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ABSTRACT 

Non-alcoholic fatty liver disease (NAFLD) is the most common cause of 
chronic liver disease affecting approximately 25% of the global population. 
NAFLD is commonly recognized as the hepatic manifestation of the meta-
bolic syndrome, i.e. abdominal adiposity, dyslipidaemia, hypertension, and 
type 2 diabetes mellitus (T2DM). Most individuals with NAFLD will de-
velop T2DM, and vice versa – making the two conditions highly inter-
twined.  
 The histological spectrum of NAFLD ranges from simple steatosis to 
non-alcoholic steatohepatitis (NASH), which is defined by hepatocellular 
injury and inflammation, with risk of developing fibrosis and subsequent 
cirrhosis and hepatocellular carcinoma. 
 The gold standard for diagnosing NAFLD is liver biopsy. However, be-
cause of its invasive nature, liver biopsy entails some risk of adverse events 
and even death. Also, there is a high risk of sampling error, as well as intra- 
and interobserver variability, making the results unreliable. 
 Therefore, several non-invasive methods have been developed and val-
idated in evaluating presence of fat and absence of fibrosis in patients with 
NAFLD. However, evaluation of inflammation and hepatocellular injury 
(i.e. NASH) or staging of fibrosis, still requires liver biopsy. 

Liver fat content can be assessed using various methods. The conven-
tional histopathological method consists of a visual semiquantitative ap-
proach in which the pathologist uses a four-point scale: grade 0 corre-
sponds to fat deposition in <5% of hepatocytes and corresponds 

 (grade 1=5-33%, 2=34-66%, and 3=67-100%). A diagnosis of 
NAFLD requires that at least 5% of hepatocytes contain fat vacuoles. An 
alternate approach is to quantitatively assess steatosis using stereological 
point counting (SPC). Both the semiquantitative histological method and 
SPC rely on biopsies, however, in vivo proton magnetic resonance spectros-
copy (1H-MRS) is a reliable non-invasive method that can be used to quan-
titatively assess total hepatic lipid content, or proton density fat fraction 
(PDFF).   

In Paper I we compared the conventional semiquantitative histological 
method (grade 0-3) with SPC and 1H-MRS. We found a strong positive cor-
relation between 1H-MRS and SPC, whereas the correlations between 1H-
MRS or SPC and histopathological grading were substantially weaker. Us-
ing the widely used cut-off participants were found 
to have steatosis (specificity 100%, sensitivity 53%). Reducing the cut-off 
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value to 3% maintained 100% specificity while increasing sensitivity to 
79%. 

In Paper IV we evaluated quantitative steatosis, by SPC, in 106 biopsy-
proven NAFLD patients during a 20-year follow-up. SPC was inde-
pendently associated with an increased risk of all-cause mortality and de-
velopment of T2DM. Moreover, in the 59 patients with sequential biopsies 
(approximately 10 years apart), a reduction of quantitative hepatic steato-
sis decreased the all-time risk of developing T2DM. 

NASH is commonly seen as a histological feature portending a worse 
prognosis in NAFLD. Interestingly, no dual biopsy study has ever shown 
that NASH predicts fibrosis progression. Yet, NASH is seen as a surrogate 
marker in pharmaceutical trials – were resolution in NASH is equivalent to 
future resolution of fibrosis. 

Recently, two studies, investigating the impact of NASH on mortality 
in patients with biopsy-proven NAFLD, were published. Both studies pre-
sented similar results; that only fibrosis, and no other histological features 
(including NASH) predicts all-cause and disease-specific mortality. How-
ever, in one study the cohort was small (n=229) but had a long follow-up 
(26 years), whilst the other study had a larger cohort (n=619) but shorter 
follow-up (12 years). 

In a collaboration with Karolinska Institute, we conducted a long-term 
follow-up study (20 years) in a large cohort of biopsy-proven NAFLD pa-
tients (n=646). As previously shown, we could not ascertain that NASH had 
any effect on all-cause, or disease-specific mortality. However, the study 
was set in a retrospective manner, with all patients included through the 
respective academic medical centre’s pathologic records. 

Nevertheless, in Paper III, we present 129 patients (also included in 
Paper II), in which we had prospective, longitudinal data. They were in-
cluded between 1988 and 1993, after performing liver biopsy because of 
chronically elevated liver enzymes. All patients alive, were re-invited be-
tween 2003 and 2005 and between 2013 and 2015. Dual biopsies were pre-
sent in 68 patients, and three consecutive biopsies were available in 33 pa-
tients. Results showed that NAFLD is a highly heterogeneous disease, with 
9.3% developing end-stage liver disease and 16% progressing to advanced 
stages of fibrosis, and without any clinically significant baseline data pre-
dicting disease progression. 

In summary, when using 1H-MRS as a diagnostic method for NAFLD, 
the cut-off for diagnosing hepatic steatosis should be reduced from 5% to 
3%. Furthermore, quantitative amount of hepatic steatosis (either by 1H-
MRS or SPC) could be used to stratify patients with NAFLD related to fu-
ture risk of developing T2DM. Moreover, we have shown that NASH does 
not predict future all-cause or disease-specific mortality nor end-stage liver 
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disease, therefore a different surrogate marker should be used in clinical 
trials when assessing NAFLD improvement, so to not imbue false reliance 
in new therapies. Also, we have shown that NAFLD has a more dismal prog-
nosis than previously reported, and that it is unexpectedly difficult to pre-
dict fibrosis progression in individual NAFLD patients, emphasizing the 
need for robust non-invasive biomarkers suitable to monitor large number 
of patients. 
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SVENSK SAMMANFATTNING 

Fettinlagring är ett vanligt fynd när levern undersöks med ultraljud, 
skiktröntgen, magnetkamera (MR) eller vävnadsprovtagning.  
 Tidigare har den vanligaste underliggande orsaken ansetts vara över-
konsumtion av alkohol men på senare tid har dock icke-alkoholorsakad 
fettleversjukdom visat sig vara den dominerande orsaken.  

Icke-alkoholorsakad fettleversjukdom, från engelskans non-alcoholic 
fatty liver disease (NAFLD), är en kronisk leversjukdom som förekommer 
hos cirka var fjärde person i världen. Tillståndet anses vara manifestat-
ionen av det metabola syndromet i levern. Metabola syndromet definieras 
av bukfetma, typ 2 diabetes, högt blodtryck och förhöjda blodfetter. Fram-
förallt finns ett intrikat samspel mellan typ 2 diabetes och NAFLD. Majori-
teten av individer med NAFLD utvecklar förr eller senare typ 2 diabetes, 
och vice versa. Således är sambandet otvetydigt, däremot är än så länge or-
sakssambandet mellan de två tillstånden oklart.  

Referensmetoden för diagnostik och bedömning av leverskadans om-
fattning vid NAFLD är idag histologisk och därmed behöver man utföra 
vävnadsprovtagning från levern med en nål (leverbiopsi) för att granska 
vävnaden i mikroskop. Denna metod är invasiv, det vill säga att man behö-
ver tränga in i kroppen, och medför vissa risker. Man har därför försökt 
utveckla och utvärdera nya, icke-invasiva, metoder för att diagnostisera 
och följa upp patienter med NAFLD. En sådan metod är MR-undersökning 
som visat sig kunna mäta fettmängden i levern med stor noggrannhet – där 
undersökningen ger en exakt siffra mellan 0 och 100%. När man undersö-
ker levern med MR har man hittills ansett att NAFLD föreligger om levern 
innehåller mer än 5% fett. 

Histologiskt innefattar NAFLD ett spektrum av förändringar från en-
bart fettinlagring till tillkomst av inflammation, celldöd och ärrvävnad 
(bindvävsinlagring) samt slutligen utveckling av skrumplever (cirros) med 
risk för tillkomst av leversvikt och/eller levercancer (hepatocellulär can-
cer). Förekomst av de tre histologiska förändringarna inflammation, cell-
död och fettinlagring, brukar benämnas icke-alkoholorsakad steatohepatit, 
från engelskans non-alcoholic steatohepatitis (NASH). Ofta ses vid NASH 
också tillkomst av bindvävsinlagring, som vid progression kan leda till cir-
ros och ovan nämnda komplikationer.   

NASH anses förutspå en sämre prognos hos patienter med NAFLD 
både med avseende på framtida risk för leverrelaterade komplikationer 
men även avseende ökad risk att dö i förtid. Därför har de europeiska och 
amerikanska läkemedelsmyndigheterna valt att betrakta NASH som en 
surrogatmarkör för bindvävsinlagring under läkemedelsprövningar. Med 
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andra ord – en förbättring av NASH (det vill säga återgång av de histolo-
giska parametrarna: inflammation, celldöd och fettinlagring) anses fram-
gent medföra minskad bindvävsinlagring. 

Vid granskning av leverbiopsi hos patienter med NAFLD bedöms oftast 
graden av fettinlagring i levern semikvantitativt genom att använda en fyr-
gradig skala (0–3). Denna bedömning motsvarar: ingen (<5%), mild (5–
33%), måttlig (34–66%) och uttalad (67–100%) fettinlagring. En alternativ 
metod är att bedöma leverbiopsin kvantitativt med kvantitativ histologisk 
bedömning, eller stereological point counting (SPC). En SPC-beräkning 
anger hur stor del av vävnadsytan som belamras av fett – värdet, likt MR, 
återges som en exakt siffra mellan 0 och 100%. 

Leverbiopsi och efterföljande granskning av levervävnad ger mycket 
information som kan vara av värde för handläggningen av NAFLD, emel-
lertid föreligger vissa nackdelar. Utöver riskerna med att utföra en leverbi-
opsi, representerar en leverbiopsi endast en bråkdel av levern, därmed 
finns risk att man missar eller övertolkar fynd då de histologiska, eller väv-
nadsspecifika, förändringarna kan vara heterogent fördelade i levern. Sam-
tidigt har man sett att det föreligger en stor variation i bedömningar av 
samma vävnadsprov både av samma patolog (som undersöker samma väv-
nadsprov vid två tillfällen) samt av olika patologer (som undersöker samma 
vävnadsprov vid samma tillfälle). Således är det av yttersta vikt att man 
finner ett standardiserat sätt att bedöma histologiska parametrar i levern 
för att undvika variation i bedömningarna. 

I studie I jämförde vi histologisk semikvantitativ bedömning (0–3) 
med de kvantitativa bedömningarna: MR och SPC. Vi fann att MR och SPC 
hade en mycket hög överrensstämmelse. Samtidigt noterade vi att det tidi-
gare accepterade referensvärdet för fettinlagring mätt med MR (5%) resul-
terade i att man missade många patienter som bedömts som NAFLD vid 
granskning av leverbiopsi enligt semikvantitativ bedömning. Vi föreslår att 
gränsen för avvikande fettmängd i levern mätt med MR reduceras från 5% 
till 3%, något som skulle medföra att fler patienter med NAFLD kan dia-
gnostiseras med MR. 

I studie IV utvärderade vi värdet av kvantitativ bedömning av mängden 
fett på 106 patienter med biopsiverifierad NAFLD under en lång uppfölj-
ningstid (ca 20 år). Vi visade att stor mängd leverfett mätt med SPC ökade 
risken för att i framtiden utveckla diabetes, oberoende av andra riskfak-
torer. Femtionio (59) studiepatienter genomgick leverbiopsi vid två till-
fällen med ca 10 års mellanrum. SPC-beräkning utfördes på leverbiopsi-
erna vid de två tillfällena, och skillnaden mellan första och andra leverbi-
opsin kunde således nyttjas för att beräkna risken för framtida diabetesut-
veckling. Vi noterade att en minskning av fett i levern, mellan första och 
andra leverbiopsin, minskade risken för att utveckla framtida diabetes. 
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Nyligen publicerades två multicenterstudier som visade att NASH inte 
förutspådde risken för död i förtid eller utveckling av leverrelaterade kom-
plikationer. Den ena av dessa studier innehöll relativt få patienter (229 st.) 
som följdes under lång tid (26 år), medan den andra innehöll många pati-
enter (619 st.) men som följdes under en kortare tid (12 år).  

I studie II valde vi därmed att, i samarbete med kollegor från Karo-
linska Institutet, genomföra en studie med ett stort antal patienter (646 st.) 
som följdes under lång tid (20 år). Vi kunde inte påvisa att NASH var någon 
riskfaktor för framtida leverrelaterade komplikationer (skrumplever, le-
versvikt eller levercellscancer) eller för död i förtid. Därutöver, fann vi inte 
att individer med NAFLD, som helhet, löpte en ökad risk att dö i förtid jäm-
fört med en kontrollgrupp. Dock löpte man ökad risk att dö i förtid eller 
drabbas av leverrelaterade komplikationer om man hade svårare form av 
bindvävsinlagring i levern.  

På 129 av dessa patienter hade vi prospektiva, longitudinella data. En 
prospektiv, longitudinell studie definieras av att mätdata samlas in framåt 
i tiden samt att mätdata insamlas mer än en gång. De inkluderades mellan 
1988 och 1993 då de genomgick leverbiopsi på grund av förhöjda leverblod-
prover och har sedan följts till dags dato. De har bjudits in för uppföljning 
och förnyad leverbiopsi vid två tillfällen: mellan 2003 och 2005 samt mel-
lan 2013 och 2015. Vi fann att NAFLD, som sjukdom, är väldigt heterogen 
i hur den fortskrider. Vi kunde inte finna några kliniskt användbara para-
metrar för sjukdomsprogression. Samtidigt noterade vi även att de med 
godartade histologiska uttryck (enbart fett i levern utan inflammation, cell-
död eller bindvävsinlagring) också riskerade att utveckla svår bindvävsin-
lagring och skrumplever/leversvikt. 

Sammanfattningsvis bör man, om man väljer MR som diagnosmetod 
vid NAFLD, sänka gränsen för avvikande fettmängd i levern från 5% till 3% 
för att inte missa patienter som annars, vid granskning av leverbiopsi, 
skulle bedömts som NAFLD. Samtidigt bör MR ej enkom användas som 
diagnosmetod utan även användas för riskstratifiering, eftersom kvantite-
ten av fett förutsäger framtida risk för diabetesutveckling. Vidare har vi vi-
sat att NASH inte förutsäger risk för leversvikt eller förtida död och man 
bör således finna en ny surrogatmarkör vid läkemedelsprövningar för att 
inte ingjuta falsk övertro på nya läkemedel. Och avslutningsvis, verkar 
sjukdomsprogressen vid NAFLD i nuläget vara svår att förutspå, och de pa-
tienter som bör följas, svåra att identifiera. Man bör därmed finna och ut-
värdera nya parametrar som förutspår sjukdomsprogress vid NAFLD.
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ABBREVIATIONS 

 Gamma-glutamyltransferase 
1H-MRS Proton magnetic resonance spectroscopy 
AdipoR1/2 Adiponectin receptor 1 and 2 
AFLD Alcoholic fatty liver disease 
ALT Alanine aminotransferase 
ApoB Apolipoprotein B100 
APRI AST to platelet ratio index 
AST Aspartate aminotransferase 
AUDIT Alcohol use disorder identification test 
AUDIT-C AUDIT-Consumption 
BARD BMI, AST/ALT-ratio, diabetes 
BMI Body mass index 
CDR Cause of Death Register 
CDT Carbohydrate deficient transferrin 
ChREBP Carbohydrate-responsive element-binding protein 
CLD Chronic liver disease 
CSE-MRI Chemical shift encoded-MRI 
CVD Cardiovascular disease 
DNL De novo lipogenesis 
FFA Free fatty acid 
Fib4 Fibrosis-4 
FXR Farnesoid X receptor 
HCC Hepatocellular carcinoma 
HTGC Hepatic triglyceride content 
ICD International Classification of Disease 
IL-6 Interleukin-6 
IR  Insulin resistance 
IRS-1 Insulin receptor substrate-1 
JAK Janus kinase 
JNK c-Jun NH2-terminal kinase 
LDL Low-density lipoprotein 
MCP-1 Monocyte chemoattractant protein-1 
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MR  Magnetic resonance 
MRE MR elastography 
MRI MR imaging 
NAFL Non-alcoholic fatty liver 
NAFLD Non-alcoholic fatty liver disease 
NAS NAFLD activity score 
NASH Non-alcoholic steatohepatitis 
NF-  Nucleor factor-  
NFS NAFLD fibrosis score 
NPR National Patient Register of Hospital Discharge 
PDFF Proton density fat fraction 
PEth Phosphatidylethanol 
PIN Personal identification number 
ROS Reactive oxygen species 
SAF Steatosis, Activity, Fibrosis 
SCR Swedish Cancer Register 
SFA Saturated fatty acid 
SPC Stereological point counting 
SREBP Sterol regulatory element-binding protein 
STAT Signal Transducer and Activator of Transcription proteins 
T2DM Type 2 diabetes mellitus 
TE  Transient elastography 
Tg  Triglycerides 
TNF-  Tumor necrosis factor-  
VLDL Very low-density lipoprotein 
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transportsträcka till jobbet som är > 1 min. 

Eva och Lars, för att ni ställer upp i vått och torrt. Stundom skulle vi 
nog havererat utan er hjälp. 

Alla vänner!  
Samt, mitt livs kärlek och närmaste vän, Anna, som av någon underlig 

anledning står ut med mig. Och sist, yngst men inte minst, Lova, som visat 
mig vad meningen med livet är. Att komma hem till er är det enda jag ser 
fram emot om dagarna. Älskar er ofantligt.  
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1. INTRODUCTION 

11.1 Background 
In 1980, Ludwig et al published a landmark paper that described 20 mid-
dle-aged patients without any alcohol consumption, with elevated liver en-
zymes and histological evidence of alcoholic hepatitis, i.e. moderate to se-
vere steatosis with signs of inflammation.1 The disease was coined non-al-
coholic steatohepatitis (NASH). Albeit the study by Ludwig et al is often 
referred to as the initial report on NASH, the histopathological features 
seen in NASH had been described earlier.2, 3 
 The most common cause of abnormal liver function tests is hepatic li-
pid accumulation (steatosis), which is present in up to 30% of the popula-
tion.4 A common cause of hepatic steatosis among adults is non-alcoholic 
fatty liver disease (NAFLD),5, 6 with an estimated global prevalence of 25%.7 
 NAFLD was initially considered a benign disease with only a small pro-
portion progressing to cirrhosis with risk of developing hepatocellular car-
cinoma. However, because of its high prevalence, among both overweight, 
normal weight and lean subjects, NAFLD has incited scientists, whom now 
predict a dismal future, with a high disease and economic burden and an 
increased need of liver transplantation.8  

1.2 Definition of Non-Alcoholic Fatty Liver Disease  
Hepatic fatty infiltration can arise in a variety of medical conditions and 
can also be triggered by drugs and nutritional alterations (Table 1). How-
ever, in most patients, hepatic steatosis is caused by either alcoholic fatty 
liver disease (AFLD) or NAFLD.  

It has been difficult to draw a line on excessive alcohol consumption to 
separate the two conditions; AFLD and NAFLD. The cut-off level for what 
is considered excessive alcohol consumption has ranged in studies from ab-
stinence1, 9, 10 to 40 g/week,11, 12 140 g/week,13-15 210 g/week16, 17 and up to 
252 g/week.18 Nevertheless, a consensus was reached in the European as-
sociation for the study of liver disease in 2016 suggesting a cut-off of 210 
g/week for men and 140 g/week for women.19 However, in 2018, the Amer-
ican association for the study of liver disease suggested cut-offs of 294 
g/week for men and 196 g/week for women over a 2-year period preceding 
baseline liver histology.20   
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In the presence of hepatic steatosis and after exclusion of excessive al-
cohol consumption as well as pre-existing medical conditions (specified in 
Table 1), and other chronic or drug-related liver diseases, the diagnosis is 
probably NAFLD.  
  

Table 1. Causes of hepatic steatosis other than NAFLD and alcohol. 

Nutritional Drugs and toxins Inborn errors of metabolism Other conditions 

GI surgery for obesity 5-Fluorouracil Abetalipoproteinemia AFLP 
Malnutrition Acetylsalicylic acid Galactosemia Environmental toxins 
Rapid weight loss Amiodarone Glycogen storage disease -Toxic mushrooms 
Starvation Carbamazepine Hereditary fructose intolerance -Phosphorus 
TPN Cocaine Homocysteinuria -Petrochemicals 
 Diclorethylene LAL-D/CESD/WD -Organic solvents 
 Didanosine (NRTI) LCAT deficiency HELLP syndrome 
 DH Systemic carnitine deficiency Hepatitis C 
 Diltiazem Tyrosinemia HIV 
 Estrogen Weber-Christian syndrome IBD 
 Ethionine Wilson’s disease Lipodystrophia 
 Ethyl bromide  Reye’s syndrome 
 Glucocorticoids  Severe anemia 
 Hydrazine  SIBO 
 Hypoglycin   
 Interferon   
 Irinotecan   
 Margosa oil   
 Methotrexate   
 NSAID   
 Perhexeline maleate   
 Protease inhibitors   
 Safrole   
 Stavudine (NRTI)   
 Tamoxifen   
 Tetracycline   
 Valproic acid   
 Vitamin A   
 Zidovudine (NRTI)   

Abbreviations: AFLP, acute fatty liver of pregnancy; CESD, cholesterol ester storage disease; DH, diethylaminoethoxy-
hexestrol; GI, gastrointestinal; HELLP, hemolysis, elevated liver enzymes, low platelet count; HIV, human immunodefi-
ciency virus; IBD, inflammatory bowel syndrome; LAL-D, lysosomal acid lipase deficiency; LCAT, lecithin-cholesterol 
acetyltransferase; NRTI, nucleoside reverse transcriptase inhibitors; NSAID, nonsteroidal anti-inflammatory drug; SIBO, 
small intestinal bacterial overgrowth; TPN, total parenteral nutrition; WD, Wolman’s disease. 

 
Fatty liver can be defined as an accumulation of fat, largely triglycer-

ides, exceeding 5% of the liver weight.21 Although this definition is appeal-
ing, it is not applicable in a clinical setting. More commonly, liver biopsy is 
performed, where the diagnosis of NAFLD is set if >5% of the hepatocytes 
contain fat vacuoles.  

NAFLD includes a histological spectrum ranging from isolated steato-
sis (i.e. only steatosis and no other features) to steatosis and mild inflam-
mation (i.e. NAFL; non-alcoholic fatty liver) to steatohepatitis (i.e. NASH), 
fibrosis, cirrhosis and hepatocellular carcinoma (Figure 1).22-25 Steatohep-
atitis, or NASH, is defined as steatosis, lobular inflammation and balloon-
ing of hepatocytes. Until recently NASH has been considered the more pro-
gressive form of NAFLD with increased mortality and risk of developing 
liver-related events. 



Introduction 

 17 

 

 
The gold standard for diagnosing NAFLD is liver biopsy. However, liver 

biopsy is invasive with rare, and potentially life-threatening complications. 
Liver biopsy is also prone to sampling errors as well as inter- and intraob-
server variability.  

The inherent limitation of liver biopsy has spurred the development of 
non-invasive techniques. Initially ultrasonography was used with excellent 
sensitivity and specificity for moderate and severe steatosis, but less sensi-
tive for lower grades of steatosis. However, measurement of hepatic triglyc-
eride content (HTGC) and fibrosis non-invasively has evolved in the last 
decade, with the utilization of magnetic resonance (MR) and elastographic 
techniques as promising methods for diagnosing and quantifying hepatic 
steatosis and fibrosis for both research and in clinical settings.  

11.3 Pathogenesis  
The hallmark of NAFLD is the accumulation of fat in hepatocytes, in the 
form of lipid droplets, containing triglycerides. However, the pathway from 
intracellular lipid storage to inflammation is not fully understood. 
 In 1998 Christopher Day and Oliver James postulated the “two-hit” hy-
pothesis.26 According to this model, the “first hit” would be the develop-
ment of hepatic steatosis and the assumed “second hit” would lead to in-
flammation and consequently fibrosis. However, this view is now consid-
ered old-fashioned.27, 28 Instead, triglyceride accumulation in the form of 
lipid droplets is assumed to be “innocent bystanders” in the process leading 

Figure 1. The histological progression of the disease ranging from non-alcoholic fatty liver
(NAFL), through non-alcoholic steatohepatitis (NASH) and to cirrhosis with risk of developing
hepatocellular carcinoma (HCC). Estimated progression rate in %.  
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to cellular injury, a theory presented as early as in 1975 by pathologist 
Heribert Thaler who postulated that “the cause of steatosis, and not the fat 
accumulation itself, produces cirrhosis”.29  
 Many molecular pathways leading from steatosis, to inflammation and 
subsequently to fibrosis have been studied. Nevertheless, it is not certain 
how fibrosis is preceded by inflammation. Thus, NAFLD is still seen as a 
highly heterogenous disease. 
 A useful theoretical framework in describing the pathogenesis of 
NAFLD is that the capacity of the liver to manage the main metabolic en-
ergy substances (i.e. carbohydrates and fatty acids) is overwhelmed, lead-
ing to an accumulation of toxic lipid species. These metabolites induce 
hepatocellular stress, injury and, eventually, cell death – resulting in fibro-
genesis, cirrhosis and hepatocellular carcinoma. 

1.3.1 Fat Accumulation 
The accumulation of fat, mostly triglycerides, in the liver of NAFLD pa-
tients, is multifactorial and results from an imbalance in the hepatic lipid 
turnover. Triglycerides derive from esterification of glycerol and free fatty 
acids (FFAs), which once esterized enter storage or secretory pools with 
distinct rates of turnover. Free fatty acids, in turn, stem from either diet, 
adipose tissue (via lipolysis), or from hepatic de novo lipogenesis. Apart 

-oxidation. 
Further, decreased triglyceride secretion, either by decreased incorpora-
tion of triglycerides into very low-density lipoprotein (VLDL), or decreased 
secretion of VLDL from the liver, increases hepatic triglyceride content 
(Figure 2). 

However, triglyceride accumulation in the liver is not hepatotoxic per 
se, and is rather seen as a defensive mechanism to balance FFA excess.30-32 
Therefore, increased triglyceride content should be seen as a epiphenome-
non which happens simultaneously with generation of toxic metabolites, 
and subsequently liver injury.33  

1.3.1.1 Triglycerides 
Increased delivery of FFAs from insulin resistant adipose tissue (through 
lipolysis), hepatic de novo lipogenesis, and dietary fat are the major reasons 
for triglyceride accumulation.34 Although, triglycerides represent the major 
component of lipid droplets in hepatocytes in NAFLD, this form of accu-
mulation is currently considered protective.  
 Approximately 25% of triglycerides stored in the liver of patients with 
NAFLD is produced by de novo lipogenesis, compared to circa 5% in pa-
tients without NAFLD.34 In NAFLD mouse models, the activity of two tran-
scriptional factors, sterol regulatory element-binding protein (SREBP) and 
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carbohydrate response element-binding protein (ChREBP), are increased. 
Both aforementioned factors regulate gene expression resulting in in-
creased de novo lipogenesis. Moreover, it has recently been demonstrated 
that glucose and fructose increase ChREBP, however, fructose also specifi-
cally increases SREBP. This leads to increased hepatic steatosis and re-
duced hepatic insulin signalling.35 Nonetheless, inactivation of SREBP in 
animal models abolishes -oxi-
dation remains leading to accumulation of lipid intermediates and in-
creased energy drain which collectively results in oxidative stress, inflam-
mation and liver damage.36 Hence, the presence of SREBP seems to help 
redirect fatty acids towards more beneficial actions.   

1.3.1.2 Free Fatty Acids  
In plasma, there is a pool of FFAs, that contributes to the majority of fatty 
acids that flow to the liver in the fasted state.34 Insulin resistance (IR) in 
adipose tissue results in attenuated suppression of hormone sensitive li-
pase in adipocytes, which contributes to an increased lipolysis within adi-
pose tissue resulting in an influx of FFA to the liver.37 However, the notion 
that IR is secondary to accumulation of triglycerides (as lipid droplets in 
muscle, liver and other tissues), is now obsolete, rather, they are thought to 
be parallel phenomenons.38 

Free fatty acids exist in a variety of lengths and shapes, the latter is de-
termined by the number of carbon chain double bonds. Some studies have 
shown that the unsaturated fatty acids palmitate and stearate, which are 
major components of our diet, and can be synthesized de novo, have toxic 
effects and induce apoptosis and inflammation.39, 40 On the other hand, pol-
yunsaturated fatty acids have been shown to decrease hepatic steatosis in 
NAFLD patients without affecting inflammation or fibrosis.41 

1.3.1.3 Very Low-Density Lipoprotein 
Triglycerides are transported out of the liver in the form of VLDL. Each 
VLDL is coupled with an apolipoprotein (ApoB; apolipoprotein B100) and 
secreted into the blood stream.42 The synthesis of ApoB is crucial for the 
synthesis of mature VLDL particles.42, 43 High levels of insulin, seen in in-
sulin resistance, decreases the synthesis of ApoB while hepatic steatosis  
seems to disturb hepatic ApoB production.43 Moreover, decreased lipolysis 
reduces AboB.44 Albeit the mechanisms surrounding hepatic steatosis  is 
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uncertain, reduced ApoB seems to play a role in decreasing triglyceride out-
put and increasing lipid accumulation. 

1.3.1.4 Bile Acids and Nuclear Receptors 
Bile acids are amphipathic, meaning they have both hydrophilic and hydro-
phobic parts, and are synthesized from cholesterol in the hepatocytes. The 
primary bile acids (cholic acid and chenodeoxycholic acid) are later conju-
gated to glycine or taurine and secreted into the biliary tract. On reaching 
the small intestine, biliary acids enable emulsification and absorption of 
alimentary fats, cholesterol and fat-soluble vitamins. Almost all bile acids 
(~95%) are actively reabsorbed in the terminal ileum and later transported 

Figure 2. The metabolism of TG in the liver. The three major sources of FFAs are diet, pe-

ripheral (i.e. adipose) tissue and endogenous synthesis. FFAs have different possible routes, they

can either -oxidation in the mitochondria, stored as TG in lipid droplets

in hepatocytes (i.e. hepatic steatosis) or packaged with ApoB into VLDL. Processes that increase

TG input and reduces TG output, cause hepatic steatosis. Dietary carbohydrate increases glucose,

fructose and insulin levels, which activate the transcription factors ChREBP and SREBP. Both

-oxidation. Excessive adipose tissue

and dietary intake of fat increases peripheral FFA as well as increases insulin resistance and sub-

sequently increases mobilization of FFA. Increased hepatic steatosis and insulin resistance may

disturb AboB synthesis and ApoB production which in turn decreases VLDL transport out of the

liver. Abbreviations: ApoB, apolipoprotein B100; ChREBP, carbohydrate response element-bind-

ing protein; Chylo, chylomicron; FFA, free fatty acid; SREBP, sterol regulatory element-binding

protein; TG, triglyceride; VLDL, very low-density lipoprotein.  
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back to the liver. The remaining bile acids (~5%) reach the colonic micro-
biota and are then metabolized into secondary bile acids (deoxycholic acid 
and lithocholic acid), which reach the liver via passive absorption into the 
portal circulation. The liver then recycles and reconjugates the bile acids 
and secretes them back into the bile tract. This process is known as the en-
terohepatic circulation.45 
 For many years, it was thought that biliary acid function was mainly 
limited to aiding digestion and absorption of fats from the intestine. How-
ever, over the past years, research has shown that bile acids may function 
as signalling molecules through different receptors, to regulate their own 
synthesis as well as other processes, such as the metabolism of glucose and 
lipids, as well as regulation of energy homeostasis.46 
 Nuclear receptors are transcription factors that play important roles in 
embryogenesis, development and metabolism.46 Bile acids effectively acti-
vate nuclear receptors, especially the farnesoid X receptor (FXR). The FXR 
is a highly expressed nuclear receptor in hepatocytes and enterocytes, 
which is activated by primary bile acids, and to some extent, secondary bile 
acids.47 Activation of FXR regulates plasma triglyceride levels by inhibiting 
hepatic lipogenesis and stimulating peripheral triglyceride clearing.47 

1.3.2 From Fat to Inflammation to Fibrosis 
The pathogenesis of NAFLD was first conceptualized as a disease of two 
consecutive hits (the “two-hit” hypothesis): the accumulation of fat in the 
hepatocytes (i.e. steatosis) triggering a cascade of tissue damage (i.e. in-
flammation), resulting in fibrosis.26 However, there is now a broad consen-
sus that more complex processes, involving multiple metabolic hits (the 
“multiple-hit” hypothesis) are responsible for tissue injury.48 Fundamental 
in understanding the pathogenesis of inflammation and fibrosis in NAFLD 
is the notion of adipokines/cytokines, lipotoxicity and the influence of in-
sulin resistance and oxidative stress.  

1.3.2.1 Adipo(cyto)kines 
In 1993, two research groups first showed that the proinflammatory cyto-
kine, tumour necrosis factor-  (TNF- ), could induce IR.49, 50 This was rev-
olutionary, though a substance produced in adipose tissue, and overpro-
duced in excess of such,51 had both local and systemic effects on metabo-
lism. In the upcoming decade, other cytokines were found to influence me-
tabolism, including (but not limited to) adiponectin, leptin, interleukin-6 
(IL-6), and monocyte chemoattractant protein-1 (MCP-1).52-55 While leptin 
and adiponectin are the only true adipokines (i.e. only produced by adipo-
cytes), TNF- , IL-6, and MCP-1 (and others) are commonly referred to as 
adipokines or adipo(cyto)kines (Figure 3). 
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TNF-  and IL-6: Under physiological circumstances, insulin binds to 
the insulin receptor which activates insulin receptor substrate-1 (IRS-1). 
The activation of IRS-1 leads to activation of the downstream signalling 
cascade which results in an insulin response. However, TNF- -6 
disrupt this signalling pathway.  

TNF- , a proinflammatory cytokine produced in macrophages, causes 
IR by stimulating the proinflammatory factors c-Jun NH2-terminal kinases 
(JNK) and Nuclear Factor-  (NF- .56-59 Further, TNF-
JNK expression through adenosine monophosphate activated protein ki-
nase (AMPK), which causes glucose uptake in adipocytes.48 Similarly, IL-6 
induces IR by activating Janus kinase-Signal Transducer and Activator of 
Transcription proteins (JAK-STAT).56, 60 The net result of TNF-
and NF- -6, on JAK-STAT, is the serine/threonine phosphoryla-
tion of IRS-1, which causes downregulation of IRS-1, decreased response 
by insulin, and, ultimately, triggering insulin resistance.  

Furthermore, the transcription factor NF-
tivated it initiates an inflammatory response/cascade causing the upregu-
lation of different cytokines, disrupting apoptosis, enforcing cell survival, 
and mobilizing an immunological response.61 

Leptin: Leptin, an anti-inflammatory cytokine derived primarily from 
white adipose tissue, is involved in the homeostasis of appetite and energy 
expenditure – roles associated with the progression of IR.62 Leptin is es-

-cell function,63 
and improves glucose metabolism, insulin sensitivity and lipid metabo-
lism.64, 65 Furthermore, l -oxidation, therefore, adipocytes 
and hepatocytes would be catalysing, rather than accumulating fat, if the 
endogenous leptin acted correctly.66, 67 However, in obese individuals, a 
state called leptin resistance occurs, resulting in increasing levels of leptin 
with attenuated effect.  

Adiponectin: Like leptin, adiponectin is produced mainly by white 
adipose tissue, however, its levels are reduced in individuals with IR,68 
where it functions as an anti-inflammatory cytokine.69 In the improvement 
of insulin resistance, two distinct receptors seem involved, the adiponectin 
receptor 1 (AdipoR1) and receptor 2 (AdipoR2), which are both highly ex-
pressed in skeletal muscles and liver. AdipoR1 reduces expression of genes 
that encode hepatic gluconeogenic enzymes, while AdipoR2 increases ex-
pression of genes that contribute to glucose consumption by activating pe-
roxisome proliferator activated receptor- .70 The net sum of the effects of 
adiponectin on its two receptors is ameliorated insulin resistance by reduc-
ing glycogenesis and lipogenesis and increasing glucose consumption.70, 71 

MCP-1. MCP-1 is a proinflammatory chemokine, produced by adipo-
cytes, macrophages and epithelial cells, that recruits immune cells.55, 56 
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MCP-1 levels rise with increasing adiposity, which leads to recruitment of 
macrophages and dendritic cells, initiating an inflammatory cascade (e.g. 
upregulation of TNF- -  with decreas-
ing insulin sensitivity and is therefore seen as a culprit in the development 
of insulin resistance, particularly in the liver.55, 59, 72   

1.3.2.2 Insulin Resistance 
As mentioned above, dysregulation and overexpression of key adipokines 
and cytokines play a key role in the development of insulin resistance. Nev-
ertheless, one of the essential metabolites, imperative for insulin re-
sistance, and subsequently inflammation, is fatty acids. Free fatty acids are 
primarily delivered to the liver from the blood via the portal vein, following 
triglyceride lipolysis in adipose tissue, a process that is regulated by insulin. 
Reduced receptor signalling (through phosphorylation and downregula-
tion of IRS-1) of adipose tissue contributes to hepatic inflammation 
through dysregulated lipolysis which results in excessive FFA influx to the 
liver.73, 74 Similarly, FFAs in hepatocytes may cause defect insulin signalling 
and contribute to IR – creating a vicious cycle.56, 58  Moreover, insulin sup-
presses adipose tissue lipolysis and increases hepatic de novo lipogenesis. 
Nevertheless, in individuals with IR, suppression by insulin signalling is 
impaired, which results in an increased efflux of FFAs to the liver.75  

Insulin resistance is highly intertwined with NAFLD and features of 
NASH is more prevalent in patients with IR.76 Also, patients with 
NAFLD/NASH have decreased insulin sensitivity even in the absence of 
type 2 diabetes.37, 77 Therefore, IR is seen as an influential pathogenic factor 
in NAFLD and its progression to NASH. It is crucial for the establishment 
of lipotoxicity, oxidative stress and subsequent inflammatory cascade.78 

1.3.2.3 Lipotoxicity and Oxidative Stress 
Lipotoxicity occurs in the setting of an excess of FFAs, especially saturated 
fatty acids79, 80, rather than due to triglyceride accumulation.30, 81 Instead, 
triglyceride accumulation seems to be a protective mechanism to counter-
act lipotoxicity in the liver.82 

The current theory of lipotoxicity centres on an increased influx of 
FFAs to the hepatocytes. This is caused by increased dietary intake of fatty 
acids as well as de novo lipogenesis and adipose lipolysis in the setting of 
IR and attenuation of the compensatory mechanism of oxidative stress.33 
This results in generation and accumulation of toxic lipid metabolites, such 
as ceramides, diacylglycerols, lysophosphatidyl choline, and oxidized cho-
lesterol, which act as reactive oxygen species (ROS).33, 83 
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11.4 Diagnosis of NAFLD 

1.4.1 Alcohol Consumption 
Excluding excessive alcohol consumption is paramount for the diagnosis of 
NAFLD. However, the upper limit of “allowed” alcohol consumption has 
increased over time, from initially abstinence (0 g/week) to 2-3 standard-
ized glasses per day (140-294 g/week).  

Figure 3. Multiple hit model for the development of steatosis, inflammation and fibrosis. 
Dietary factors, together with obesity lead to increased levels of serum FFA, development of insu-
lin resistance through multiple factors. Also, secondary to obesity a subsequent adipocyte prolif-
eration takes place, with augmentation of insulin resistance and increased levels of proinflamma-
tory cytokines (TNF- -6, and MCP-1) with decreasing or desensitized adipokines (adiponectin 
and leptin). The dysregulated adipokine and cytokine balance creates and maintains an inflam-
matory cascade and vicious circle, respectively, and maintains the insulin resistance state. In the 
liver, insulin resistance amplifies de novo lipogenesis (DNL), decreases VLDL assembly and dis-

-oxidation. The net sum, together with previously mentioned causes of raised serum FFA,
is increased hepatic FFA influx. This leads to synthesis and accumulation of TG (also, see Figure

-oxidation causes lipotoxicity 
and subsequently generation of ROS. This process is further enhanced in the presence of cytokines
and attracted immune cells caused by the inflammatory milieu, causing inflammation and cellular
repair systems with secondary fibrosis. Abbreviations: DNL, de novo lipogenesis; FFA, free fatty 
acid; IL-6, interleukin-6; JAK-STAT, janus kinase-signal transducer and activator of transcription 
proteins; JNK, c-Jun NH2-terminal kinase; MCP-1, monocyte chemoattractant protein-1; NASH,
non-alcoholic steatohepatitis; NF- -
glycerides; TNF- -  
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 The recommended tool for excluding excessive alcohol consumption 
when diagnosing NAFLD is AUDIT, with a test-retest kappa ( ) agreement 
of 0.7.84, 85 The AUDIT, or the Alcohol Use Disorder Inventory Test, has 10 
questions that explore consumption (Q1-3), dependence (Q4-6), and alco-
hol related problems (Q7-10).86 However, shorter versions have been de-
veloped. The most commonly used tool for excluding excessive alcohol con-
sumption is the AUDIT-Consumption (AUDIT-C) questionnaire which in-
cludes only the three first questions of the AUDIT.87  
  Moreover, in addition to AUDIT(-C), occasionally indirect alcohol 
markers, such as gamma-glutamyltransferase ( ), mean corpuscular 
volume, aspartate and alanine transaminase (AST and ALT) have been 
used. However, they all rely on chronic excessive drinking over a long pe-
riod of time and they are encumbered with several confounders which re-
sults in low sensitivity and specificity.88-92 Furthermore, carbohydrate de-
ficient transferrin (CDT), is sometimes used to prove the presence of exces-
sive alcohol consumption.93 However, CDT only indicates heavy alcohol 
consumption (50-80 g/day or 350-560 g/week) over a period of >1-2 weeks 
– a threshold way above the limit for NAFLD. Similarly, as with all indirect 
alcohol markers, CDT is prone to erroneous values, mainly because of other 
liver diseases as confounding factor.94-96 
 In comparison to the questionnaires and indirect alcohol markers, the 
direct alcohol markers have a much higher specificity since they are all di-
rect products of ethanol. Furthermore, in comparison to determination of 
ethanol in blood or exhaled air, they have a much larger window of detec-
tion. There are a variety of markers with phosphatidylethanol (PEth) show-
ing high sensitivity and specificity.97 In a study by Schröck et al, 16 volun-
teers received a single dose of alcohol (vodka), corresponding to 34-72 g of 
alcohol, in order to reach an estimated blood alcohol concentration of 1 
g/kg, after abstaining from alcohol for 2 weeks.98 PEth was measured every 
2 hours from intake (up to 8 h after intake), and the maximum PEth value 
was reported. The maximum PEth values ranged from 0.06-0.31 mol/L. 
In Sweden, 0.05-0.30  is clinically considered as moderate alcohol 
consumption. Also, in a study by Kechagias et al, 44 subjects were random-
ized to abstention or consumption of 16 g (female) or 32 g (male) of alcohol 
(wine) per day for 12 weeks.98 A majority of the subjects in the wine-group 
had PEth values below 0.04  (<0.05  is clinically considered 
as no or low alcohol consumption) while three subjects had 0.07, 0.12 and 
0.17 , indicating moderate alcohol consumption.99   
 Both studies suggest that an occasional or chronic intake of up to 30 g 
alcohol per day results in classification in the low(-moderate) alcohol con-
sumption group according to current clinical decision cut-offs for PEth, 
while consumption >70 g per day most probably will result in PEth values 
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>0.30 μmol/L, which in clinical practice is considered as heavy alcohol con-
sumption. This is corroborated by Walther et al who also showed an almost 
linear correlation between reported alcohol consumption and PEth.100 
 Alcohol consumption in NAFLD patients is not uncommon, on the con-
trary, it has been reported that nearly 66% of adults in the Unites States 
drink alcohol (~4 drinks/week)101 and 90% of adults in Sweden (~9 
drinks/week).102, 103 There is a long-lasting controversy on the impact of al-
cohol consumption on the prognosis of NAFLD, with reports suggesting 
positive effects104-109 and others suggesting negative effects110-113, and with 
some of the studies suggesting a J-shaped curve where modest alcohol con-
sumption is associated with decreased mortality. This is in concordance 
with previous studies showing that modest alcohol consumption is associ-
ated with decreased risk of cardiovascular mortality114 – which is reasona-
ble since people with NAFLD are more likely to die from cardiovascular 
disease. However, recently, a study including 28 million individuals, sug-
gested that there is no safe limit for alcohol use.115 Moreover, two recent 
studies demonstrated that alcohol use (mostly moderate use) was associ-
ated with fibrosis progression in NAFLD.116, 117 Furthermore, in another re-
port, more than 3 (for men) or 1.5 (for women) drinks/day was associated 
with increased mortality – an effect that was more profound amongst indi-
viduals with the metabolic syndrome.118 
 In conclusion, there is an on-going debate if modest amounts of alcohol 
is beneficial, or if any amount of alcohol is detrimental in NAFLD.119-122 
Also, proposing recharacterization of NAFLD as only present in abstainers 
has been suggested.123   

1.4.2 Abnormal Liver Enzymes 
In clinical practice, patients with NAFLD are usually identified by the pres-
ence of chronically elevated liver enzymes or coincidentally during a radi-
ological exam (i.e. ultrasonography or computed tomography) of the 
liver.124-127 However, NAFLD patients often present with normal liver en-
zymes, and moreover, ultrasonography and computed tomography have a 
low sensitivity and specificity for detecting low stages of hepatic steato-
sis.128, 129  
 Several diagnostic panels have been proposed for detecting hepatic ste-
atosis in NAFLD, among them, the Steatotest, the Fatty Liver Index (FLI), 
and the NAFLD Liver Fat Score. The Steatotest includes 12 different varia-
bles in an undisclosed formula130, with an AUROC of 0.81, a sensitivity of 
90% and a specificity of 45% in detecting hepatic steatosis (>5%) at a cut-
off of 0.38.131-133 However, the specificity is inadequate, it has a limited AU-
ROC, it is only validated in French cohorts, and, because of the undisclosed 
formula, a fee is imposed for each test applied. Moreover, the FLI showed 
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an AUROC of 0.84, and a sensitivity and specificity of 87% and 64%, re-
spectively, at a cut-off of 30. Albeit the results have been confirmed in other 
studies (AUROC 0.78-0.84), only ultrasonography has been used as gold 
standard, and therefore the results should be interpreted carefully.134-137 
Nevertheless, the FLI is used in epidemiological studies in an attempt to 
avoid ultrasonography.138-143 
 Recently, a Finnish team proposed the NAFLD Liver Fat Score, which 
was evaluated using magnetic resonance spectroscopy as gold standard. 
The NAFLD Liver Fat Score yielded an AUROC of 0.87 and a sensitivity of 
95% and a specificity of 52% using a cut-off of -1.413.144 These results were 
later confirmed by a different study group from the Netherlands with sim-
ilar results.145 
 The detection of suspected NAFLD often requires exclusion of other 
causes of hepatic steatosis. To some extent, this can easily be done non-
invasively, by taking a full medical history and performing a full bloodwork. 
However, one must also diagnose the presence of advanced fibrosis (in-
cluding cirrhosis), since early detection of advanced fibrosis is critical in 
the management and surveillance of patients with NAFLD.  
 Although liver enzymes are readily available and cheap, their sensitiv-
ity and specificity for diagnosing the presence of advanced fibrosis in 
NAFLD are poor, however their possibility in excluding advanced fibrosis 
is adequate.146, 147 Therefore, efforts have been made to create different 
scoring systems and evaluate their diagnostic accuracy as well as their 
prognostic value. The most commonly used scores are APRI, FIB-4, BARD 
and NAFLD Fibrosis Score (NFS) with high negative predictive values (Ta-
ble 2). 
 

Table 2. Sensitivity, specificity, PPV, NPV and AUROC for APRI, FIB-4, BARD and NAFLD 
Fibrosis Score (NFS) in NAFLD for detecting advanced fibrosis. 

Score Cut-off No. of patients AUROC Sensitivity Specificity PPV NPV 

APRI* 1.00 1101 0.77 43% 86% 34% 90% 

FIB-4† 1.3 2759 0.80 78% 71% 40% 93% 

BARD‡ 2 3057 0.76 75% 62% 38% 89% 

NFS§ -1.455 3057 0.78 73% 74% 50% 92% 

*AST to Platelet Ratio (APRI) = AST [U/L]/ALT [U/L]. FIB-4† = age [years] x AST [U/L]/(platelets [x109/L] x ALT 

[U/L])½. BARD‡ ratio >0.8 = 2; Diabetes = 1). NAFLD Fibrosis Score (NFS) = -1.675 + 0.037 x 

age [years] + 0.094 x BMI [kg/m2] + 1.13 x IFG/Diabetes (yes = 1, no = 0) + 0.99 x AST/ALT ratio + 0.013 x platelet count 

(x109/L) – 0.66 x albumin [g/dL]. Abbreviations: AUROC, Area Under the Receiver Operating Characteristics; PPV, pos-

itive predictive value; NPV, negative predictive value. Adapted from.148 
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 All the scoring systems have defined cut-off values for advanced fibro-
sis (fibrosis stage 3 and 4) and, to some extent, cirrhosis (fibrosis stage 4). 
However, with a low positive predictive value there is a high probability 
(usually >50%) of incorrectly diagnosing patients with suspected advanced 
fibrosis, especially in a primary health care setting. Therefore, these scoring 
systems, with high negative predictive values (89-93%), are mainly applied 
to exclude presence of advanced fibrosis. 

1.4.3 Elastography 
Imaging-based elastography is an emerging technology that uses imaging 
to non-invasively assess mechanical tissue properties. Three different tech-
niques have evolved and been implemented in clinical routine: magnetic 
resonance elastography (MRE), shear wave elastography and vibration 
controlled transient elastography (VCTE). They assess stiffness indirectly 
by measuring the speed of shear waves propagating in the tissue of interest 
(e.g. the liver). The underlying concept is that shear wave speed is related 
to tissue stiffness; thus, shear waves travel faster in stiff tissue and slower 
in soft tissue. Shear waves may be generated either by applying a mechan-
ical vibration to the surface of the body or by focusing an acoustic radiation 
force inside the tissue.  
 The most widely used and validated technique is VCTE, which is not 
solemnly user friendly, but has great reproducibility and high performance 
for ruling out advanced fibrosis with a negative predictive value of 96% if 
liver stiffness measure is <8 kPa.148, 149 A diagnostic algorithm for risk strat-
ification of NAFLD patients non-invasively has been proposed (Figure 
4).150-152 
 Magnetic resonance elastography, or MRE, also has high sensitivity for 
excluding advanced fibrosis in NAFLD when applying a cut-off of 3 kPa.152 
Even though MRE has significantly better sensitivity than VCTE it is not as 
readily available and therefore mostly used for research purposes.153 
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Figure 4. A suggested algorithm for the use of non-invasive tests for risk stratification of patients
with NAFLD and without signs of decompensation. *Patients with an VCTE LSM of <8 kPa have a low 
risk of advanced fibrosis (NPV 94-100%). However, patients with an intermediate (8-9.9 kPa) or high 
(>9.9 kPa, PPV 47-70%) VCTE LSM should be considered for biopsy. †Caution should be taken when 
VCTE is used in patients with ascites, congestive heart failure or severely elevated ALT, though it could 
render false positive results. ‡There is still no clear consensus on repeat evaluation in patients with LSM
<8 kPa, with some suggesting 1 year and others 3 years. Similarly, there is no clear consensus on when
to repeat evaluation in patients with LSM >8 kPa without biopsy or biopsy confirmed fibrosis stage 3, 
however, repeat evaluation after 1 year has been suggested. Abbreviations: Fib-4, fibrosis-4; HL, hyper-
lipidemia; HTN, hypertension; LSM, liver stiffness measure; NFS, NAFLD fibrosis score; T2DM, type 2 
diabetes mellitus; VCTE, vibration controlled transient elastography.  
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1.4.4 Magnetic Resonance Techniques 

1.4.4.1 Basic Physics 
Magnetic resonance techniques (most often) measure hydrogen-1 nuclei 
(protons or 1H) signals as a function of their resonance frequency.154 The 
hydrogen (or 'proton') signals of interest mainly come from fat and water, 
which both contains an abundance of hydrogen nuclei.  
 Hydrogen protons are positively charged (therefore often called just 
protons) but they also have a magnetic moment, meaning that they have a 
north and south pole. Furthermore, they 'rotate around their own axis' 
(hence they are also called 'nuclear spins') – which creates microscopic 
magnetic moments, or small microscopic magnetic fields. Hydrogen-1 
(protons) can be found in an abundance in the body, mainly in water (about 
60% of body weight) and fat (about 20% of body weight). Normally, the 
microscopic magnetic moments of all hydrogen (proton) spins are ran-
domly oriented and therefore cancel each other out, thus not creating any 
macroscopic net magnetic moment. However, when put into a strong mag-
netic field (as a magnetic resonance imaging scan) the protons orient with 
the magnetic field (low-energy state) or against the magnetic field (high-
energy state) in a state of precession (e.g. 64 MHz at 1.5 T). Therefore, tis-
sues containing protons are associated with a macroscopic net longitudinal 
magnetization, which also depends on the orientation of the spins. Despite 
the vertical alignment of hydrogen spins in a magnetic field, they may all 
have a different 'horizontal' orientation; thus, they do not spin synchro-
nously – often referred to as being 'out of phase'. However, if one exposes 
the tissue to a very brief high-powered radiofrequency pulse, it is possible 
to cancel the longitudinal (or 'vertical') magnetization entirely, and 
thereby forcing all spins to 'rotate together' in the 'horizontal plane'. This 
will thus create a net magnetic force oriented horizontally (this is called 
transverse magnetization) which can be detected using an MR-detection 
coil (head coil, abdominal coil, knee coil etc). The reason is that the trans-
verse spins that are in phase create a detectable current – or a resonance 
signal – in the detection coil. When the radiofrequency pulse is turned off 
inside the MR-scanner, the microscopic spins will tend to lose their syn-
chrony and the transverse macroscopic net magnetization will therefore 
decrease; this is due to a natural process which is called the spin-spin – or 
T2 – relaxation. Eventually, spins will fall back into the baseline state (i.e., 
the net magnetization will then tend to orient along the vertical axis). The 
previously absorbed (radiofrequency) energy will be converted as heat into 
the surrounding tissue in that process. Thus this relaxation process re-
stores, the original longitudinal macroscopic net magnetization, and it is 
called spin-lattice – or T1 – relaxation.155, 156  
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 Because water and fat hydrogen protons experience different local en-
vironments, they have characteristic T1 and T2 relaxation values (meas-
ured in [s] or [ms]). You can enhance these characteristic differences by 
altering the rate of the application of radiofrequency energy – or in other 
words changing the repetition time (TR) – and, how quickly you choose to 
pick up the signals coming back from the transverse magnetization – or the 
echo time (or TE). The entire protocol which describes which timing pa-
rameters that are suitable and most optimal for a particular MR-examina-
tion is referred to as the pulse sequence.155, 156 
 Conventional magnetic resonance imaging (MRI) is used to produce 
anatomical grey-scale images by exploiting the differences in relaxation 
properties, such as water and fat. The scans usually containing many thou-
sands of volume elements (voxels) reflecting the net magnetic property of 
each fragment of the tissue, which are presented as darker or lighter ar-
eas.157  
 Furthermore, radiofrequency energy is part of the electromagnetic 
spectrum that include visible lights and x-rays. All waves are defined as a 
wavelength (distance between peaks of wave) and frequency (how many 
cycles the wave completes every second in Hz).  The signals from water and 
fat are not always in phase with each other and can therefore be separated 
depending on the specific choice of echo time.155  

Moreover, when a spin, is part of a molecule, it is slightly shielded from 
the large magnetic field by chemical bonds (which are entirely composed 
by negatively charged electrons). The amount of which it is shielded de-
pends on the position of the spin inside the molecule. Therefore, spins in 
different chemical compounds (i.e. fat vs. water) will experience slightly 
different magnetic field strengths and will therefore resonate at different 
frequencies. In a magnetic field, hydrogen protons resonate at a frequency 
of 42.58 MHz per 1 Tesla (for example at 1.5 T the resonance frequency will 
be about 64 MHz). This is called the Larmor (or precession) frequency. The 
different resonance frequency of one hydrogen proton in one compound 
compared to another is known as the chemical shift.157  
 Quantification of fat in the liver with MRI can be done using different 
techniques. In-phase and opposed-phase (or alternatively 'out of phase') 
MRI is based on the analysis of the signal loss in the opposed-phase images 
compared to the in-phase images to detect liver fat. For calculating the liver 
PDFF, the images are often used to create water-only and fat-only images. 
This technique is commonly called chemical shift encoded (CSE-)MRI, or 
'Dixon imaging'.157, 158 

As with MRI, proton magnetic resonance spectroscopy (1H-MRS) uses 
the differences in the resonance frequencies between water and fat. The 
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signal intensity at frequencies corresponding to water or fat can be quanti-
fied, and the fat-signal fraction can be calculated.157, 158 MRS is still the gold 
standard among imaging based procedures for determining PDFF, but it 
can only be used at one location at a time in contrast to imaging based tech-
niques. 

1.4.4.2 Proton Density Fat Fraction (PDFF) 
MR-techniques have emerged as a rapid and convenient tool for measuring 
hepatic steatosis. Even though MR is not as widely available as other radi-
ological techniques (i.e. ultrasonography and computed tomography), it 
surpasses them with a much higher specificity and sensitivity, even for 
lower amount of steatosis. 

1H-MRS and MRI are non-invasive methods that can be used to quan-
titatively assess the total HTGC, or the PDFF.158, 159 1H-MRS is widely con-
sidered to be the most accurate non-invasive method for measuring liver 
fat content, and it is therefore the reference standard in determining the 
PDFF.160 However, CSE-MRI (Dixon imaging) is commonly used to assess 
hepatic steatosis. An excellent correlation has been shown between 1H-
MRS and CSE-MRI, and the two methods are commonly thought to be 
equal in assessment of hepatic steatosis.161-163 Morover, 1H-MRS also corre-
lates excellently with total lipid quantification in specimens of liver tis-
sue.164 Thus, some researchers have suggested that 1H-MRS or CSE-MRI 
should replace liver biopsy as the standard method for assessment of liver 
fat content.164, 165 

When HTGC is measured with MRI-derived PDFF, a cut-off value of 
5% or 5.56% is frequently used to define steatosis.159, 166 The cut-off of 5% 
is extrapolated from the cut-off based on liver biopsies, even though MRI-
PDFF and liver biopsies give two distinctly different estimates of steatosis. 
Liver biopsy measures the fraction of hepatocytes with fat vacuoles whilst 
MRI-PDFF measures the amount of triglycerides of a given volume of tis-
sue.  

The latter value (5.56%) is based on the results from Szczepaniak et al, 
who examined the variance of HTGC using 1H-MRS in 345 subjects at low 
risk for hepatic steatosis (i.e., in lean subjects with no glucose intolerance 
or excessive alcohol consumption, and normal serum liver enzyme levels), 
but without specific knowledge of the subjects histopathology.159 However, 
hepatic steatosis can be present in lean subjects167 as well as in individuals 
with normal serum liver enzyme levels.4, 128, 168 Hence, histopathology 
should be used as the reference standard to define the optimal cut-off value 
for the definition of hepatic steatosis by MR.   

In two recent studies, Tang et al evaluated the diagnostic accuracy of 
using an MRI-PDFF technique to distinguish between the absence (grade 
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0) and the presence (grade 1-3) of hepatic steatosis using histopathology as 
gold standard.169, 170 However, only 11 patients without steatosis were in-
cluded in these two studies, yielding a threshold of 6.4% and 6.9%, respec-
tively, for distinguishing between absence and presence of steatosis accord-
ing to conventional histopathological method. The authors concluded that 
the cut-off to diagnose steatosis with MRI-PDFF should be evaluated in a 
cohort with a higher number of subjects free of hepatic steatosis. Moreover 
in other studies171-174 that evaluated the diagnostic performance of MRI-
PDFF for distinguishing absence from presence of steatosis, all, or the ma-
jority of the subjects, had confirmed or a high probability of NAFLD, and 
thus it may be difficult to assess an adequate cut-off value of HTGC with 
MR in these type of cohorts.     

1.4.5 Liver Biopsy 
The gold standard for diagnosing liver pathology is a morphological and 
histological examination of the liver in whole. Nevertheless, this is impos-
sible in living subjects. Therefore, the best reference to gold standard is 
liver biopsy. However, liver biopsy only assesses 0.00002% of the liver, 
thus sometimes it is referred to as the best standard instead of the gold 
standard.175  

The first mention of liver biopsy was by von Frerichs, attributing the 
introduction to Ehrlich in 1884.176 However, a hallmark study in profes-
sionalization of the technique came after the publication by Menghini, and 
his famous needle, in 1958.177 Albeit being a useful tool in diagnosis, the 
mortality rate ranged from 0.02-0.05% with adverse events (i.e. major 
bleeding, pneumothorax, peritonitis) ranging from 0.3-0.4%.178 The intro-
duction of real time ultrasonography guided liver biopsy as well as new bi-
opsy needles seems to have decreased the risk of pneumothorax, however 
the risk of adverse events and mortality are stationary.179  

Moreover, liver biopsy is prone to high sampling and observer variabil-
ity, making the results good, but not gold (Table 3).  
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Table 3. Sampling, intraobserver and interobserver agreement in NAFLD 

 Coefficient of  

 Sampling  

agreement 

Intraobserver  

agreement 

Interobserver  

agreement 

Steatosis grade 0.64-0.91a, c, e, f 0.74-0.98 a, b, f, h 0.10-0.65c, d, h, i 

Ballooning grade 0.20-0.87 a, c, e, f 0.56-0.68 a, b, f, h 0.01-0.50d, h, i 

Lobular inflammation grade 0.13-0.58 a, f 0.37-0.58 a, b, f, h 0.14-0.29d, h, i 

Fibrosis stage 0.47-0.96 a, c, e, f 0.68-0.80 a, b, f, h 0.32-0.60c, d, h, i 

NAFLD Activity Score (NAS) 0.69f 0.61-0.86b, f, h 0.18-0.62g, h 

Diagnosis of NASH 0.69-0.91c, e, f 0.81-0.86 b, f 0.18-0.90c, g 

aRatziu et al180, bVuppalanchi et al181, cArun et al182, d, gYounossi et al183, 184, eLarson et al185, fMerriman et al186, hPournik et 

al187 and iJung et al188.   

  

This is further hampered by the normal fluctuation of inflammation and 
the inherent heterogeneity of the disease (Figure 5).189 The sampling agree-
ment is usually adequate when biopsy is performed in the same lobe, how-
ever biopsies from different lobes, usually renders high viarability.180, 182, 185, 

186 
 Nevertheless, liver biopsy is still of high value when:  

I. Diagnostic uncertainty exists (e.g. in patients with atypical fea-
tures) 

II. Coexisting disorders are present (e.g. Human immunodeficiency 
virus and hepatitis C virus [HCV] infection, or alcoholic liver dis-
ease and HCV) 

III. An overlapping syndrome is suspected (e.g. Primary biliary chol-
angitis and autoimmune hepatitis) 

IV. Hereditary disorder is assumed (e.g. Hemochromatosis, alpha-1 
antitrypsin deficiency, Wilson´s disease) 

V. Suspected advanced fibrosis stage needs to be confirmed  
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In the presence of fatty liver disease or chronically elevated liver func-
tion tests, different blood panels can exclude other liver diseases. If NAFLD 
is suspected one must differentiate between the presence, or the absence, 
of advanced fibrosis. This can partly be done non-invasively. However, alt-
hough previously mentioned non-invasive techniques show high validity 
and accuracy in excluding severe liver disease, many of the non-invasive 
techniques tend to give unreliable or intermediate results when being used 
to display presence of advanced fibrosis. Hence, in a selected group of pa-
tients with NAFLD, liver biopsy is still required.  

11.5 Histological Course of NAFLD 
The histopathological spectrum of NAFLD ranges from isolated steatosis 
and NAFL to NASH with progressive fibrosis leading to cirrhosis and sub-
sequently hepatocellular carcinoma (HCC). 
 Even though NAFLD encompasses a wide range of morphological dif-
ferences, the hallmark of NAFLD is macrovesicular steatosis, which pre-
dominantly affects perivenular regions, and in severe cases extending to a 
panacinar distribution. Moreover, necroinflammatory changes and 
hepatocyte injury, expressed as hepatocellular ballooning degeneration, 
can be observed and is thought to portend a more progressive disease. Lob-
ular inflammation with a mixed infiltration pattern (i.e. with neutrophils, 
lymphocytes and macrophages) can be detected although the severity is 
typically mild. 
 The characteristic pattern of fibrosis is typically perisinusoidal and/or 
pericellular. Eventually bridging fibrosis may develop and in some, pro-
gression to cirrhosis occurs. 

Figure 5. The new view of fibrosis progression in NASH with repetitive inflammation and 
cumulative accumulation of scar tissue with progression towards cirrhosis.  



Non-Alcoholic Fatty Liver Disease 

 36 

1.5.1 Non-Alcoholic Steatohepatitis 
Non-alcoholic steatohepatitis is thought to be the more progressive form of 
NAFLD with a more progressive histological outcome and with an in-
creased mortality and an increased risk of end-stage liver disease. This was 
portrayed in a meta-analysis by Musso et al where subjects with NASH had 
an almost two-fold increase in overall mortality and six-fold increase in 
liver-related mortality.190 However, the definition of NASH has varied since 
the discovery of NAFLD – making studies hard to compare. The diagnosis 
of steatohepatitis has long been the prerogative of pathologists, without any 
clear consistency.  
 However, in 1999, Brunt et al attempted to characterize the histological 
definition of NASH, and it has since then been widely accepted. It unified 
the lesions of steatosis and inflammation into a grade (0-3; ranging from 
none to mild, moderate and severe) and those of fibrosis, into a stage (rang-
ing from 0-4).191 Although this scoring system was appealing, it was devel-
oped for NASH and did not encompass the entire spectrum of NAFLD. 
Hence, a multicentre cooperative called the NASH Clinical Research Net-
work (NASH-CRN) was created192 and developed a scoring protocol com-
prised of 14 individual histopathological features to encompass the entire 
spectrum of NAFLD.193 The developed scoring system was coined NAFLD 
Activity Score (NAS), where the unweighted sum of steatosis, lobular in-
flammation, and hepatocellular ballooning presented the severity of 

or 4, and “not NASH” as a NAS . However, the authors also stated that 
NAS is not intended to replace the pathologist’s diagnostic determination 
of steatohepatitis (i.e. NASH). Despite this, NAS is recommended to be 
used to define and quantify disease in clinical trials of NAFLD/NASH.194 
When change in NAS is used as a primary outcome, it is recommended that 

ovement in total score be achieved, alongside no worsening 
of fibrosis. 
 In 2011, Younossi et al, studied the biopsies of 209 NAFLD patients 
and measured the agreement between Kleiner and Brunt’s classification of 
NASH, which y , indicating a slight agree-
ment.184 In the same study, only advanced fibrosis demonstrated the best 
independent association with liver related mortality. This study provoked 
a commentary in the Hepatology journal questioning the NAS. The au-
thors, Brunt and Kleiner, replied, and stated yet again with clarification, 
“When we described the NAS, we did note that there was a statistical cor-

by a pathologist. Unfortunately, this observation has been misinterpreted 
by some as a proposal for a diagnosis with the score, even though we clearly 
stated otherwise in our study”.195  
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 However, in 2015, two articles, by Angulo et al and Ekstedt et al showed 
that liver fibrosis, and no other histological features, predicted disease spe-
cific and all-cause mortality in NAFLD patients.196, 197 The impact of NASH, 
according to NAS, did not seem to have any effect on disease specific or all-
cause mortality when adjusting for fibrosis. However, a new score named 
SAF (Steatosis, Activity, Fibrosis) was made with excellent interobserver 

.198 In the SAF score, the 
grading and staging of steatosis and fibrosis, respectively, is equal to that 
in NAS, however, activity is defined as the unweighted sum of ballooning 
grade and inflammation grade (with a slight difference compared to NAS). 
Moreover, the SAF score classifies you as having mild (activity <2 and fi-
brosis <2) or significant (activity >2 or fibrosis >2) disease severity. In par-
allel with SAF, the Fatty Liver Inhibition of Progression (FLIP) algorithm 
was presented. In the FLIP algorithm, all patients with at least 1 point in 
steatosis, ballooning and lobular inflammation are diagnosed as NASH. 
This new algorithm differs from NAS in several ways. When NASH is diag-
nosed with NAS, a patient with steatosis grade 3 and lobular inflammation 
grade 2 can be determined as having NASH (NAS=5). However, according 
to the FLIP algorithm, this patient would be classified as having NAFLD 
(“not NASH”). Hence, the FLIP algorithm depends on ballooning and in-
flammation to diagnose NASH (Figure 6). 
 In 2017, Hagström et al, used data from 139 NAFLD patients with up 
to 41 years of follow-up (median, 25.3). All patients’ biopsies were graded 
according to SAF, and after adjusting for fibrosis, the SAF score was not 
associated with increased mortality in NAFLD patients.  
 The notion that inflammation surpasses fibrosis in NAFLD is not con-
tested. However, there is no objective evidence that NASH, either defined 
according to Brunt and Kleiner (NASH-CRN) or SAF (FLIP-algorithm), 
predicts fibrosis progression or substitutes as a surrogate marker for fibro-
sis in pharmacological trials.199  
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1.5.2 Inflammation and Ballooning Degeneration 
Ballooning degeneration, or solely ballooning, is considered a form of 
hepatocyte apoptosis which results in hepatocyte swelling with nuclei 
shrinkage and fragmentation. Albeit ballooning alone does not define ste-
atohepatitis, its presence is considered to represent a more progressive 
form of NAFLD.  
 In a hallmark meta-analysis by Argo et al, the presence of any type of 
inflammation (i.e. lobular, portal or necroinflammatory) predicted the de-
velopment of advanced fibrosis.200 Moreover, Singh et al showed a more 
rapid fibrosis progression rate in patients with NASH.24  In the study by 
Angulo et al, NASH, defined by NAS, showed no association with long term 
outcome in NAFLD when stratifying for fibrosis. However, ballooning and 
portal inflammation portrayed an increased risk of end-stage liver disease 
and transplantation.197 Also, a trend of ballooning as a predictor of fibrosis 
progression was seen in the study by McPherson et al201 with a p-value of 
0.08. This was later corroborated by Sanyal et al199, where baseline levels 
of ballooning was associated with fibrosis progression (HR 4.83, 95%CI 
1.45-16.07).  
 Even though earlier paired biopsy studies have not been able to show 
that NASH predicts progression of fibrosis, NASH, and especially balloon-
ing, seem to predict both presence of fibrosis and of clinical features such 
as insulin resistance, suggesting a high collinearity between NASH and fi-
brosis stage.  

Figure 6. The FLIP algorithm for diagnosing NASH. 
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1.5.3 Fibrosis 
There are 14 studies with paired biopsies in NAFLD patients 10, 11, 15, 16, 22, 23, 

199, 201-207, including in total 996 patients with a median follow-up time be-
tween biopsies ranging from 2 to 13.8 years. However, because the defini-
tion of NASH and the staging of fibrosis have changed over time, compari-
sons are difficult to make. Moreover, a majority of the studies are retro-
spective with patient cohort selected through pathology records and with 
NASH dominating the histopathological diagnosis. In 10 studies, including 
416 patients 10, 15, 16, 22, 201-203, 205-207, fibrosis stage at baseline and follow-up 
are reported; with 37% having fibrosis progression (153/416) and 12% pro-
gressing from low (F0-F2) to advanced stages of fibrosis (F3-F4) (Table 4). 
The number of patients who developed advanced fibrosis does not include 
patients in whom biopsy was withheld secondary to clinical signs of end-
stage liver disease.  

Table 4. NAFLD studies with paired biopsies. 

   Baseline 

Study N Follow-up time, years  
(median  NASH T2DM  

Predictors of fi-
brosis progres-

sion 
Lee10 13 3.3 (1.2-6.9) 100%* 54% None 
Powell11 13 3 (1.5-6.5) 100%† 46% None 
Teli16 12 7.6-16 0%‡ N/A N/A 
Ratziu203 14 5 (1.5-15) 29%§ N/A N/A 
Evans202 7 7 (5.5-14) N/A¶ 43% N/A 
Harrison204 22 5.7 (1.4-15.7) 41%** 41% AST 
Fassio205 22 4.3 (3-14.3) 100%†† 36% BMI 
Adams206 103 3.2 (0.7-21.3) 93%‡‡ 42% BMI, FS, T2DM 
Hui207 17 6.1 (3.8-8) 35%§§ 24% None 
Ekstedt15 68 13.8 (10.3-16.3) 49%¶¶ 9% None 
Wong22 52 3 33%*** 50% LDL 
Pais23 70 3.4 (1-12) 64%††† 35% N/A 
McPherson201 108 6.6 (1.3-22.6) 75%‡‡‡ 48% Fib4 
Sanyal199 475 1.8 71%¶¶¶ 68% FS 

NASH defined as, *NASH according to pathologist, †steatosis+lobular inflammation, (‡all patients had isolated steatosis), 

§steatosis+necroinflammation (=lobular necrosis and/or piecemeal necrosis), ¶NASH according to Brunt191, **NASH ac-

cording to Brunt, ††steatosis(>10%)+lobular inflammation+ballooning/Mallory hyaline fibrosis/sinusoidal fibrosis/a 

combination thereof, ‡‡steatosis+lobular inflammation+ballooning OR steatosis+any stage of fibrosis, §§NASH according 

to Brunt, ¶¶see Adams, ***steatosis+ballooning/intralobular hepatocyte necrosis, †††steatosis+lobular inflammation+bal-

looning/advanced fibrosis, ‡‡‡steatosis+inflammation+ballooning ALSO 3 other patients defined as NASH (1 had steato-

sis+advanced fibrosis and 2 had steatosis+lobular inflammation+fibrosis stage 2), ¶¶¶ According to NASH CRN.  Abbrevi-

ations: NASH, non-alcoholic steatohepatitis; T2DM, type 2 diabetes mellitus; AST, aspartate aminotransferase; BMI, body 

mass index; LDL, low-density lipoprotein; Fib4, fibrosis-4 (biochemical score for prediction of liver fibrosis); FS, fibrosis 

stage; N/A, not applicable. 

 
A recent systematic review and meta-analysis by Singh et al compared 

11 paired biopsy studies which included 411 patients with 2145.5 person 
years of follow-up (Table 4). They showed that 33.6% progressed in fibrosis 
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stage.24 The overall annual fibrosis progression was found to be 0.07 stages 
for NAFL and 0.14 stages for NASH, corresponding to one stage of fibrosis 
progression over a median of 14.3 years and 7.1 years, respectively.  

Nonetheless, predicting fibrosis progression using baseline histological 
clinical, biochemical or anthropometric parameters is difficult. Presence of 
NASH or NAS at baseline has never correlated with progression of fibrosis.  

Conversely, NASH (or high NAS) has been more prevalent in the fol-
low-up biopsies in patients with fibrosis progression. However, the notion 
that the presence of NASH correlates with presence of fibrosis does not 
mean that NASH equals the prediction of fibrosis progression. And there-
fore, resolution of NASH is not likely to be synonymous with regression of 
fibrosis. 

In a recent study by Sanyal et al, 475 patients with NASH and advanced 
fibrosis had a second liver biopsy performed after 96 weeks during clinical 
trials.199 Baseline high NAS did not predict fibrosis progression. However, 
among baseline factors, the presence of advanced fibrosis was associated 
with fibrosis progression. The findings by Sanyal et al correlate with previ-
ous studies and meta-analyses using paired biopsies. This was validated in 
an abstract, by McPherson et al, including 321 patients with NAFLD who 
underwent sequential biopsies conducted over a median follow-up of 4.1 
years (range, 1-22.6). In this abstract, fibrosis progression was present in 
35% of the subjects, with no difference in fibrosis progression based on fi-
brosis stage or NASH/NAFL at baseline. Interestingly, moderate to severe 
steatosis seemed associated with fibrosis progression.25 

1.5.4 Steatosis 
When hepatic steatosis grade 1-3 is present without lobular inflammation, 
ballooning or fibrosis, it is usually referred to as isolated steatosis. How-
ever, when steatosis is present with mild inflammation, the term NAFL or 
simple steatosis is commonly used. 
 Since isolated steatosis has been considered a benign condition, few 
studies have focused on the natural history of patients with isolated steato-
sis. In a study by Teli et al16 12 patients with isolated steatosis were followed 
for a period of 7.6 to 16 years.  One, out of the 12 patients, progressed and 
did so from F0 to F1. In a recent study from the United Kingdom, 108 pa-
tients underwent serial biopsies – 17 were diagnosed with isolated steatosis 
of whom 4 (24%) progressed in fibrosis stage.201 

 Although our knowledge of simple steatosis is limited, new studies on 
NAFL have recently emerged which show that fibrosis progression occurs 
in a significant proportion of NAFL patients.22, 23, 201 In a prospective study 
by Wong et al, 8 out of 29 NAFL patients (defined as NAS <3), with two 
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sequential liver biopsies 3 years apart, showed fibrosis progression.22 Sim-
ilarly, in a study by McPherson et al, 10 out of 27 patients with NAFL 
showed fibrosis progression.201 This was corroborated by Pais et al, 
wherein 6 out of 25 patients with NAFL progressed to bridging fibrosis.23 
However, in the two abovementioned studies by McPherson et al and Pais 
et al, NAFL was defined as isolated steatosis or steatosis with mild inflam-
mation (i.e. grade 1), without ballooning but with fibrosis stage <3.  

Even though NAFL seems to exhibit a slower progression rate com-
pared to NASH (14.3 years vs. 7.1 years for 1 stage of fibrosis), there does 
not seem to be any difference between NAFL and NASH in the amount of 
patients progressing from fibrosis stage 0 to advanced fibrosis during a 6 
year period (5 out of 29 patients with NAFL and baseline fibrosis stage 0 
[17%] vs. 2 out of 11 patients with NASH and baseline fibrosis stage 0 
[18%]) – as was shown in the meta-analysis by Singh et al.24 

11.6 Prognosis – morbidity and mortality 
Chronic liver disease (CLD) is one of the leading causes of public health 
burden in the western world.208 During the last decade, the global burden 
of liver disease has increased with 10.3%, and with a consequential increase 
in liver cancer of 11.5%.209 Moreover, mortality from liver cirrhosis  has in-
creased over the last three decades, now accounting for approximately 2% 
of all deaths.210 Albeit this is mostly related to alcohol and viral related hep-
atitis, data from the National Health and Nutrition Examination Surveys 
has shown that the overall prevalence of CLD in the United States has risen 
from 12% to 15% between 1988 and 2008, mainly attributed to NAFLD, 
whilst alcohol and viral related hepatitis remain stable.5 The prevalence of 
clinically significant liver fibrosis in the population is estimated at between 
2-13%,211 mainly attributed to NAFLD.212-214  

NAFLD is thought to be the hepatic manifestation of the metabolic syn-
drome38, 215, 216 (type 2 diabetes [T2DM], hypertension, obesity and 
dyslipidemia). And, with an epidemic trend in obesity in parallel with rising 
prevalence of T2DM, the prevalence of NAFLD is expected to rise.217   

1.6.1 Obesity 
Obesity (body mass index [BMI] 2) has increased six fold over the 
last 4 decades, affecting over 600 million individuals in 2016, with another 
1.3 billion individuals being overweight (BMI 25.0-29.9 kg/m2).218 Even 
though there is an ongoing discussion whether overweight decreases or in-
creases mortality219 – non refute the fact that obesity increases all-cause 
mortality.220-222 However, in a recent study by Nordström et al investigat-
ing 4,046 monozygotic twins, they were not able to verify that overweight 
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increased overall death or risk of myocardial infarction after consideration 
of genetic factors.223 Nonetheless, the risk of incident T2DM was signifi-
cantly more frequent amongst heavier twins (OR 1.94, 95%CI 1.51-2.48). 

As Nordström et al refuted a long, believed axiom of causality of over-
weight as a risk factor for myocardial infarction, the correlation between 
the two is still present. In the same way, the causality of the relationship 
between overweight and NAFLD is not clear, however, the correlation is 
existing with the prevalence of NAFLD increasing with rising BMI. Lazo et 
al showed that the prevalence of NAFLD increased almost exponentially 
with increasing BMI, with a prevalence of 57% and 44% in men and women 
with a BMI >35 kg/m2.224 Moreover, patients with NAFLD commonly have 
higher BMI in cross-sectional studies compared with patients without 
NAFLD.225, 226  

In the Coronary Artery Risk Development in Young Adults Study, 
weight gain during young adulthood seem to predict future development of 
NAFLD.227 Furthermore, weight loss, either by lifestyle intervention228-230 
or bariatric surgery,231-233 seem to resolve both NAFLD and insulin re-
sistance. 
 While overweight and obesity is highly associated with NAFLD and as-
pects of the metabolic syndrome, whether it is causal, or correlative is still 
controversial. However, obesity, and especially visceral adiposity, seem to 
predict development of severe liver disease both in the general population 
and in patients with NAFLD. In a study by Ioannou et al, obese patients 
followed for a period of 12.9 years showed an increased risk of cirrhosis 
related death or hospitalization compared to normal-weight subjects.234 
These findings were corroborated by Liu et al and Hagström et al who 
showed that increasing BMI was associated with an increased incidence of 
severe liver disease.235, 236 Moreover, in 2003, Calle et al showed that for 
every 5 unit increase in BMI >25 kg/m2, a parallel increase in mortality 
from cancer was seen.237 Also, they showed an exponential increase in the 
risk of liver cancer (hepatocellular carcinoma; HCC) in male subjects with 
obesity.  

In a second study by Hagström et al, 1.2 million men enlisted for mili-
tary conscription in Sweden, were followed for a mean period of 28.5 
years.238 During follow-up, more than 5,000 cases of severe liver disease 
and 251 cases of HCC were identified. Overweight and obesity increased the 
risk of developing both severe liver disease and HCC.  

1.6.2 Type 2 Diabetes Mellitus 
During the last four decades the age-standardised prevalence of T2DM in 
adults has doubled in men and increased with 60% in women.239 The prev-
alence of T2DM in NAFLD ranges from 45%-75% in hospital based studies 
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and from 30-60% in population based studies.240 Equivalently, the overall 
prevalence of NAFLD in patients with T2DM is 55.5%.241 However, it is not 
clear if NAFLD precedes or succeeds T2DM, though the relationship seems 
bidirectional.242, 243 

In a recent meta-analysis, patients with NAFLD had a two-fold increase 
in the risk of incident T2DM.244 This was later corroborated by Chen et al 
in a study with 132,000 subjects over a period of 6 years. They showed that 
NAFLD patients (diagnosed with ultrasonography), adjusted for age, sex, 
BMI and other common risk factors, had more than a two-fold increase for 
T2DM over time (aHR 2.08, 95%CI 1.93-2.33 for men and aHR 2.65, 2.43-
2.88 for women).245  

To date there are 21 studies investigating the association between 
NAFLD, diagnosed with ultrasonography or computed tomography, and 
T2DM.246-266 The incidence of T2DM between non-NAFLD and NAFLD 
subjects were 2.4% and 8.0%, respectively, with an overall relative risk of 
1.72 (Figure 6).   

There is an ongoing discussion whether the presence of steatosis pre-
dicts diabetes development or if it is an epiphenomenon. In a study by Sung 
et al resolution of hepatic steatosis diagnosed by ultrasonography during a 

Figure 7. The incident risk of type 2 diabetes in NAFLD patients diagnosed with ultrasonog-
raphy (n=20) or computed tomography (n=1). 
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5-year follow-up was not associated with decreased incident T2DM (aOR 
0.95, 95%CI 0.5-1.9).257 Nevertheless, in a recent study by Yamazaki et al, 
hepatic steatosis resolution during a 11.3-year follow-up showed a reduc-
tion of incident T2DM (aOR 0.27, 95%CI 0.12-0.61).258 

However, there are few studies examining the relationship between bi-
opsy-proven NAFLD and the risk of incident T2DM. In a study by Ekstedt 
et al, 8.5% of patients with biopsy-proven NAFLD had T2DM at inclusion. 
After almost 14 years of follow-up 58% had T2DM.15 These study results 
have been corroborated by two other Scandinavian studies.267, 268   

Interestingly, the main histological findings predicting development of 
T2DM seem to be steatosis and fibrosis.269 The presence of a more severe 
histological form of NAFLD (i.e. inflammation and advanced fibrosis) is 
more prominent in NAFLD patients with T2DM.168, 270, 271 In a recent meta-
analysis, 17% of all patients with T2DM and biopsy-proven NAFLD had ad-
vanced fibrosis.241 Moreover, patients with newly diagnosed T2DM seem to 
be at increased risk of incident cirrhosis (aHR 2.55, 95%CI 2.35-2.76).272 
However, no paired biopsy studies have confirmed that patients with 
T2DM at baseline portend a worse prognosis (i.e. fibrosis progression).  

In a recent epidemiological study by Björkström et al, patients with 
T2DM had more than a two-fold increased risk of developing severe liver 
disease (HR 2.28, 95%CI 2.21-2.36).273 Similarly, in a study by Zoppini et 
al, diabetic patients had more than a two-fold increased risk in dying sec-
ondary to a chronic liver disease, mainly NAFLD.274 Furthermore, T2DM is 
associated with both an increased risk of hospitalization secondary to 
NAFLD275, and an increased risk of developing HCC.276, 277 

1.6.3 Cardiovascular Disease 
In a seminal article by Jepsen et al the relationship between cardiovascular 
disease (CVD) and fatty liver disease was established.278  

The risk of incident cardiovascular disease and the risk of developing 
cardiovascular disease over time seems increased in patients with ultraso-
nography diagnosed NAFLD.279-281 This increase is probably related to an 
increase in comorbidities. The Framingham Risk Score (FRS), which in-
cludes age, gender, total cholesterol, HDL, smoking, T2DM, and hyperten-
sion, is a gender specific algorithm used to estimate 10-year cardiovascular 
risk in an individual. In a study by Treeprasertuk et al, NAFLD patients had 
a higher FRS compared to the general population, also, FRS was the only 
variable significantly associated with new onset CVD (OR 1.13, 95%CI 1.05-
1.21).282 Similar results was observed in a study by Hagström et al where 
608 biopsy-proven NAFLD patients had a significantly increased risk of 
developing a CVD event compared to a control population (HR 1.54, 95%CI 
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1.30-1.83). Amongst the NAFLD patients, age, male gender, smoking, 
T2DM and triglycerides were associated with incident CVD.283   

In a prospective study by Fracanzani et al, the risk of developing major 
cardiovascular events over a 10-year period was higher in patients with 
NAFLD compared to controls.284 Albeit this was somewhat explained by 
the higher incidence of plaques and increased carotid intima media thick-
ness, presence of histologically or ultrasonography confirmed hepatic ste-
atosis was an independent predictor. Additionally, in a recent cohort study, 
612 patients undergoing coronary angiography, were evaluated for the 
presence of hepatic steatosis measured by ultrasonography, and the major-
ity were diagnosed with NAFLD.285 Coronary artery stenosis was signifi-
cantly more common in NAFLD patients (84.6% vs. 64.1%) and the need of 
percutaneous coronary intervention significantly more frequent (68.3% vs. 
43.4%). Conversely, NAFLD patients had a lower risk of CVD death 
(p=0.006) but equal risk of cardiovascular events (p=0.054) compared to 
the control group.  

Even though increased incident CVD in NAFLD is established the as-
sociation between NAFLD and CVD mortality is somewhat unclear. In a 
systematic review and meta-analysis including 34 studies of patients with 
NAFLD (mainly diagnosed by ultrasonography), no increase in CVD mor-
tality was observed (HR 1.10, 95%CI 0.86-1.41).286 A supporting meta-anal-
ysis showed equivalent results without any overall increase in CVD mortal-
ity in NAFLD.287 However, in most studies including biopsy-proven 
NAFLD cohorts, mortality is increased in NAFLD patients compared to 
controls, with CVD being the main cause of death.196, 206 

1.6.4 Liver Transplantation 
NAFLD is now the second leading aetiology of CLD among patients await-
ing liver transplant, viral related hepatitis (mainly HCV) still being the 
dominating reason. Although the epidemic of obesity is a strong contrib-
uting factor for NAFLD, the prevalence of NAFLD among lean subjects is 
estimated to 16-20%.288-290 Also, new effective treatment for HCV, will sub-
sequently decrease the number of patients in need of transplant secondary 
to end-stage liver disease caused by viral hepatitis.291 Therefore, it is pro-
posed that NAFLD will be the leading cause of liver transplant in a near 
future. However, due to the high prevalence of NAFLD the need for liver 
transplant will not only increase, but the number of healthy donors will 
furthermore decrease.23 From an economic point of view the current and 
future burden of NAFLD in the Western world is expected to be vast.7 
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1.6.5 Mortality 
In biopsy-proven NAFLD, the main cause of death is cardiovascular disease 
(HR 1.55-1.85, ~35%). Moreover, liver-related complications usually rank 
as the third leading cause of death (HR 3.2-6.5, ~8%).196, 197 Increased over-
all mortality has been shown in studies comparing biopsy-proven NAFLD 
with reference populations.14, 15, 196, 292 These findings were strengthened in 
a meta-analysis that showed increased risk of all-cause mortality in pa-
tients with biopsy-proven NAFLD (OR 1.40, 95%CI 1.23-1.60).190 However, 
a newly published meta-analysis was unable to corroborate this difference 
(HR 1.14, 95%CI 0.99-1.32). Noteworthy is that, in the latter study the ma-
jority of patients were diagnosed with ultrasonography.286 This could re-
flect the selection bias that systematically permeate studies that include pa-
tients with biopsy-proven NAFLD,  which  usually are patients referred to 
specialists in secondary or tertiary care, coordinated by large academic cen-
tres. 
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2. AIMS 

 
 

 To assess whether hepatic steatosis can be reliably detected non-in-
vasively with magnetic resonance spectroscopy (1H-MRS PDFF). 

 
 To assess the accuracy of 1H-MRS PDFF and stereological point 

counting (SPC) in diagnosing hepatic steatosis using histopatholog-
ical grading as the reference standard. 
 

 To determine appropriate cut-off values for diagnosing steatosis us-
ing both 1H-MRS PDFF and SPC. 
 

 To investigate the long-term prognosis in NAFLD patients compared 
to controls and to specifically study the effect of NASH on the out-
comes of mortality and liver-specific morbidity. 
 

 To describe the clinical, biochemical and histological disease pro-
gression of patients with NAFLD and to assess predictors of disease 
progression. 
 

 To assess if severity of hepatic steatosis, assessed either with histo-
pathological grading or SPC, is associated with future development 
of T2DM in NAFLD.  
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3. METHOD 

33.1 Procedures 

3.1.1 Enrolment of Patients (Papers  
This thesis is based on three different cohorts. In paper I we prospectively 
included 94 patients who accepted liver biopsy, irrespective of liver disease 
aetiology, for a cross-sectional study – comparing biochemical, clinical, 
histological and radiological parameters. In paper II we conducted a retro-
spective, long-term follow-up study including 646 patients with liver-bi-
opsy confirmed hepatic steatosis to investigate the long-term prognosis of 
patients with NAFLD, and how fibrosis stage and steatohepatitis effect 
prognosis. In paper III and IV, an extended prospective, follow-up study 
was conducted based on a cohort previously published in 2006 by Ekstedt 
et al. All patients alive, were re-invited for a second follow-up. Out of the 
originally 129 NAFLD patients included at baseline, 59 patients, of the 79 
still alive, accepted a second follow-up. 

3.1.1.1 Quantitative Assessment of Liver Steatosis and Diag-
nostic Accuracy of 1H-MRS PDFF. The Non-Invasive Liver Bi-
opsy (NILB) study (Paper I) 
This prospective study was performed on patients referred to the Depart-
ment of Gastroenterology and Hepatology at University Hospital in Linkö-
ping, Sweden, for evaluation of chronically ( 6 months) elevated levels of 
serum alanine aminotransferase (ALT; defined as >71 U/L for men and >45 
U/L for women) and/or aspartate aminotransferase (AST; defined as >45 
U/L for men and >36 U/L for women) and/or serum alkaline phosphatase 
(ALP; defined as >106 U/L for both sexes). A diagnostic work-up was per-
formed and all patients whom, on clinical indication, needed a liver biopsy 
where asked to participate in our study, which consisted of adding an MR 
examination to the routine diagnostic work-up.  

We recruited from patients referred to our department between 2007-
2014. The final cohort constituted of 94 patients. Of the 94 patients, 37 pa-
tients were diagnosed with NAFLD, 49 with other liver diseases and 8 had 
normal liver biopsy, and hence no explanation for their elevated liver en-
zymes. All liver biopsies were graded for steatosis according to Brunt and 
evaluated for the quantitative amount of hepatic steatosis by stereological 
point counting. 
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3.1.1.2 Long-term Retrospective Cohort Study of Biopsy-
Proven NAFLD (Paper II) 
This retrospective cohort study included all patients initially diagnosed 
with biopsy-proven NAFLD, at the Karolinska University Hospital, Hud-
dinge and University Hospital in Linköping, during 1971 to 2009. All biop-
sies were categorized by a pathologist at the time of biopsy using the sys-
temized nomenclature of medicine (SNOMED)293 to identify all liver biop-
sies with hepatic steatosis. All patients’ medical charts were scrutinized in 
detail. Patients with other causes for steatosis than NAFLD or diagnosed 
with any concurrent liver disease at biopsy or during follow-up were ex-
cluded. Patients that reported significant alcohol consumption were ex-
cluded. Patients on treatment with drugs associated with hepatic steatosis 
or hepatotoxicity at the time of biopsy or patients with a diagnosis of either 
hepatocellular carcinoma or decompensated liver disease at/within 6 
months from baseline were excluded.  

After exclusions, the cohort constituted of 646 NAFLD patients of 
whom 402 were male (62%). Mean age at baseline was 48.2 ± 13.7 years 
and BMI was 28.3 ± 4.1 kg/m2. Type 2 diabetes had previously been diag-
nosed in 93 patients (14%). 

3.1.1.3 Long-term Prospective Study (Papers III, IV) 
This prospective longitudinal cohort study included patients referred be-
tween 1988 and 1993 to the Department of Gastroenterology and Hepatol-
ogy, University Hospital in Linköping, or to the Department of Internal 
Medicine, Oskarshamn County Hospital, for evaluation of chronically (>6 
months) elevated serum ALT (defined as >41 U/L for both sexes), and/or 
AST (defined as >41 U/L for both sexes), and/or serum ALP (defined as 
>106 U/L for both sexes). At inclusion, a diagnostic work-up was per-
formed, including physical examination, biochemical investigation, and 
liver biopsy, as well as an extensive review of patients’ medical charts. After 
excluding other chronic liver diseases and significant alcohol consumption, 
137 patients were diagnosed with NAFLD. During follow-up, 8 patients 
were reclassified as alcoholic fatty liver disease and were excluded.  

The final cohort constituted of 129 patients with NAFLD of whom 87 
(67%) were male. Mean age at baseline was 51.0 ± 12.9 years and mean BMI 
28.3 ± 3.8 kg/m2. Type 2 diabetes and cardiovascular disease had previ-
ously been diagnosed in 11 (8.5%) and 14 (11%) patients, respectively. A 
previous follow-up study of this cohort (first follow-up) was conducted be-
tween 2003 and 2005 (details of data collection and results have been re-
ported elsewhere15). The current follow-up (second follow-up) was con-
ducted between 2013 and 2015. 
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3.1.1.4 Reference Population (Paper II) 
Every person in Sweden has a unique personal identification number 
(PIN), which was used to create a control population from Statistics Swe-
den, using ten controls per individual (n=6,345 controls after exclusions). 
Matching was performed for sex, age and municipality. Patients and con-
trols (n=6,991) were then linked to the three different national, population-
based registers; the National Patient Register of Hospital Discharge (NPR), 
the Swedish Cancer Register (SCR), and the Cause of Death Register 
(CDR).  

The registers were used to ascertain all cause of death and all cases of 
severe liver disease during follow-up. Severe liver disease was defined as 
ICD-code (International Classification of Disease) for liver failure, cirrho-
sis, HCC or decompensated liver disease. Moreover, decompensated liver 
disease was in turn defined as an ICD-code of oesophageal varices, ascites 
or hepatic encephalopathy. 

33.2 Data Collection 
All patients that accepted enrolment (Paper I) or follow-up (Papers III, IV) 
were seen at the Department of Gastroenterology and Hepatology, Univer-
sity Hospital in Linköping (Papers I, III, IV), or at the Department of Inter-
nal Medicine, Oskarshamn County Hospital (Papers III, IV) by either 
Patrik Nasr, Mattias Ekstedt or Stergios Kechagias.  

All patients that were found to have hepatic steatosis in the pathology 
register had their medical charts reviewed and scrutinized by Patrik Nasr 
(Linköping) or Hannes Hagström (Stockholm) for enrolment (Paper II).  

3.2.1 Biochemical Investigation (Papers I, I  
Subjects had blood drawn in the fasting state for a complete blood count, 
analysis of prothrombin, iron, transferrin, transferrin saturation, ferritin, 
ALT and AST, ALP, GT, bilirubin, thyroid stimulating hormone, anti-
transglutaminase antibodies, total cholesterol, low- and high-density lipo-
protein, glucose, serum insulin, ceruloplasmin, and plasma protein electro-
phoresis, including, among others, albumin, 1-antitrypsin, and immuno-
globulins. All patients also underwent assessment of alcohol consumption 
with CDT and/or PEth. Patients who had not previously been diagnosed 
with T2DM underwent a 75 g oral glucose tolerance test. In addition, blood 
was drawn for detection of hepatitis B surface antigen, hepatitis B virus 
DNA, anti-hepatitis C virus antibodies, hepatitis C virus RNA, anti-nuclear 
antibodies (ANA), smooth muscle antibodies (SMA), and antimitochon-
drial antibodies (AMA). In addition, in Papers III and IV all patients had 
blood obtained to identify the C282Y, H63D, and S65C mutations in the 
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human hemochromatosis (HFE) gene as well as the S and Z mutations in 
the serine protease inhibitor A1 (SERPINA1 [previously known as the pro-
tein inhibitor, or Pi locus]) gene. However, in Paper I, only patients with 
elevated transferrin saturation or low levels of serum 1-antitryp-
sin, were analysed for mutations in the HFE gene or the SERPINA1 gene, 
respectively.  

3.2.2 Collection of Biochemical Variables (P  
Biochemical variables within one month of liver biopsy were registered. 
These included ALT, AST, albumin, bilirubin, ALP, and GT levels. Com-
plete blood count, fasting cholesterol and triglycerides, fasting glucose, 
ANA, SMA, AMA and 1-antitrypsin levels. In cases with missing data, mul-
tiple imputation was used. Analysis for detection of hepatitis B surface an-
tigen was performed in all cases and anti-hepatitis C virus antibodies were 
analysed in cases evaluated after 1991 when testing became available. 

3.2.3 Clinical Assessment (Papers  
A structured case report form was used to asses past and present clinical 
history, both acute and chronic, during inclusion (Papers I, III, IV) and fol-
low-up (Papers III, IV). Also, an extensive review of the medical chart was 
done, including past and present medical treatments.  

Hip and waist circumference as well as length and weight were meas-
ured in all patients and BMI was calculated (BMI= weight (kg) / length 
(m)2). Overweight was defined as BMI 2 but <30 kg/m2, obesity 

2, T2DM as fasting plasma glucose 
treatment or plasma glucose  mg/dL 2h after oral administration of 
75 g of glucose, impaired glucose tolerance as fasting plasma glucose <126 
mg/dL and plasma glucose 140 mg/dL but <200 mg/dL 2h after oral ad-
ministration of 75 g of glucose, impaired fasting glucose as fasting plasma 
glucose between 110 mg/dL and 125 mg/dL and plasma glucose <140 
mg/dL 2h after oral administration of 75 g of glucose, hypertension as 

 or requiring treatment, and hypertriglyc-
 

Cardiovascular disease was defined as having previous ischemic heart 
disease or known angina pectoris, a previous stroke or intermittent claudi-
cation. 

Metabolic syndrome was defined as having a BMI >30 kg/m2 or waist 
 plus two of the follow-

 or treatment for this 
lipid abnormality; (2) reduced fasting high-density lipoprotein <40 mg/dL 
in men or <50 mg/dL in women or treatment for this lipid abnormality; (3) 
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or treatment for previously diagnosed hypertension; (4) fasting plasma glu-
type 2 diabetes mellitus. 

3.2.4 Suspected Diagnosis of NAFLD Before Liver Biopsy (Pa-
per I  
In Paper I, the subjects were initially, after clinical work-up but a priori to 
liver biopsy, divided into two groups, probable NAFLD and non-NAFLD, 
depending on whether their elevated liver enzyme levels were primarily at-
tributed to NAFLD or to other liver diseases. The inclusion criteria for the 
NAFLD group were the following:  
 I) alcohol consumption <20 grams per day,  
 II) absence of hepatic steatosis associated medication,  
 III) undetectable hepatitis B surface antigens and anti-HCV antibodies,  
 IV) absence of autoantibodies against cell nuclei, smooth muscle, and 
mitochondria  
 V) serum transferrin saturation <45%,  
 VI) serum ceruloplasmin level >0.20 g/L,  
 VII 1-antitrypsin level >0.86 g/L for men and >0.94 g/L for 
women, and  
 VIII) ALT/ULN >ALP/ULN.  
 Moreover, at least one of the following criteria had to be fulfilled:  
 1) BMI >25 kg/m2,  
 2 and  
 3) presence of type 2 diabetes mellitus, impaired fasting glucose or im-
paired glucose tolerance.  
 

3.2.5 Collection of Baseline Clinical C  
Type 2 diabetes mellitus was defined as a registered diagnosis in patient 
charts, a plasma L or a fasting plasma 
mg/dL or requiring treatment. Hypertension was defined as a registered 

treatment for pre-
viously diagnosed hypertension. Cardiovascular disease was defined as 
having previous ischemic heart disease or known angina pectoris, a previ-
ous stroke or intermittent claudication, hyperlipidaemia as fasting total 

L or requiring treatment. Smoking was de-
fined as being a current smoker or having smoked previously. Weight and 
height were objectively measured by hospital staff and used to calculate 
BMI. 
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3.2.6 Assessment of Alcohol Consumption (Papers  
A questionnaire was constructed using the three questions in the AUDIT-C 
questionnaire87: “How often did you have a drink containing alcohol during 
the last three months?”, “How many drinks containing alcohol did you have 
on a typical day during the last three months when you were drinking?”, 
and “How often did you have 5 (for men)/4 (for women) drinks or more on 
one occasion during the last three months?” 

After completion of the questionnaire and review of the biochemical 
results (including PEth and/or CDT) as well as performing an extensive 
chart review, the physicians (P.N, M.E, or S.K) conducted an oral interview 
to confirm that the questionnaire had been answered correctly. The patient 
was asked to describe his or her alcohol consumption during a typical week 
and changes during the years. 

The information obtained during the interview was compared to the 
AUDIT-C questionnaire. When the results of the questionnaire, biochemi-
cal findings, chart review and the interview deviated or had discrepancies, 
the questionnaire was scrutinized together with the patient and misunder-
standings were corrected to obtain the most reliable information on actual 
alcohol consumption at the time of enrolment. The number of drinking oc-
casions were multiplied by the number of drinks (i.e. 12 g ethanol) con-
sumed on each occasion. A consumption >20 g/day (or >140 g/week) was 
defined as overconsumption of alcohol. 

3.2.7 Assessment of Significant Alcohol C  
During the extensive chart review, patients that reported a daily alcohol 
consumption of more than 30 g for men or 20 g for women at baseline or 
during follow-up were defined as alcohol overconsumption. Patients that 
reported binge drinking defined as 60 g or more for men and 48 g or more 
for women on the same occasion were also defined as alcohol overcon-
sumption. 

3.2.8 Liver Biopsy (Papers  
Liver biopsy was performed percutaneously with ultrasonography guid-
ance using a 16-gauge (1.6-mm) BioPince needle (BioPince Full Core Bi-
opsy Instrument; Argon Medical Devices, Plano, TX, USA), on an outpa-
tient basis. In Paper III and IV baseline biopsies were performed blindly 
using a Menghini needle. All patients were monitored at an out-patient 
clinic for six hours after the liver biopsy was performed.  
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33.3 Histopathological Evaluation (Papers I, II, III, IV) 
All liver biopsies were re-evaluated by two experienced hepatopathologists 
(R.H. and S.I.), who were blinded to patient details. Baseline biopsies for 
papers III and IV were evaluated by R.H. However, 74 liver biopsies were 
not available for reassessment but had previously been reassessed by an 
experienced liver pathologist (Lennart E. Franzén [L.E.F]) as part of a prior 
follow-up study.15  hepatocellular 
ballooning and lobular inflammation between the two pathologists (R.H. 
and L.E.F.). Therefore, in Paper II, these 74 patients were excluded from 
the analysis of NAS. Nevertheless, they were still included in the analysis 
of fibrosis stage, as the agreement was substantially  The 
old slides included in Paper II were usually well preserved, but, in those 
with faded staining, new sections and staining was performed. However, 
biopsies with insufficient quality or size were excluded.  

Baseline biopsies in Paper I and all follow-up biopsies in Papers III and 
IV were assessed or reassessed by S.I. 

All liver biopsies were scored according to the NAFLD activity score.193 
Steatosis was graded as 0-3, corresponding to none (<5%), mild (5-33%), 
moderate (34-66%) or severe (>66%), respectively. Lobular inflammation 
was graded as 0–3. Grades 0–3 correspond to none, fewer than 2 foci, 2–4 
foci, and more than 4 foci per 200 x field, respectively. Hepatocellular bal-
looning was graded as 0–2. Grades 0–2 correspond to none, few ballooned 
cells, and many cells/prominent ballooning, respectively. The unweighted 
sum of steatosis, lobular inflammation and ballooning was calculated as the 
NAS (0-8). Fibrosis was staged on a 5-point scale: stage 0, no fibrosis; stage 
1, zone 3 perisinusoidal/perivenular fibrosis; stage 2, zone 3 and periportal 
fibrosis; stage 3, septal/bridging fibrosis; and stage 4, cirrhosis. Patients 
with end-stage liver disease that did not undergo liver biopsy, were defined 
as having fibrosis stage 4 (i.e. cirrhosis). 

In Paper II, the fatty liver inhibition of progressions (FLIP) algorithm 
was used to define the presence of NASH.198, 294  

In Paper III, two different definitions of disease progression were used; 
fibrosis progression and clinically significant disease progression. Fibrosis 
progression was defined as an inc 1 in fibrosis stage between first 
and second/third liver biopsy. Moreover, clinically significant disease pro-
gression was defined as: (1) an increase of fibrosis stage from none (F0) to 
significant (F2); (2) development of advanced fibrosis (F3-F4); (3) devel-
opment of end-stage liver disease; (4) NAFLD fibrosis score >0.676 or, (5) 
liver stiffness measurement >7.2 kPa as measured with transient elas-
tography. 
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33.4 Quantitative Assessment of Hepatic Steatosis 
(Papers I, IV) 

3.4.1 Stereological Point Counting  (Papers I  
A Nikon Eclipse E800 microscope with a Nikon DS-Ri1 digital camera (Ni-
kon Corporation, Tokyo, Japan) was used to capture all images for histo-
pathologic analysis. Up to ten images from each sample were captured and 
stored using NIS-Elements BR v 4.0 (Nikon Corporation). The first field of 
view was selected at the outmost end of the tissue sample. After capturing 
the first image, the second field of view was selected by shifting 1.25 fields 
of view along the length axis of the biopsy to attain non-overlapping images 
for future assessment. This procedure was continued until at least ten tis-
sue images had been captured or until all parts of the tissue sample had 
been photographed. A point grid, consisting of 221 crosses, 35 m apart, 
was thereafter superimposed onto each image with a final magnification on 
the computer screen of 515 times, when counting. The number of fat vacu-
oles in the hepatocytes were manually counted. Ballooned hepatocytes 
could almost always be distinguished from hepatocyte fat vacuoles. All bal-
looned cells were omitted. Also, if distinguishing of ballooned cells were 
not possible, they were omitted. Crosses overlying damaged tissue or larger 
areas of fibrosis were excluded. The number of hits on fat vacuoles divided 
by the total number of hits on liver tissue represented the ratio of steatotic 
area (expressed as %). 

Images from twenty randomly chosen specimens were later recounted 
by the original SPC assessor (P.N.) and a co-author (M.E.) to evaluate the 
reproducibility of the method. The inter- and intraobserver Pearson corre-
lation coefficients were 0.92 and 0.94, respectively. 

3.4.2 Proton Magnetic Resonance Spectroscopy – Proton Den-
sity Fat Fraction (1H-MRS   
1H-MRS was performed within 2 months of the clinical work-up and im-
mediately before the liver biopsy. A Philips Achieva 1.5 T MR scanner 
(Philips Healthcare, Best, The Netherlands) was used to perform the 1H-
MRS. Two volumes of interest were acquired in succession at the same lo-
cation using identical sequence parameters. To correct for attenuation 
caused by the presence of excess hepatic iron deposition, the T2 relaxation 
time of the water protons in the liver was measured.  
 The T2 relaxation times of the water protons in the liver were quanti-
fied and the mean values were derived from regions of interest placed in 
approximately the same anatomic region as the 1H-MRS volumes of inter-
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est by a radiologist (N.D.) who was blinded to patient details. The ampli-
tudes of the water resonances and the lipid resonances were quantified and 
corrected for 1H-MRS sequence parameters (echo time and repetition time) 
as well as water and lipid proton relaxation times (T1 and T2). The lipid 
content (i.e. PDFF) was quantified, as previously described by Longo et al, 
and reported as the mean of the repeated spectroscopic acquisitions.295 

33.5 Statistics (Paper I, II, III, IV) 
Data were expressed as mean ± standard deviation (SD) if continuous var-
iables, median and range if categorical or count variable, or total numbers 
with percentages if applicable. 

For continuous variables, the difference between two groups was eval-
uated using a two-sided independent Student’s t test when the data was 
normally distributed, and with the Mann-Whitney U test when the assump-
tion of normality was not met or if the variable was nonparametric. Longi-
tudinal changes were assessed using the paired-sample t test for normally 
distributed continuous data, or the Wilcoxon rank-sum test if data was not 
normally distributed or nonparametric. For dichotomous values, differ-
ences were tested using the chi-squa 2) test or the Fischer’s exact test.  

For continuous variables, the difference between three or more groups 
were evaluated using the one-way analysis of variance (ANOVA) when the 
data was normally distributed, and with the Kruskal-Wallis one-way anal-
ysis of variance when the assumption of normality was not met or if the 
variable was nonparametric or dichotomous.  

The Pearson correlation coefficient (r) and linear regression was used 
when comparing correlation between continuous variables. Cohen’s kappa 

was used when comparing the agreement between categoric and strati-
fied continuous variables. The Spearman rank correlation coefficient (rho; 

 comparing categoric and continuous variables.  
Area under the receiver-operating characteristics (AUROC) curves 

were constructed to assess the overall diagnostic accuracy, and to identify 
the optimal cut-off values. 

Survival curves were made according to the Kaplan-Meier method, and 
the log-rank test was applied for the determination of difference in survival 
between groups.  

Cox regression models were used to estimate crude and adjusted haz-
ard ratios (HR) for mortality and disease specific outcome. In Paper II a 
LaPlace regression was used to estimate the time to first event of severe 
liver disease for controls and according to fibrosis stage (F0-F3) for the 10th 
percentile of patients. In patients with cirrhosis (F4), time to development 
of decompensated liver disease or hepatocellular carcinoma was estimated. 
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In Paper II a competing risk regression for the outcome of severe liver 
disease was performed.  

A P value <0.05 was considered statistically significant for all analyses. 

33.6 Ethical considerations (Papers I, II, III, IV) 
Written informed consent was contained from all participating subjects 
when needed (Paper I, III, IV). The study designs were approved by the 
Regional Ethical Review Board at the Karolinska Institutet in Stockholm 
(Paper II) and Linköping University (Paper I, II, III, IV). 
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4. RESULTS 

44.1 The Non-Invasive Liver Biopsy (NILB) study (Pa-
per I) 
NAFLD was considered the probable cause of elevated liver function tests 
(LFTs, i.e. AST, ALT or ALP) in 41 subjects after diagnostic work-up but 
before 1H-MRS and liver biopsy. Histopathological work-up allowed us to 
establish that 36 of these subjects could be confidently diagnosed with 
NAFLD (Figure 8). Liver biopsy samples showed normal histological fea-
tures in the remaining five patients from the group with probable NAFLD 
before liver biopsy. However, among the 53 patients in the non-NAFLD 
group (i.e. where the suspected aetiology was not NAFLD prior to liver bi-
opsy), one further patient was identified with NAFLD. 

Figure 8. Suspected and final diagnoses of study subjects with division 
into analyzed groups. AAT, a1-antitrypsin; AIH, autoimmune hepatitis; DILI, 
drug-induced liver disease; HCV, hepatitis C virus; PSC, primary sclerosing 
cholangitis; PBC, primary biliary cirrhosis. Gastroenterology 2017. Published 
with permission. 
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 Thus, after clinical work-up and histopathological evaluation, elevated 
LFTs were attributed to NAFLD in 37 patients and other liver diseases in 
49 patients. Eight patients had liver biopsy samples with normal histologi-
cal features and no evident cause of elevated liver enzyme levels. Among 
the 49 patients with other liver diseases, 10 had hepatic steatosis at histo-
pathologic evaluation (two with HCV infection, two with primary sclerosing 
cholangitis, one with autoimmune hepatitis, one with primary biliary cir-
rhosis, one 1-antitrypsin deficiency, one with Wilson’s disease, and 
one with alcoholic liver disease).  

There was a significant correlation between the 1H-MRS and SPC re-
sults (r = 0.92, p<0.001, Figure 9). The kappa correlation was 0.82. The 
kappa correlations between SPC and histopathological grading and be-
tween 1H-

26, respectively). 

Figure 9. Correlation between proton density fat fraction
(PDFF; %) as quantified with proton magnetic resonance
spectroscopy (1H-MRS) and the steatotic area of liver biopsy 
sample (%) as measured with stereological point counting
(SPC). For values below 5% the correlation is shown with a 
higher resolution in the inset. Gastroenterology 2017. Pub-
lished with permission. 
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Of all subjects enrolled, the pathologist graded 47 biopsies as grade 0, 

24 as grade 1, 17 as grade 2 and 6 as grade 3. If SPC had been used as the 
reference standard to grade steatosis, 63 subjects would have been classi-
fied as having grade 0 steatosis, and 31 as having grade 1 steatosis. If 1H-
MRS had been used as the reference standard, 69 subjects would have been 
classified as having grade 0 steatosis, and 25 as having grade 1 steatosis. No 
subject would have been diagnosed with grade 2 or 3 steatosis if either SPC 
or 1H-MRS had been used for the grading. 

The AUROCs for 1H-MRS and SPC were similar (Table 5). These values 
indicate that both methods have a high diagnostic accuracy. Of the 63 pa-
tients with grade 0 steatosis, as measured by SPC, 16 were diagnosed as 
grade 1 or above by the histopathologist. Of the 69 subjects with PDFF 
<5.0%, as quantified with 1H-MRS, 22 were diagnosed with steatosis by the 
histopathologist. The sensitivity and specificity of SPC and 1H-MRS grad-
ing based on lower cut-off values (3.0%, 2.0%, and 1.4%) are shown in Ta-
ble 5. 
 
Table 5. Diagnostic accuracy of 1H-MRS PDFF and SPC for the absence (grade 0) versus the 
presence (Grades 1–3) of Histopathologic Steatosis (n = 94).  Gastroenterology 2017. Published 
with permission. 

 1H-MRS PDFF SPC 

Cut-off value Sensitivity Specificity AUROC (95%CI) Sensitivity Specificity AUROC (95%CI) 

   0.969 (0.933 1.000)   0.977 (0.955 1.000) 

   

 

  

 5.0% 53% 100% 64% 100% 

3.0% 79% 100% 81% 100% 

2.0% 87% 94% 87% 94% 

1.4% 98% 89%  96% 81%  

44.2 Long-term Retrospective Study (Paper II) 
In total, 646 biopsy-proven NAFLD cases and 6,345 matched controls were 
included. Mean age and BMI were 42.2 years and 28.3 kg/m2, respectively. 
The cohort was followed for a mean period of 19.9 years.  

 During follow-up a total of 214 NAFLD-cases and 1,903 controls died. 
Liver-related (7.9% in cases vs. 1.4% in controls, p<0.001) and endocrine-
related mortality including diabetes (5.1% vs. 2.7%, p=0.02) were signifi-
cantly more common in NAFLD-cases than controls. There was no signifi-
cant difference in cardiovascular mortality between cases and controls 
(36.9% vs. 39.3%, p=0.74). 

Compared to age-, sex- and municipality matched controls, NAFLD 
cases showed no significant higher risk of mortality (p=0.07). However, 
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those with significant fibrosis (F2-F4) showed both an increased risk of 
mortality and development of severe liver disease with increasing HRs per 
stage of fibrosis (Table 6). 

Kaplan-Meier plots for mortality and severe liver disease stratified on 
fibrosis stage and compared to controls are shown in Figure 10 and Figure 
11. Log-rank test is significant for both plots (p<0.001 for both). 

Table 6. Univariate hazard ratios for overall mortality and development of severe liver disease 
compared to matched controls. Journal of hepatology 2017. Published with permission. 

 Overall mortality Severe liver disease 
NAFLD vs. controls HR 95%CI P value HR 95%CI P value 
NAFLD (yes) 1.14 0.99-1.32 0.07 4.25 3.09-5.84 <0.001 
Controls (ref)      
NAFLD-Cases       
F0 0.87 0.651.16 0.33 1.92 0.90-4.10 0.09 
F1 0.88 0.70-1.12 0.3 1.65 0.84-3.24 0.15 
F2 1.36 1.02-1.80 0.03 5.48 3.10-9.70 <0.001 
F3 2.54 1.79-3.60 <0.001 14.28 7.90-25.8 <0.001 
F4 5.19 3.06-8.79 <0.001 104.5 57.2-191-1 <0.001 

Figure 11. Development of severe liver disease stratified on fibro-
sis stage and compared to matched controls. Log-rank test p<0.001. 
Journal of hepatology 2017. Published with permission. 

Figure 10. Overall mortality stratified on fibrosis stage and com-
pared to matched controls. Log-rank test p<0.001. Journal of hepatol-
ogy 2017. Published with permission. 
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Using NAFLD-cases with absence of fibrosis (i.e. stage 0) as reference, 
and adjusting for age, sex, T2DM and NASH, a significant increase in mor-
tality and development of severe liver disease was seen for advanced fibro-
sis (F3-F4) 
 
Table 7. Multivariate hazard ratios for overall mortality and development of severe liver dis-
ease within the NAFLD group. Comparisons are made against NAFLD-cases with fibrosis stage 0 
as reference. Journal of hepatology 2017. Published with permission. 

 Overall mortality Severe liver disease 
Within NAFLD group aHR* 95%CI P value aHR* 95%CI P value 
NAFLD-Cases       
F0 (n=163) (ref)   (ref)   
F1 (n=255) 0.91 0.61-1.36 0.66 0.76 0.26-2.25 0.63 
F2 (n=149) 1.11 0.70-1.76 0.66 2.08 0.70-6.14 0.19 
F3 (n=58) 1.76 1.02-3.06 0.04 3.82 1.15-12.7 0.03 
F4 (n=20) 3.75 1.81-7.73 <0.001 58.12 17.3-195.4 <0.001 

*Adjusted for age, sex, T2DM and NASH. 

 
At the end of the study, 76 patients (11.8%) and 139 controls (2.2%) had 

developed severe liver disease (p<0.001). When stratified on fibrosis stage, 
severe liver disease was diagnosed in 7.4% in patients with F0, 6.3% in F1, 
12.1% in F2 and 25.9% in F3. Moreover, decompensated liver disease oc-
curred in 3.7% in F0, 4.3% in F1, 8.7% in F2, 12.1% in F3 and in 45% of 
patients with F4. After performing a Laplace regression, time until the first 
10% of the patients had developed severe liver disease was 30.5 years in F0 
(95%CI 21.5–39.6), 35.6 years in F1 (95%CI 25.6–45.4), 19.4 years in F2 
(95%CI 9.3–29.5) and 6.0 in F3 (95%CI 2.3–9.6). Furthermore, time until 
10% of the patients had developed decompensated liver disease was 33.4 
years for F0 (95%CI 24.2–42.6), 34.1 years for F1 (95%CI 25.1–43.2), 22.7 
years for F2 (95%CI 13.7–31.7), 11.8 years for F3 (95%CI 4.3–19.4) and 5.6 
years for F4 (95%CI 0.9–10.3) (Figure 12). 

Figure 12. Time until >10% of the NAFLD-cases, stratified on fibrosis stage, developed severe
liver disease (light blue) or decompensated liver disease (dark blue). 
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44.3 Long-term Follow-up Study (Paper III, IV) 
In total, 129 patients with biopsy-proven NAFLD were prospectively en-
rolled between 1988 and 1993. Mean age and BMI were 51.0 years and 28.3 
kg/m2, respectively. The cohort was followed for a mean period of 19.8 
years.  

At the first follow-up, 88 out of 104 (85%) patients still alive accepted 
follow-up, of whom 68 patients underwent a second biopsy. At second fol-
low-up, 59 out of 79 (75%) patients still alive, accepted follow-up, of whom 
33 underwent liver biopsy (Figure 11). The mean time between first and 
second, second and third and first and third liver biopsies were 13.7 ± 1.5 
years, 9.3 ± 1.0 years and 22.8 ± 1.3 years. In total, 29 patients had three 
consecutive biopsies.  
 

 

4.3.1 Histological Outcome of The Study Group   
At the end of follow-up, 12 patients (9.3%) had developed symptoms of 
end-stage liver disease; 5 presented with ascites, 4 with hepatocellular car-
cinoma, 2 with variceal haemorrhage, and 1 with gastric antral vascular ec-
tasia. Albeit 4 of these 12 patients had baseline advanced fibrosis (3 with 

Figure 13. Flow-chart for the study patients. aBoth patients were diagnosed with hepatocellular 
carcinoma at follow-up; 1 patient died shortly after diagnostic work-up at follow-up. bOne patient devel-
oped hepatocellular carcinoma and underwent liver transplantation during follow-up. cOne patient de-
veloped hepatocellular carcinoma, 1 developed ascites, and 1 developed gastric antral vascular ectasia. 
Hepatology communications 2018. Published with permission. 
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F3 and 1 with F4), the remaining 8 had initial low stages of fibrosis (2 with 
F0, 2 with F1, and 4 with F2). 

In total, 34 patients (26%) were diagnosed with advanced fibrosis at 
inclusion or developed advanced fibrosis during the study period of whom 
28 patients had biopsy-proven advanced fibrosis and 6 patients showed 
symptoms of end-stage liver disease.  

Moreover, in the 113 patients with initially low stage fibrosis (F0-F2), 
18 patients (16%) developed advanced fibrosis or end-stage liver disease 
during the study period.  There were no clinical or biochemical differences 
at baseline in the 18 that developed advanced fibrosis compared to the 95 
patients who did not. However, there was a difference in the baseline fibro-
sis stage in those who developed advanced fibrosis compared to those who 
did not (1 (0-2) vs. 0 (0-2), p=0.015). 

In patients that underwent repeat liver biopsy or showed symptoms of 
end-stage liver disease (and were considered fibrosis stage 4), 40 (52.6%) 
progressed during the study period. In patients with F0, 23 (59% of all with 
F0) patients progressed histologically; the corresponding numbers for F1, 
F2, and F3 were 8 (40%), 7 (58.3%) and 2 (50%) patients, respectively. 
There was no significant difference between the groups (p=0.374).  
 

4.3.2 Follow-up of Patients With NAFLD and Isolated Steatosis 
 

Of the 129 patients in the initial cohort, 56 patients (43%) had isolated ste-
atosis (i.e. only steatosis and no presence of lobular inflammation and/or 
ballooning and/or fibrosis). In general, the 56 patients were younger and 
had lower liver enzymes and ferritin levels.  

In total, 5 out of 56 patients (9%) with isolated steatosis at baseline de-
veloped advanced fibrosis or clinical signs of end-stage liver disease. At 
baseline, these patients presented with more severe steatosis grade (3 (2-
3) vs. 2 (1-3), p=0.032) and also higher prevalence of T2DM (20% vs. 2%, 
p=0.04). 

4.3.3 Quantitative Steatosis and Prediction of T2DM and Mor-
 

Quantitative steatosis measured with SPC was performed on almost all 
liver biopsies at baseline and follow-up. Of the 129 patients included at 
baseline, 14 were excluded because of baseline diabetes being present and 
furthermore, 9 were excluded because of missing SPC data on baseline liver 
biopsies. After exclusion 106 patients remained (Figure 14). 
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Mean follow-up time was 17.5 years or 1859 person-years.  During this 

period 66 (62%) developed T2DM, corresponding to an incidence rate of 
40 cases per 1000 person-years.  

The 66 patients who developed T2DM were compared to the 40 who 
did not develop T2DM during follow-up. Those that developed T2DM had 
higher BMI (29 vs. 27 kg/m2, p=0.032) and steatosis grade (3 (1-3) vs 2 (1-
3), p=0.039) with a trend for higher SPC (14.4 ± 10.2 vs. 10.6 ± 10.0 %, 
p=0.065). 

Multivariate hazard ratios were calculated for overall mortality and the 
risk of developing T2DM are shown in Table 8. 
 

Table 8. Multivariate hazard ratios for overall mortality and development of T2DM in NAFLD 
patients.  

 Overall mortality* Development of T2DM** 
Variable aHR 95%CI P value aHR 95%CI P value 

Sex (male)    1.15 0.64-2.05 0.65 

BMI (kg/m2) 1.05 0.96-1.14 0.29    

Steatosis grade (0-3) 1.41 0.87-2.29 0.17 1.60 1.13-2.28 <0.01 
         1 (ref)   (ref)   
         2 0.65 0.18-2.31 0.50 1.06 0.47-2.36 0.90 
         3 1.82 0.89-3.72 0.10 2.04 1.20-3.46 <0.01 
SPC (%) 1.04 1.00-1.07 0.04 1.03 1.00-1-05 0.02 
Lobular inflam. (0-3)† 1.27 0.52-3.13 0.60 0.44 0.15-1.27 0.13 

Ballooning (0-2) †† 0.52 0.24-1.15 0.11 1.58 0.76-3.29 0.22 
*Adjusted for age, sex and fibrosis stage. **Adjusted for age, BMI, sex and fibrosis stage. †No patients had lobular inflam-
mation grade >1. ††1 patient had ballooning grade 2. Numbers in bold are significant.  
Abbreviations: BMI, body mass index; SPC, stereological point counting 

 

Of the 106 patients included at baseline, 24 patients had steatosis grade 
1 (SPC 1.1 ± 1.3 %), 23 patients had steatosis grade 2 (SPC 8.1 ± 4.8 %), and 

Figure 14. Flowcharts for patients included in the cohort.  
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59 patients had steatosis grade 3 (SPC 19.7 ± 8.1 %).  BMI and hypertriglyc-
eridemia was significantly associated with steatosis grade (p=0.016 and 
p=0.01, respectively). Mortality rate was 21, 22 and 41% in patients with 
steatosis grade 1, 2, and 3, respectively. Kaplan-Meier plots showed de-
creased survival rate and increased risk of development of T2DM in pa-
tients with grade 3 steatosis compared to steatosis grade 1 and 2 (Figure 15 
and Figure 16). 
 

 

Figure 16. Risk of development of type 2 diabetes mellitus, stratified 
on steatosis grade 1-3. Log-rank test p<0.01. 

Figure 15. Overall mortality stratified on steatosis grade 1-3. Log-
rank test p=0.03). 
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5. DISCUSSION 

The most common cause of abnormal liver function tests is hepatic steato-
sis, which is present in up to 30% of the population4. The most common 
cause of this abnormality is NAFLD.7 Albeit steatosis is seen as a benign 
condition, some patients with NAFLD develop traits of the metabolic syn-
drome,296 with a subpopulation advancing to end-stage liver disease with 
need for liver transplantation. Hence, NAFLD is predicted to be a major 
future economical health burden.8  

The need for effective treatment in NAFLD is highly warranted. Alt-
hough several drugs with different targets are in pipeline and some have 
shown efficacy, there are currently no approved therapies for NAFLD. A 
major obstacle on therapeutic evaluation and advances to improve out-
come in NAFLD is the innate, slowly progressive nature of NAFLD. It can 
take decades for individuals with NAFLD to develop cirrhosis (and some-
times decades for cirrhosis to portray symptoms of end-stage liver disease). 

Nonetheless, there is a broad consensus that patients with NAFLD 
should be identified.19 However, which diagnostic modality to use, or which 
patients to follow-up is still unknown. 

The diagnosis of NAFLD is based on the intracellular accumulation of 
lipid droplets in the hepatocytes. The gold standard for diagnosing NAFLD 
is liver biopsy. However, because of the high prevalence (25%), liver biopsy 
as a diagnostic modality is not feasible. Therefore, non-invasive methods 
for diagnosing NAFLD are being studied. A novel method for diagnosing 
hepatic steatosis non-invasively, with high accuracy (even for lower stages 
of steatosis), is magnetic resonance techniques.  

The cut-off value for diagnosing NAFLD with magnetic resonance tech-
niques has hitherto been 5% or 5.56 %. The latter value is based on the re-
sults from Szczepaniak et al., who examined the distribution of HTGC us-
ing 1H-MRS in 345 subjects at low risk for hepatic steatosis (i.e., lean pa-
tients with no glucose intolerance or excessive alcohol consumption, and 
normal serum liver enzyme levels), but without knowledge of the subjects 
histopathology.159 However, hepatic steatosis can be present in lean sub-
jects167 as well as in individuals with normal serum ALT levels.4, 128, 168 Also, 
with increasing fibrosis stage, steatosis grade seem to decrease.297  

In two studies, Tang et al evaluated the diagnostic performance of us-
ing an MRI PDFF estimation technique to distinguish between the absence 

pathology as gold standard 169, 170. In total only 11 patients without steatosis 
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were included in these two studies, yielding a threshold of 6.4% and 6.9%, 
respectively, for distinguishing between absence and presence of steatosis 
according to conventional histopathological method. The authors con-
cluded that the threshold to diagnose steatosis with MRI should be evalu-
ated in a cohort with a higher number of subjects free of steatosis. Also, in 
other studies, evaluating the diagnostic performance of MRI PDFF for dis-
tinguishing absence from presence of steatosis, all, or the majority of the 
subjects, had confirmed or a high probability of NAFLD.171-174 Thus, it is 
difficult to assess an adequate cut-off value of HTGC with MR in this type 
of cohorts.  

An important strength of our first study (Paper I) is that the subjects 
did not have a definitive diagnosis a priori at inclusion. Contrary to the 
studies by Tang et al.,169, 170 in which most subjects had steatosis, 47 out of 
94 subjects in our study did not have steatosis, which suggests that this 
study is more suitable to define cut-off for hepatic steatosis with 1H-MRS 
PDFF. 

Recently published guidelines recommend screening for NAFLD 
amongst patients with obesity or traits of the metabolic syndrome (in par-
ticular T2DM) by the use of non-invasive methods relying on the accuracy 
of the method used.298 If the widely used threshold of 5% had been used to 
define hepatic steatosis with 1H-MRS in our study, 12 out of 37 (32%) sub-
jects with elevated liver enzyme levels due to NAFLD would have been in-
correctly considered to not have steatosis and the reason for elevated liver 
enzyme levels would have been unexplained. Furthermore, four of these 
patients had advanced fibrosis (i.e. stages 3 or 4). 

The threshold we estimated for the diagnosis of steatosis with 1H-MRS 
was considerably lower than in previous studies. At a cut-off value of 3.0%, 
the specificity was 100%, and the sensitivity was 79%. A cut-off value of 
2.0% yielded the greatest diagnostic accuracy, although there were also a 
few false positives (specificity 94% and sensitivity 87%). These results are 
in accordance with those of Rhem et al who recently reported that a cut-off 
value of 3.0% or 3.5 % is an optimal PDFF threshold for predicting presence 
of T2DM or the metabolic syndrome, respectively.299 The discordance be-
tween cut-offs could also be related to the use of different PDFF-techniques 
(1H-MRS vs. CSE-MRI) in estimating HTGC. As shown by a novel study by 
Hong et al, CSE-MRI methods may have, on average, a 2% absolute error 
in PDFF estimation (especially in lower levels of steatosis) which may chal-
lenge the interpretation of quantitative hepatic steatosis in the lower PDFF 
range.300 

Albeit several studies have shown that magnetic resonance techniques 
are accurate and safe diagnostic modalities for diagnosing NAFLD, liver bi-
opsy is and will remain the clinical reference standard for the diagnosis of 
NAFLD. This is in part mainly because it provides information, not only on 
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steatosis, but also on other features such as NASH (steatosis + inflamma-
tion + ballooning), and fibrosis. However, NASH has never been shown to 
predict progressive liver disease nor mortality. And moreover, fibrosis can 
be excluded with high accuracy using non-invasive elastographic tech-
niques.  

To date, 14 paired liver biopsy studies with almost 1,000 NAFLD pa-
tients have not shown that NASH predicts fibrosis progression. Moreover, 
long-term follow-up studies with biopsy-proven NAFLD has not shown 
that NASH predicts liver related outcomes or mortality. 

In our second study (Paper II), we studied the long-term outcomes in 
patients with biopsy-proven NAFLD based on histopathological traits. In 
person-years, it is the largest reported study of its kind, with 646 patients 
and 19.9 years of follow-up, corresponding to 12,631 person-years.  

Moreover, we showed that patients with NASH had an increased risk 
for liver-specific morbidity and overall mortality compare to the reference 
population when using a univariate analysis. However, this was not signif-
icant when adjusting for age, sex, presence of T2DM and fibrosis stage.  

There was a clear collinearity between NASH and advanced stages of 
fibrosis, with 94% of patients with F4 having NASH (compared to 35% of 
patients with F0) and 17% of patients with NASH having stage 3 4 fibrosis 
(compared to 2% of patients without NASH). It is highly probable that the 
increased risk of NASH on mortality and liver-specific morbidity in our 
study is due to collinearity between NASH and higher stages of fibrosis. 
Hence, adjusting the models with fibrosis stage as an independent factor 
for NASH did not change the estimates significantly, however, adjusting 
models with NASH as an independent factor for fibrosis stage significantly 
reduced the estimates. 

The notion that inflammation is a culprit in the pathogenesis of fibrosis 
development and progression is not contested. However, the notion that 
histological traits of lobular inflammation and ballooning are surrogates 
for fibrosis progression, has yet not been proven. Therefore, caution should 
be used in clinical trials before accepting improvements in these entities as 
surrogates for fibrosis resolution.  

Nevertheless, we showed that advanced fibrosis , and no other 
histopathological features predicted overall mortality and disease-specific 
outcome over time. We also assessed the minimum time needed to develop 
clinically relevant hepatic endpoints in NAFLD per stage of fibrosis, which 
can be used to guide individual patient prognosis (i.e. a patient with fibrosis 
stage 0-2 will not develop signs of severe liver disease in the upcoming two 
decades). Our results support data from previous studies, including our re-
cent publication from 2015 that used a smaller subset of this cohort,196 and 
other studies.184, 197  
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The slow progressive, heterogenous nature of fibrosis in patients with 
NAFLD is well known.23 Studies with collectively up to 1,000 patients with 
paired biopsies exist. However, the heterogeneity of the study protocols 
and histopathological assessments makes it difficult to draw any conclu-
sions using meta-analyses. Therefore, the need for large (i.e. many person-
years or long-term follow-up) paired biopsy studies are needed to observe 
progression. 

In our third study (Paper III) we followed 129 patients with biopsy-
proven NAFLD for a mean follow-up time of 19.8 years, corresponding to 
2,587 person-years. We had fibrosis stage on 32 NAFLD patients on three 
separate occasions with a mean time between first and third biopsy of 22.8 
years, letting enough time pass for progression to occur.  

There was no difference in progression rate between the different 
stages of fibrosis (p=0.374). Moreover, in the 113 NAFLD patients with 
baseline low stage fibrosis (F0-2), 18 patients (16%) developed advanced 
fibrosis. Furthermore, in those with isolated steatosis (i.e. only steatosis 
and no other histopathological features on liver biopsy), 3 developed ad-
vanced fibrosis and 2, end-stage liver disease.  

Predicting fibrosis progression was difficult, which corroborates previ-
ous paired biopsy studies. In a recent study including 475 NAFLD patients 
with advanced fibrosis (F3-F4) who had undergone sequential biopsies, the 
primary determinant of clinical disease progression was fibrosis and its 
change over time.199 Similarly, in an abstract by McPherson et al, including 
321 NAFLD patients with sequential biopsies over a median follow-up time 
of 4.1 years, no difference in fibrosis progression over the different stages 
of fibrosis could be observed.25 Moreover, NASH did not seem to predict 
progressive disease. However, moderate to severe steatosis seemed to be 
associated with fibrosis progression. 

Since isolated steatosis has been considered a benign condition, few 
studies have investigated the natural history of this disease. However, in 
the study by McPherson et al, 108 patients with NAFLD underwent repeat 
liver biopsy. Seventeen patients were diagnosed with isolated steatosis of 
whom 4 (24%) showed signs of progression.201  

Although our knowledge of isolated steatosis is limited, new studies on 
NAFL have recently emerged. In a prospective study by Wong et al, 8 of the 
29 patients (28 %) with non-alcoholic fatty liver (defined as NAS <3) 
showed fibrosis progression. Furthermore, these findings were similar to 
those of McPherson et al, were 16 out of 52 patients (31 %) with NAFL 
showed signs of progression.201 Additionally, Pais et al showed that 6 out 
of 25 patients (24%) with NAFL progressed to bridging fibrosis (F3). 
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The importance of hepatic steatosis is not fully understood. As men-
tioned, few paired biopsy studies have focused on patients with isolated 
steatosis, or steatosis as predictor of fibrosis progression.  

In our fourth study (Paper IV), 106 out of the 129 patients in Paper III 
had baseline stereological point counting (SPC) available. An additional 59 
patients had two sequential biopsies with SPC available. Sixty-six patients 
(62%) developed T2DM during follow-up. Conventional histological grad-
ing of steatosis and SPC independently (adjusted for age, BMI and fibrosis 
stage) predicted development of T2DM (aHR 1.60, 95%CI 1.13-2.28 per 
grade and 1.03, 95%CI 1.00-1.05, p = 0.02 per percent, respectively). Inter-
estingly, in patients that underwent repeat liver biopsy, reduction of liver 
fat measured with SPC was associated with decreased risk of developing 
T2DM. Moreover, SPC, but no other histological feature, independently 
predicted overall mortality in NAFLD with an adjusted (for sex, age and 
fibrosis stage) hazard ration of 1.04 per percent. These results are in con-
cordance with a recent study by Björkström et al, wherein NAFLD patients 
with low stage fibrosis showed an increased risk of developing T2DM per 
grade of steatosis (aHR 1.34, 95%CI 1.03-1.74).269 Interestingly, new light 
is being shed over hepatic fat content as a more important predictor of the 
metabolic syndrome compared to visceral adipose tissue.301, 302  

Because of the lack of sequential biopsies there are few data on the ef-
fect of resolution or progression in histological hepatic steatosis and sub-
sequentially decreased or increased risk of T2DM. However, there are few 
studies with ultrasonography confirmed NAFLD patients investigating this 
issue. In a study by Sung et al more than 13,000 patients underwent repeat 
ultrasonography during a follow-up time of 5 years. During the study pe-
riod, fatty liver resolved in 828 patients and developed in 1,640 patients.257 
Resolution of fatty liver was not associated with decreased risk of incident 
T2DM (aOR 0.95, 95%CI 0.46-1.96), however, development of fatty liver 
increased the risk of incident T2DM (aOR 2.49, 95%CI 1.49-4.14). Moreo-
ver, equal results were seen in a study by Cho et al, where patients that re-
solved had a decreased, but nonsignificant, risk of incident T2DM (aHR 
0.44, 95%CI 0.16-1.20).266 Nevertheless, in a recent study by Yamazaki et 
al, hepatic steatosis resolution during a 11.3-year follow-up showed a re-
duction of incident T2DM (aOR 0.27, 95%CI 0.12-0.61).258 

Our study is the only one showing that resolution of histological hepatic 
steatosis decreases the risk of T2DM. However, in previous studies, resolu-
tion of fatty liver has been shown to improve dyslipidemia303 and, further-
more, worsening of fatty liver has been shown to increase fibrosis progres-
sion.304  

There are some limitations. First, as in all studies using liver biopsy as 
gold standard (Papers I-IV), sampling error as well as inter- and intraob-
server variability is a fact.305 Furthermore, in Paper I, the 1H-MRS voxels 
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(i.e. volume elements) and the liver biopsy were not colocalized, which may 
have caused a significant degree of variability.165 Second, all patients were 
selected from academic medical centres, indicating that selection bias 
could be present. However, most patients were biopsied because of chron-
ically elevated liver enzyme and not because of a suspected chronic liver 
disease. Noteworthy is that liver biopsy was more common before the turn 
of the century and reflects the fact that >80 % of all the cases in Paper II 
underwent biopsy during the 1970—2000. Third, in Papers II-IV cardio-
vascular disease was the main cause of death, which it always tends to be 
in observational NAFLD studies. It is therefore seen as a competing risk.306 
Initially, Kaplan-Meier survival analysis and Cox proportional hazard re-
gression were originally developed to describe all-cause mortality (rather 
than incident disease [Paper II, IV]).307 Therefore, when using Kaplan-
Meier or Cox regression in any other reason than all-cause mortality, these 
methods may lead to biased results because of other (e.g. CVD) competing 
risk factors.308-310 Fourth, because of the high prevalence of NAFLD in the 
general population, the control group in Paper II could have been diluted 
which could have made our estimates falsely low.  

In summary, NAFLD can be diagnosed with magnetic resonance tech-
nique, albeit the threshold for diagnosis should be reduced from 5% to 3% 
in order to identify more NAFLD patients when using 1H-MRS. Moreover, 
quantitative steatosis measurement should not only be used for diagnosing 
NAFLD patients but also for monitoring, because the quantity of hepatic 
steatosis entails an increased risk of developing T2DM. The diagnosis of 
hepatic steatosis and exclusion of advanced fibrosis can be done accurately 
non-invasively. However, the need for liver biopsy is useful in patients with 
NAFLD when diagnosis of the presence of fibrosis is needed, or determina-
tion of the degree of NASH is necessary. However, determining NASH does 
not seem to predict fibrosis progression nor mortality. The prediction of 
fibrosis progression (which in higher stages predict mortality) is difficult to 
do. Few studies have found any interesting baseline characteristics of clin-
ical use. Therefore, NASH should not be used as a surrogate of fibrosis pro-
gression, but rather new surrogates should be found and evaluated, so not 
to imbue false hope in coming therapies.  
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6. CONCLUSIONS 

 
 Hepatic steatosis can be diagnosed accurately with 1H-MRS. 

 
 The cut-off for diagnosing NAFLD with 1H-MRS PDFF should be re-

duced to 3% to increase sensitivity. 
 

 There is an excellent correlation between SPC and 1H-MRS in quan-
tifying hepatic steatosis. 

 
 Steatosis quantification with SPC independently predicts develop-

ment of T2DM and overall mortality in NAFLD patients. 
 

 Resolution of steatosis decreases the risk of developing T2DM. 
 

 NAFLD is a heterogenous disease and it is difficult to predict fibrosis 
progression. 

 
 NAFLD patients with low fibrosis stage do not have increased mor-

tality compared to the general population.  
 

 NAFLD patients with fibrosis stage 0 to 2 remain free of severe liver 
disease for at least 20 years after diagnosis. 

 
 NASH does not predict fibrosis progression or mortality in patients 

with NAFLD 
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