using a 95% confidence interval showing statistical significance of 
each of the experimental diet groups versus all other groups is shown for each MRI biomarker: ​A.​ PDFF; ​B.​ ADC; 
C.​ T​1​;​ D.​ T​2​, continued. 
 
 

C: T​1 
Standard MCD CDAA CSAA WD WD + 

CCl​4 

 

 

Standard  p < 0.004* p = 0.002 p = 0.056 p = 0.032 p = 0.021 

MCD   p = 0.864* p = 0.905* p = 0.922* p = 0.963* 

CDAA    p = 0.522 p = 0.756 p = 0.559 

CSAA     p = 0.995 p = 0.999 

WD      p = 1.000 

WD + CCl​4       

 

 

Standard  p = 0.017** p < 0.001 p < 0.001 p = 0.008 p < 0.001 

MCD   p = 0.659** p = 0.903** p = 0.159** p = 0.991** 

CDAA    p = 0.050 p = 0.001 p = 0.015 

CSAA     p = 0.234 p = 0.970 

WD      p = 0.532 

WD + CCl​4       

 

 

Standard  p = 0.012** p < 0.001 p < 0.001 p < 0.001 p =  0.001 

MCD   p = 0.988** p = 0.929** p = 0.451** p = 0.041** 

CDAA    p = 0.325 p = 0.066 p = 0.001 

CSAA     p = 0.848 p = 0.017 

WD      p = 0.086 

WD + CCl​4       
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Table 4. ​Results of the post-hoc Tukey HSD test using a 95% confidence interval showing statistical significance of 
each of the experimental diet groups versus all other groups is shown for each MRI biomarker: ​A.​ PDFF; ​B.​ ADC; 
C.​ T​1​;​ D. ​T​2​, continued. 
 
 

D: T​2 
Standard MCD CDAA CSAA WD WD + 

CCl​4 

 

 

Standard  p < 0.001* p < 0.001 p = 0.470 p = 0.054 p = 0.018 

MCD   p = 1.000* p = 0.001* p = 0.007* p = 0.008* 

CDAA    p < 0.001 p = 0.007 p = 0.005 

CSAA     p = 0.610 p = 0.367 

WD      p = 0.997 

WD + CCl​4       

 

 

Standard  p = 0.001** p < 0.001 p = 0.001 p = 0.015 p = 0.002 

MCD   p = 0.217** p = 0.080** p = 0.092** p = 0.213** 

CDAA    p < 0.001 p < 0.001 p < 0.001 

CSAA     p = 0.430 p = 0.950 

WD      p = 0.830 

WD + CCl​4       

 

 

Standard  p < 0.001** p < 0.001 p = 0.007 p = 0.021 p = 0.016 

MCD   p = 0.073** p < 0.001** p < 0.001** p = 0.002** 

CDAA    p = 0.005 p = 0.001 p = 0.006 

CSAA     p = 0.964 p = 1.000 

WD      p = 0.992 

WD + CCl​4       
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