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Chegamos? Não chegamos? 
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pelo sonho é que vamos. 
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que talvez não teremos. 
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        Sebastião da Gama 

 

 

 

  

 

 

Aos meus pais, Rosalina e Mário, por estarem sempre presentes, pelos valores que me 

transmitiram, e por me terem ensinado a acreditar que nenhum sonho é impossível. 

 

Aos meus filhos, Maria e António Miguel, o meu maior e melhor sonho. 

 

Ao meu marido, António, por tudo. “Partimos. Vamos. Somos.” juntos, todos os dias. 



 

	

IV 

  



 

	

V 

 

 

 

 

Acknowledgements 

 

At the end of this Thesis, I would like to express my gratitude to those who have contributed 

to the accomplishment of this work and who have encouraged me throughout this journey. 

  

To Professor Helena Pessegueiro Miranda, I am truly thankful for accepting to be my Tutor, 

in a Thesis in the field of Medical Imaging. I am also extremely grateful for her important role 

in the patients’ recruitment to this project and for integrating me in her clinical and research 

network, at the Liver and Pancreatic Transplantation Unit and at the EPIUnit, ISPUP. 

Moreover, I express my immense gratitude for sharing with me all her knowledge about liver 

diseases.  

 

To Professor Luis Martí-Bonmatí, I do not have enough words to thank him for his admirable 

generosity and for all that he has taught me over these years. Ever since we met at the Liver 

Imaging Workshop in April 2012, when I dared to confess that I dreamed of doing research in 

the field of Magnetic Resonance Imaging, Luis encouraged me to move forward with his 

incredible ability to make everything seem easy and feasible. I am extremely grateful to Luis, 

for believing in me, for welcoming me to his Team, making me one of them, despite the many 

kilometers of distance between Porto and Valencia. I also thank Luis for always having the 

right words to my doubts and questions, guiding me over these years, being my role model 

as Investigator and Radiologist. And, above all, I thank him for his friendship. 

  

To Professor Ángel Alberich Bayarri, for having trusted me, as well as Luis, agreeing to be a 

Co-Tutor for an unknown radiologist from Porto, sharing generously his knowledge and 

projects. Ángel and Luis, Luis and Ángel, the best Team I could ever find! I am extremely 

grateful for his infinite patience with my concerns, for welcoming my urgent ideas and 

requests, despite his numerous tasks and responsibilities, for guiding me through the 



 

	

VI 

knowledge of physics and postprocessing analysis. Moreover, I thank him for the friendship 

that grew up along this journey. 

 

To Professor Graça Porto, who made me fall in love with iron, I express my immense 

gratitude for all the support, for the attention she has given to my work and for her invaluable 

teachings, for showing me the practical and clinical usefulness of my work, and for making 

the Radiologist "visible" to her colleagues and also to the patients. Our work together made 

me grow as a physician and researcher. I am also thankfull for integrating me into her team 

of Basic and Clinical Research on Iron Biology, at i3S, opening me up the horizons in iron 

research. 

  

To Professor Filipe Caseiro Alves, for having encouraged me to begin with the Doctoral 

Thesis in the field of Liver Magnetic Resonance imaging. I express my gratitude for having 

trusted me and for having called me to collaborate with him in the organization of the Liver 

Imaging Workshop, back in 2012. That Liver Imaging Workshop was truly the beginning of 

this awesome journey. And, since then, we have collaborated in many other activities of 

Abdominal Imaging, all of them were excellent opportunities to share my work and to learn 

with my colleagues. 

 

To Dr. Manuel Ribeiro, as Director of the Imaging Department of the Centro Hospitalar do 

Porto, for all the support.  

 

To the Supervisor Radiographer of the Imaging Department, Filomena Oliveira, for all the 

support and encouragement to my research project, since the beginning of my Thesis. And 

to the MRI Radiographers of the Imaging Department of the Centro Hospitalar do Porto: 

Eduardo Ribeiro, Cristina Santos, Gina Pinto, Marta Macedo, Paula Rodrigues, Ruben Pinto, 

Rute Cardoso, and Humberto Dias. I do not have enough words to thank them for all the 

support and for being always available to perform the MRI examinations to the recruited 

patients, at any time of the day (and also at night!). You are the best team of Radiographers I 

could have worked with and you know that I will always be grateful for your effort and 

dedication. 

 

To Professor Pedro Oliveira, for the assistance and rigor in the statistical analysis of the 

data, I learned so much in our meetings. 



 

	

VII 

To Dr. Jose Ramón Vizcaíno, Dr. Francisca Costa and Dr. Susana Guimarães for their 

kindness and commitment in reviewing the patients’ liver biopsy specimens, and for 

answering to all my doubts regarding Liver Pathology. 

 

To Dr. Miguel Abreu, Dr. José Manuel Ferreira, Dr. Teresa Moreira, Dr. Diana Valadares; to 

Nurse Maria José Guerra; to Eugénia Vieira and to the team of Nurses from the Liver and 

Pancreatic Transplantation Unit, I express my gratitude for the kindness they had in signaling 

the patients with indication for liver biopsy, helping me to recruit the number of patients 

included in this research study. And, also, to Nurse Graça Melo, for her precious help in the 

collection of the clinical data of the patients with hereditary hemochromatosis. 

 

To Sara Silva, for her collaboration in the analysis of Magnetic Resonance images and data 

collection, and for the precious help she gave me filling in some of the endless data tables. 

 

To my colleagues from the Centro Hospitalar do Porto, either from Radiology or other 

Departments, whose list of names would not fit on this page, with whom it is a pleasure to 

collaborate. Work with you made me a better radiologist and a better researcher. I really 

appreciate the words of encouragement. 

 

To the Department of Education, Training and Research of the Centro Hospitalar do Porto, 

for all the support provided to my work that was beyond the attribution of the Research 

Grant. 

 

To the Administration Board of Centro Hospitalar do Porto, to its President Dr. Paulo 

Barbosa and to the former President, Dr. Sollari Allegro, and to the Clinical Director, 

Professor José Barros, I am grateful for the support that was fundamental for my Thesis. 

 

To my brother Miguel, to my family and friends, for being always present, for praying for me, 

for celebrating with me the happy moments and each victory, and for embrace me and 

encourage me in the tough and difficult moments.  

 



 

	

VIII 

To Cristiano, my friend, teacher and "wise uncle", for having taught me the beauty of science 

and knowledge, and for being always so exigent with myself. He also influenced me to be 

perfectionist (for better or worst!), and to never be satisfied with the superficiality of things. I 

can imagine him, from where he is now, trying to disguise the proud smile I know he has on 

his face while looking at me. 

 

To my parents, to whom I owe everything I am. I cannot express all my gratitude for your 

unconditional love, for always being there for me. For encouraging me to give always my 

best to everything, without losing the focus on what is really important, for supporting me 

when I fall and for giving me confidence to get up and move on. And, of course, for their 

invaluable help on taking care of my children. 

 

Finally, to my children, Maria and António Miguel, for enriching my life with love and for 

making me feel always the best Mother, even at the times when I am overloaded with work. 

And to my husband António, for all his love and friendship. Thank you for having turned back 

in that roundabout in Maia, taking the road that led you to meet me, in that distant day of 25th 

October 1996! Since then, we grew up, we married and raised a family, and we have 

accomplished so many things together! I just want to keep growing and walking with you, 

hand in hand, wherever life will lead us. 

  



 

	

IX 

 

 

 

 

Publications 

 

In accordance with “Artigo 34º do Decreto-Lei nº 115/2013”, this Thesis contains materials 

and results from the following papers, which were published, accepted or submitted for 

publication. The author of this dissertation has contributed actively in the conceptualization, 

execution, interpretation and writing of these works. 

 

1. França M, Alberich Bayarri A, Martí-Bonmatí L (2016) Diffuse liver disorders: imaging 

detection and quantification. In: Tardáguila Montero F (Ed.). Avances en imagen 

hepática. Arán Ediciones SL, Madrid, 7-29 

 

2. França M, Alberich-Bayarri A, Martí-Bonmatí L (2017) Use Case VI: Imaging 

Biomarkers in Diffuse Liver Disease. Quantification of Fat and Iron. In: Martí-Bonmatí 

L, Alberich-Bayarri A (Eds). Imaging Biomarkers - development and clinical 

integration. Springer-Verlag Berlin Heidelberg, 279-294. doi 10.1007/978-3-319-

43504-6  

 

3. França M, Martí-Bonmatí L, Alberich-Bayarri A, Oliveira P, Guimaraes S, Oliveira J, 

Amorim J, Sanchez Gonzalez J, Vizcaíno JR, Pessegueiro Miranda H (2017) 

Evaluation of fibrosis and inflammation in diffuse liver diseases using intravoxel 

incoherent motion diffusion-weighted MR imaging. Abdominal Radiology 42(2):468-

477. doi: 10.1007/s00261-016-0899-0 

 

4. França M, Alberich-Bayarri A, Martí-Bonmatí L, Oliveira P, Costa FE, Porto G, 

Vizcaíno JR, Gonzalez JS, Ribeiro E, Oliveira J, Pessegueiro Miranda H (2017) 

Accurate simultaneous quantification of liver steatosis and iron overload in diffuse 

liver diseases with MRI. Abdominal Radiology 42(5):1434-1443. doi: 10.1007/s00261-

017-1048-0  

 



 

	

X 

5. Donato H, França M, Candelária I, Caseiro-Alves F (2017) Liver MRI: from basic 

protocol to advanced techniques. European Journal of Radiology 93:30-39. doi: 

10.1016/j.ejrad.2017.05.028 

 

6. França M, Martí-Bonmatí L, Porto G, Silva S, Guimarães S, Alberich-Bayarri A, 

Vizcaíno JR, Pessegueiro Miranda H. Tissue iron quantification in chronic liver 

diseases by MR imaging shows a relationship between iron accumulation in liver, 

spleen and bone marrow. (Submitted) 

 

7. França M, Martí-Bonmatí L, Silva S, Oliveira C, Alberich Bayarri A, Vilas-Boas F, 

Pessegueiro-Miranda H, Porto G. Optimizing the management of hereditary 

hemochromatosis: the value of MRI R2* quantification to predict and monitor body 

iron stores. (Submitted) 

 

8. Berzigotti A, França M, Martí-Aguado D, Martí-Bonmatí L. Cuantificación de la 

fibrosis hepática mediante biomarcadores de imagen. (Submitted) 

 

This thesis includes unpublished results. 

  



 

	

XI 

 

 

 

 

Abstract 

 

Hepatic fat (steatosis) and iron deposits are commonly present in diffuse liver diseases from 

diverse etiologies, being frequently associated with different grades of liver inflammation and 

with development of fibrosis and cirrhosis. Liver core biopsy is the reference standard to 

evaluate steatosis, iron overload, inflammation and fibrosis. However, it is not only invasive 

and uncomfortable to the patients, as it also suffers from sampling bias and large inter- and 

intra-observer variability. Consequently, imaging biomarkers have been developed to 

overcome these limitations.  

In this Thesis, we aimed to validate a 3 Tesla Magnetic Resonance (MR) imaging protocol in 

patients with diffuse liver diseases, to detect and quantify liver steatosis, siderosis, 

inflammation and fibrosis. As additional objectives, we also used MR imaging to evaluate iron 

accumulation in other abdominal organs besides the liver, such as the pancreas, spleen and 

vertebra bone marrow, in patients with chronic diffuse liver diseases. We aimed to 

investigate if there was any relationship among iron accumulation in the different organs and, 

moreover, if there was any relationship between the severity of tissue iron overload and the 

main intracellular distribution of hepatic iron (iron within hepatocytes and/or Kupffer cells). 

Furthermore, in patients with hereditary hemochromatosis, we investigated the relationship 

between the different tissue R2* measurements and total body iron stores (TBIS), measured 

by quantitative phlebotomies, and the usefulness of R2* measurements for predicting and 

monitoring iron overload in hereditary hemochromatosis. 

We demonstrated that a multi-echo chemical shift encoded (MECSE) MR sequence, 

acquired within a single breath-hold acquisition, enables simultaneous measurement of liver 

fat and iron deposits, in a wide spectrum of diffuse liver diseases. Proton density fat fraction 

(PDFF) and iron related R2* values allowed to discriminate, with high accuracy, among the 

different grades of liver steatosis and siderosis, respectively, regardless concomitant 

inflammation or fibrosis. Iron overload did not influence PDFF measurements except in cases 

of severe iron overload (R2* higher than approximately 500 s-1). To facilitate the use of R2* 

values in clinical practice, we also compared liver R2* values against liver biopsy 

measurements by spectrophotometry, to generate an empirical calibration model to convert 
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R2* values (s-1) into liver iron concentration values (μmol/g).  

A diffusion weighted imaging (DWI) protocol with an intra-voxel incoherent motion (IVIM) 

model was used to evaluate liver inflammation and fibrosis. Apparent diffusion coefficient 

(ADC) and vascular fraction (f) values were weakly correlated with fibrosis stages and the 

accuracy of ADC or f measurements to discriminate the different stages of fibrosis or even 

the necro-inflammatory activity grades was only fair. Furthermore, the f measurements were 

influenced by steatosis and the D values were affected by both steatosis and iron deposits. 

Moreover, the D* parameter was not a sufficiently reproducible measure.  

We reported a positive correlation between liver, spleen and bone marrow iron accumulation 

in patients with different chronic diffuse liver diseases, as assessed by R2* measurements of 

the different tissues. The hepatic, splenic and bone marrow R2* measurements were higher 

in patients with iron within Kupffer cells, as compared to patients with no iron overload. 

Hepatic R2* measurements were also significantly higher in patients with iron within Kupffer 

cells than in patients with iron only in hepatocytes. These results suggest that iron tissue 

distribution in chronic diffuse liver disorders conveys the general pattern of preferential 

mononuclear phagocytic system accumulation.  

In the cohort of patients with hereditary hemochromatosis, we reported a strong correlation 

between R2* measurements of liver and pancreas and the total body iron stores, calculated 

by quantitative phlebotomies of patients under intensive treatment. Although preliminary, our 

results suggest that, in patients with hereditary hemochromatosis, total body iron stores can 

be estimated by liver and pancreas R2* measurements. This new variable, designated as 

FELIPA (an acronym for FErrum in LIver and Pancreas), is a promising tool to estimate the 

severity of iron burden in hereditary hemochromatosis patients and the expected duration of 

intensive treatment. Liver R2* measurements were also used to validate serum ferritin cut-

offs that are empirically employed to monitor patients with hereditary hemochromatosis 

during maintenance treatment. A serum ferritin cut-off of 160 ng/ml showed a high accuracy 

to exclude significant iron re-accumulation in patients in maintenance treatment.  

In conclusion, we contributed to the validation of PDFF and R2* measurements, acquired 

with a MECSE-MR sequence, as imaging biomarkers of liver steatosis and siderosis, in 

patients with a wide spectrum of diffuse liver disorders. This MECSE-MR sequence is 

acquired within a single breath-hold and can be implemented in the routine MR evaluation of 

the liver for the non-invasive assessment of liver steatosis and iron accumulation. Moreover, 

measuring and reporting the iron related-R2* measurements in other abdominal organs 

besides the liver might contribute to bring new insights into the pathophysiology of iron 

deposition, in diffuse liver diseases. Our results, if further validated, also suggest that R2* 

measurements might be used as a marker of iron burden in patients with hereditary 

hemochromatosis. On the other hand, our observed results do not support the use of DWI or 
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IVIM parameters as accurate imaging biomarkers for staging of hepatic inflammation and 

fibrosis. 
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Resumo 

 

A deposição de gordura (esteatose) e de ferro no parênquima hepático é um achado comum 

nas doenças hepáticas difusas de diversas etiologias, estando frequentemente associada a 

diferentes graus de atividade inflamatória e ao desenvolvimento de fibrose e cirrose. A 

biopsia hepática é o exame-padrão usado na avaliação da presença de esteatose, 

sobrecarga de ferro, inflamação e fibrose no parênquima hepático. No entanto, não só é 

uma técnica invasiva e desconfortável para os pacientes, como também é afectada por viés 

de amostragem e sujeita a grande variabilidade inter- e intra- observador. 

Consequentemente, foram desenvolvidos biomarcadores de imagem para ultrapassar estas 

limitações da biopsia hepática.  

O objectivo principal desta Tese foi validar um protocolo de Ressonância Magnética (RM), 

em equipamento 3 Tesla, para detectar e quantificar esteatose hepática, siderose, 

inflamação e fibrose em pacientes com doenças hepáticas difusas. Como objetivos 

adicionais, usamos os exames de RM abdominal para quantificar depósitos de ferro noutros 

tecidos para além do fígado, como o pâncreas, baço e medula óssea dos corpos vertebrais, 

em pacientes com doenças hepáticas crónicas. Desta forma, propusemos investigar se 

existe alguma relação entre a acumulação dos depósitos de ferro nos diferentes órgãos, e 

ainda se existe alguma relação entre a quantidade de ferro nos tecidos e o padrão 

predominante de deposição intra-celular de ferro no fígado (hepatócitos versus células de 

Kupffer). Para além disso, num grupo de pacientes com hemocromatose hereditária, 

investigámos a relação entre as medidas de ferro nos diferentes tecidos, quantificadas por 

RM (valores R2*), e as reservas corporais de ferro (total body iron stores, TBIS), 

quantificadas por flebotomias. Avaliámos também a utilidade das medidas de R2* para 

prever e monitorizar as reservas corporais de ferro nos doentes com hemocromatose 

hereditária. 

Neste estudo, demonstrou-se que a sequência multi-eco de gradiente chemical shift 

encoded (MECSE) utilizada, adquirida em apenas uma apneia respiratória, permite a 

quantificação simultânea de gordura e depósitos de ferro no parênquima hepático, em 

diversas doenças hepáticas difusas. A fração de gordura baseada na densidade protónica 
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(PDFF) e os valores de R2* permitiram discriminar os diferentes graus histológicos de 

esteatose hepática e siderose, respectivamente, com elevada acuidade diagnóstica e 

independentemente da presença concomitante de inflamação ou fibrose hepática. A 

sobrecarga hepática de ferro não influenciou as medidas de PDFF, exceto nos casos de 

sobrecarga de ferro severa (valores de R2* maiores do que aproximadamente 500 s-1).  

Para facilitar o uso clínico dos valores de R2* como indicador de sobrecarga hepática de 

ferro, comparámos os valores de R2* hepático com a concentração hepática de ferro de 

amostras de parênquima hepático, quantificada por espectrofotometria, a fim de construir 

um modelo de calibração empírica para converter os valores de R2* (s-1) em valores de 

concentração hepática de ferro (µmol/g). 

Para avaliação das alterações necro-inflamatórias e da fibrose hepática, utilizou-se uma 

sequência de difusão (DWI) com um modelo de “intra-voxel incoherent motion” (IVIM). 

Observou-se uma correlação fraca dos valores do coeficiente de difusão aparente (ADC) e 

dos valores de fração vascular (f) com os estadios de fibrose, e a acuidade diagnóstica 

destas medidas para discriminar os diferentes estadios de fibrose ou os graus de atividade 

necro-inflamatória foi apenas razoável. Para além disso, as medidas de f foram 

influenciadas pela presença de esteatose, os valores do coeficiente de difusão pura (D) 

foram afetados tanto pela esteatose quanto pelos depósitos de ferro, e os valores de 

pseudo-difusão (D*) não foram suficientemente reprodutíveis. 

Utilizando as medições de R2* nos diferentes tecidos, observámos uma correlação 

significativa entre a deposição de ferro no fígado, no baço e na medula óssea em pacientes 

com diferentes hepatopatias crónicas. Os valores de R2* no fígado, no baço e na medula 

óssea foram maiores nos pacientes cuja avaliação histológica revelou depósitos de ferro nas 

células de Kupffer do que naqueles pacientes sem sobrecarga hepática de ferro. Para além 

disso, os valores de R2* no fígado também foram significativamente maiores em pacientes 

com ferro nas células de Kupffer do que nos pacientes com depósitos de ferro detectados 

apenas nos hepatócitos. Estes resultados sugerem que, nas doenças hepáticas difusas, a 

distribuição de ferro nos diferentes tecidos assemelha-se ao padrão de acumulação 

preferencial de ferro no sistema mononuclear fagocitário. 

Na coorte de pacientes com hemocromatose hereditária, observámos uma correlação forte 

entre as medidas de R2* do fígado e do pâncreas e as reservas corporais de ferro (TBIS), 

calculadas a partir da quantificação do ferro removido nas flebotomias durante o tratamento 

intensivo. Embora preliminares, os nossos resultados sugerem que, nos doentes com 

hemocromatose hereditária, as reservas corporais de ferro podem ser estimadas pelos 

valores de R2* do fígado e pâncreas. Esta nova variável, designada FELIPA (um acrónimo 

para FErro no PÂncreas e no Fígado), poderá ser uma ferramenta promissora para estimar 



 

	

XVII 

a gravidade da sobrecarga de ferro nos doentes com hemocromatose hereditária, ajudando 

a prever a duração do tratamento intensivo com flebotomias.  

As medidas de R2* do fígado também foram utilizadas como um marcador de ferro hepático 

para validar os valores de corte da ferritina sérica que são empiricamente usados na 

monitorização do tratamento de manutenção dos pacientes com hemocromatose hereditária. 

O valor de ferritina sérica de 160 ng/ml foi o valor de corte com maior precisão para excluir 

uma re-acumulação significativa de ferro hepático nos pacientes com hemocromatose 

hereditária em tratamento de manutenção. 

Em conclusão, este trabalho contribuiu para a validação da utilização das medidas de PDFF 

e R2* adquiridas com uma sequência de RM MECSE, como biomarcadores de imagem de 

esteatose e siderose hepática, em pacientes com diferentes doenças hepáticas difusas. 

Esta sequência de RM é adquirida em apenas uma única apneia respiratória, e pode ser 

implementada nos protocolos de rotina de RM abdominal, permitindo a avaliação não 

invasiva de esteatose e sobrecarga de ferro no parênquima hepático. A quantificação do R2* 

noutros órgãos para além do fígado pode contribuir com novos conhecimentos sobre a 

fisiopatologia da deposição de ferro nas doenças hepáticas difusas. Os resultados obtidos, a 

serem validados, sugerem ainda que as medidas de R2* podem ser usadas como um 

marcador da sobrecarga corporal de ferro em pacientes com hemocromatose hereditária. 

Por outro lado, os nossos resultados não suportam o uso dos parâmetros DWI ou IVIM 

como biomarcadores de imagem precisos no estadiamento de inflamação ou fibrose 

hepática. 
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1 
The clinical scenario 
 

Chronic liver diseases comprise a diverse group of diseases with different etiologies, such as 

excessive alcohol consumption, hepatitis virus infection, drugs, and genetic, metabolic or 

auto-immune disorders. They may progress with increasing stages of hepatic fibrosis and, 

ultimately, they can lead to cirrhosis, liver failure and hepatocellular carcinoma. Fat and iron 

deposits, necro-inflammatory changes and fibrosis are common histological features in 

chronic liver diseases, which are relevant for the diagnosis, prognosis and treatment 

monitoring of these patients. 

 

1.1. Hepatic fat (steatosis) 
 

Excessive accumulation of fat in the hepatocytes, known as hepatic steatosis, is the 

histological hallmark of non-alcoholic fatty liver disease (NAFLD) but it is also related to other 

chronic liver diseases, as resumed here. 

 
1.1.1. NAFLD and NASH 
 

Non-alcoholic fatty liver disease (NAFLD) is the most frequent liver disease in Western 

countries [1, 2] and is associated with obesity and insulin resistance, being regarded as the 

hepatic manifestation of the metabolic syndrome [3]. NAFLD is characterized by hepatic 

steatosis, in the absence of any cause for secondary fat hepatic deposition, such as alcoholic 

consumption, drugs, viral hepatitis or other causes of chronic liver diseases [4]. Fat induces 

oxidative stress, with consequent hepatic injury and cellular death [5]. The histological 

spectrum of NAFLD ranges from simple steatosis to non-alcoholic steatohepatitis (NASH), 

which is recognized by steatosis associated to variable degrees of hepatocyte injury with 

ballooning and lobular inflammation [6]. While NAFLD is frequent, NASH is less common. 

For example, NAFLD has been reported to affect 17-46% of adults [1, 2] whereas NASH 

prevalence ranged 3 to 5% [7]. In patients undergoing bariatric surgery, the prevalence of 
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NAFLD and NASH can be even higher, affecting 95% and 30% of the patients, respectively 

[7]. About 10-15% of patients with NASH may develop fibrosis and, of these, up to 30% 

might progress to liver cirrhosis [3], with an increased risk of hepatocellular carcinoma [1, 8]. 

Currently, NASH is the second leading etiology of chronic liver disease among the waitlist 

patients for liver transplant in the United States of America [9].  

Patients with NAFLD are also at increased risk of developing cardiovascular disease [1, 10, 

11]. Furthermore, NAFLD has been associated with diabetes [10, 12], chronic kidney disease 

[10, 13], colorectal cancer [10, 14] and metabolic bone disease [10, 15]. In long-term follow 

up, patients with NAFLD had higher mortality when compared with the general population, 

the most common causes of death being cardiovascular disease, malignancy and liver 

disease [11, 16]. 

Recent clinical practice guidelines from the European Association for the Study of Liver 

(EASL) [1] recommend lifestyle changes for patients with NAFLD and NASH, including 

healthy diet and regular physical activity. However, for patients with NASH and significant 

fibrosis, the use of pharmacotherapy, such as insulin sensitizers (eg. pioglitazone) or 

antioxidants (eg. vitamin E), could be advantageous [1]. No specific drug has been yet 

approved for NASH by the regulatory agencies; nevertheless, several clinical trials are 

currently ongoing with different targets [1]. 

Liver biopsy is the most accepted gold standard technique to diagnose hepatic steatosis, to 

differentiate between NAFLD and NASH, and to score the disease severity [1, 6, 17]. Hepatic 

steatosis is usually histologically graded using a visual scale, evaluating the proportion of 

hepatocytes containing intracellular vacuoles of fat: grade 0 (normal: less then 5% cells 

affected), grade 1 (mild steatosis: 5 -33% cells affected), grade 2 (moderate steatosis: 34-

66% cells affected) and grade 3 (severe steatosis > 67% cells affected) [18]. However, liver 

biopsy has several limitations. First of all, it is an invasive procedure. In spite of being low, 

there is a real risk for morbidity and even mortality [19, 20]. It also suffers from sampling 

variability, since biopsy analyzes only a small portion of parenchyma (a tissue sample 

1/50,000th the overall size of the liver) and many histological features of diffuse liver 

diseases are heterogeneously distributed through the liver parenchyma [6, 21, 22]. 

Moreover, it is subject to non-negligible inter-and intra-reader variability [21, 23, 24]. As liver 

biopsy is not feasible for diagnosing or monitoring the large number of patients with NAFLD 

and NASH, there is a need for non-invasive accurate biomarkers. These non-invasive 

biomarkers could also be used for research studies or clinical trials with new drugs tailored 

for NASH. 
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1.1.2. Steatosis in other diffuse liver diseases 
 

Steatosis is a common histological feature to many diffuse liver diseases other than NAFLD, 

such as those related to alcoholic consumption, viral infection, drugs or hemochromatosis [4]. 

Regardless the etiology, intracellular fat induces liver damage and has been associated to 

poor outcomes in liver diseases. As an example, patients with hepatitis C virus infection have 

a higher prevalence of liver steatosis, particularly those with genotype 3 virus, with steatosis 

being associated with faster progression of fibrosis [25]. These patients with hepatitis C virus 

infection and steatosis may have a poor response to anti-viral treatment [26] and an 

increased risk for development of hepatocellular carcinoma [27]. Steatosis increases the risk 

of complications and mortality for patients undergoing liver surgery [28] and donor liver 

steatosis was also related with higher graft failure rate, retransplantation rate and patient 

mortality after orthotopic liver transplantation [29]. Furthermore, in patients with hereditary 

hemochromatosis (HH), concomitant steatosis appears to contribute for fibrosis development 

[30].  

 

1.2. Hepatic iron 
 

Iron is a double-edge nutrient. On one hand, it is crucial for cellular functions and 

proliferation, being a component of heme groups and enzymes involved in cellular 

metabolism and DNA synthesis [31]. On the other hand, excess of iron is toxic, inducing 

oxidative stress and cellular damage [32]. Dietary iron is absorbed at the duodenum, being 

exported through the enterocyte membrane by the iron exporter protein, named ferroportin 

(Table 1).  

 

Protein Function 

Ferritin Cellular storage of iron. 

Ferroportin Exports iron across the cell membrane. It is the only iron exporter. 

Hepcidin Main regulator of iron metabolism, binding to ferroportin, inducing its 
internalization and degradation.  
Produced mainly in the liver, but also by macrophages. 

Transferrin Chelates and transports iron in the blood circulation. 

Table 1. Resume of proteins’ functions implicated in iron homeostasis  

 

Then, iron is transported in the blood stream by transferrin and, finally, is used for the cellular 

metabolism and the erythropoiesis process. The aged or damaged red blood cells are 
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phagocytized by the mononuclear phagocytic system (MPS) in the spleen, recycling iron that 

can be exported back to the blood circulation [33]. Only a small amount of iron is lost due to 

bleeding, skin desquamation or urinary excretion. It is crucial to regulate the iron income 

because there is no regulated pathway to eliminate excess of iron. The expression of 

ferroportin in enterocytes, in macrophages and hepatocytes is controlled by hepcidin, a 

hormone produced by hepatocytes (Figure 1, Table 1). When there is excess of iron, 

hepcidin concentration rises to trigger ferroportin internalization and degradation. 

Consequently, the amount of iron that is exported from the duodenal enterocytes decreases, 

as well as the release of iron by macrophages and hepatocytes [31, 33]. On the other hand, 

when hepcidin levels are low, ferroportin expression in the cell membranes rises, increasing 

the iron flow through enterocytes and macrophages into the blood circulation [33]. 

 
Figure 1. Scheme demonstrating iron regulation by hepcidin. There are two main sources of 

iron: one is dietary iron, which is absorbed at the duodenum, and iron recycling by 

macrophages. Ferroportin is the only iron exporter in enterocytes and macrophages. Iron 

absorption and iron exportation through macrophages are regulated by hepcidin. When there 

is excess of iron, hepcidin is released by the liver into the bloodstream, binds to ferroportin 

and triggers ferroportin internalization and degradation, therefore decreasing iron absorption 

from the gut and increasing iron retention inside the macrophages. 

 

Variable amounts of iron are stored as ferritin within hepatocytes and at the MPS within the 

liver (the Kupffer cells) and spleen, in order to buffer fluctuations in iron supply or demand 

[33]. The liver is the main storage organ for excess iron. However, when the ferritin storage 

capacity is exceeded, non-bonded iron induces oxidative stress, cellular damage and 

hepatocellular necrosis, known as sideronecrosis. The Kupffer cells phagocyte the 
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sideronecrotic hepatocytes, activating hepatic stellate cells, fibroblasts and/or resident and 

infiltrating inflammatory cells, promoting fibrogenesis [32]. The clinical manifestations will 

depend on the cause and severity of iron overload. Hepatic iron overload can result from 

primary (genetic) causes, known as HH, from secondary causes (secondary 

hemochromatosis) or be associated to chronic liver diseases or metabolic diseases.  

 

1.2.1 Primary and secondary hemochromatosis 
 

Hereditary hemochromatosis (HH) is characterized by a mutation in genes involved in the 

iron metabolism and trafficking, the majority of patients being homozygous for the p.C282Y 

variant of the HFE gene [34], resulting in deficient synthesis of hepcidin. Consequently, there 

is dysregulated intestinal iron absorption and an increased release of iron from MPS 

macrophages into the blood stream, increasing the plasma concentration and transferrin 

saturation. Iron will accumulate mainly in the liver and other organs with transferrin receptors, 

such as the pancreas and the heart. Excess of iron in these patients is treated with 

phlebotomies.  

Secondary hemochromatosis, on the other hand, results from an oversupply of either 

endogenous or exogenous iron, as occurs in patients with iron-loading anemias (e.g., 

thalassemia, sickle cell or sideroblastic anemias) and blood transfusions. In these cases, 

there is an increase in the amount of iron originating from erythrophagocytosis, iron 

thereafter accumulating mainly in the MPS at the spleen, bone marrow and also in the liver 

[35]. These patients cannot be treated with phlebotomies, as they usually have anemia, 

therefore they are treated with iron chelates, that bind the excess of iron. 

Quantification of iron deposits in HH and secondary hemochromatosis is crucial not only to 

diagnose iron overload, but also to select patients who will benefit from treatment, and to 

monitor iron-reducing therapies. 

Serum ferritin is widely used as a serologic marker of iron burden but it is limited by low 

specificity, as it is an acute phase reactant therefore being elevated in acute and chronic 

inflammatory conditions. Serum ferritin may as well be raised in malignancy or in liver 

diseases with hepatocellular necrosis [34, 36, 37]. Because the hepatic parenchyma is the 

main iron storage organ, liver iron concentration (LIC) is considered a surrogate marker of 

total body iron stores (TBIS) [38, 39]. Liver core biopsy, with biochemical determination of 

LIC performed by atomic absorption spectrometry of biopsy samples, has been considered 

the reference standard for the quantification of hepatic iron accumulation and for assessing 

body iron stores [38-40]. However, as spectrophotometry is not widely available [41], liver 

iron deposits can also be histologically graded after Perls’ Prussian staining of iron granules, 
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from grade 0 to 4 [42]. As for steatosis, liver biopsy has several limitations for iron 

assessment, mainly its invasiveness, sampling variability [22] and operator-dependency. 

 

1.2.2. Iron accumulation in chronic liver diseases and metabolic diseases 
 

Hepatic iron overload is also commonly present in chronic liver diseases, such as alcoholic 

liver disease, NAFLD, viral hepatitis and end-stage liver disease. In alcoholic hepatitis, 

hepatic iron accumulation is probably related to hepcidin down-regulation [43, 44] whereas in 

NAFLD and NASH, it was postulated that hepatic iron accumulation results from hepcidin 

induction by liver inflammation and intra-hepatic oxidative stress [44-46]. In chronic liver 

diseases, iron can be detected in hepatocytes, in the liver MPS (the Kupffer cells) or in both 

compartments [31]. When iron coexists with other hepatotoxins, as happens with 

concomitant steatosis or viral hepatitis, oxidative stress is amplified and even a low-grade 

excess of iron may accelerate the progression of underlying liver disease [32]. Therefore, it 

has been suggested that the presence of hepatic iron overload has a synergistic effect in the 

development and progression of liver fibrosis, also increasing the risk for development of 

hepatocellular carcinoma [45-47].  

Dysmetabolic iron overload syndrome, also known as insulin resistance-associated hepatic 

iron overload, is defined as hepatic iron overload in association with one or more metabolic 

abnormality related with insulin resistance, such as obesity, dyslipidemia or abnormal 

glucose metabolism. These patients present hyperferritinemia (serum ferritin >400 ng/mL in 

men and >250 ng/mL in women), and may have normal or increased transferrin saturation 

values (≥45%) [48-50]. Histologically, these patients usually present iron in the Kupffer cells 

[50, 51], although a parenchymal pattern similar to HH might also be found [42, 50, 51]. Iron 

excess is usually mild but, in some cases, can be as high as in HH [42]. Liver steatosis and 

steatohepatitis are also commonly recognized in the liver biopsies of these patients [50, 51]. 

Dysmetabolic iron overload syndrome accounts for most cases of hyperferritinemia referred 

to outpatient clinics, being much more frequent than HH [52]. As NAFLD is considered the 

hepatic manifestation of the metabolic syndrome, is not surprisingly that dysmetabolic iron 

overload syndrome and hyperferritinemia associated to NAFLD may be considered to be two 

different faces of the same entity, both related to insulin-resistance [45, 48]. 

 

1.3. Liver inflammation 
 

Liver inflammation is a response to different acute injuries, being characterized by different 

grades of hepatocytes’ swelling and necrosis, and by inflammatory cells migration through 

liver sinusoids, with an increase in the regional blood flow [53]. Inflammation is also an 
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important feature in chronic liver diseases such as NASH, alcoholic or viral chronic hepatitis. 

In such chronic conditions, the different insults resulting in liver injury lead to the activation of 

immune cells, triggering an inflammatory response, which in turn activates the stellate cells 

and, consequently, fibrogenesis [54]. Therefore, liver inflammation is closely linked with the 

development and progression of liver fibrosis in chronic liver diseases.  

Liver inflammation is evaluated by histopathological analysis of liver biopsy samples, usually 

as part of the assessment of disease’s severity, which is described in terms of grade of 

inflammatory activity and stage of liver fibrosis [55]. However, the reported inter- and intra-

observer variability of the pathological reports is higher for liver inflammation than for liver 

fibrosis [21, 55]. While METAVIR and Ishak scores are the most commonly used in chronic 

viral hepatitis [56], the NAFLD activity score (NAS) is used for the assessment of NAFLD [17, 

18]. The NAFLD activity score (NAS) [17] is being used to define endpoints for treatment 

clinical trials, quantifying the disease activity and also staging fibrosis [57]. Recently, a 

simplified score named SAF (an acronym for Steatosis, Activity and Fibrosis) was also 

proposed to categorize liver lesions in patients with NAFLD, with a score A ≥2 discriminating 

patients with NASH from patients with NAFLD without NASH [58]. 

  

1.4. Liver fibrosis 
 

Liver fibrosis is a common pathological process for chronic liver diseases, resulting from 

unregulated wound-healing response to liver injury, which is characterized by excessive 

accumulation of collagen-rich extracellular matrix in the liver interstitial space [59]. When 

fibrosis progresses, leads to cirrhosis, which is considered the common end-stage of chronic 

liver diseases, being associated with hepatocellular carcinoma and liver failure. Therefore, 

and regardless the etiology, the presence and degree of fibrosis have prognostic significance 

[1, 42, 60, 61]. Early to moderate liver fibrosis may regress if the underlying disease is 

treated and the stimuli for liver injury ceases [59]. Therefore, accurate staging of liver fibrosis 

is crucial due to its prognostic significance and also to the need of monitoring the dynamic 

nature of fibrosis progression and possible regression [59, 62]. 

Liver biopsy is the current gold standard technique for diagnosing and staging fibrosis. There 

are diverse etiology-specific histological staging systems for fibrosis, which are also used for 

grading the inflammatory activity, as described above. In chronic viral hepatitis, the clinically 

relevant endpoints are the detection of significant fibrosis (METAVIR F ≥ 2 or Ishak ≥ 3), as 

an indicator for not delaying the starting of antiviral treatment; and the detection of cirrhosis 

(METAVIR F4 or Ishak 5-6), which indicates a high risk of developing complications and the 

need to have specific follow-up [63].   
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2 
Development of MR imaging 
biomarkers for liver diseases 
 

 

From all the exposed concepts, there is a need, both in clinical practice and research fields, 

to detect and to assess the severity of fat and iron accumulation, and also to diagnose, stage 

and grade liver fibrosis and inflammation. Because there is a substantial population burden 

of diffuse liver diseases, it is crucial to investigate and to validate accurate non-invasive 

imaging biomarkers that could be used for diagnosing the different features of disease as 

well as for monitoring disease progression. Moreover, it would be desirable that these 

imaging biomarkers could be used as endpoints that would reflect meaningful changes in the 

disease, in the setting of clinical trials of targeted therapies [64], solving the main biopsy 

biases and decreasing the need for the invasive assessment with liver biopsy.  

Magnetic resonance (MR) imaging, due to its unique ability to characterize different tissue 

components and covering the whole liver volume, is an appealing potential alternative to liver 

biopsy in this setting, aiming to play a role as a “liver virtual biopsy” in a one-stop-shop non-

invasive examination for assessing fat, iron, inflammation and fibrosis. Therefore, liver MR 

imaging biomarkers are being developed worldwide. The validation of MR imaging 

biomarkers for diffuse liver diseases is expected to have an important impact on the 

management of diffuse liver diseases and, consequently, in patients’ life. 

In the following pages, the published or submitted works are presented, reviewing general 

aspects related with this Thesis. These papers particularly review the “state of the art” about 

MR methodologies that were developed to provide imaging biomarkers for assessment of 

diffuse liver diseases and for quantification of fat, iron, inflammation and fibrosis. 
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3 
Rationale 
 

In the last decade, MR imaging quantification of proton density fat fraction (PDFF), using 

multi-echo chemical shift encoded (MECSE-MR) sequences, has been established as an 

accurate imaging biomarker of hepatic steatosis [65]. PDFF is a fundamental property of 

hepatic tissue, representing the ratio of triglycerides protons to the sum of triglycerides and 

water protons. The different validation studies have been performed either by using 

phantoms [66-69], MR spectroscopy [70-74] or liver biopsy [75-80], as reference standards, 

mainly in patients with NAFLD. These MECSE-MR sequences estimate both the PDFF and 

the liver T2* decay ratio (expressed as the relaxation rate, R2*) [68, 72, 78, 80, 81]. The 

estimation of R2* values is used to correct the effect of iron on PDFF measurements and, at 

the same time, as R2* is directly related to the amount of iron accumulation, it is also used to 

quantify iron [82, 83].  

Most of the previous studies using R2* measurements as imaging biomarker of liver iron 

were performed using T2*-weighted multi-echo sequences (R2* relaxometry methods), in 

patients with hereditary hemochromatosis or transfusional iron overload [84-86]. Only few 

studies have addressed the use of T2* or R2* measurements to quantify hepatic iron 

overload in patients with chronic liver diseases [87, 88], using histological evaluation as 

reference standard. Moreover, these studies used mono-exponential T2* decay fitting 

models. However, when fat and iron coexist in the liver parenchyma, the T2* decay is no 

longer mono-exponential due to the oscillations in the decay, as water and fat signals 

become in and out of phase [89], introducing bias in fat-uncorrected R2* estimation using a 

simple exponential signal model. As steatosis and iron are commonly present in chronic liver 

diseases, influencing the MR signal, they should both be considered in the image processing 

analysis.  

Therefore, MECSE-MR derived metrics seems advantageous for fat and iron quantification. 

Nevertheless, firstly, these sequences must be validated in diverse scenario of clinical liver 

disease, taking into account the effect of possible confounders in the MR signal analysis and 

quantification.  
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Hepatic inflammation and fibrosis are frequently associated with hepatic steatosis and/or iron 

overload. Inflammation is characterized by different grades of hepatocytes’ swelling and 

necrosis and increased macrophage infiltration and regional blood flow [53], increasing the 

amount of tissue water protons. Fibrosis increases the amount of collagen. Both, water and 

collagen, might exacerbate the confounding effects of T1 and T2* on fat/iron quantification by 

MR imaging [90], as patients with cirrhosis have higher T1 and T2* relaxation times. 

Therefore, the confounding effects of these concomitant histological abnormalities on PDFF 

and R2* measurements needed to be interrogated.  

Diffusion weighted imaging (DWI) and intra-voxel incoherent motion (IVIM) parameters have 

been proposed for the assessment of liver inflammation and fibrosis [91-102]. This MR 

imaging technique takes advantage of the thermally driven motion of the water molecules in 

the tissues: the apparent diffusion of water protons results from their interactions with cell 

membranes and macromolecules within the tissues [103]. Moreover, the IVIM model can 

separate between the true diffusion of water molecules from motion related to capillary 

perfusion within the tissues [104, 105]. DWI-IVIM is attractive because it can be easily 

incorporated to existing protocols in every MR equipment, being usually part of MR 

abdominal protocols. Nevertheless, to be clinically valuable, validation of DWI and IVIM 

measurements as imaging biomarkers of liver inflammation and fibrosis is needed in a large 

number of patients with different spectrum of chronic liver diseases, and taking into account 

the possible confounding effect of coexisting fat and/or iron in the signal behavior and 

quantitative estimations. 
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4 
Aims 
 

The main goal of this Thesis was to validate MR imaging biomarkers for the assessment and 

quantification of hepatic steatosis, iron deposits, inflammation and fibrosis, using a dedicated 

MECSE-MR and DWI-IVIM imaging protocols, in patients with diffuse liver disorders.  

In this sense, we aimed to specifically evaluate the following primary items: 

 

1. The accuracy of MR derived PDFF and R2* measurements, as imaging biomarkers of 

liver steatosis and iron overload, in patients with diffuse liver diseases, assessing: 

• The relationship between PDFF measurements and the histological grading of 

liver steatosis. 

• The effect of co-existing iron overload, inflammation and fibrosis in PDFF 

measurements. 

• The relationship between R2* values and the histological grading of hepatic iron. 

• The effect of co-existing iron overload, inflammation and fibrosis in iron related 

R2* measurements. 

 

ARTICLE: França M, Alberich-Bayarri A, Marti-Bonmati L, Oliveira P, Costa FE, 

Porto G, Vizcaíno JR, Gonzalez JS, Ribeiro E, Oliveira J, Pessegueiro Miranda H 

(2017) Accurate simultaneous quantification of liver steatosis and iron overload in 

diffuse liver diseases with MRI. Abdominal Radiology 42(5):1434-1443. doi: 

10.1007/s00261-017-1048-0.  

 

2. The accuracy of MR derived DWI-IVIM parameters (ADC, D, D*, f) as imaging 

biomarkers of necro-inflammatory activity and liver fibrosis, in patients with diffuse 

liver disease, addressing:  

• The relationship between DWI-IVIM parameters (ADC, D, D*, f) and the hepatic 

fibrosis and necro-inflammatory activity. 
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• The influence of coexisting steatosis and iron overload in the performance of liver 

IVIM-DWI metrics. 

 

ARTICLE: França M, Martí-Bonmatí L, Alberich-Bayarri A, Oliveira P, Guimaraes S, 

Oliveira J, Amorim J, Sanchez Gonzalez J, Vizcaíno JR, Pessegueiro Miranda H 

(2017) Evaluation of fibrosis and inflammation in diffuse liver diseases using 

intravoxel incoherent motion diffusion-weighted MR imaging. Abdominal Radiology 

42(2):468-477. doi: 10.1007/s00261-016-0899-0. 

 

As additional secondary aims, we investigated: 

 

3. The tissue iron quantification and distribution in patients with chronic liver diseases 

assessed by MR imaging. 

 

In diffuse liver disease, iron can be present within the hepatocytes and/or inside the 

Kupffer cells of the mononuclear phagocytic system (MPS). As mentioned in the 

Introduction of this Thesis, it has been postulated that iron within the MPS is related 

with a more severe liver disease. On imaging studies, patients with chronic diffuse 

liver diseases and no transfusional history may show a wide spectrum of iron 

distribution within liver, pancreas, spleen and bone marrow as assessed by R2* 

measurements, suggesting that, in these diseases, iron accumulation may not be 

limited only to the liver. In this setting, we aimed to investigate the tissue iron 

accumulation in patients with chronic diffuse liver diseases, in order to interrogate if 

there is any relationship among iron accumulation in the different organs. 

Furthermore, we thought to investigate if there is a relantionship between the severity 

of tissue iron overload and the main intracellular distribution of hepatic iron (iron 

within hepatocytes and/or Kupffer cells). 

 

 Specifically, we aimed to evaluate: 

• The iron loading within the liver, pancreas, spleen and bone marrow as expressed 

by the R2* measurements, in patients with chronic liver diseases and liver biopsy.  

• The relationships between iron accumulation in these different tissue 

compartments.  

• The association between tissue iron overload and the main intracellular 

distribution of hepatic iron (hepatocytes versus Kupffer cells). 
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ARTICLE: França M, Martí-Bonmatí L, Porto G, Silva S, Guimarães S, Alberich-

Bayarri A, Vizcaíno JR, Pessegueiro Miranda H. Tissue iron quantification in chronic 

liver diseases by MR imaging shows a relationship between iron accumulation in 

liver, spleen and bone marrow (submitted) 

 

4. The tissue iron quantification and distribution in patients with hereditary 

hemochromatosis (HH), as an MR imaging biomarker of total body iron stores. 

 

The Centro Hospitalar do Porto is a reference center for patients with HH. There is a 

clinical need to have non-invasive biomarkers of the total body iron stores (TBIS), to 

define HH patients who need treatment, to predict the duration of intensive treatment 

with phlebotomies and to monitor patients under maintenance treatment, in order to 

prevent iron re-accumulation. To answer this clinical need, we thought to investigate: 

 

• The relationship between hepatic, pancreatic, splenic and bone marrow R2* 

measurements and total body iron stores (TBIS), measured by quantitative 

phlebotomies, in HH patients under intensive treatment. We aimed to evaluate the 

usefulness of R2* measurements for predicting and monitoring body iron stores in 

HH patients. 

• The R2* measurements of liver, pancreas, spleen and bone marrow, as tissue 

iron biomarker, in HH patients under maintenance treatment. We aimed to 

evaluate if tissue iron deposition differed in HH patients under maintenance 

treatment relative to normal healthy controls, and if there were differences in 

tissue iron deposition according to different serum ferritin cut-offs that are used for 

monitoring HH patients in maintenance therapy. 

• The relationship between hepatic R2* measurements and LIC chemically 

determined by liver biopsy, in order to provide a calibration formula between R2* 

measurements and the reference LIC. 

  

ARTICLE: França M, Martí-Bonmatí L, Silva S, Oliveira C, Alberich Bayarri A, Vilas-

Boas F, Pessegueiro-Miranda H, Porto G. Optimizing the management of hereditary 

hemochromatosis: the value of MRI R2* quantification to predict and monitor body 

iron stores. (submitted) 
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Abstract  

 

Objectives: To investigate, in patients with diffuse liver diseases, the iron loading within the 

liver, pancreas, spleen and bone marrow as expressed by the magnetic resonance (MR) 

transverse relaxation rate (R2*). To evaluate the relationships between iron accumulation in 

these tissue compartments. To assess the association between tissue iron overload and the 

pattern of hepatic cellular iron distribution (hepatocytes versus Kupffer cells). 

Material and Methods: 56 patients with diffuse liver diseases had MR derived R2* values, 

using a multi-echo chemical-shift encoded MR sequence, of the liver, pancreas, spleen and 

vertebral bone marrow. All patients had liver biopsy samples scored for hepatic iron grading 

(0-4) and iron cellular distribution (only in hepatocytes; only in Kupffer cells; or in both 

compartments). 

Results: Liver R2* increased with histologic iron grade (RS =0.58, p<0.001) and correlated 

with spleen (RS =0.71, p<0.001) and bone marrow R2* (RS =0.66, p<0.001), but not with 

pancreatic R2* (RS =0.22, p=0.096). Splenic and bone marrow R2* values were also 

correlated (RS =0.72, p<0.001). Patients with iron inside Kupffer cells had the highest R2* in 

liver, spleen and bone marrow.  

Conclusions: Patients with chronic diffuse liver diseases have concomitant hepatic, splenic 

and bone marrow iron loading. Highest hepatic iron scores and iron inside Kupffer cells were 

associated to highest splenic and bone marrow deposits, suggesting systemic iron 

accumulation in the mononuclear phagocytic system.  

 

Keywords:  

Magnetic resonance imaging; Diffuse Liver Diseases; Siderosis; Spleen; Pancreas  

 

Abbreviations:  

IQR – interquartile range 

MPS - mononuclear phagocytic system  

MR - Magnetic Resonance  

ROI - region of interest 
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Introduction 

 

Excessive accumulation of iron in the liver is mainly found in genetic hemochromatosis, 

transfusional hemosiderosis and other iron loading anemias as a consequence of systemic 

iron overload. Hepatic iron overload also occurs in chronic hepatopathies due to local iron 

dyshomeostasis, its presence being associated to progression and worse prognosis of the 

underlying liver disease1-3. Pathologically, iron can be present within the hepatocytes and/or 

inside the Kupffer cells of the mononuclear phagocytic system (MPS). Within the 

hepatocytes, iron excess leads to oxidative stress and hepatocellular necrosis, a condition 

known as sideronecrosis3. In these patients, iron accumulation in the MPS is associated with 

a more severe liver disease1,4,5. 

Iron overload is recognized on magnetic resonance (MR) images due to its lowering of the 

tissue signal intensity. Iron deposits within the liver and pancreas is characteristic of severe 

hereditary hemochromatosis; a pattern of liver, spleen and bone marrow overload relates to 

iron inside the MPS cells; while isolated liver deposition is classically associated to milder 

forms of hereditary hemochromatosis or to chronic liver diseases6,7. However, patients with 

chronic diffuse liver diseases and no transfusional history often show a wide spectrum of iron 

distribution within liver, pancreas, spleen and bone marrow in MR studies, suggesting that 

iron accumulation may not be limited only to the liver.  

Quantitative MR assessment of liver iron overload by means of transverse relaxation rates 

(R2*) relaxometry has emerged as a noninvasive, safe and accurate alternative to liver 

biopsy for the evaluation and follow-up of patients with hereditary hemochromatosis and 

transfusional hemosiderosis2,8. MR derived R2* calculations have also been used to assess 

iron in other organs such as pancreas, spleen and vertebral bone marrow in patients with 

thalassemia, other iron-loading anemias and primary hemochromatosis, providing new 

insights into the pathophysiology of systemic iron distribution9,10. However, to the best of our 

knowledge, a combined evaluation of the iron-related R2* changes in the liver, pancreas, 

spleen and bone marrow has never been established in the context of chronic diffuse liver 

diseases.  

The aims of this study were to quantitatively assess liver, pancreas, spleen and bone marrow 

iron deposits and distribution, by means of the R2* values, in a series of patients with chronic 

diffuse liver diseases and liver biopsy. We also aim to evaluate the relationship among R2* 

measurements in the different organs and to assess the relationship between tissue iron 

overload and the intracellular hepatic iron distribution (hepatocytes and/or Kupffer cells). 
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Materials and Methods 

 

The Institutional Review Board approved this prospective single center study. All recruited 

patients gave their written informed consent to participate. 

Over a period of one year, all consecutive patients with diffuse liver disease who underwent 

clinically indicated liver biopsy, were scheduled for a liver MR examination. For the purpose 

of this study, patients with diagnosis of hereditary hemochromatosis (n=8) and liver 

transplant (n=32) were excluded from further analyses. In addition, patients with severe 

pancreatic atrophy and diffuse pancreatic duct dilation (n=2) or with movement related MR 

imaging artifacts (n=1) were also excluded. No patient had history of chronic blood 

transfusion. 

Finally, the study population included 56 patients (30 men and 26 women), with a mean age 

of 44.7 (standard deviation, 13.8; range, 19–77) years.  

The histological and laboratorial based etiology of the liver diseases was chronic hepatitis C 

virus infection (n=15), alcoholic liver disease (n=6), auto-immune chronic hepatitis (n=15), 

chronic hepatitis B virus infection (n=5), non-alcoholic fatty liver disease (n=9) and non-

specific chronic hepatitis (n=6). Serum ferritin values were retrieved from the patient’s clinical 

data files. Because ferritin values may change over time, only ferritin measurements from 

within 30 days from liver biopsy and MR examination were considered for this study (n=37 

patients).  

  

Liver biopsy and histopathological analysis 

Percutaneous liver biopsy samples were acquired under ultrasonography guidance (16-18G 

needles). Biopsy was used as the reference standard for grading hepatic iron deposits. A 

pathologist (XX, more than 10 years’ experience), blinded to the MR results, evaluated the 

biopsy samples using hematoxylin-eosin and Perls’ Prussian stains for iron grading11. 

Furthermore, the main cellular stainable iron distribution compartment was classified as 

within hepatocytes or inside Kupffer cells. 

 

MR imaging 

Most of the patients (53 patients, 95%) had MR examination performed in the same day as 

liver biopsy, and all patients had a liver MR examination performed within 21 days from the 

liver biopsy (mean time 2.2 days, interquartile range 1 day). The MR studies were performed 
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at a single institution with a 3T MR equipment (TX Achieva, Philips Healthcare, The 

Netherlands), using a sixteen-channel phased-array surface coil. A 2D multi-echo chemical 

shift encoded sequence was performed (12 echoes, TE’s=0.99 to 8.69, short echo 

spacing=0.7ms; TR=10 ms; 10º flip angle; 34 slices; voxel dimensions, 3x3 mm; slice 

thickness, 7 mm; 0.3 mm gap; reconstruction voxel size, 2x2 mm; field of view, 375x302 mm; 

parallel imaging effective acceleration factor, 1.8; bandwidth, 2433 hertz per pixel). The total 

acquisition time for imaging the upper abdomen under end-expiratory phase single breath-

hold acquisition never exceeded 15 seconds. 

Quantification of iron-related R2* measurements was performed using QLiver software 

(QUIBIM, Valencia, Spain) (Fig. 1), which is based on least squares analysis by Levenberg-

Marcquardt algorithm, being used for the simultaneous quantification of R2* and proton 

density fat fraction12. MR images were evaluated by a trained research student (XY, 3 

months’ experience performing liver MR measurements) under the supervision of an 

experienced abdominal radiologist (XZ, 10 years’ experience). Both readers were blinded to 

histopathological results. Liver iron-related R2* values (s-1) were calculated as the average 

measurements of eight circular regions of interest (ROI) of 8 mm diameter. These ROIs were 

manually placed in the right hepatic segments, avoiding vessels and lesions. Pancreatic R2* 

values were estimated as the average of 6 mm diameter ROIs, placed within the 

parenchyma at the head, body and tail of the pancreas. Splenic R2* values were calculated 

as the average of three measurements obtained with 8 mm circular ROIs located in the 

splenic parenchyma. Vertebral bone marrow R2* values were estimated as the average 

values of three 8 mm ROIs, manually placed in the body of the 12th dorsal to the 2nd lumbar 

vertebras. 

 

Statistical analysis  

Descriptive statistics were used to summarize the patients’ characteristics.  Categorical 

variables were evaluated by Fisher’s exact test.  

Groups’ data are presented as mean and standard deviation, or median and 

interquartile range. All the R2* values distributions were non-symmetrical, even after several 

transformations. Differences of R2* values between histological groups of hepatic iron 

loading and between groups of different cellular iron distribution compartments (iron only in 

hepatocytes versus iron present in Kupffer cells) were assessed by Kruskal-Wallis test with 

post-hoc Mann-Whitney test and Bonferroni correction. The reported p-value, which is 

multiplied by the number of comparisons (3 comparisons), reflects the Bonferroni adjustment.  
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The Spearman correlation coefficient used to correlate liver, pancreas, spleen and vertebral 

bone marrow R2*, and also ferritin values. The Spearman correlation coefficient was also 

used to calculate the degree of association between continuous (liver, pancreas, spleen and 

vertebral bone marrow R2* measurements, and ferritin values) and ordinal variables (liver 

histologic iron scores). SPSS (version 24; SPSS, IBM, Chicago, Ill) was used for the 

analysis.  

A p< 0.05 was considered as statistically significant for all tests, including the Bonferroni 

adjusted p-values in multiple comparisons. 

 

Results 

 

Histopathological and laboratory results 

In the 56 liver specimens, 25 patients had no iron deposits identified at histological 

examination (grade 0). On the contrary, 31 had hepatic iron overload. Of these, 19 patients 

were classified as grade 1, 10 patients were grade 2, and 2 patients were grade 3. For 

statistical analysis, iron histological grades were grouped as grade 2-3 (12 patients).  

The main cellular distribution of iron deposits was registered in 21 of the 31 patients with iron 

overload: 9 samples had iron only in hepatocytes and 12 cases had iron inside the Kupffer 

cells. There was an association between the histological hepatic iron score and the 

histological cellular pattern of iron distribution. Stainable iron within the Kupffer cells was 

more frequent in patients with higher liver iron scores whereas only 1 patient with high iron 

overload had iron only within hepatocytes (Fischer’s Exact Test, p=0.01; RS =0.63, p=0.002) 

(Table 1). There was no significant association between the etiology of liver diseases and the 

main histological cellular pattern of iron distribution (Fischer’s Exact Test, p=0.29).  

The mean ferritin (ng/ml) value was 507, median 259 and IQR 641-167. There were no 

significant differences of ferritin values among different groups of diffuse liver diseases. 

 

Liver R2* measurements 

The mean liver R2* values were 55 s-1 (median 45, IQR 72-37, range from 26 to 126 s-1). 

These measurements were positively correlated with serum ferritin levels (RS =0.53, p<0.01). 

This correlation was stronger in cases with ferritin values below 1000 ng/ml (RS =0.69, 

p<0.01) (Fig. 2, Table 2). 
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Liver R2* values were significantly different across the different histological iron grades 

(Kruskal-Wallis, p<0.01), increasing with the histologic iron grade (RS =0.58, p<0.01) (Table 

3, Fig. 3). Using Bonferroni post hoc correction, the R2* measurements were significantly 

different (p<0.01) between grade 0 and 2-3 and between grade 1 and 2-3.  

A significant correlation was found between liver and spleen R2* measurements (RS =0.71, 

p<0.01) or liver and vertebral bone marrow R2* (RS =0.66, p<0.01) (Fig. 4A, 4B) but not 

between hepatic and pancreatic R2* values (RS =0.22, p=0.096) (Table 2). Splenic R2* 

measurements were also correlated with bone marrow R2* (RS =0.72, p<0.01) (Fig. 4C, 

Table 2). Pancreatic R2* values were not correlated with spleen (p=0.052) neither with 

vertebral bone marrow (p=0.12) R2* measurements nor with serum ferritin levels (p=0.07).  

Regarding the iron main cellular distribution, the highest R2* values in liver, spleen and bone 

marrow were found in patients with stainable iron inside the Kupffer cells (Fig. 5 A-C). 

Patients with iron in Kupffer cells had significantly higher hepatic R2* values than patients 

with iron only in hepatocytes or no iron overload (p<0.01). There were no significant 

differences between hepatic R2* measurements in patients with iron only in hepatocytes and 

patients with no iron overload (p>0.05) (Fig 5A). Furthermore, no significant differences were 

observed in splenic and bone marrow R2* measurements between patients with hepatic iron 

only in hepatocytes and patients with no hepatic iron overload (p>0.05) (Fig 5B, 5C). 

Unfortunately, multifactorial analyses considering the effect of histological iron grade and the 

iron cellular distribution in the R2* measurements from different tissues could not be 

performed due to the small number of patients. 

 

Discussion 

 

Although hepatic iron overload is seen in some cases of chronic diffuse liver diseases, the 

splenic and bone marrow involvement has not been appreciated in the imaging literature. 

However, our results in a cohort of patients with different diffuse liver diseases show a 

positive correlation between liver, spleen and bone marrow iron accumulation, as measured 

by MR derived R2* quantification. Iron liver deposits were pathologically found either at the 

MPS or at the hepatocyte compartment. The hepatic, splenic and bone marrow R2* 

measurements were higher in patients with iron within Kupffer cells, compared to patients 

with no iron overload. Hepatic R2* measurements were also significantly higher in patients 

with iron within Kupffer cells than in patients with iron only in hepatocytes. Furthermore, 

although the difference was not statistically significant, patients with iron within Kupffer cells 



Chapter III - Results 
 

 

116 

also had higher splenic and bone marrow R2* measurements than patients with iron only in 

hepatocytes.  

Liver R2* quantification is being increasingly employed in the clinical practice as a surrogate 

biomarker of iron concentration, particularly in patients with hereditary hemochromatosis and 

hemosiderosis secondary to iron loading anemias or chronic transfusion therapies8,13. 

Abdominal MR sequences acquired for liver iron concentration quantification can also be 

used to define and quantify iron accumulation in other tissues, such as pancreas, spleen and 

bone marrow9,10,13-17. These MR images show a different iron load distribution amongst these 

abdominal organs. The particular organ deposits have been related to the mechanisms of 

iron flow and tissue overload in the different diseases. In transfusional iron overload, excess 

of iron accumulates in the MPS cells within the liver, spleen, and bone marrow and, when 

these saturate, iron flows to the parenchymal cells of the liver and pancreas. On the other 

hand, in hereditary hemochromatosis, the non-regulated intestinal absorption of iron results 

in iron accumulation in parenchymal cells of liver and afterwards the pancreas, usually 

sparing the spleen and bone marrow2,6,18. 

Mild to moderate iron overload is a common histological finding in chronic liver diseases. The 

excesses of iron potentially lead to oxidative stress19, which contributes to progression and 

worsening prognosis of the underlying liver disease5. However, the mechanisms behind this 

iron accumulation are still debated. Local pathogenic factors may inhibit the hepatic 

production of hepcidin20, the key regulator of the intestinal iron absorption and the iron 

recycling by macrophages21. This inhibition results in systemic iron overload. On the other 

hand, local necro-inflammatory changes might contribute to iron accumulation in the MPS 

cells. Engulfment of iron-loaded dead bodies by Kupffer cells increases the expression of 

profibrogenic factors, and persistent activation of these cells promotes the development of 

fibrosis22. Whether other major MPS containing organs, such as the spleen or the bone 

marrow, might also accumulate iron as a systemic response to liver inflammation, is not 

known and constitutes the focus of the present study. We used non-invasive MR imaging to 

simultaneously quantify R2*values as a biomarker for iron loading in liver, spleen, bone 

marrow and pancreas, in a cohort of patients with chronic diffuse liver diseases. Although 

previous reports have evaluated the role of R2* MR quantification in diffuse liver disease23-26, 

demonstrating a high correlation with liver biopsy iron scoring, the assessment of iron 

accumulation in organs others than the liver has not been performed in patients with primary 

chronic liver diseases. 

In this study, a positive correlation between liver, splenic and bone marrow iron accumulation 

was observed in patients with different diffuse liver diseases. The liver, spleen and bone 

marrow R2* values were also shown to be higher in patients who had iron inside Kupffer 
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cells when compared to patients with iron main accumulation in hepatocytes. In our series, 

there was no relationship between pancreatic and the other organs iron deposits. This is in 

agreement with reports of patients with thalassemia and other hematologic iron overload 

diseases, where such relationship was not found9 or very poor10. Although there is a report 

with a significant correlation between pancreas and liver iron concentration in children with 

sickle cell anemia, this relationship was only established in patients with the highest liver iron 

concentrations17. In contrast to these patients with iron overload hematological diseases, 

patients with primary chronic liver diseases have mild to moderate hepatic iron 

concentrations. This might explain the lack of association between liver and pancreatic R2* 

measurements in our cohort. 

The pattern of liver, spleen and bone marrow R2* relationships in our cohort of patients with 

chronic liver diseases is similar to that previously found in transfusion dependent children 

with sickle cell anemia17 or thalassemia9. This observation suggests that iron tissue 

distribution in chronic diffuse liver disorders conveys the general pattern of preferential MPS 

accumulation, in contrast with the preferential hepatocellular iron accumulation that is 

typically observed in hereditary hemochromatosis. There were no significant differences in 

splenic and bone marrow R2* measurements in patients with iron in hepatocytes as 

compared with patients with no iron overload. On the other hand, patients with hepatic iron 

within the Kupffer cells had the highest hepatic, splenic and bone marrow R2* 

measurements.  

It should be stressed that a clear distinction between the different iron distribution patterns is 

an important aspect in the differential diagnosis of iron overload disorders. In this context, the 

use of R2* measurements appears as a very promising quantitative novel non-invasive 

clinical tool. In addition, quantitative iron distribution evaluation by objective R2* MR derived 

methods might be also helpful in clinical trials using iron removal strategies, such as iron 

chelators, as well as to investigate the physiopathology of iron metabolism in chronic liver 

diseases. 

Our study has some limitations. First, we did not have a pathological reference proof for iron 

accumulation in the pancreas, spleen nor bone marrow, since biopsies in these organs are 

precluded for ethical constrains. Also, R2* radiological measurements and histological liver 

biopsy samples evaluation were performed by single observers, and inter- or intra-observer 

variability values were not assessed. However, the repeatability and accuracy of R2* 

methodology has been demonstrated27,28. We also recognize the small number of patients in 

each group of hepatic iron overload and iron cellular distribution as a limitation, which has 

also impaired the use of multifactorial analysis to assess the relative impact of iron overload 

and cellular distribution of hepatic iron overload. Histological evaluation of iron overload was 
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based on categorical score, which might underestimate the correlation with R2* quantitative 

continuous values. Unfortunately, quantitative analytical methods for liver iron concentration 

require a different liver sample and are usually not performed in clinical practice for 

assessment of diffuse liver diseases. Fat can be a confounding factor for R2* measurements 

due to signal modifications, as fat can be found within the liver, pancreas and bone marrow. 

However, we used a multi-echo chemical shift encoded sequence approach, considering 

only the water contribution to the R2* measurements, minimizing this bias12. 

In summary, a significant correlation between the liver, spleen and bone marrow iron loading 

exists in diffuse liver diseases, as assessed by R2* MR derived measurements. Pancreatic 

R2* values were not correlated with iron within the other abdominal organs. Patients with the 

highest hepatic iron scores and with iron histologically demonstrated within liver Kupffer cells 

have the highest splenic and bone marrow R2* values, suggesting systemic MPS iron 

accumulation. Finally, reporting the R2* measurements in other abdominal organs besides 

the liver bring new insights into the pathophysiology of iron deposition in diverse chronic 

diffuse liver diseases.  
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Table 1. Distribution of patients according to the histological hepatic iron score and the 

histological cellular pattern of iron distribution (available in 21 of the 31 patients with 

histological hepatic iron overload). Stainable iron within the Kupffer cells was more frequent 

in patients with higher hepatic iron scores (Fischer’s Exact Test, p=0.01; RS =0.63, p=0.002). 

 

 Histological hepatic iron score  
Total 1 2-3 

Iron within 

hepatocytes only 
8 1 9 

Iron present in 

Kupffer cells 
3 9 12 

Total 11 10 21 
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Table 2. Correlation coefficients between R2* from different tissues, and the serum ferritin 

levels or hepatic histologic iron score. 

 

Spearman 

Correlations 

Liver 

histologic 

iron score 

(n=56) 

Ferritin 

(n=37) 

Liver R2* 

(n=56) 

Spleen R2* 

(n=56) 

Vertebral 

bone marrow 

R2* 

(n=56) 

Pancreas 

R2* 

(n=56) 

Liver R2* 0.58** 0.53**       

Spleen R2* 0.52** 0.49** 0.71**    

Vertebral 

bone 

marrow R2* 

0.41** 0.43** 0.66** 0.72**   

Pancreas 

R2* 

0.19 n.s. 0.30 

n.s. 

0.22 n.s. 0.26 n.s. 0.21 n.s.  

** p<0.01 

*  p<0.05 

n.s. = not significant 
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Table 3. R2* from different tissues in the whole study population or stratified by histologic 

grading of hepatic iron deposition. 

 

 Liver R2*  

 

Spleen R2*  Vertebra bone 

marrow R2*  

Pancreas R2*  

In the whole 

population 

55, 45, 72-37 40, 29, 51-18 187, 184, 217-

143 

34, 32, 38-29 

Grade 0 42, 38, 46-34 26, 21, 29-15 164, 157, 195-

133 

32, 32, 34-29 

Grade 1 53, 44, 64-39 40, 35, 44-24 192, 192, 218-

150 

36, 31, 39-28 

Grade 2-3 86, 85, 109-

73 

69, 58, 103-38 228, 232, 260-

181 

37, 35, 44-28 

 Data are mean, median and IQR (s-1) 
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Figure 1. R2* values estimated in a 56-year-old male patient with chronic HCV infection and 

hyperferritinemia (1902 ng/ml). Liver biopsy revealed histological iron grade 2. Axial 

abdominal MR images (A, B) show regions of interest (ROI) in the liver, spleen, vertebra 

bone marrow and pancreas, estimating R2* values of 101 s-1, 108 s-1, 265 s-1 and 23 s-1, 

respectively.  

A B 
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Figure 2. Scatterplot demonstrating the correlation between hepatic R2* measurements and 

serum ferritin levels (RS =0.58, p<0.001). This correlation was stronger in cases with ferritin 

values under 1000 ng/mL (RS =0.69, p<0.001). 
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Figure 3. Box and whisker plots of hepatic R2* values measured in all patients in comparison 

to the histologic iron score. The differences of R2* values were significant (p<0.05) between 

all histological groups of hepatic iron loading. Horizontal lines indicate significant differences 

between groups, evaluated by post hoc analysis, with Bonferroni adjusted p-value for 

distinguishing different histological grades <0.05. 



Chapter III - Results 
 

 

127 

 

 

Figure 4. Scatterplots demonstrating the relationship between hepatic, splenic and bone 

marrow R2* measurements. A significant correlation was found between hepatic R2* 

measurements and spleen R2* (A) (RS =0.71, p<0.001), hepatic and vertebral bone marrow 

R2* (B)(RS =0.66, p<0.001) and between spleen and bone marrow R2* (C) (RS =0.72, 

p<0.001). Pancreatic R2* values were not correlated with any of other tissues. 

A 

B 

C 
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Figure 5. Box and whisker plots of liver (A), spleen (B) and bone marrow (C) R2* values 

measured in all patients, compared with hepatic histologic iron cellular distribution. The 

highest R2* values in liver (A), spleen (B) and bone marrow (C) were found in patients with 

stainable iron inside Kupffer cells. Horizontal lines indicate significant differences between 

groups, evaluated by post hoc analysis, with Bonferroni adjusted p-value <0.05. 

 

A 

B 

C 
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Abstract  

 

 

Purpose: To evaluate the usefulness of MRI R2* measurements for estimating total body 

iron stores (TBIS) in hereditary hemochromatosis (HH) patients under intensive treatment 

(IT) and to monitor iron re-accumulation in patients under maintenance treatment (MT).  

Materials and Methods: 48 HH patients (15 observations under IT, 38 in MT) were recruited 

to performed an MR to simultaneously calculate iron-related R2* and liver fat accumulation. 

R2* measurements of liver, pancreas, spleen and bone marrow were compared to TBIS, 

using linear regression analysis. Liver R2* was also compared with biopsy liver iron 

concentration (LIC). Serum ferritin (SF) cut-offs in MT patients were determined by ROC 

analysis, to differentiate iron re-accumulation, as compared to 21 healthy controls. 

Results: There was a close relationship between liver and pancreas R2* and TBIS, and 

between liver R2* and LIC. SF cut-off of 160ng/mL distinguished iron re-accumulation in MT 

patients (AUC of 0.889, CI95% 0.786-0.991, p<0.01). Liver steatosis was more frequent in 

patients with SF>100 ng/mL (Fisher exact test=0.03), being present in 83% of patients. 

Conclusion: TBIS can be estimated in HH before IT using liver and pancreas R2*. During 

MT, iron re-accumulation might be excluded for SF<160 ng/mL. Liver steatosis is frequently 

present when SF>100 ng/mL.  

 

 

Keywords:  

Magnetic Resonance Imaging; R2*; Total body iron stores; phlebotomy; hereditary 

hemochromatosis 
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Introduction 

 

Hereditary hemochromatosis (HH) is the most common and well-defined cause of inherited 

iron overload. The vast majority of patients are homozygous for the p.C282Y variant of the 

HFE gene (European Association for the Study of the Liver, 2010). Without therapeutic 

intervention, p.C282Y homozygous subjects are at risk of developing severe iron overload 

with consequent tissue damage and disease. HH related morbidity and mortality, however, 

can be effectively reduced and even prevented by regular venesection, which is used as a 

standard therapy in HH for more than 60 years (Niederau et al, 1985; Crosby, 1991). This 

treatment is performed in two phases: in a first phase, a course of intensive (usually weekly) 

phlebotomies is aimed to deplete the accumulated total body iron stores; in a second phase, 

maintenance phlebotomies are performed to prevent iron re-accumulation (European 

Association for the Study of the Liver, 2010). 

In spite of being a well-accepted, efficient and safe procedure, phlebotomies may raise some 

concerns to the patients. One major constrain is the limitation of the patients’ daytime 

activities, with obvious implications for the quality of life (Brissot et al, 2010). This is most 

critical during intensive treatment (IT), but it is also important during the maintenance 

treatment (MT) phase, as some patients may need phlebotomies every 1 or 2 months to 

maintain serum ferritin (SF) at low levels (Brissot et al, 2010). In order to manage the 

patients’ expectations and optimize treatment compliance, it is important to predict the 

amount of iron mobilized during IT and to define reliable and safe endpoints for SF during the 

maintenance phase.  

There is, however, no formally established optimal SF target to prevent iron re-accumulation 

once iron depletion has been achieved. The most widely advocated clinical practice is to 

maintain SF values in the low range of 50-100ng/mL (European Association for the Study of 

the Liver, 2010), although some authors also accept values in the normal range (SF under 

300 ng/mL in males, under 200 ng/mL in females) (Vanclooster et al, 2016). To the best of 

our knowledge, no studies have compared the presence and amount of liver iron re-

accumulation in patients that maintain their SF levels closer to the normal upper limit (300 

ng/mL) relative to those who maintain SF values below 100 ng/mL.  

We have recently implemented a 3 Tesla multi-echo chemical shift-encoded gradient echo 

magnetic resonance (MECSE-MR) sequence to simultaneously quantify liver steatosis and 

iron overload in a wide spectrum of diffuse liver diseases. With biopsy as reference standard, 

this method has a high accuracy for both fat and iron quantification (França et al, 2017). In 

the present study, we aimed to evaluate the usefulness of the MECSE-MR method for 

predicting and monitoring body iron stores in HH patients under phlebotomy treatment. 

Besides the advantage of simultaneously quantifying liver steatosis and iron stores, this 



Chapter III - Results 
 

 

134 

method also allows to evaluate iron quantification and distribution in other tissues, such as 

pancreas, spleen and bone marrow, within the same MR examination (Wood, 2014). This 

might allow an integral approach to calculate the total body iron stores (TBIS) amount. To the 

best of our knowledge, the relationship between tissue R2* measurements and TBIS, 

measured by quantitative phlebotomies, has never been described before.  

 

Materials and Methods 

 

Study design 

First, the relationships between MR derived R2* measurements in several abdominal tissues 

(liver, pancreas, spleen and vertebral bone marrow) and the TBIS, retrospectively quantified 

by the total amount of mobilized iron, in HH patients undergoing IT. Afterwards, tissue iron 

stores and distribution were assessed using R2* metrics, in a group of HH patients under MT 

and also in a group of healthy volunteers. As secondary objectives, we aimed to evaluate if 

hepatic iron deposition differed in HH patients under MT as compared to normal healthy 

controls, and if there were differences in hepatic iron deposition according to different SF cut-

offs that are used for monitoring HH patients in maintenance treatment. 

 

Subjects and clinical variables 

The Institutional Review Board approved this prospective single center study. All recruited 

patients gave their written informed consent to participate. From August 2013 to September 

2016, patients with HH regularly followed at the Centro Hospitalar do Porto 

Hemochromatosis Center, were consecutively recruited, at the time of their regular clinical 

appointments, to participate and to perform a dedicated MR examination. Patients were 

divided in 2 groups: 1) patients at various stages of IT, in whom the amount of TBIS at the 

time of the examination was estimated; 2) patients performing regular MT, every 3 months, 

for at least 2 years. 

A total of 53 HH patients (39 males and 14 females; mean age±SD, 54.6±12.5 years) were 

included in the study. Forty six patients (from 39 families) were homozygous for the p.C282Y 

variant in the HFE gene while 6 patients (from 3 families) were carriers of both the p.C282Y 

variant and the 138* mutation in the HFE gene. Since this mutation creates a stop codon with 

consequent lack of expression of the protein, patients with this combination are molecularly 

and clinically similar to p.C282Y homozygotes (Mendes et al, 2009). One patient had juvenile 

hemochromatosis, being homozygous for the 5’-25G>A of the HAMP gene. 
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The IT group included 12 patients. In 3 of them, the MR determinations were obtained at two 

time points (Fig 1). The MT group included 43 patients, 2 of these having also been included 

first in the IT group. Four of the 43 MT patients were excluded “a posteriori”, as they had 

hyperferritinemia (>500ng/ml) due to non-compliant to treatment because of uncontrolled 

hypertension (n=1); evidence of lipid and alcohol abuse (n=1); and a dysmetabolic syndrome 

with severe steatosis (n=2). Another patient was excluded because he had no SF available 

at the time of MR examination. The number of years since the end of IT was calculated in 

patients under MT.  

A group of 21 healthy volunteers (12 males, 9 females; age mean±SD, 38.1±16.0 years) 

were recruited as controls.  

  

Quantification of TBIS and serum ferritin  

For patients under IT, the severity of iron overload at the time of the MR examination was 

assessed by retrospective quantification of the total amount of iron removed by phlebotomies 

(in grams) according to the formula: ((Hgb*34*(n*vol)-(3*d))/1000 where Hgb is the average 

hemoglobin level (g/dl) during treatment time, n is the number of phlebotomies performed 

until reaching a SF level of 50 ng/mL, vol is the average volume of phlebotomies (in L) and d 

is the number of days until the end of treatment (Haskins et al, 1952). Serum ferritin was 

determined in all patients, but not in controls, at the same day of the MR examination, by 

validated standard methods.  

 

MR examination 

An MR examination was performed to all patients and controls. A 3T MR equipment (TX 

Achieva, Philips Healthcare, The Netherlands) was used with a sixteen-channel phased-

array surface coil. A multi-echo gradient recalled echo MR sequence evaluated the upper 

abdomen in a single breath-hold acquisition (França et al, 2017; Martí-Bonmatí et al, 2011) 

(Fig 1). Quantification of iron-related R2* measurements was performed using a dedicated 

software (QLiver, QUIBIM, Valencia, Spain). Processing analysis allowed for the 

quantification of iron related R2* values, corrected for the presence of coexisting steatosis, 

while simultaneously estimating the tissue fat fraction, used to assess hepatic steatosis. Liver 

steatosis was defined as a proton density fat fraction (PDFF) higher than 4.8% (França et al, 

2017).  

MR images of HH patients were evaluated by an experienced abdominal radiologist (MF, 11 

years’ experience), blinded to the patients’ clinical data and treatment regimen. Liver iron-

related R2* values (s-1) and proton density fat fraction (PDFF) (%) were calculated as the 

average measurements of four circular regions of interest (ROI) of 8 mm diameter. These 

ROIs were manually placed in the right hepatic segments, avoiding large vessels and 
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lesions. Pancreatic R2* values were estimated as the average of 6 mm diameter ROIs, 

placed within the parenchyma at the head, body and tail of the pancreas. Splenic R2* values 

were calculated as the average of three measurements obtained with 8 mm circular ROIs 

located in the splenic parenchyma, avoiding large vessels. Vertebral bone marrow R2* 

values were estimated as the average values of three 8 mm ROIs, manually placed in the 

body of the 12th dorsal to the 2nd lumbar vertebras, avoiding cortical bone. 

For assessment of repeatability and reproducibility of R2* measurements, a test-retest 

experiment was performed in 10 of the volunteers, who were scanned on two different 

sessions at the same day. Two blinded observers (MF, radiologist, and SS, a student with 6 

months training) separately and independently evaluated the images of the first acquisition, 

to assess inter-observer variability. One of the observers (SS) also evaluated the images of 

the second MR examination, to assess inter-exam variability. R2* measurements were 

estimated with the same methodology as for patients’ evaluation. 

For the purpose of calibration, hepatic R2* measurements were correlated with biopsy 

determined LIC. Five of the 12 patients under IT had a liver biopsy performed at the time of 

the MR examination. The LIC was determined by atomic absorption spectrophotometry from 

liver samples obtained by percutaneous biopsy of the right hepatic lobe, under ultrasound 

guidance. To increase the number of observations for liver R2*-LIC empirical calibration, we 

also recruited consecutive patients who underwent liver biopsy for LIC quantification and MR 

examination during the study period of time. Four other patients consented to participate. 

Therefore, data from a total of 9 male patients (mean age±SD, 49.2±10.3 years) were used 

for the correlation analysis between R2* and LIC. 

 

Statistical analysis 

Groups’ data are presented as mean (SD) or median (range). As R2* values distributions 

were non-symmetrical, even after several transformations, the Kruskal-Wallis test, followed 

by post-hoc Mann-Whitney test with Bonferroni correction, was used to evaluate differences 

in R2* measurements of the different tissues (liver, pancreas, spleen and vertebra bone 

marrow) among groups. The Spearman correlation coefficient was used to calculate the 

degree of association between non-normal continuous variables. Simple linear regression 

was used to assess the relation between hepatic R2* and LIC. We examined the relationship 

between TBIS and tissues’ R2* using a stepwise regression model, where TBIS was taken 

as dependent variable and gender, age and all the R2* tissue determinations were taken as 

independent variables. The Bland and Altman analysis was performed to compare FELIPA 

and TBIS. The results were expressed as mean differences with 95% confidence intervals. 

Area under the receiver operating characteristic (AUC) curve analysis was used to assess 

the best SF cut-off value to diagnose hepatic iron re-accumulation in HH patients under MT. 
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Sensitivity and specificity for the best SF cut-off values were calculated.  

Fischer exact test was used to test if SF values were different in patients with or without 

steatosis, as assessed with MR. 

For the test-retest experiment in control subjects, the agreement between the readers was 

assessed by intra-class correlation coefficients (ICCs) with 95% confidence intervals for the 

average R2* values, for each tissue and on each acquisition. Repeatability was evaluated 

between the first and second acquisitions.  

SPSS (version 22; IBM, Chicago, Ill) and the R software package (version 3.3.2; R 

Foundation for Statistical Computing, Vienna, Austria) were used for analysis. For all tests, a 

two-tailed p value of less than 0.05 was considered statistically significant. 

 

Results 

 

Individual characteristics for HH patients under IT and group characteristics for controls and 

patients with HH under MT are summarised in Table 1.  

 

TBIS and R2* measurements in IT patients 

In IT patients, the TBIS at the time of the MR examination, retrospectively calculated from the 

amount of mobilised iron, were 1.9, 0-12.3 g iron (median, range). Using a stepwise 

regression model where TBIS was taken as dependent variable and gender, age and R2* 

determinations as independent variables, a final linear regression model adjusted for the 

significant variables (liver and pancreas R2*values) gave the equation: TBIS = 0.006 x Liver 

R2* + 0.009 x Pancreas R2* - 1.064. The new variable, corresponding to the TBIS estimated 

by this model, was designated FELIPA, an acronym for iron (FErrum) in the liver (LI) and 

pancreas (PA). TBIS and FELIPA were strongly correlated (RS = 0.96, p<0.01), as shown in 

Fig 2 and as demonstrated by the Bland and Altman plots (Fig 3). 

 

Liver R2* measurements and LIC 

For the 9 patients with LIC quantification, LIC median values were 27 µmol/g dry weight, 

range 13.2-115.3 µmol/g dry weight, while liver R2* median values were 118 s-1, ranging 

from 73 to 725 s-1. 

There was a strong correlation between biopsy LIC and hepatic R2* values (RS=0.93, 

p<0.01) (Fig 4). Using regression analysis, the following significant model was obtained: LIC 

= 6.21 + 0.15 x Liver R2*.  
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Relationship between hepatic R2* and SF in HH patients under MT 

In MT patients, the SF values were significantly correlated with hepatic iron deposits as 

assessed by liver R2* (RS=0.611, p<0.05). There was no significant correlation between the 

number of years since the end of IT and SF or hepatic R2* values. 

The SF threshold of 99 ng/mL identified patients with hepatic R2* higher than 48 s-1, which 

was the mean liver R2* value in the healthy controls, with an AUC of 0.872 (CI95% 0.742-

1.000), 87.5% sensitivity and 85.7% specificity. 

On the other hand, the SF threshold of 160 ng/mL identified patients with hepatic R2* higher 

than 81 s-1, which was the highest liver R2* value in the healthy controls, with an AUC curve 

of 0.889 (CI95% 0.786-0.991, p<0.01), 100% sensitivity and 79.3% specificity.  

Median liver PDFF in patients under MT was 5.5% (range from 2.6% to 18.7%). Liver 

steatosis, defined as PDFF higher than 4.8%, (França et al, 2017) was present in 26 of 38 

patients (67%). Liver steatosis was higher in patients with SF above 100 ng/mL (median 

8.2%, range 2.7%-18.7%) than in patients with SF bellow 100 ng/mL (median 4.6%, range 

2.6%-16.6%) (Mann-Whitney, p=<0.01). Nineteen (83%) of patients with SF higher than 100 

ng/mL had liver steatosis, whereas 7 (47%) of patients with SF lower than 100 ng/mL had 

liver steatosis, the difference being significant (Fischer exact test, p=0.03). 

The relationship between liver R2* and PDFF measurements, in patients with SF below or 

above 100 ng/mL, can be seen in Fig 5 and Fig 6. 

 

Repeatability and reproducibility of R2* measurements 

R2* measurements in liver, spleen and bone marrow showed a strong agreement between 

the two observers and between the two different MR examinations (ICC higher than 0.95). 

Pancreatic R2* measurements showed a good agreement between observers and different 

examinations (ICC higher than 0.78) (Table 2). 

 

Discussion 

 

In this study, we used MR derived R2* measurements as a surrogate marker to estimate 

TBIS in patients with HH under IT with phlebotomies. A new variable, FELIPA, was obtained 

using the iron related R2* measurements of liver and pancreas, which was strongly 

correlated with the TBIS calculated by quantitative phlebotomies, the best reference standard 

for total iron burden (Brissot et al, 1981). Hepatic fat corrected R2* measurements were also 

strongly correlated with LIC determined from liver biopsies, in accordance with previous 

reports (Wood, 2005; Hankins et al, 2009; Garbowski et al, 2014). These results provide 

good arguments to propose FELIPA as a new tool to estimate the TBIS at the time of 

diagnosis in HH patients with iron overload and to manage their expectations on the 
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predicted time of intensive treatment. Future prospective studies with a higher number of 

patients are important for validating our results. That validation will allow, if proven, to 

indicate TBIS predicted values on MR reports requested to HH patients at the time of 

diagnosis, instead of indicating only the predicted LIC. 

Liver R2* can be used as a surrogate marker of iron deposition, defining the best cutoff 

values of SF in HH patients under MT. The most widely advocated clinical practice is to 

maintain SF values in the range of 50-100 ng/mL (European Association for the Study of the 

Liver, 2010), although these values have never been validated. The determination of a 

reliable target for patients under MT is important in order to avoid unnecessary changes in 

the frequency of phlebotomies, considering that SF is not a specific marker for iron overload 

and can also be increased in response to other factors (Wood, 2015). In a personalized 

treatment schedule, a careful evaluation of the real needs is mandatory, being crucial an 

accurate prediction of the risk of accumulating iron in the liver. Using hepatic R2* as an 

imaging biomarker of iron re-accumulation in patients under MT, we reported that the current 

standard SF threshold of 100 ng/mL has indeed a high sensitivity and specificity to assure 

iron depletion. Nevertheless, a SF cut-off value of 160 ng/mL provided 100% sensitivity and 

high specificity to assure iron deposits below the upper value found in apparently healthy 

normal controls. Therefore, this SF value could be used as the cutoff, at least in our 

population. 

Interestingly, liver steatosis was more frequent and more severe in patients with SF above 

100 ng/mL than in patients with lower SF values. Moreover, in patients with SF higher than 

100 ng/mL, SF values were not significantly correlated with hepatic iron, suggesting a 

putative impact of liver steatosis on SF values. The multi-echo chemical shift based MR 

sequence has the advantage to simultaneously evaluate iron deposition (R2*) and steatosis 

(PDFF), without the confounding effect of liver steatosis in iron measurements, as may occur 

with other MR methods, such as signal intensity ration methods (Gandon et al, 2004) or R2* 

relaxometry methods using a mono-exponential fitting decay (Hernando et al, 2014; Yokoo & 

Browning, 2014). We advocate that in cases where SF values raise to levels above 100 

ng/mL in spite of good compliance to regular standard treatment, an MR examination is very 

helpful to determine if there is indeed iron re-accumulation, hepatic steatosis or both.  

Our study has some limitations. First, the number of IT patients to quantify TBIS was small, 

hampering the construction of predictive models to extend to large populations. There was 

also a limited range of TBIS and LIC values. However, given the methodological limitation to 

quantify amounts of iron above a certain level, it is possible that the range used in this study 

corresponds indeed to the range of values where we need more precision in the daily clinical 

practice. 
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In conclusion, FELIPA is a promising new tool to estimate the severity of iron burden and the 

expected IT duration in HH patients. Hepatic fat corrected R2* measurements support the 

use of standard SF cut-off values of 160 ng/mL in HH patients under MT, to prevent iron re-

accumulation. Patients under MT with persistent elevated SF should have an MR 

examination to estimate LIC and exclude significant liver steatosis. 
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Table 1. Characteristics of 12 patients with HH under IT, 3 of them with two different 

observations. Group characteristics for controls and patients with HH under MT are also 

summarized. 

 

Patient n. sex 
 

age 
(y) 

SF 
(ng/mL) 

LIC 
(µmol/g) 

TBIS 
(g) 

Hgb Liver 
R2* 
(s-1) 

Pancreas 
R2* (s-1) 

Spleen 
R2* 
(s-1) 

Bone 
Marrow 
R2* 
(s-1) 

1 M 42 1160 83,2 1,91 14,50 486 29 63 137 

2 M 49 1798  7,43 14 1291 40 108 263 

2 M 49 137  0,95 14,8 163 31 19 127 

3 M 49 36  1,06 14,80 186 93 34 117 

4 M 53 1160 115,3 3,85 14,40 725 59 50 128 

4 M 55 27  0 15,9 44 32 27 139 

5 M 24 805  2,63 15,9 598 30 40 183 

6 M 39 1415 109,8 3,81 15,70 718 44 88 151 

7 M 55 1431 73,11 4,11 13,50 635 352 47 144 

8 M 50 27 19,9 0,00 15,30 91 31 15 123 

9 F 54 572  2,49 11,8 670 25 54 182 

9 F 54 58  0 11,7 192 32 25 118 

10 M 45 3638  12,30 12,90 1270 425 60 226 

11 M 32 38  0,89 15,5 161 29 51 124 

12 M 19 139  0,82 13,1 87 123 43 133 

Patient group SF 
(ng/mL) 

Liver R2* (s-1) Pancreas R2* 
(s-1) 

Spleen 
R2* (s-1) 

Bone Marrow R2* 
(s-1) 

Controls † N/A 48, 42, 35-81, 50-
38 

30, 28, 23-39, 
33-26 

31, 24, 17-
57, 40-20 

189, 174, 134-
270, 226-154 

Patients HH in MT † 132,131, 
9-300, 
188-74 

73, 55, 32-213, 
79-45 

37, 34, 25-103, 
38-28 

30, 29, 11-
57, 36-22 

150, 144, 105-
222, 164-130 

† Mean, median, range, IQR. 

M = male; F = female 
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Table 2. Analysis of inter-examination and inter-reader variability tissue R2* MR 

measurements on 10 controls. Values are intra-class coefficient (95% confidence interval) 

 

 Liver R2* Pancreas R2* Spleen R2*  Bone marrow R2* 

Inter-examination 

variability 
 

0.999  

(0.994-1) 

0.767  

(0.22-0.952) 

0.955  

(0.774-0.991) 

0.988 

(0.949-0.998) 

Inter-observer 

variability 
 

0.996 

(0.983-0.999) 

0.858  

(0.419-0.965) 

0.969  

(0.876-0.992) 

0.990 (0.960-

0.998) 
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Figure 1. Abdominal MR images aquired with the multi-echo gradient recalled echo MR 

sequence (patient number 4) at two differerent time observations. Regions of interest (ROIs) 

were placed in the right hepatic lobe and in the body of the pancreas. By the first observation 

(A), the TBIS were 3,85 g iron and the liver R2* (725 s-1) and pancreas R2* (59 s-1) were 

higher than in the second observation performed at the end of IT (liver R2* and pancreas R2* 

of 44s-1 and 32 s-1, respectively).  
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Figure 2. Correlation between TBIS calculated in patients with HH under IT and the FELIPA 

(for iron in liver and pancreas) values shows a strong positive relationship between the two 

variables (RS = 0.96, p<0.01). 
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Figure 3. Bland and Altman comparison between the TBIS and FELIPA (g). Bias was -0.13, 

CI 95% -1.70 to 1.44. 
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Figure 4. LIC calculated from liver biopsies and liver R2* measurements were strongly 

correlated (RS=0.93, p<0.01). 
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Figure 5. Scatter plot of SF values and liver R2* values in patients with HH under MT 

treatment. Vertical lines indicates the SF cut-off value of 160 ng/mL; horizontal line indicates 

the highest hepatic R2* value in healthy controls, as reference. All patients with SF below 

160 ng/mL have hepatic iron in the same range as healthy controls (100% sensitivity, 79.3% 

specificity). 
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Figure 6. Scatter plot of liver steatosis (PDFF values) and iron deposits (R2* values) in 

patients with HH under MT treatment, grouped by SF values below or above the cut-off 100 

ng/mL. Patients with SF higher than 100 ng/mL had the highest hepatic R2* and PDFF 

values, indicating higher accumulation of iron and steatosis, respectively.	
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9 
Discussion 
  
MR imaging is a valuable tool for assessing features of liver diseases, such as fat and iron 

deposits, inflammation and fibrosis. The contribution of this Thesis for the validation of MR 

imaging biomarkers of hepatic steatosis, iron deposition, inflammation and fibrosis will be 

discussed. 

 
9.1. Accuracy of MR derived PDFF and R2* measurements, as imaging biomarkers of 

liver steatosis and iron overload, in patients with diffuse liver diseases 

 

Multiecho chemical-shift encoded (MECSE)-MR sequences, if corrected for T1 and T2* 

effects and modeled to the multiple fat peaks, provide accurate PDFF measurements. A 

recent meta-analysis (Takeshi Yokoo et al, presented at 102th RSNA Annual Meeting, 2016, 

Chicago, USA), including 21 articles, most of them with NAFLD patients, demonstrated an 

excellent linearity (slope 0.975, CI95% 0.967 - 0.982; R2=0.959) between PDFF acquired 

with MECSE-MR sequences and PDFF obtained from MR spectroscopy, this being used as 

the reference standard. The MR derived PDFF measurements had a negligible bias and a 

high precision across the different field strengths, vendors and reconstruction algorithms 

(repeatability coefficient of 2.9%; reproducibility coefficient of 4.3%, incorporating additional 

sources of variability like field strength, vendor, reconstruction algorithm). Previous studies 

[76, 77, 80, 90] have also demonstrated that MECSE derived PDFF measurements have an 

excellent correlation with liver biopsy (rho ranging from 0.69 to 0.92), and high accuracy to 

discriminate different histological grades of liver steatosis (AUC ranging from 0.825 to 0.950), 

the threshold value for diagnosing liver steatosis ranging from 2.9 to 6.4% [76, 77, 80, 90]. In 

this comparison against liver biopsy, it is quite relevant to highlight that, although PDFF 

measurements are highly correlated with liver biopsy, their approaches are not equivalent as 

MR and biopsy use different metrics: PDFF measures the proportion of fat protons in the liver 
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parenchyma whereas pathologists evaluate the percentage of hepatocytes with fat vesicles 

[76, 106]. 

MECSE-MR sequences also allow to estimate the hepatic T2* decay from the same image 

data set, either assuming a single T2* for fat and water signals or by considering a bi-

compartmental model, with a different T2* decay for water and fat signals. Water and fat T2* 

decay measurements, expressed as R2* (s-1) values, are used to correct the effect of T2* 

decay in the PDFF quantification. Moreover, as the presence of iron directly influences the 

tissue T2* decay, water R2* measurements can also be used to estimate the amount of 

hepatic iron deposition [83].  

The novelty of our work [107] was to perform simultaneous quantification of liver steatosis 

and siderosis using a MECSE-MR sequence in patients with a wide spectrum of chronic liver 

diseases (and not only NAFLD patients), having liver biopsy as the gold standard. The 

histological examination allowed us to investigate the effect of fat and iron overload on each 

other quantification and, also, to interrogate the effect of other potential confounders such as 

liver inflammation and fibrosis. We observed a high correlation between PDFF 

measurements and histological grading of steatosis, and between R2* measurements and 

histological grading of iron overload. Furthermore, PDFF and R2* measurements 

discriminated, with high accuracy, among different grades of liver steatosis and siderosis, 

respectively. We also reported that hepatic inflammation and fibrosis did not influence the 

PDFF or R2* measurements.  

 

9.1.1 Simultaneous quantification of fat (PDFF) and iron (R2*) with a MECSE-MR 

sequence 

 

In 2008, two different studies [67, 68] showed that MECSE-MR sequences can be used for 

both fat (PDFF) and iron (R2*) quantification. Since then, few studies addressed the 

simultaneous quantification of MECSE-MR derived PDFF and R2* measurements in liver 

parenchyma [80, 90, 108-111]. In the studies of Kang et al [90] and Lee et al [108], the 

outcome variable was PDFF whereas histological iron [90] and T2* assessment [108] were 

considered only for the purpose of investigating the effect of hepatic iron in the PDFF 

quantification. In these studies, PDFF measurements corrected for T2* effect were more 

accurate than non-T2* corrected PDFF measurements. On the other hand, Kuhn et al [80] 

investigated the effect of fat in R2* measurements, but their population study had low grades 

of iron overload (hepatic R2* below 200 s-1, using a 1.5T magnet). Hernando et al [110] 

focused in developing techniques for fat and noise correction for R2* mapping, reporting that 

the use of fat-correction and complex fitting (using both magnitude and phase images for 

unraveling the water-fat ambiguity intra-voxel) improves the robustness of R2* 
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measurements as a quantitative biomarker of hepatic iron overload. Vasanawala et al [111] 

demonstrated the feasibility of a MECSE-MR sequence, the T2* Iterative Decomposition of 

water and fat with Echo Asymmetry and Least-squares estimation (IDEAL) sequence (GE 

Healthcare, Waukesha, Wisconsin, USA) for fat-corrected iron overload assessment in 

patients with suspected transfusional iron overload, having a standard 2D multi-echo 

technique as reference standard but without any validation with liver biopsy and without 

performing simultaneous PDFF measurements. More recently, Horng et al [109] 

concentrated in the effect of different R2* fitting models in fat quantification, as compared to 

MR spectroscopy (a single R2* model, assuming a common R2* decay rate for both fat and 

water signals, versus a dual R2* model, considering independent R2* decay rates for water 

and fat). Nevertheless, the presence of iron overload was determined by serum ferritin 

values rather than by liver biopsy; moreover, this study did not provide accuracy 

measurements for simultaneous fat and iron quantification. 

For optimizing simultaneous quantification of PDFF and R2* measurements, we adjusted our 

MECSE-MR method in an effort to minimize possible biases.  

MECSE-MR sequences must be corrected for the effect of T1 bias, which can be minimized 

by using a low flip angle (lower than 10º) [112]. However, a very low flip angle may be 

detrimental for iron quantification because it decreases the sequence’s signal to noise ratio 

(SNR) [83]. Our MECSE sequence has a TR selected to minimize the acquisition time while 

having a small T1 influence. The combination of flip angle (close to Ernst angle) and TR was 

settled to optimize SNR and contrast. We assumed that noise was significantly decreased 

with the selected TR and flip angle, which where both optimized for SNR. Moreover, complex 

fitting-based techniques like ours do not suffer from noise floor effects [89, 111]. The flip 

angle of 10º might still have some measurement uncertainty due to residual T1 bias. This 

bias has been estimated to introduce a maximum deviation of 5.4% for PDFF values around 

50% [112].  

Our MECSE-MR sequence uses 12 echoes, with a short echo spacing (0.7ms). The number 

of echoes was chosen to have an adequate sampling of the sinusoid signals following the 

Nyquist theorem. Due to the cyclic nature of the signal, samples should be obtained at twice 

the signal frequency. The TE spacing (0.7ms) is close to half of the in-phase to out-of-phase 

period (approx. 1.15ms). The number of echoes might be smaller for PDFF quantification 

without decreasing accuracy [113], however more than 10 echoes should be acquired when 

R2* quantification is intended [89]. Moreover, the first echo and the echo spacing should be 

as short as possible (1 msec or less) to better capture the signal decay in cases of severe 

iron overload [89]. As true proton density (PD) weighting with null contribution from T1 and 

T2 weighting cannot be obtained, we recognize that an acceptable approach is PD weighted 
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gradient-echo sequence with the smallest T1 and corrected T2* contributions, optimized for 

the dual purpose of fat and iron quantification.  

  

9.1.2. Possible biases in PDFF (fat) and R2* (iron) quantification 

 

Previous studies reported that PDFF quantification is accurate even in the presence of iron 

overload, as long as it is corrected for T2* effects [80, 90, 108, 109]; however, those studies 

had only patients with low grade iron overload. Nevertheless, in our study, while iron 

overload did not affect PDFF measurements in the univariate analysis, we observed that 

PDFF was overestimated in patients with high grade iron overload (R2* higher than 500 s-1, 

corresponding to histological iron grade 4 and to a LIC estimated value of 81 µmol/g). The 

reason for this observation is that severe iron overload results in very short T2*, leading to 

extremely low MR signal and lack of signal with sufficient SNR [111]. In this situation, the fat-

water separation and accurate fat quantification might be hampered. Prospective studies with 

larger populations or using phantoms are needed to establish the most precise R2* cut-off 

value above which accurate PDFF quantification cannot be properly obtained. 

Regarding iron quantification, water R2* measurements were well correlated with histological 

iron grade and were not influenced by fat, inflammation or fibrosis. While a good correlation 

was found with histological iron grade, histological scores are not a perfect standard because 

they are based on a visual subjective score rather than on quantitative metrics. 

Unfortunately, LIC measurements with spectrophotometry require an extra liver sample, 

increasing the risks and the costs of liver biopsies, being seldom performed in clinical 

routine. The correlation between R2* measurements and iron histological scores might also 

be affected by the presence of iron within the Kupffer cells, which is commonly seen in 

diffuse liver diseases [46]: R2* measurements reflect liver iron without discriminating its 

cellular location whereas iron within Kupffer cells is usually not taken into account for the 

histological scoring [40].  

A previous study using a R2* relaxometry method also reported that fibrosis did not interfere 

with R2* quantification [86], as in our study, although they did not assess fat and 

inflammation.  

Most clinical studies addressing hepatic iron quantification with MECSE-MR sequences were 

performed with 1.5T magnets [80, 87]. Nevertheless, 3T magnets are increasingly being 

used for abdominal imaging, with potential advantages regarding higher signal to noise ratio 

and shorter acquisition times [114]. On the other hand, imaging with 3T magnets might be 

affected by the higher magnetic field inhomogeneities and by the increased T2* signal decay 

[115, 116]. Recently, Banerjee et al [88] evaluated a multi-echo gradient sequence to 

estimate T2* as surrogate of iron overload in 3T, showing a good correlation with histological 
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scores but without evaluating possible confounding factors. Furthermore, as fat-water 

separation was not incorporated on the T2* decay model, T2* measurements were not fat-

corrected T2*. Other studies evaluated 3T R2* measurements against 1.5 T measurements 

but without direct comparison with liver biopsy [114, 116]: R2* measurements at 3T doubled 

the 1.5T measurements, with excellent linearity [114, 116]. These studies demonstrated that 

iron quantification is feasible at 3T, as has also been shown with animal studies [117]. 

However, the extent of susceptibility artifacts is higher at 3T [115], which might hamper 

measurements in cases of severe iron overload. 

Our R2* threshold of 42s-1 to discriminate the presence of iron is lower than previously 

reported by Banerjee et al [88]. This difference probably results from different population 

characteristics and differences in the acquisition protocols and signal processing. Sex- and 

age-related differences on liver T2* have been reported in a health cohort [118]. Therefore, 

studies in large population studies, including healthy subjects, should be perform to clearly 

establish normal range values for R2* measurements at different field strengths and the 

possible variability with age or sex. 

  

9.1.3 Clinical implications 

 

Coexisting hepatic steatosis and iron overload are frequent in different diffuse liver diseases. 

Therefore, accurate simultaneous quantification of PDFF and R2* by a MECSE-MR 

sequence is advantageous in the evaluation of liver diseases, such as NAFLD and 

dysmetabolic iron overload syndrome, chronic viral or alcoholic hepatitis, or iron overload 

diseases. Because MECSE-MR sequences can be acquired within a single breath-hold, 

these parametric images could be easily implemented in the routine clinical MR evaluation of 

the liver.  

Our results regarding simultaneous quantification of fat and iron are particularly relevant in 

cases of dysmetabolic iron overload syndrome, as hepatic steatosis is frequent in these 

patients [48, 50, 51]. Previous studies evaluating the effects of iron depletion by 

phlebotomies or using dietary restrictions to treat patients with dysmetabolic iron overload 

had contradictory results [52, 119, 120]. One of the factors that might have been misleading 

was the use of MR sequences to calculate hepatic iron deposition that were not corrected for 

the presence of fat, thus leading to biased measurements of hepatic iron [52, 119].  
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9.2. Accuracy of MR derived DWI-IVIM parameters (ADC, D, D*, f) as imaging 

biomarkers of necro-inflammatory activity and liver fibrosis, in patients with diffuse 

liver disease 

  

Nowadays, diffusion-weighted imaging (DWI) is usually performed as part of dedicated 

abdominal MR evaluation. It is comprehensible that it would be clinically useful to detect and 

stage hepatic fibrosis using this MR tool, as a part of one-stop-shop examination for liver 

assessment, without the need of further hardware or even intravenous contrast 

administration. The apparent diffusion coefficient (ADC) values usually decrease with 

increasing grades of fibrosis and cirrhosis [91-96]. However, it is not clear if ADC decreases 

from restrictions in the diffusion of interstitial and intracellular water molecules, from changes 

in the tissue perfusion or from both liver compartments’ restriction [97-102, 121-123]. On the 

other hand, it has also been reported that the presence of concomitant fat and iron deposits 

in the liver parenchyma might affect the signal intensity and the water diffusion derived 

biomarkers [124-128]. Surprisingly, previous studies did not assess the simultaneous 

interaction and potential confounding effects of hepatic fibrosis, inflammation, steatosis and 

siderosis in the DWI and IVIM derived parameters. 

The novelty of our study was to investigate the effect of liver fibrosis, inflammation, steatosis 

and siderosis in the IVIM parameters in patients with diffuse liver diseases. We assessed the 

diagnostic accuracy of IVIM parameters for the voxelwise detection and staging of both 

fibrosis and inflammation, while taking into account the effects of steatosis and iron overload. 

Although the ADC and vascular fraction (f) values were lower with higher fibrosis stages, the 

correlation between these MR measurements and fibrosis stages was weak and the 

accuracy of ADC or f measurements to discriminate the different stages of fibrosis or even 

the necro-inflammatory activity grades was only fair. Furthermore, steatosis influenced the f 

measurements while the pure diffusion (D) values were affected by both steatosis and iron 

deposits. Finally, the pseudo-diffusion or perfusion-related diffusion (D*) parameter was not a 

sufficiently reproducible measure. A more recent meta-analysis [129] yielded similar 

conclusions.  

 

9.2.1. Clinical implications: 

 

Our results do not support the use of DWI or IVIM parameters as appropriate imaging 

biomarkers for staging of hepatic fibrosis and inflammation. 

Other MR techniques that could potentially be used for staging liver fibrosis are the T1 
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mapping technique [88, 130] and the gadoxetic acid contrast-enhanced MR imaging [131-

136], however, they are still under investigation. MR elastography (MRE), a phase sensitive 

MR imaging technique that quantifies the liver stiffness, is now considered the best MR 

technique to evaluate liver fibrosis [137-139], and is expected to have a major role in the 

assessment of liver fibrosis in clinical practice. However, it requires dedicated hardware and 

software that, currently, are not available at most hospital centers in Portugal. 

 

9.3. Tissue iron quantification and distribution in patients with chronic liver diseases 

assessed by MR imaging 

 

Abdominal MR images acquired to assess hepatic iron deposits may also evaluate deposits 

in other tissues, such as the pancreas, the spleen or the bone marrow, providing insights into 

iron distribution within the different compartments [140]. We investigated the quantity and 

distribution of iron-related R2* measurements in the liver, pancreas, spleen and bone 

marrow, in a cohort of patients with chronic diffuse liver diseases and liver biopsy. We also 

evaluated the relationship between tissue iron overload and the intracellular hepatic iron 

distribution (hepatocytes and/or Kupffer cells). We reported a significant positive correlation 

between liver, spleen and bone marrow iron accumulation, as measured by R2* 

quantification, in patients with different chronic diffuse liver diseases and without HH or 

secondary hemochromatosis. Histologically, iron liver deposits were found either at the MPS 

(the Kupffer cells), or at the hepatocyte compartment. The hepatic, splenic and bone marrow 

R2* measurements were higher in patients with iron within Kupffer cells, compared to 

patients with no iron overload or patients with iron only in hepatocytes. Pancreatic deposits 

were not correlated with any of the other tissues’ iron deposits.  

Mild to moderate iron overload is a common histological finding in chronic liver diseases, 

potentially leading to oxidative stress [32], which contributes to progression and worsening 

prognosis of the underlying liver disease [46]. However, the mechanisms behind this iron 

accumulation are not yet completely understood. Local pathogenic factors may inhibit the 

hepatic production of hepcidin [141], leading to systemic iron overload. On the other hand, 

local necro-inflammatory changes might contribute to iron accumulation in the Kupffer cells, 

increasing the expression of profibrogenic factors in these MPS cells, thus promoting 

fibrinogenesis [142]. It is not known yet if other major MPS containing organs, such as the 

spleen or the bone marrow, might also accumulate iron as a systemic response to liver 

inflammation and this was one of the focus of this study. 

Furthermore, the observed pattern of liver, spleen and bone marrow R2* relationships in our 

cohort of patients with chronic liver diseases was similar to that previously found in 
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transfusion dependent children with sickle cell anemia [143] or thalassemia [144], reflecting 

preferential MPS iron accumulation. 

   

9.3.1. Clinical implications: 

 

Our findings suggest that iron tissue distribution in chronic diffuse liver disorders conveys the 

general pattern of preferential MPS accumulation, in contrast with the preferential 

hepatocellular iron accumulation that is typically observed in hereditary hemochromatosis. 

Measuring and reporting R2* measurements in other abdominal organs besides the liver 

might bring new insights into the pathophysiology of iron deposition in diverse chronic diffuse 

liver diseases, in which a mild to moderate hepatic overload is commonly found. 

Furthermore, R2* measurements from different tissues could be used to assess the 

pathophysiological iron distribution in different organs, both at diagnosis and during iron-

reducing treatments.  

 

9.4. Tissue iron quantification and distribution in patients with HH, as an MR imaging 

biomarker of total body iron stores 

 

The total body iron stores (TBIS) are determined as the amount of mobilized iron by 

quantitative phlebotomies [39, 145, 146]. In fact, LIC measurements were considered a 

marker of TBIS after being compared to this reference standard in patients with HH [39] and 

with thalassemia and bone marrow transplant [38], both groups under phlebotomies 

treatment to remove the excess of iron. To the best of our knowledge, the relationship 

between R2* measurements and TBIS burden assessed by quantitative phlebotomies has 

not been previously investigated. Because the Centro Hospitalar do Porto is a reference 

hospital center for patients with HH, there was a natural interest to evaluate iron overload in 

these patients with the recently implemented MECSE MR sequence.  

We evaluated R2* values not only in the liver but also in the pancreas, spleen and bone 

marrow, as biomarker of iron overload in patients with HH under intensive treatment with 

phlebotomies. Then, we compared the R2* measurements with the most accurate reference 

standard for iron burden, being the TBIS quantified by the amount of mobilized iron. We 

found a strong relation between hepatic R2* measurements and TBIS. The linear regression 

analysis showed that the best model to determine TBIS included both the hepatic and 

pancreatic R2* measurements (TBIS = 0.006 x Liver R2* + 0.009 x Pancreatic R2* - 1.064, 

p<0.05). This new variable was designated as FELIPA (an acronym for FErrum in LIver and 

PAncreas).  Unfortunately, our series included a small number of patients with TBIS. 

However, we must highlight that, in spite of Centro Hospitalar do Porto being a reference 
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center, HH with overt iron overload is rare and it is difficult to recruit a significant number of 

patients in a relatively short period of time. 

In a second step of our investigation, we evaluated hepatic iron and fat deposits, using MR 

R2* and PDFF metrics, in HH patients under maintenance treatment (regular phlebotomies 

performed to prevent iron re-accumulation). During maintenance treatment, the most widely 

advocated clinical practice is to maintain serum ferritin values in the range of 50-100 ng/mL 

[34] but this value has never been validated. A careful evaluation of the best threshold value 

is mandatory as a good prediction of the risk of re-accumulating iron in the liver is critical. In 

this sense, we compared the hepatic iron stores in this group of HH patients with a group of 

healthy controls, using liver R2* as a marker of iron deposition, in order to define the best 

cut-off values of serum ferritin in HH patients under maintenance treatment.  

Our results support that the current standard serum ferritin threshold of 100 ng/mL has a high 

sensitivity (87.5%) and specificity (85.7%) to assure iron depletion, as patients with serum 

ferritin below this empirical threshold did not have a significant increase in R2* values as 

compared to healthy controls. Nevertheless, a serum ferritin value of 160 ng/mL provided the 

best sensitivity (100%), also with high specificity (79.3%), to guarantee that hepatic iron 

deposits are below the upper value found in healthy normal controls. Therefore, we suggest 

this serum ferritin value to be used as the cut-off in HH patients under maintenance 

treatment, to prevent hepatic iron re-accumulation.  

On the other hand, patients with serum ferritin between 100 and 300 ng/mL had higher 

amounts of liver steatosis than patients with serum ferritin below 100 ng/mL. Furthermore, in 

patients with serum ferritin higher than 100 ng/mL, the ferritin values were not significantly 

correlated with hepatic iron. This suggests that liver steatosis might influence the serum 

ferritin values of these patients. In fact, liver steatosis is considered to be more frequent than 

previously thought in patients with HH and it might increase the risk of fibrosis progression 

[30]. Using a MECSE-MR sequence seems advantageous because it allowed to 

simultaneously evaluate iron deposition (R2*) and steatosis (PDFF), without the confounding 

effect of liver steatosis in iron measurements. These inaccuracies may occur with other MR 

methods, such as signal intensity ration methods [147] or R2* relaxometry methods using a 

mono-exponential fitting decay and without fat-corrected iron measurements [83, 89]. 

Therefore, we suggest that an MR examination with a MECSE-MR sequence like ours 

should be performed to HH patients in maintenance treatment with persistent serum ferritin 

levels higher than 160 ng/mL, in order to evaluate hepatic iron overload and to exclude liver 

steatosis.  
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9.4.1. Relationship between hepatic R2* measurements and biopsy LIC and possible 

biases 

  

As previously mentioned, one of the limitations from our first work [107] was that liver iron 

overload was assessed by histological scoring rather than from biochemical measurements. 

While the visualization of severe iron deposition is unmistakable and provides evidence of 

iron excess, the significance of intermediate histological scores (grades 1 and 2) of siderosis 

is uncertain [40, 46]. LIC quantified by spectrophotometry is the best reference standard for 

iron assessment, providing continuous metrics of iron deposits and being used as a 

surrogate marker of total body iron burden. However, LIC quantification by 

spectrophotometry is seldom performed in clinical practice, mainly because it requires an 

extra biopsy sample, increasing the risk for complications and complaints. Therefore, most of 

the times, the diagnosis of hepatic iron overload is based on indirect LIC quantification by 

MR imaging. A signal-intensity ratio method as the one described by Gandon et al [147] is 

the most widely used method in the vast majority of hospital centers. Nevertheless, the 

accuracy of this method is relatively low, about 60%, with a tendency to overestimate iron 

overload [148]. Until very recently [149], this method was not calibrated for 3T MR 

equipment. Moreover, signal-intensity ratio methods might be confounded by the presence of 

liver steatosis or muscle fatty infiltration as fat influences the tissue signal intensity in MR 

images [83]. This limitation introduces bias in iron measurements in patients with diffuse liver 

diseases or dysmetabolic iron overload syndrome, where concomitant fat and iron overload 

are frequently present. 

Comprehensibly, for the clinical use of iron quantification by MECSE-MR sequences, it is 

desirable to evaluate the relationship between R2* measurements and LIC, in addition to the 

comparison with histological assessment, in order to include estimated LIC measurements in 

the MR clinical report. 

Nevertheless, MR methods for iron quantification analyze the effect of iron on the signal 

decay within liver voxels, while liver sample’s spectrophotometry measure the amount of iron 

(µmol or mg) per gram of dry liver tissue. Therefore, empirical comparison between liver R2* 

measurements (s-1) and biochemical LIC (µmol/g) is needed in order to advance in the 

construction of calibration curves. For that purpose, we compared the liver R2* 

measurements against LIC obtained from atomic absorption spectrophotometry of liver 

biopsies in 9 patients with clinically indicated liver biopsies, 5 of them with HH. We observed 

a strong correlation (RS=0.93, p<0.01) between liver R2* and biopsy-LIC. A regression linear 

model was employed to generate the calibration relationship: LIC = 6.21 + 0.15 x Liver R2*. 

This formula can be used to generate LIC estimations from our MR images. Unfortunately, 
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we had a small number of patients with LIC determined by spectrophotometry. However, 

nowadays, liver biopsy is rarely performed in clinical practice for the management of HH [34]. 

At this point, it is important to highlight that although MR is as accurate as liver biopsy in 

predicting the true LIC [41, 84], there are discrepancies in the calibration curves across the 

different MR methodologies: different calibration studies of liver R2* against LIC determined 

by spectrophotometry yielded different calibration adjustments [41, 84-86]. It means that, 

although all of the R2* relaxometry methods showed excellent correlation with LIC 

determined from liver biopsy, the regression lines need to be corrected for inter-methods 

agreement. Figure 1 represent the different empirical calibration lines for R2* measurements 

and LIC-biopsies obtained using different MR methods, including our own, being adjusted for 

different magnetic field strengths (1.5T or 3T). 

 

 
 

Figure 1: Slope comparison of R2* versus LIC calibration models [84-86, 150]. The x axis 

represent R2* measurements (s-1) measured with 3T equipment and the y axis represent MR 

determined LIC (µmol/g dry liver) estimated by different formulas derived from different 

calibration studies [84-86, 150] and also our own. In order to compare MR methods 

performed at different magnetic field strengths, calibration formulas performed with 1.5 T [84-

86, 150] were modified by doubling the R2* values [115, 116] and LIC units were converted 

from mg/g to µmol/g. Therefore, the calibration formulas were:  

França et al: LIC=0,149*R2+6,21 

Wood et al [84]: LIC = (0.0254(R2*2) + 0.202)*18 
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Garbowski et al [85]: LIC = (0.032(R2*2)-0.14)*18 

Hankins et al [86]: LIC = (0.028(R2*2)-0.45)*18 

Anderson et al [150]: LIC = (0.0146(R2*2)-0.27)*18 

 

These discrepancies can be explained by three main factors. First, by differences in MR 

methodologies, such as magnetic field strength and sequence acquisition protocol, including 

the number of echoes and echo spacing. Second, by differences in population studies and 

patients’ characteristics, because sensitivity of R2* to liver iron might be influenced by inter-

patient variations in the size and type of iron deposits. In fact, relaxation rates depend not 

only on iron concentration but also on other variables including iron particle size, shape, and 

distribution, and also on coexisting conditions such as steatosis [89]. Third, differences 

should be largely justified by using liver biopsy as the gold standard [84, 85, 89] which 

measurements are also dependent on analytical and biologic variability [151]. The limitations 

of LIC measurements from liver biopsy as a gold standard are the following: 

 

• Liver biopsy is subject to sample bias, since only a small amount of liver parenchyma is 

evaluated, while iron deposition might be heterogeneously distributed throughout the 

liver parenchyma [22]. As the coefficient of variance of LIC determined by liver biopsy 

has been estimated as 15-25% in healthy livers [84, 152], and as high as 43.7% in 

patients with liver cirrhosis [22, 151], the disagreement between MR measurements and 

liver biopsy might arise from the heterogeneity of iron deposition within the liver 

parenchyma [84]. The variability in the distribution of liver iron deposition might lead to 

errors as high as 200% in assessing body iron burden by liver biopsy [151]. Therefore, 

in calibration studies, MR quantification must be performed in the same area of 

parenchyma as liver biopsy, which might be difficult to guarantee. 

 

• LIC values depend on the biopsy technique: analyzing tissue from deparaffinized liver 

samples overestimates the iron load by a factor of 1.23 compared to desiccated tissue 

from fresh liver samples [151]. It is also known that dry-weight LIC measurements might 

be very different depending on the selected biopsy techniques and processing methods 

[153]. This yields additional complications to the validation and calibration studies that 

use LIC from liver specimens as the reference standard, as LIC values are dependent 

on the laboratorial local practice. 

 

• A variance of 12% in the biochemical assay was reported across a large sample of 

metal laboratories [154]. Therefore, assay variability may occur between LIC measured 
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at different laboratories, increasing the possibility of discrepancies between MR 

methodologies that are calibrated against LIC measurements. 

 

• Although spectrophotometry from biopsy samples is an iron-specific in vitro method, it 

might not reflect the in vivo iron status as assessed by the noninvasive MR imaging 

methods. Comparing in vivo volume measurement methods with the physicochemical 

assessment of iron from liver specimens might result in conflicting results [151]. For 

example, the ratio between in vivo wet-weight LIC and spectrophotometry-LIC dry 

weight can be as high as 5.8 [153]. Therefore, differences between in vitro (with 

spectrophotometry) and in vivo (with MR) measurements may affect the calibration of 

MR methods. 

 

• Calibration of LIC measurements against total body iron stores (TBIS) assessed by 

quantitative phlebotomies led to different regression slopes in different studies [38-40], 

also probably due to the limitations mentioned above. 

  

As the sum of patient-specific and measurement errors for MR measurements might be of 

similar magnitude as the intrinsic variability of liver biopsy, both being highly accurate, MR 

examination has the advantage of being non-invasive and better accepted by patients than 

liver biopsy [41, 84]. Moreover, as MR has low inter-study variability, it has clear advantages 

for the follow-up of patients with iron overload, for monitoring iron deposits and treatment 

effects over time [41, 84, 154]. 

  

9.4.2. Clinical implications: 

 

Our results provide good arguments to propose FELIPA as a new tool to estimate TBIS at 

the time of diagnosis of HH and to manage the patients’ expectations on the predicted time 

of intensive treatment. Future prospective studies with a high number of patients will be 

important for further validating our results and to allow us to indicate MR TBIS predicted 

values (FELIPA) on the reports requested to HH patients at the time of diagnosis, instead of 

indicating only the predicted LIC value. If validated, MR determined TBIS, indicated by 

FELIPA measurements, could help clinicians to estimate the severity of TBIS at the time of 

diagnosis and, consequently, the expected duration of intensive treatment in HH patients. 

This, comprehensibly, might have a significant impact in patients’ satisfaction. 

As the cut-off value of 160 ng/mL provided the best sensitivity (100%) and high specificity 

(79.3%) to guarantee that hepatic iron deposits are below the upper value found in healthy 
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normal controls, we suggest this serum ferritin value to be used as the cut-off in patients 

under maintenance treatment, to prevent hepatic iron re-accumulation. 

We also suggest that an MR examination should be performed in HH patients in 

maintenance treatment with persistent serum ferritin levels higher than 160 ng/mL, in order to 

evaluate hepatic iron overload and to exclude liver steatosis.  

 

9.5. Future perspectives:  

 

Our results are of relevance in terms of advancing knowledge about non-invasive MR 

imaging quantification of fat, iron, fibrosis and inflammation. Nevertheless, several questions 

remain to be answered and some other challenges arouse from our investigation. 

The potential role of PDFF measurements to assess quantitative changes in liver fat was 

recently evaluated in patients under pharmacological treatment, in NASH clinical trials [155-

158]. PDFF measurements were shown to be better than liver biopsy for monitoring changes 

in hepatic steatosis [155-157]. Recently, PDFF measurements were also used as the end-

point in a NAFLD clinical trial for sitagliptin [158], an oral anti-hyperglycemic agent thought to 

potentially decrease liver steatosis and improve NASH. As histological scoring systems are 

based on pathologists’ visual assessment, it is comprehensible that MR measurements, by 

providing continuous measurements of the whole organ, might be more sensitive to expected 

liver fat changes in the follow-up examinations. Therefore, it is expected to assist to a 

growing number of NAFLD clinical trials including PDFF measurements as an endpoint. 

PDFF measurements also appear a promising tool in the assessment of hepatic steatosis 

during the investigation of interventions such as diet and/or exercise [159] or bariatric surgery 

[160, 161], to interrogate the relationship between liver steatosis and the risks of other 

diseases, such as cardiovascular diseases [160, 162], to investigate the role of liver steatosis 

in the prognosis of liver surgery [28], and for the evaluation of liver donors for transplantation 

[29]. 

Furthermore, PDFF can also be quantified in the pancreatic parenchyma, using the same 

abdominal MR images. Consequently, pancreatic steatosis and its association with liver 

steatosis, diabetes and other metabolic features can be non-invasively explored. In this 

setting, some studies used PDFF measurements for interrogating the relationship between 

pancreatic and hepatic fat accumulation, and the relationship with glucose metabolism 

dysregulation and diabetes [163-169]. These investigational items are also expected to be 

further explored in future studies. 

It will be important to determine the normal range of different tissue R2* values, in different 

magnetic field strengths. Assessing the possible variability associated with age and sex, in a 

large series of patients and also healthy individuals, is also mandatory. The R2* threshold 
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values to discriminate the presence of iron overload should also be confirmed in large 

populations of patients and healthy individuals. Furthermore, long follow up studies should be 

performed to evaluate the significance of MR detection of mild to moderate iron overload and 

the effects of MR surveillance of iron overload in patients with different chronic liver disease. 

Quantitative analysis of R2* measurements in abdominal tissues other than the liver is also 

expected to be useful in patients with different causes of iron overload, as a reliable and 

robust prediction tool of tissue iron overload. This hopefully would help to define a clinical MR 

algorithm to differentiate among the different iron overload diseases, which may be 

particularly relevant for the investigation of patients with hyperferritinemia.  

Tissue R2* measurements have also a potential benefit for the evaluation of new therapies 

tailored for iron overload diseases, namely hepcidin-analogues, either to monitor iron 

overload burden as for providing highlights about the pathophysiological iron distribution and 

trafficking during treatments.  

Development of diabetes is a major endocrine complication related with primary and 

secondary hemochromatosis and, usually, it is not completely reversible even after iron 

depletion. In chronically transfused thalassemia major patients, pancreatic iron accumulation, 

determined by R2* measurements, has been linked to pancreatic beta cell dysfunction [37, 

170, 171]. Also, as pancreas accumulates similar iron species as the heart, but earlier, 

pancreatic R2* measurements have been considered as an early marker of cardiac risk in 

these patients [37, 170, 171]. Because pancreatic lesion in HH patients is related with iron 

deposition, it will be relevant to evaluate the relationship between pancreatic R2* values and 

pancreatic function in these patients, and to investigate if high pancreatic R2* values are 

related with the development and severity of diabetes status. In this setting, prospective 

studies evaluating the pancreatic R2* measurements and its functional consequences are 

warranted and may provide new clinical tools. 

Finally, it is of crucial importance to develop and implement phantoms with different 

concentrations of iron and fat (Figure 2), that could be used to calibrate the MR equipment 

from different centers, field strength and vendors. Hopefully, these calibrations will allow 

determining the correspondence among different MR methods and equipment, without 

needing empirical calibrations from patients’ liver biopsies. Phantom studies will also help in 

defining the precise threshold value of iron concentration that may hamper PDFF 

quantification. Phantoms would also be important to demonstrate the reproducibility of 

results, both intra- and inter-machine. The phantoms should have a known while different 

concentrations of fat, iron and water in a “liver similar” substrate. 
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Figure 2. Scheme of a phantom under development which is composed of 48 tubes with 

different solutions, each tube having diverse combinations of different concentrations of fat (0 

to 60%) and iron (0 to 300 μmol/g). This phantom is designed for calibration of the MECSE 

MR sequence within the range of clinical relevant liver fat fractions and iron concentrations. 
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10 
Conclusions 
1. Simultaneous quantification of liver steatosis and siderosis can be achieved with high 

accuracy using a MECSE-MR sequence, regardless of coexisting liver inflammation or 

fibrosis, in a wide spectrum of diffuse liver disorders. This sequence is acquired within a 

single breath-hold and can be implemented in the routine MR evaluation of the liver. 

 

2. Although fibrosis presented a significant effect on ADC and f measurements, IVIM 

measurements are not accurate enough to stage neither liver fibrosis nor necro-

inflammatory activity in diffuse liver diseases. D* and D parameters are not useful 

biomarkers of liver fibrosis as D* values are not a reproducible measure and D 

measurements are influenced by confounders such as fat and iron, which commonly 

coexist with liver fibrosis. Steatosis may also confound the f measurements. 

 

3. In chronic diffuse liver diseases, a significant correlation is observed between the liver, 

spleen and bone marrow iron loading, as assessed by MR derived R2* measurements. 

Pancreatic R2* values were not correlated with iron within other abdominal organs. 

Patients with the highest hepatic iron scores and/or with iron histologically demonstrated 

within liver Kupffer cells have the highest splenic and bone marrow R2* values, suggesting 

systemic mononuclear phagocytic system iron accumulation. 

 

4. Although preliminary, our results suggest that total body iron stores can be estimated in 

hereditary hemochromatosis patients before intensive treatment using liver and pancreas 

R2*. The R2* measurements are a promising tool to estimate the severity of iron burden 

and the expected duration of intensive treatment in hereditary hemochromatosis patients. 

During the maintenance treatment, hepatic iron re-accumulation may be excluded if serum 

ferritin values are lower than 160 ng/mL. MECSE-MR demonstrated liver steatosis is 

frequently present in hereditary hemochromatosis patients in maintenance treatment who 

have serum ferritin higher than 100 ng/mL. A MECSE-MR examination should be 
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performed to these patients in maintenance treatment with persistent serum ferritin levels 

higher than 160 ng/mL, in order to evaluate hepatic iron overload and to exclude liver 

steatosis.  
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Resumen 

Existe una necesidad de identificación precoz de pacientes con enfermedades crónicas del 

hígado debido a su creciente prevalencia y morbimortalidad. La cuantificación de la fibrosis 

hepática determina el pronóstico y las opciones terapéuticas en esta población. 

Actualmente, la biopsia hepática representa el patrón de referencia para la estadificación de 

la fibrosis. Sin embargo, dadas sus limitaciones y complicaciones, en los últimos años se 

han desarrollado distintos métodos incruentos para la cuantificación de la fibrosis in vivo. Por 

su precisión y fiabilidad, destacan las mediciones de biomarcadores derivados de la 

Ecografía y la Resonancia Magnética. Este artículo realiza una revisión de las distintas 

técnicas y su procesado de imagen actualmente empleadas en la evaluación de la fibrosis 

hepática, su rendimiento diagnóstico, su aplicabilidad y su uso clínico. Para interpretar 

correctamente sus resultados en el contexto clínico apropiado es necesario comprender 

estas técnicas de imagen y sus parámetros de calidad, la estandarización y validación de 

sus unidades y las medidas de control de los problemas metodológicos. 

 

Abstract 

There is a need for early identification of patients with chronic liver diseases due to their 

increasing prevalence and morbidity-mortality. The quantification of liver fibrosis determines 

the prognosis and therapeutic options in this population. Liver biopsy actually represents the 

reference standard for fibrosis staging. However, given its limitations and complications, 

different non-invasive methods have been developed recently for the in vivo quantification of 

fibrosis. Due to their precision and reliability, biomarkers’ measurements derived from 

Ultrasound and Magnetic Resonance stand out. This article reviews the different acquisition 

techniques and image processing methods currently used in the evaluation of liver fibrosis, 

focusing on their diagnostic performance, applicability and clinical value. In order to properly 

interpret their results in the appropriate clinical context, it seems necessary to understand the 

techniques and their quality parameters, the standardization and validation of the 

measurement units and the quality control of the methodological problems. 
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Introducción 

 

Las enfermedades crónicas del hígado se han convertido en un importante problema de 

salud, debido a la alta mortalidad (3,7% de las muertes mundiales en 2013) y carga 

asistencial que representan (1). La cirrosis es la consecuencia final de las hepatopatías 

crónicas causadas por agresiones al hepatocito (tales como las infecciones virales, alcohol, 

trastornos del metabolismo, autoinmunidad y drogas) con cambios inflamatorios mantenidos 

en el tiempo. Los depósitos asociados de grasa y de hierro intracelulares favorecen este 

proceso inflamatorio. Con el tiempo, la cascada de respuesta inflamatoria molecular y celular 

produce un acúmulo progresivo de matriz colágena extracelular en el espacio intersticial de 

Disse, como expresión de la fibrosis (2). La principal consecuencia histológica es el depósito 

de fibras de colágeno tras la activación de las células estrelladas hepáticas con evolución 

progresiva a fibrosis y formación de nódulos de regeneración hiperplásicos (3). Este proceso 

conduce finalmente al desarrollo de cirrosis. Entre sus complicaciones se encuentra la 

hipertensión portal con hemorragia digestiva alta, varices, ascitis, insuficiencia hepática y 

hepatocarcinoma (3,4). 

A pesar de que se considera usualmente a la fibrinogénesis hepática como irreversible, se 

ha demostrado que se trata de un proceso dinámico con potencial de reversión patológica y 

con una serie de dianas terapéuticas para fármacos antifibróticos (5). La importancia 

pronóstica y la posible implicación terapéutica de la fibrosis hacen conveniente medir con 

precisión el grado de fibrosis y la gravedad de la lesión en cada paciente. Así, se podrá 

identificar pacientes con fibrosis significativa, evaluar sus posibilidades terapéuticas e 

identificar aquellos pacientes con un mayor riesgo de desarrollar complicaciones (2). 

La biopsia percutánea del hígado se considera la técnica de elección y el patrón de 

referencia para la fibrosis hepática. La estadificación de la fibrosis se basa en una 

evaluación de varias características histológicas, incluyendo la extensión del depósito de 

matriz extracelular, la localización de los depósitos dentro del lóbulo hepático y los cambios 

en la arquitectura lobular (6). Los sistemas de puntuación semicuantitativa más usados son 

la escala METAVIR (7) con los grados F0 (sin fibrosis), F1 (fibrosis portal sin septos), F2 

(fibrosis portal con pocos septos), F3 (fibrosis portal con numerosos septos sin cirrosis) y F4 

(cirrosis); y la escala Ishak (8), modificada de la original de Knodell et al (9), que valora la 

fibrosis en una escala de 0 a 6 (F6, cirrosis).  

Dado que la biopsia hepática presenta varios inconvenientes y limitaciones, en la actualidad 

se considera como un estándar de referencia “incompleto”. Entre sus inconvenientes 

destaca su naturaleza cruenta, por iatrogenia y posibles complicaciones de la técnica 

(incluyendo una mortalidad del 0,1%) que limitan los estudios longitudinales. Las principales 

limitaciones son la variabilidad intra- e inter-observador y los errores de muestreo, puesto 
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que la cantidad de tejido representativo es inferior al 1/50,000 del parénquima hepático total 

(2). Incluso en los estadios avanzados de la enfermedad, la biopsia infraestadia la cirrosis 

hasta en un 20% de los pacientes (10). 

Estas limitaciones han promovido el estudio de métodos incruentos para cuantificar la 

fibrosis hepática (11, 12). Un método que sea simple, no invasivo, accesible y reproducible 

será crucial para monitorizar la progresión de la enfermedad, estimar su relación con los 

cambios clínicos y evaluar la respuesta al tratamiento (13). Los biomarcadores incruentos 

disponibles para cuantificar la fibrosis hepática se resumen en la Tabla 1. Este artículo de 

revisión se centra en el análisis de métodos elastográficos y técnicas de imagen novedosas 

(11). Los nuevos biomarcadores de imagen podrían producir un cambio dramático en el 

diagnóstico de las hepatopatías difusas ya que obtienen unos resultados tan precisos y 

fiables como la biopsia hepática. Este artículo pretende realizar una revisión de las distintas 

técnicas de imagen empleadas actualmente en la evaluación de la fibrosis hepática, su 

rendimiento diagnóstico, su aplicabilidad y uso clínico. 

 

Biomarcadores Séricos 

 

Los métodos incruentos usados en la actualidad se basan en dos enfoques diferentes: un 

enfoque biológico basado en la cuantificación de biomarcadores séricos o un enfoque físico 

basado en la medición de la rigidez hepática (11). Los biomarcadores séricos incluyen varios 

parámetros que se han relacionado con el desarrollo de la fibrosis, tomando como referencia 

la biopsia hepática. Entre ellos destacan los marcadores para hepatitis virales (APRI, FIB-4, 

Fibrotest) y esteatosis hepática (NAFLD fibrosis score y BARD score). Entre sus ventajas 

destacan su amplia disponibilidad, fácil aplicabilidad y alta reproductibilidad entre 

laboratorios (14).  

Los biomarcadores séricos tienen una buena capacidad para diagnosticar cirrosis (AUROC, 

0,85-0,9) pero con dificultades para distinguir etapas iniciales y diagnosticar con exactitud la 

fibrosis significativa (F≥2 en la escala de METAVIR). Dado que además estos marcadores 

séricos presentan falsos positivos, cuando coexisten comorbilidades o condiciones que 

aumentan su puntuación, se interpretar sus resultados con cautela y cuidado. 

 

Biomarcadores de la rigidez hepática mediante ecografía 

 

Los biomarcadores físicos miden la rigidez hepática in vivo (stiffness, en inglés). La rigidez 

es la inversa a la elasticidad y representa la capacidad de un tejido de mantener su forma 

tras un estrés mecánico (15,16). La elastografía mide la rigidez de un tejido utilizando una 

onda de ultrasonidos (5 MHz) y un pulso mecánico de vibración de baja frecuencia (50 Hz). 
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La aplicación de este estímulo mecánico en el hígado induce la formación de ondas de 

desplazamiento lateral, perpendiculares a la dirección de la fuerza que las ha generado. 

Estas ondas de cizallamiento (shear waves, en inglés) se desplazan con una velocidad entre 

0,5 y 10 m/s, atenuándose al pasar por los diferentes tejidos. Esta velocidad de propagación 

es proporcional a la elasticidad del medio en el que se transmiten, ya que a mayor rigidez 

hepática la onda se difunde más rápidamente (15,16). La velocidad de las ondas de 

cizallamiento puede medirse conociendo la amplitud y la frecuencia de la onda inicial de 

choque, obteniéndose así datos sobre la elasticidad del tejido según la fórmula (15,16):  

 

Elasticidad (kPa) = 3 * ρ (densidad, g/cm3) * V (velocidad de propagación, m/s) 

 

El hígado sano es elástico y de rigidez baja, mientras que la fibrosis determina un aumento 

de rigidez (17,18). Esta rigidez es proporcional, aunque no linealmente, a la cantidad de 

fibrosis, aunque existen variables de confusión que pueden aumentar la rigidez hepática. 

Así, la hiperemia postprandial (las mediaciones deben realizarse en ayunas), la congestión 

venosa (en la insuficiencia cardiaca) y la infiltración tumoral aumentan también la rigidez 

hepática. Además, se ha publicado que los valores de corte para diferenciar entre fibrosis 

significativa y cirrosis difieren según la etiología de la enfermedad hepática por lo que su 

interpretación debe integrarse con la información clínica. En las hepatopatías virales, estos 

puntos de corte están mejor definidos (19,20). En las sobrecargas de hierro y en la 

estatohepatitis no alcohólica se ha demostrado que la presencia y severidad de la esteatosis 

influye también en la medida de la rigidez hepática (21). 

El rendimiento de un método diagnóstico puede evaluarse mediante el cálculo del área bajo 

la curva característica del operador receptor (AUROC), utilizando como patrón de referencia 

la biopsia. Sin embargo, como se ha comentado, la biopsia es un estándar de referencia con 

imperfecciones. La dificultad de correlacionar datos cuantitativos obtenidos mediante la 

elastografía con los datos semicuantitativos del análisis histopatológico justifica que el 

AUROC pueda variar en función de la prevalencia de cada grado de fibrosis. Así, si existe 

una sobrerrepresentación de los estadios extremos (F0 y F4 de METAVIR) no se podrá 

evaluar adecuadamente la diferenciación entre estadios intermedios de fibrosis (F1-F2-F3). 

Para corregir el hecho de que la puntuación histopatológica sea una evaluación del cambio 

arquitectónico y no una cuantificación de la cantidad de fibrosis, se ha desarrollado en los 

últimos años la patología digital con medición cuantitativa de la fibrosis mediante análisis de 

imagen (22). Este paso facilitará la correlación mediante regresión lineal entre ambos 

métodos. 

Existen diferentes técnicas ecográficas que permiten evaluar de forma cuantitativa la rigidez 

hepática (23): Elastografía de Transición (ET); Elastografía de onda de cizallamiento puntual 
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(point Shear Wave Elastography, pSWE); y Elastografía de onda de cizallamiento de dos 

dimensiones (2D Shear Wave Elastography, 2D-SWE). Estas pruebas proporcionan un valor 

numérico que permite una evaluación continua del desarrollo de la fibrosis (24). La ET 

requiere de un equipo específico y representa la técnica más validada y de mayor uso en la 

práctica clínica habitual, habiendo disminuido el número de biopsias hepáticas (2). Se trata 

del primer método elastográfico por ultrasonidos que ha permitido medir la velocidad de las 

ondas elásticas de cizallamiento generadas por un impulso mecánico.  

Por otro lado, la pSWE y la 2D-SWE utilizan una fuerza de radiación de impulso acústico 

(ARFI, Acoustic Radiation Force Impulse) de corta duración para propagar ondas de 

cizallamiento que deforman el tejido hepático. Las mediciones de la velocidad de la onda de 

cizallamiento se realizan sobre un área puntual (5 por 10 mm, en el caso de la p-SWE) o 

zonas secuenciales (2D-SWE). El ARFI se considera una clara alternativa a la ET, con la 

ventaja de combinar la medición de la velocidad de la onda de cizallamiento con el estudio 

ecográfico convencional y así minimizar los errores de localización y muestreo. Los 

parámetros más utilizados son la velocidad de onda (metros por segundo) y la elasticidad 

(kilopascales, kPa). La falta de uniformidad en los parámetros obtenidos dificulta las 

comparaciones entre técnicas y debe considerarse los valores de corte como específicos de 

cada marca comercial (25). 

 

Elastografía de Transición 

Mediante un transductor ecográfico se transmite una vibración mecánica de leve amplitud y 

baja frecuencia (50 Hz) a través del lóbulo hepático derecho. Esta vibración induce una onda 

de cizallamiento mientras se realizan adquisiciones de impulso-eco para seguir la 

propagación de la onda y medir su velocidad. La resistencia a la deformación producida por 

la tensión de la onda de cizallamiento en el hígado se expresa en kPa. Cuanto más rígido es 

el tejido, más rápida se propaga la onda y más aumenta la medida (kPa) (15). El volumen 

tisular medido es de unos 4 cm3 y se efectúan 10 mediciones válidas, consideradas como 

aquellas cuya variabilidad, expresada como la ratio entre el rango intercuartil y la mediana, 

sea inferior al 30%. Una variabilidad menor del 10% se considera óptima y mejora la 

fiabilidad para el diagnóstico de fibrosis (26). Los valores normales varían entre 2.5 y 6.5 

kPa (27), siendo el valor máximo 75 kPa. La aplicabilidad de la técnica está limitada por la 

presencia de ascitis y la obesidad (28), aunque existe una sonda XL que mejora 

notablemente el éxito técnico en pacientes obsesos (11). Su reproducibilidad es alta y la 

variabilidad entre observadores pequeña, mejorando además con la experiencia del 

operador (11). Se comercializa por Echosens (Francia). 

La ET se ha comparado con la biopsia hepática como patrón de referencia en numerosos 

estudios prospectivos sobre enfermedad crónica hepática de distintas etiologías. 
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Actualmente, se considera el método incruento más validado para la estratificación de riesgo 

en pacientes con hepatopatía compensada (11). Los meta-análisis disponibles indican una 

precisión muy elevada para el diagnóstico de fibrosis significativa (AUROC=de 0.84 para 

≥F2 METAVIR), fibrosis avanzada (AUROC=0.89 para ≥F3) y cirrosis (AUROC=0.94 para 

F4) (11, 29). Sin embargo, los valores de corte entre los distintos grados de fibrosis varían 

entre estudios y etiologías, y la discriminación entre estadios intermedios, especialmente F0-

F1 y F2-F3, es menos precisa y fiable que entre estadios extremos como F0-F1 frente a F4. 

Se considera que un valor de rigidez hepática entre 7 y 9.5 kPa es indicativo de fibrosis 

significativa, entre 9.5 y 12.5 kPa es sugestivo de fibrosis avanzada, y un valor superior a 

12.5-13 kPa diagnóstica de cirrosis (30). Una medición superior a 21 kPa es muy específica 

de hipertensión portal (31-33), con un AUROC de 0.93 (34). En pacientes con hepatitis 

virales, la combinación de ET con biomarcadores séricos aumentan la precisión diagnóstica 

de fibrosis significativa, pero no de cirrosis (35). 

El Fibroscan tiene valor pronóstico dado que la combinación de un valor <20 kPa y un 

recuento de plaquetas >150.000 µl indica un riesgo tan bajo de varices esofágicas 

potencialmente sangrantes que no se considera necesaria la endoscopia diagnóstica (36). 

En pacientes cirróticos, unos valores elevados de kPa se asocian con un mayor riesgo de 

descompensación y desarrollo de hepatocarcinoma (37). 

Las guías de práctica clínica de la European Association for the Study of the Liver indican 

que para cuantificar la fibrosis en pacientes con hepatopatía crónica por virus hepatitis C la 

ET tiene un alto nivel de recomendación (38). Aunque el diagnóstico de cirrosis mediante ET 

es independiente de la enfermedad hepática subyacente, existe una variación del AUROC 

para el diagnóstico de fibrosis significativa según la etiología de la hepatopatía. Así, en la 

enfermedad hepática alcohólica, un valor de corte de 9,5 kPa obtiene un AUROC de 0,87 

para la cuantificación de fibrosis severa (F3) (39), mientras que en pacientes con 

esteatohepatitis no alcohólica unos valores cercanos a 10 kPa se consideran ya 

sospechosos de cirrosis.  

Las limitaciones de la ET incluyen el requisito del equipo específico, la falta de puntos de 

corte estandarizados para el diagnóstico de los estadios de fibrosis y su restricción de uso 

en pacientes obesos y con ascitis.  

 

Elastografía de onda de cizallamiento puntual (pSWE) 

 

La pSWE es una técnica ecográfica que permite seleccionar en la imagen una región de 

interés (ROI) en la cual se mide puntualmente la velocidad de la onda de cizallamiento 

generada con el ARFI (40). La localización de la ROI debe evitar las áreas donde se 

observen artefactos, por el riesgo de error. Las mediciones se dan en m/s, obteniéndose un 
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rango de posibles valores (0,5-4,4 m/s) más estrecho que en la ET. Este rango puede limitar 

la definición de valores de corte que discriminen entre los estadios de fibrosis. A diferencia 

de la ET, aún no se han consensuado los criterios de calidad para una correcta 

interpretación de sus resultados, aunque se acepta como representativa la media de entre 5 

y 10 mediciones en el lóbulo hepático derecho, siempre que la variabilidad sea <30% (18). 

Su tasa de fracaso es significativamente menor que con la ET (2,9% vs. 6,4%, p<0,001), 

especialmente en pacientes con ascitis u obesidad (41). La cuantificación de fibrosis 

mediante ARFI está también sobreestimada por la ingesta de alimentos y por la actividad 

necro-inflamatoria hepática. 

Esta técnica está actualmente disponible en diferentes equipos: Virtual Touch Quantification-

VTQ® de Siemens Healthcare (Alemania); Elastography Point Quantification-ElastPQ® de 

Philips Healthcare (Países Bajos); y QElaXto® de Esaote SpA (Italia). La elastografía ARFI 

se utilizó y validó inicialmente en pacientes con hepatitis virales y posteriormente en grupos 

amplios de pacientes con grados heterogéneos de fibrosis y de enfermedades hepáticas 

crónicas (42). Los valores de corte identificados permiten establecer equivalencias con otros 

métodos (Tabla 2) (43, 44). De manera similar a la ET, pSWE/ARFI detecta con mayor 

precisión la cirrosis (AUROC=0,93) que la fibrosis significativa (AUROC=0,87), sin 

diferencias significativas entre ambas técnicas elastográficas (43). Esta mejor precisión para 

discriminar la fibrosis severa y la cirrosis frente a la fibrosis significativa se mantiene para 

otras enfermedades hepáticas crónicas, como la enfermedad hepática grasa no alcohólica 

(44).  

 

Elastografía SWE de dos dimensiones (2D-SWE) 

 

La elastografía 2D-SWE utiliza puntos de medición secuencial en un área más amplia, 

pudiendo elegirse el tamaño de la ROI, y permite obtener en tiempo real un mapa de color 

de la rigidez hepática. Pese a que no están estandarizados, se considera válida una 

medición si toda la ROI presenta color y las diferentes medidas tienen una variabilidad 

menor del 30%. Se realizan de 3 a 5 adquisiciones en un sector definido, pudiendo 

posteriormente aplicar ROIs de hasta 2 cm para medir la velocidad de la onda de 

cizallamiento, en m/s o en kPa, con una amplia gama de valores (2-150 kPa). Entre los 

fabricantes con 2D-SWE implementada en su equipo ecográfico están SuperSonic Imagine 

(SSI, Francia), Toshiba Medical Systems (Japón) y General Electric (USA). La mayoría de 

publicaciones emplean la 2D-SWE de SSI (Figura 1), obteniendo unos puntos de corte 

comparables con otras pruebas elastográficas (Tabla 2). 

Los primeros estudios clínicos en VHC y NASH demostraron que los AUROCs para la SWE 

eran superiores al ET y al ARFI (VCH, F≥2=0,95, F≥3=0,96 y F4=0,97; HASH, F≥2=0,86, 
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F≥3=0,89 y F4=0,88) (46, 47). Para la enfermedad hepática crónica de distintas etiologías, la 

pSWE tiene una mayor precisión que ET para la fibrosis severa (≥F3, p=0,0016) y para la 

fibrosis significativa (≥F2, p=0,0003) (48-50).  

 

Cuantificación de la fibrosis hepática por elastografía con resonancia magnética 

 

La elastografía por RM (ERM) se basa en principios físicos similares a la elastografía 

ecográfica. Los equipos de RM convencionales pueden asociar un dispositivo capaz de 

generar ondas pulsátiles (51). Para ello necesita un generador acústico activo, produciendo 

ondas pulsátiles a 60 Hz, un tubo de plástico que actúa como conductor pasivo para 

transmitir las ondas acústicas producidas, y un dispositivo neumático pasivo en contacto con 

el paciente para transmitir las ondas mecánicas al hígado mediante una membrana de 

tambor que se coloca sobre el paciente abarcando la silueta hepática derecha. Durante los 

impulsos mecánicos se adquieren las imágenes que representan la propagación de las 

ondas de cizallamiento inducidas. Los mapas cuantitativos de la rigidez hepática se conocen 

como elastogramas (Figura 2). La ERM se aprobó por la FDA (EE.UU., Clínica Mayo, 2009), 

estando disponible para la mayoría de empresas. 

La ERM emplea secuencias eco de gradiente (GRE), eco de espín (SE) o con relleno eco 

planar del espacio k (EPI). El método es seguro y bien tolerado. Aunque los valores de ERM 

no se afectan por la administración de gadolinio (52), la cuantificación está influida por 

factores diferentes a la fibrosis, como la actividad inflamatoria (53) y la sobrecarga de hierro 

(51). Dado que el hierro acorta los tiempos de relajación T2*, especialmente en las 

secuencias GRE y EPI, se prefiere emplear secuencias SE modificadas por la mayor señal 

del hígado en pacientes con sobrecarga (54, 55). 

Sobre los elastogramas generados se obtienen los valores de rigidez hepática expresados 

en kPa, siendo normales entre 2.05 y 2.44 kPa (51). La escala de kPa de la RM se sitúa 

entre 0 a 8 kPa, no siendo pues equivalente a los de la elastografía por ultrasonidos, aunque 

el valor aproximado de conversión de kPa en ecografía a kPa en ERM es de 3:1. Múltiples 

evaluaciones han demostrado la alta eficacia de la ERM (Tabla 2). Sing S. en 2015 estudió 

697 pacientes y demostró unos valores del AUROC (y 95% de intervalo de confianza) para 

el diagnóstico de sin fibrosis (F0-F1) de 0.84 (0.76–0.92); fibrosis incipiente (F2) de 0.88 

(0.84–0.91); fibrosis avanzada (F3) de 0.93 (0.90–0.95); y cirrosis (F4) de 0.92 (0.90–0.94) 

(56). La precisión diagnóstica se ha demostrado que es independiente del índice de masa 

corporal (IMC) y de la etiología de la enfermedad hepática crónica. La tasa global de fracaso 

de ERM es inferior al 5%, y se debe sobre todo a sobrecarga de hierro en parénquima 

hepático (57).  
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Existen algunos estudios que han comparado directamente la ERM con otras técnicas 

elastográficas por ultrasonidos en pacientes con esteatohepatitis. Imajo K (58) demostró que 

la ERM y la cuantificación de esteatosis por densidad protónica (PDFF) presentaban una 

precisión diagnóstica superior a la ET en la cuantificación de fibrosis (kPa) y grasa (CAP). El 

AUROC de la ET para pacientes con F2 era 0,82 (0,74-0,89), inferior a la observada con 

EMR de 0,91 (0,86-0,96; P=0,001). Las mediciones de CAP con ET identificaron pacientes 

con grado 2 de esteatosis hepática con un AUROC de 0,73 (0,64-0,81), mientras que la 

PDFF los identificó con un AUROC mayor de 0,90 (0,82-0,97; P <0,001). Cui (59) también 

demostró que la ERM presenta una precisión diagnóstica superior para la cuantificación de 

fibrosis en comparación con pSWE.  

La ERM también se ha propuesto para predecir la hipertensión portal (60). Las mediciones 

de la rigidez hepática permiten identificar a los pacientes cirróticos con un alto riesgo de 

descompensación, ya que una rigidez basal del hígado ≥5,8 kPa representa un riesgo 

significativo para desarrollar enfermedad descompensada.  

Dada la alta sensibilidad y especificidad de la ERM en el diagnóstico y gradación de la 

fibrosis hepática, se considera a esta técnica como la mejor herramienta no invasiva frente a 

la fibrosis hepática (61). Entre sus ventajas frente a la elastografía ecográfica se mencionan 

la identificación precoz de fibrosis iniciales (62). Sin embargo, la técnica es más cara, 

requiere de un mayor tiempo de adquisición, está limitada en casos de sobrecarga de hierro, 

no está disponible en la mayoría de los centros, su ratio coste-efectividad no está evaluada y 

se necesitan estudios prospectivos para analizar su valor pronóstico (63). 

 

Cuantificación de la fibrosis hepática con resonancia magnética de difusión 

 

Las secuencias de difusión (DW) evalúan el movimiento de las moléculas de agua en los 

tejidos. Este desplazamiento puede cuantificarse con el coeficiente de difusión aparente 

(ADC, apparent diffusion coefficient) y aplicando el modelo del movimiento incoherente en el 

interior del vóxel (IVIM, intravoxel incoherent motion) y sus parámetros derivados (Figura 3). 

IVIM utiliza un ajuste bi-exponencial para modelar la atenuación de la señal en función de 

los valores b, con una primera parte de la curva reflejando la microvascularización capilar 

(parámetros relacionados: coeficiente de pseudodifusión D* y fracción de perfusión f) y la 

caída más tardía la difusión tisular (difusión pura D) (64).  

Es posible que la difusión molecular del agua se viera comprometida por la fibrosis y se 

restringieran los valores de ADC y D (65-67), además de afectar a la microperfusión 

hepática. Los parámetros IVIM relacionados con la perfusión están más bajos en presencia 

de fibrosis (67,68), probablemente por la acumulación de colágeno y el aumento de la 

resistencia al flujo portal hepático (69). 
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El ADC y de los parámetros IVIM tienen varios inconvenientes en la evaluación de la 

fibrosis. Existe una cierta variabilidad en los protocolos de adquisición (secuencias, 

supresión de la grasa, número y magnitud de los valores b) y de los valores de corte 

observados, lo que ha impedido su uso generalizado para la evaluación de la fibrosis. 

Además, los parámetros ADC e IVIM no son lo suficientemente precisos para estadificar la 

fibrosis hepática en presencia de otras comorbilidades asociadas (69). En concreto, los 

valores derivados de la DW están influidos no sólo por la fibrosis y la inflamación, pero 

también por la esteatosis hepática (69,70) y la sobrecarga de hierro (69,71). 

 

Cuantificación de la fibrosis hepática con mapas de T1 en resonancia magnética 

 

El tiempo de relajación longitudinal T1 se ve alterado con el depósito progresivo de colágeno 

en el parénquima hepático, como ocurre en las hepatopatías crónicas (72). Los tiempos de 

relajación T1 están significativamente más elevados en los pacientes con cirrosis en 

comparación con hígados sanos (Figura 4), aumentando además con la severidad de la 

enfermedad hepática según la clasificación Child-Pugh (72). 

Desafortunadamente, los valores de T1 del parénquima, o de su ratio inversa R1 (=1/T1), 

también están afectados por otras variables de confusión como el hierro, inflamación y 

edema (73). Para evitar este sesgo se han descrito mapas de T1 corregidos para el hierro 

mediante una secuencia con inversión recuperación (SHMOLLI, shortened modified look-

locker inversion recovery) (74). El proceso de adquisición y análisis de imagen se ha 

estandarizado, permitiendo la identificación de pacientes con esteatosis y fibrosis, 

independientemente de la etiología, de forma reproducible. Este método, aun no siendo un 

marcador específico de fibrosis, presenta una buena correlación con la histología en 

pacientes con enfermedad crónica (75). 

 

Cuantificación de la fibrosis hepática con medios de contraste específicos 

El gadoxetato disodio (Gd-EOB-DTPA) y el gadobenato dimeglumina (Gd-BOPTA) son 

medios de contraste que presentan una doble excreción renal y hepatobiliar. Las imágenes 

obtenidas en la fase hepatobiliar, observable ya a los 20 minutos tras administrar Gd-EOB-

DTPA y 120 minutos tras Gd-BOPTA, presentan una intensidad hepática muy alta en 

hígados normales (76). Esta captación hepatocitaria puede cuantificarse objetivamente 

mediante el índice de realce (CEI, contrast enhancement index), la captación relativa del 

hígado (RLE, relative liver enhancement), los tiempos de relajación T1 y la evaluación 

dinámica de la fracción del flujo de extracción hepática (77). Todas estas medidas son 

marcadores del número y estado de los hepatocitos y, por lo tanto, indicadores subrogados 

indirectos de la fibrosis (77-79). 



Supplement 
 

 

204 

Los hígados con fibrosis hepática y actividad necro-inflamatoria presentan un menor realce 

parenquimatoso en esta fase hepatobiliar y unos tiempos T1 más largos con respecto al 

parénquima hepático normal (76). La tasa de reducción en los valores de T1 antes y 

después del contraste se obtiene por la ratio (T1pre-T1post)/T1pre (%), siendo T1pre el 

tiempo de relajación antes de la administración y T1post el de la fase hepatobiliar (76). La 

variación es menor con estadios más altos de fibrosis y cirrosis. Dado que la intensidad del 

campo magnético influye en los tiempos de relajación (77), se necesitan estudios 

prospectivos para definir mejor el valor pronóstico de estas medidas indirectas. 

 

Conclusión 

 

La cuantificación de fibrosis hepática mediante métodos de imagen por elastografía permite 

un diagnóstico preciso de la fibrosis clínicamente significativa y cirrosis. La mayoría de los 

estudios han utilizado la ET y, en menor medida, la pSWE, 2D SWE y la EMR. Por su 

sencillez técnica, estandarización de criterios de calidad y valor pronóstico, la ET representa 

la técnica más utilizada en la actualidad para la evaluación de fibrosis. Tanto la pSWE como 

la 2D-SWE presentan la ventaja de su integración en los equipos ecográficos 

convencionales y la selección del área de análisis. Estas pruebas incruentas están 

implementadas en la práctica clínica habitual y su uso ha reducido el número de biopsias 

realizadas para la estadificación de la fibrosis. 

La ERM evalúa de forma muy precisa y fiable la fibrosis hepática, permitiendo una mejor 

discriminación entre los estadios intermedios. Además, otras técnicas de imagen pueden 

valorar simultáneamente la esteatosis, sobrecarga férrica y actividad inflamatoria en las 

enfermedades hepáticas crónicas. Otras ventajas de la RM son su excelente 

reproducibilidad y mínima dependencia del operador, aunque debe investigarse su validez 

en series amplias de pacientes con distintas hepatopatías. 
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Tabla 1. Ventajas y desventajas de los principales métodos incruentos utilizados para 

cuantificar fibrosis hepática. Es importante conocer las limitaciones específicas de cada 

método, y utilizar más de un método si necesario. Se ha sugerido que la concordancia de 

dos métodos diferentes no relacionados entre sí sea un patrón de referencia incluso mejor 

que la biopsia hepática para la cuantificación de la fibrosis (4, 23). 

Técnica Ventajas Desventajas 
Marcadores 
séricos 

. Elevada aplicabilidad, disponibilidad y 
reproductibilidad. 
. Test validados. 
. Bajo coste. 
. Puede realizarse en la clínica 
ambulatoria. 
. Buena capacidad para diagnosticar 
cirrosis 
. Cómodo para el paciente. 

. Marcadores no específicos del hígado 
con falsos positivos. 
. Incapaz de distinguir estadíos 
intermedios de fibrosis. 
. Bajo rendimiento diagnóstico en 
comparación con los otros biomarcadores 
no invasivos. 
. Resultados no disponibles en el 
momento que se realiza la técnica. 
. Escaso valor pronóstico. 

ET . Ampliamente validada y utilizada en la 
práctica clínica habitual. 
. Elevada reproductibilidad. 
. Elevada precisión diagnóstica para 
fibrosis significativa (AUROC 0.84) y 
cirrosis (AUROC 0.94). 
.Curva de aprendizaje corta y fácil de 
usar. 
. Cómodo para el paciente. 
.Método incruento más validado para la 
estratificación de riesgo en pacientes con 
hepatopatía compensada (presencia de 
hipertensión portal, varices esofágicas y 
riesgo de descompensación) 
. Elevado rango de valores posibles: 2-75 
Kpa. 
. Criterios de calidad para una correcta 
realización e interpretación de la prueba 
bien definidos. 
. Valores pronósticos de uso clínico. 
. Validado en distintas etiologías de 
hepatopatía crónica: hepatitis virales, 
esteatosis y alcohol. 

. Restricción de uso en pacientes obesos 
y con ascitis. 
. Requiere de un dispositivo específico no 
integrado en aparatos ecográficos. 
. No se puede seleccionar ROI. 
. Ausencia de valores de corte 
estandarizados para el diagnóstico de los 
estadios de fibrosis. 
. Precisión de discriminación entre 
estadíos intermedios de fibrosis se ve 
disminuida. 
. Menor aplicabilidad que otros 
biomarcadores no invasivos (operador y 
paciente dependiente). 
. Valores de rigidez hepática 
influenciados por congestión hepática, 
colestasis, inflamación, alcohol y grasa. 
 

pSWE . Puede ser implementado en ecógrafo 
convencional. 
. Se puede seleccionar ROI. 
. Elevada aplicabilidad (se puede realizar 
exploración en pacientes obesos y con 
ascitis). 
. Menor tasa de fracaso que ET. 
. Rendimiento diagnóstico equivalente a 
ET para fibrosis significativa y cirrosis. 
. Precisión diagnóstica se mantiene 
independientemente de la etiología de la 
hepatopatía crónica difusa. 

. Ausencia de criterios de calidad 
validados para una correcta 
interpretación de sus resultados. 
. Cuantificación de fibrosis sobreestimada 
por la ingesta de alimentos y por la 
actividad necro-inflamatoria hepática. 
. Puntos de corte no validados por todos 
los equipos. 
. Unidades de medida en m/s; haciendo 
difícil la comparación entre técnicas. 
. Estrecho rango de valores posibles (0,5-
4,4 m/s). 
. Precisión de discriminación entre 
estadíos intermedios de fibrosis se ve 
disminuida. 
. Valor pronóstico menos establecido que 
ET. 
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Técnica Ventajas Desventajas 
2D-SWE . Puede ser implementado en ecógrafo 

convencional. 
. Se puede seleccionar ROI y ajustar 
tamaño y localización. 
. Elevado rango de valores posibles: 2-
150 kPa. 
. Permite obtener en tiempo real un mapa 
de color de la rigidez hepática. 
. Elevada aplicabilidad (se puede realizar 
exploración en pacientes obesos y con 
ascitis). 
. Exactitud diagnóstica comparable a ET 
para la estadificación de la fibrosis 
hepática y el diagnóstico de cirrosis. 
 
 

. Ausencia de criterios de calidad 
validados para una correcta 
interpretación de sus resultados. 
. Precisión de discriminación entre 
estadíos intermedios de fibrosis se ve 
disminuida. 
. Valor pronóstico menos establecido que 
ET. 
. Técnica menos evaluada y estudiada. 
. Requiere de estudios de validación. 
. Larga curva de aprendizaje. 
. Valores de rigidez influenciados por la 
inflamación y la ingesta de alimentos. 
. Incapaz de discriminar con elevada 
precisión entre estadíos intermedios de 
fibrosis. 

ERM . Puede ser implementado en una aparato 
de Resonancia Magnética convencional. 
. Permite analizar un mayor volumen del 
parénquima hepático. 
. Elevada aplicabilidad (se puede realizar 
exploración en pacientes obesos y con 
ascitis). 
. Permite la cuantificación de fibrosis, 
grasa, inflamación y hierro mediante 
distintas técnicas de adquisición. 
. Técnica no invasiva con mayor precisión 
diagnóstica para la estadificación de 
fibrosis hepática y cirrosis (AUROCs: F0-
F1 de 0.84; F2 0.88; F3 0.93 y F4 0.92). 
. Precisión diagnóstica se ha demostrado 
que es independiente del IMC y de la 
etiología de la enfermedad hepática 
crónica. 
. Valores de precisión diagnóstica 
superiores para la cuantificación de 
fibrosis en comparación con ET y pSWE. 
. Valor pronostico (una rigidez ≥5,8 kPa 
presenta un riesgo significativo para el 
desarrollo de enfermedad hepática 
descompensada). 
 

. Precio elevado. 

. Técnica menos evaluada y estudiada 
que ET. 
. Valores influenciados por depósitos de 
hierro. 
. Pacientes pueden sufrir de 
claustrofobia. 
. Requiere un mayor tiempo de 
exploración. 
. No está disponible en la mayoría de los 
centros. 
. No está evaluada la ratio coste-
efectividad. 
. Se necesitan estudios prospectivos para 
analizar su valor pronóstico 
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Tabla 2. Valores óptimos de corte para las técnicas elastográficas. Nótese que los valores 

varían según la etiología (principalmente vírica y esteatosis/esteatohepatitis).  En la 

actualidad sólo existen datos suficientes para VTQ Siemens (pSWE) y de SSI (2D-SWE). 

Cada equipo comercial tiene valores de corte diferentes, sin existir una equivalencia entre 

los diferentes equipos. 

 

 

 

 

 F≥2 F≥3 F4 (cirrosis) 

Hepatopatía crónica, principalmente por virus C o B 

ET 

(11,30,36,39) 
≥7.0 kPa ≥8.5-9 kPa 

≥11.5-13 kPa 

Hipertensión portal 

clínicamente significativa: 

≥21 kPa* 

pSWE 

(23,43) 
≥1.34 m/s ≥1.55 m/s ≥1.80 m/s 

2D-SWE 

(48,49) 
≥7.1-7.8 kPa ≥8-9.2 kPa 

≥11.5-13.4 kPa 

 

Elastografía 

por RM (56) 
≥3.66 kPa ≥4.11 kPa ≥4.71 kPa 

Hepatopatía crónica, principalmente por esteatosis/esteatohepatitis 

ET (80)  ≥6.6-7.4 kPa ≥7.6-10.4 kPa ≥10.4-22.3 kPa 

pSWE 

(81,82) 
N/R ≥1.77 m/s ≥1.90 m/s 

2D-SWE (47)  ≥6.3 kPa ≥8.3 kPa ≥10.5 kPa 

Elastografía 

por RM (83)  
≥3.54 kPa ≥3.77 kPa ≥4.09 kPa 
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Figura 1. Ejemplos de medición de la dureza hepática por 2D-SWE (SSI). Desde la izquierda 

hacía la derecha: hígado normal (4.8±0.5 kPa), fibrosis leve (7.1±0.6 kPa) y cirrosis (29±2 

kPa). 
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Figura 2. ERM (1,5 Tesla, TR=50ms, TE=20 ms, ángulo=30o, cortes de 10 mm) en 

diferentes pacientes correlacionada con el estadio histológico de fibrosis hepática: imágenes 

mapa de ondas (A-C) y las correspondientes imágenes de elastogramas (D-F). Los 

elastogramas ilustran la rigidez del parénquima hepático en una escala cuantitativa de color, 

de 0 a 8 kPa. El aumento de la rigidez del hígado se relaciona con el aumento del grado 

histológico de fibrosis. Paciente con fibrosis grado 0 y con rigidez hepática de 1.8 kPa (A,D); 

paciente con fibrosis grado 2 y rigidez hepática de 2.8 kPa (B,E). Paciente con fibrosis grado 

4 y rigidez de 7.9 kPa (C,F). (cortesía de Dr. Miguel Stoppen, CT Scanner Lomas Altas, 

Ciudad de México, México) 
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Figura 3. Imágenes potenciadas en difusión (b=800 mm2/s) en un paciente con hígado 

normal, sin fibrosis (A) y en un paciente con fibrosis avanzada (B). Utilizando una secuencia 

con múltiples valores b (0, 50, 200, 400, 600, 800 mm2/s) se puede calcular el ADC y los 

parámetros IVIM (D, D* y f). Los valores más relevantes son el ADC=0.002 mm2/s y la f = 

0.314 (A) y el ADC=0.001 mm2/s y la f = 0.225 (B). Aunque los parámetros ADC y f 

disminuyen significativamente con la fibrosis, no está demostrado que sean suficientemente 

precisos para discriminar entre los grados de fibrosis hepática. 
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Figura 4. Mapas de T1 obtenidos de una secuencia Eco de Gradiente (3D, TR=3ms, TE=2 

ms, 7 ángulos: 2-7-10-20-30-40-50o) con representación de la distribución espacial de los 

tiempos de relajación T1 sin corrección T2*. Nótese que son más elevados en el paciente 

con cirrosis respecto al hígado sano. (A) Paciente sin fibrosis hepática: parénquima hepático 

con valores T1 de 390±40 ms en el lóbulo derecho. (B) Paciente con cirrosis hepática: 

parénquima hepático tiene valores T1 de 680±100 ms en el lóbulo hepático derecho. Los 

valores en el lóbulo hepático izquierdo son menores en ambos casos, tal vez por artefacto 

asociado al movimiento cardíaco. 
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