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Chapter 1

Introduction

History
In 1882, Philippe C.E. Gaucher described a patient with massive splenomegaly in his 

doctorate thesis [1]. He noticed accumulation of large cells in the spleen and hypothesized 

that the enlargement was due to an epithelioma of the spleen. In the decades thereafter, 

the metabolic and genetic background of the disease was discovered step by step. It was 

shown that lipid material was stored in the pathological cells [2], which was demonstrated 

to be glucocerebroside (glucosylceramide) [3]. Evidence for a deficiency of the enzyme 

responsible for the hydrolysis of glucocerebroside, named glucocerebrosidase (acid 

β-glucosidase; GBA), was provided in 1965 by Roscoe Brady [4,5].

Gaucher disease (GD) is a lysosomal storage disorder. Lysosomes, discovered by De 

Duve [6], are cellular organelles in which breakdown of macromolecules by hydrolases 

takes place. In GD, glucocerebrosidase deficiency results in accumulation of its substrate 

glucocerebroside. In rare cases, a deficiency in saposin C (the glucocerebrosidase activator 

protein) is the cause of the storage disorder [7]. The inheritance pattern of GD is autosomal 

recessive and more than 300 mutations in the GBA1 gene (locus 1q21) have been described 

[8]. Specific common mutations are c.1226A>G (p.Asn409Ser (N409S)), c.1448T>C 

(p.Leu483Pro (L483P)) and p.483P+p.495P+p.499V (RecNci1) [9]. These mutations are 

noted following the (new) standard nomenclature for sequence variants [10]. In literature, 

until now, GBA mutations are most often described according to the annotation excluding 

the first 39 amino acids of the leader sequence. For example, the N409S mutation is 

formerly known as N370S and L483P as L444P. 

The Ashkenazi Jewish population is known to have a higher birth prevalence rate of GD as 

compared to other ethnic groups. The estimated birth prevalence based on the combined 

frequency of the two most common mutations in Ashkenazi Jews (N409S and 123GG) is 

1 in 855 [11]. Worldwide, the birth prevalence of GD is estimated to be 1 in 40.000-50.000 

[12]. In the Netherlands, the birth prevalence was reported to be 1,16 in 100.000 [13].

Clinical perspective
GD is classically categorized into three types. This classification is based on the 

involvement of the central nervous system. Type 1 Gaucher disease (GD1) is known as 

the non-neuronopathic variant, whereas type 2 and 3 are characterized by neurological 

involvement. However, it should be noted that in GD1 neurological symptoms can occur 
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and the term ‘non-neuronopathic’ is therefore not completely appropriate for this type 

[14,15]. The neuronopathic type 2 and 3 Gaucher disease are distinct based on the onset 

and rate of progression of the disease. Type 2 disease is often referred to as the acute 

neuronopathic form and is characterized by early onset (neonatal or infantile) and a rapid 

progression with death occurring in early childhood. Type 3 disease has a more attenuated 

course and manifests with onset of symptoms in childhood or adolescence. The distinction 

between type 2 and 3 disease is complicated by the presence of a wide phenotypic spectrum 

of these neuronopathic variants. It is suggested to classify the neuronopathic variants into 

‘acute’ and ‘chronic’ instead of type 2 and 3 [16]. Type 1 GD is by far the most prevalent 

form. The studies described in this thesis all concerned patients affected by this type.

The phenotypic spectrum of Gaucher disease type 1
The majority of GD patients, approximately 94%, have type 1 disease [17]. The 

expression of disease manifestations is highly variable between individuals and onset 

of symptoms can occur at any age [11]. Severely affected GD1 patients can present with 

debilitating symptoms early in childhood and, on the other hand, patients can also remain 

asymptomatic throughout life [18]. Genotype-phenotype correlation is limited in GD. 

Even in monozygotic twins the phenotypic expression of the disease can show marked 

variability [19,20]. 

Accumulation of glucocerebroside in macrophages results in a broad spectrum of clinical 

manifestations. Splenomegaly is observed in the majority of newly diagnosed patients 

(> 90%). Around 30% of patients have splenic volumes more than 15 times the multiple 

of normal [21]. This massive splenomegaly can lead to abdominal discomfort and early 

satiety. Hepatomegaly is also frequently encountered, although liver function is usually 

well preserved. As a result of hypersplenism and repression of normal bone marrow 

functioning, thrombocytopenia and anaemia are the main haematological signs of the 

disease [22]. Almost all patients show signs of skeletal involvement on radiological 

examination [17,21]. Bone disease can be severe and debilitating with bone infarcts and 

painful bone crises needing hospitalization. In rare cases, pulmonary, renal and cardiac 

involvement is described [23-25].

Diagnosis
The gold standard in diagnosing GD is demonstration of deficient glucocerebrosidase 

enzyme activity. This is most commonly performed in peripheral blood leucocytes or 

cultured skin fibroblasts, using fluorescent substrates. Together with sequencing of the 
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GBA gene, an enzymatic and genetic diagnosis of GD can be made [12, 26]. Confirmation 

of genotype has limited value in predicting the phenotypic outcome. However, some 

statements regarding genotype-phenotype correlation can be made. For example, the 

presence of L483P homozygosity is associated with neuronopathic disease, whereas a 

N409S mutation most certainly results in type 1 disease [27]. Nowadays, new biochemical 

laboratory tests which can serve as rapid first screening of patients suspected of GD have 

been introduced in current practice [28]. However, a definite diagnosis should always be 

confirmed by a demonstrated GBA deficiency.

Treatment
Up until the 1990s, GD was managed by supportive care, depending on the signs and 

symptoms a patient encountered. Splenectomy was frequently performed in case of 

manifestations as a result of massive splenomegaly. Bone crises are managed by pain 

medication and hospitalization when necessary. Orthopedic surgery is performed in 

selected cases with bone complications [29]. 

The first treatment that became available for GD was enzyme replacement therapy 

(ERT). This therapy consists of intravenous administration of the deficient enzyme and 

different preparations were developed over the years. The first was exogenous enzyme 

from human placental tissue (alglucerase, Ceredase®, Genzyme-Sanofi, Cambridge, MA, 

USA). Imiglucerase (Cerezyme®, Genzyme-Sanofi, Cambridge, MA, USA), a recombinant 

enzyme produced by using Chinese hamster ovarian cells, was developed afterwards. 

Two other enzyme preparations have become available; velaglucerase alfa (Vpriv®, 

Shire, Lexington, MA, USA), obtained by using human fibroblasts, and taliglucerase alfa 

(Elelyso®, Protalix-Pfizer, Carmiel, Israel) which is produced by using carrot cells. ERT 

has proven to be highly effective in reversing clinical symptoms and preventing the need 

for splenectomy and occurrence of bone complications [30-34].

Another treatment principle that is used in GD is substrate reduction therapy (SRT), 

aimed at reducing the amount of glucocerebroside by inhibiting the synthesis of this 

glycosphingolipid [35]. Two substrate inhibitors are currently authorized for use 

in GD; miglustat (Zavesca®, Actelion Ltd., Allschwil, Switzerland) and eliglustat 

(Cerdelga®, Genzyme-Sanofi, Cambridge, MA, USA). Both substrate inhibitors inhibit 

glucosylceramide synthase, the enzyme catalyzing glucocerebroside synthesis [36]. The 

latter has proven to be a more potent substrate inhibitor and has shown to be non-inferior 

to imiglucerase in clinical effects. It is considered a safe alternative to ERT [37]. The oral 
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administration route of SRT is a main advantage of this therapy, when compared to ERT 

which has to be administered intravenously. There is no marked difference in the costs 

of both therapeutic approaches. ERT as well as SRT are both extremely costly. Costs of a 

year of ERT in an average dose for one patient are around € 200.000.

The option of gene therapy for GD is currently under investigation. The use of lentiviral 

vectors to transfer genes into GD patients shows promising results in mouse models [38]. 

Chaperone therapy is another approach that might be beneficial in GD. This strategy 

is based on the administration of pharmacological chaperones that are able to improve 

and stabilize several steps that a mutant enzyme in GD undergoes in the endoplasmic 

reticulum (ER) and transport to the lysosome. In this way, intracellular activity of residual 

glucocerebrosidase can be improved [39]. 

Pathophysiology
Glucocerebroside (glucosylceramide) is a sphingolipid and a basic component of cell 

membranes. The enzyme glucocerebrosidase (acid β-glucosidase; GBA; EC 3.2.1.45) 

is responsible for the degradation of glucocerebroside into glucose and lipid. In GD, 

deficiency of glucocerebrosidase activity leads to accumulation of glucocerebroside in 

lysosomes, mainly in macrophages. As a result, typical lipid-laden enlarged macrophages 

appear in storage sites involved in GD. The spleen, liver and bone marrow are the 

sites predominantly affected in GD and clinical signs and symptoms can be attributed 

to the effect of Gaucher cells in those sites. Storage in the spleen can induce massive 

splenomegaly with hypersplenism and subsequent cytopenia. Liver involvement results 

in hepatomegaly. Glucocerebroside storage in the bone marrow can lead to bone marrow 

infarcts and painful bone crises [11]. 

The pathological effects of the presence of Gaucher cells in viscera and systemic 

involvement are not entirely clear. Several pathophysiological mechanisms are implied. 

First of all, the pathological storage cells disturb normal tissue architecture. Blood 

flow might be impaired, leading to local infarction and areas of fibrotic tissue can 

arise [11]. Secondly, the macrophage activation pattern as a result of glucocerebroside 

accumulation might play a role in the state of inflammation, which is associated with 

GD [12]. Gaucher cells are demonstrated to express a distinct macrophage phenotype, 

which shows a resemblance to alternatively activated macrophages. Smaller cells 

surrounding the typical Gaucher cells are shown to have a more classically activated 

pattern [40]. It is presumable that the state of macrophage polarization in each individual 
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patient determines the net effect of the various cytokines, chemokines and other factors 

released in response to the inflammation-sign [41,42]. Another factor presumed to be 

involved in the pathophysiology of GD is the production of glucosylsphingosine (lyso-

glucosylceramide, lyso-GL1). Accumulation of glucocerebroside due to glucocerebrosidase 

deficiency leads to the activation of an alternative pathway of glucocerebroside breakdown. 

The deacylated form of glucocerebroside, glucosylsphingosine, is formed in this process 

and high levels of this lipid are found in GD and associated with pathophysiological 

effects [43-45]. Glucosylsphingosine is suggested to exhibit neurotoxic effects and may 

contribute to osteoblastic dysfunction, B-cell proliferation and inflammation in GD [46-

48]. Furthermore, abnormalities in cellular functioning in GD have been described and 

all might contribute to the pathophysiological changes and phenotypic diversity of GD. 

Retention of mutant GBA in the endoplasmic reticulum (ER) as a result of misfolding of 

the protein leads to proteasomal degradation via the ER associated degradation (ERAD) 

process. This mechanism, known as the unfolded protein response (UPR), induces ER 

stress leading to mitochondrial dysfunction and ultimately cell death [49,50]. Cellular 

stress and apoptosis can also be the result from oxidative stress, that is described to occur 

in GD [51,52]. Correctly folded proteins, normal or mutant, are degraded in the lysosomes 

by a process called autophagy. Evidence for impaired autophagic activity in GD is shown 

and also contributes to cellular damage [53,54]. Dysfunction in the autophagic-lysosomal 

pathway is linked to the occurrence of associated conditions such as Parkinson’s disease 

[55]. The presence of iron in Gaucher cells [56] may contribute to the pathophysiological 

changes at the cellular level with oxidative stress as a consequence. In this thesis, the role 

of iron is further studied both in relation to the pathophysiology and as a monitoring tool 

(see below). Although several pathophysiological aspects of GD are unraveled, the exact 

role of all contributing factors in each patient is difficult to ascertain. Especially the role of 

those factors in the development of long-term complications should warrant further study. 

Long-term complications and associated conditions
Over the years, it has been recognized that a GD patient carries a risk of developing 

complications and associated conditions [57]. Important and debilitating complications 

of GD include bone complications such as avascular necrosis and pathological fractures 

[58]. The associated conditions described in GD include Parkinson’s disease and the 

development of malignancies. It is known that a mutation in the GBA1-gene is a main 

risk factor for synucleinopathies, making Parkinsonism more prevalent in the Gaucher 

population [59]. The increased susceptibility of patients with GD for malignancies is 

another clinically important subject of research. Hematological malignancies, in particular 
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multiple myeloma, have a higher incidence rate in GD patients as compared to the healthy 

population [60,61]. Also solid tumours such as hepatocellular carcinoma (HCC) and renal 

cell carcinoma (RCC) have been described [61]. As mentioned previously, different pro- 

and anti-inflammatory features of Gaucher cells, as well as storage material derived factors 

and iron could play a role in carcinogenesis in GD [62].

Monitoring
Follow-up of GD patients is performed by regular clinical examinations together with 

assessment of several biomarkers. Radiology examinations are important in monitoring 

liver- and spleen volumes, staging bone marrow involvement and are used for diagnosing 

and follow-up of complications when necessary [63]. Key biochemical markers for GD 

are chitotriosidase and glucosylsphingosine. Chitotriosidase is a macrophage-derived 

enzyme, secreted by Gaucher cells and therefore used as indicator of Gaucher cell load 

in a patient [64,65]. Glucosylsphingosine (lyso-GL1), as also mentioned above, is found 

to be extremely elevated in GD patients as well. It decreases in response to therapy and is 

currently considered as an important biochemical marker of GD [48]. Other biochemical 

markers which are found to be elevated in GD include the chemokine CCL18/PARC, 

angiotensin-converting-enzyme (ACE) and ferritin [42,66]. Although elevations of the 

latter are not specific for GD as plasma levels are influenced by several conditions, it has 

been hypothesized that hyperferritinemia reflects a certain degree of distortion in iron 

metabolism in this metabolic disease. Storage of iron in the pathological Gaucher cells 

has been described and as such, might be involved in the pathophysiology of GD and its 

associated conditions [56,67-70].

This hypothesis serves as the basis of the studies described in this thesis. We questioned 

how the metabolism of iron could be affected in GD and whether assessment of iron status 

using laboratory parameters and imaging techniques could aid in optimizing follow-up 

of GD patients. As iron is stored in Gaucher cells, it might serve as an indicator of the 

exact location of those cells in case of residual disease. Detecting abnormal stores of iron 

could indicate the presence of residual disease and as such, predict an increased risk for 

developing complications.  Because of its paramagnetic nature, iron can be quantified 

non-invasively using magnetic resonance imaging (MRI). MRI is currently used as a 

monitoring tool in several iron-overload disorders [71]. By developing an iron-sensitive 

whole-body MRI protocol, we aimed to explore the distribution and quantity of iron 

in organs and the musculoskeletal system in GD, and study its potential as a marker of 

residual disease.
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Outline of this thesis
The aim of this thesis is to study the role of iron and abnormalities in iron metabolism in 

Gaucher disease in relation to residual disease and risk for associated conditions and hence 

to improve our understanding of pathophysiological aspects of the disease.  Chapter 2 

provides a review of studies published on hyperferritinemia and iron metabolism in GD. 

Chapter 3 describes the findings of a study using magnetic resonance imaging (MRI) 

to depict iron in GD patients in comparison to healthy control subjects. In chapter 4, 

analysis of iron status including the iron-regulatory hormone hepcidin in GD patients is 

described. Chapter 5 concerns an international case series on hepatocellular carcinoma 

in GD patients from several expert centers around the world. In chapter 6 the imaging 

findings of focal liver and spleen lesions as frequently encountered in GD are described 

in a retrospective study. A summary of this thesis is written in chapter 7 and in chapter 

8 a general discussion is provided. Chapter 9 includes a summary of this thesis in Dutch.
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Abstract

Gaucher Disease (GD) is characterized by large amounts of lipid-storing macrophages 

and is associated with accumulation of iron. High levels of ferritin are a hallmark of the 

disease. The precise mechanism underlying the changes in iron metabolism has not been 

elucidated. A systematic search was conducted to summarize available evidence from the 

literature on iron metabolism in GD and its potential pathophysiological implications. We 

conclude that in GD, a chronic low grade inflammation state can lead to high ferritin levels 

and increased hepcidin transcription with subsequent trapping of ferritin in macrophages. 

Extensive GD manifestations with severe anemia or extreme splenomegaly can lead to a 

situation of iron-overload resembling haemochromatosis. We hypothesize that specifically 

this latter situation carries a risk for the occurrence of associated conditions such as the 

increased cancer risk, metabolic syndrome and neurodegeneration.
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Introduction

Gaucher disease (GD; OMIM #230800) is a rare lysosomal storage disorder in which a 

deficiency of the lysosomal enzyme glucocerebrosidase (EC 3.2.1.45) leads to accumulation 

of its substrate glucosylceramide [1] Accumulation of glucosylceramide occurs primarily in 

macrophages and this storage leads to the appearance of so-called ‘Gaucher cells’. These 

lipid-laden macrophages are mainly found in spleen, liver and bone marrow resulting in 

a complex disorder with a heterogeneous clinical picture [2]. 

GD is classically categorized in three phenotypic variants, based on the presence (type 

2 and 3) or absence (type 1) of central nervous system involvement. Type 1 GD (GD1) 

is the most common variant, accounting for approximately 94% of the GD patients 

[3]. Infiltration of Gaucher cells in spleen, liver and bone marrow leads to cytopenia, 

hepatosplenomegaly and bone disease. The spectrum of symptoms can range from mild 

to severe and can have a debilitating effect on quality of life [4]. Type 1 GD is extremely 

variable in its expression of disease manifestations between individuals. Even within 

families, the phenotypic differences are vast, so genotype-phenotype correlation is limited 

[5]. Presumably, genetic, epigenetic and environmental factors contribute to the presence 

and severity of clinical symptoms.  

Until the 1990s splenectomy was the only treatment option in GD patients suffering from 

splenomegaly and its accompanying symptoms. Nowadays, the disease is treatable with 

enzyme replacement therapy (ERT), based upon intravenous administration of purified 

glucocerebrosidase, or substrate reduction therapy (SRT), the latter partially inhibiting 

glucosylceramide synthesis. ERT has completely altered the lives of GD patients and does 

not only improve key clinical symptoms but can prevent splenectomy and severe bone 

disease [6-10]. Because of its effectiveness, it can be hypothesized that the occurrence of 

other complications and associated conditions can be altered as well [11]. These long term 

complications and associated conditions of GD have been extensively described [12-15]. 

The increased susceptibility of patients with GD for malignancies, in particular, multiple 

myeloma and other hematological malignancies, is remarkable. In addition, several cases of 

hepatocellular carcinoma have been reported [16-20]. Factors contributing to this increased 

cancer risk are largely unknown. A better understanding of the pathophysiological 

processes involved in carcinogenesis in GD may lead to a more optimized follow-up of 

individual patients at risk and might result in prevention of complications later in life. 

Insulin resistance and Parkinson’s disease are more prevalent in GD as well [12, 14].
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One possible factor implicated in the pathophysiology of conditions associated to GD is 

the accumulation of redox-active iron. Iron is an essential element in the human body 

and important for normal cellular functioning with most of the total body iron being 

present in hemoglobin and myoglobin. Apart from its role in oxygen transport, iron is 

required for heme and iron-sulfur synthesis, which are essential cofactors of enzymes 

of the mitochondrial respiratory chain, adequate electron transport and iron serves 

as an important co-factor for a number of enzymes involved in metabolism including 

neurotransmitter synthesis [21]. However, the facile interconversion between Fe(II) to 

Fe(III) makes it hazardous if present in free form and can result in the production of 

reactive oxygen radicals and ultimately cellular death [22, 23]. Storage of excess iron in 

ferritin is essential to prevent iron-mediated oxidative processes. Serum ferritin is reported 

to be elevated in the majority of GD patients [24, 25]. Since, serum ferritin levels reflect 

both macrophage and parenchymal iron stores [26] this suggests abnormal storage of iron 

in either macrophages, hepatocytes or other parenchymal cells. Overall, parenchymal 

iron is considered to be more toxic than macrophage system overload, as evidenced by 

the relatively clinically mild iron overload observed in loss of function ferroportin disease 

compared to the more severe iron overload observed in HFE-hemochromatosis [27, 28]. 

In the liver, iron overload can provoke lipid peroxidation resulting in cell damage with 

induction of fibrosis, which is a risk factor for development of hepatocellular carcinoma 

[29]. Fibrosis may occur in Gaucher disease in the liver, bone marrow and spleen [30]. 

Disrupted iron metabolism may also be partly responsible for the increased cancer risk in 

GD. Furthermore, Parkinson’s disease as well as metabolic syndrome have been associated 

with GD. In these conditions, a possible pathophysiological effect of iron metabolism 

disturbances could be considered.

This review discusses currently available literature with respect to iron metabolism in GD 

with the aim to formulate a hypothesis on the pathophysiological implications of altered 

iron metabolism.

Methods

A PubMed search was performed, which consisted of the following Medical Subject 

Headings (MeSH) terms: Gaucher Disease, Iron, Iron Compounds, Iron Metabolism 

Disorders, Iron-Binding proteins, Iron-Regulatory Proteins, Ferritins in combination 

with the following non-MeSH terms: Gaucher, acid-beta-glucosidase deficiency, 

cerebroside lipidosis syndrome, glucocerebrosidase deficiency, glucosylceramide beta-
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glucosidase deficiency, GBA deficiency, iron, ferritin, apoferritin, isoferritin, transferrin, 

hyperferritinemia. An EMBASE search was also performed, stratified for all possible 

synonyms for Gaucher disease, iron and hyperferritinemia. Reference lists of relevant 

articles were screened for possible additional literature.  Date of last search: 4 December 

2014.

Studies reporting on hyperferritinemia and/or iron metabolism in GD and studies 

describing a possible link between iron metabolism and associated conditions in GD 

were included in this review. 

Exclusion criteria were: language (article not written in English or Dutch), no full text 

available, content not related to inclusion criteria.  

Results

The search resulted in 225 articles from which title and abstract were screened. One 

hundred thirty-two studies did not fulfil the inclusion criteria. The remaining 93 studies 

were selected for full-text reading. After full-text reading of these studies, another fifty-

eight articles did not fulfil the inclusion criteria and were excluded. Screening of reference 

lists of the included articles yielded two additional studies, resulting in thirty-seven studies 

for review. See figure 1 for a flowchart. 
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Figure 1. Flowchart

Pathology studies
As already published by Lorber in 1960 [31] iron particles can be found in the pathological 

Gaucher cells. Bone marrow aspirates of five GD type 1 (GD1) patients showed many 

iron-containing structures in the Prussian-blue stain. This finding was strengthened by 

studies performed in the following years. Lee et al [32] studied tissues from twelve patients 

using light- and electron microscopy and found iron storage in Gaucher cells in eleven of 

these patients in samples from bone marrow, spleen, liver and lymph nodes. Using light 

microscopy, only some Gaucher cells stained positive for iron particles. This finding was 

in contrast to that observed using electron microscopy, in which all Gaucher cells were 

found to contain iron. Subsequently, ferritin was identified as the iron-storing compound 

in the Gaucher cells [33].  In a later study, Lorber observed in seven spleens and a bone 

marrow aspirate from GD patients that not every storage cell stained positive with Prussian 

blue [34].

While most additional case reports described positive staining for iron in Gaucher 

cells [35-39], other pathology studies challenged this: in a case series in which five 

immunohistochemical and ultrastructural features of Gaucher cells were examined, none 

of the typical Gaucher cells stained positive for iron [40]. However, splenic macrophages 
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or bone marrow showed brown granules of hemosiderin. In a perinatal lethal form of GD 

[41] extreme hyperferritinemia was found with hemosiderin depositions throughout the 

macrophage system on pathological examination. It is not clear whether the Gaucher cells in 

this case accumulated hemosiderin as well (aggregated, partially deproteinized ferritin that 

is formed when ferritin is partially degraded). It was postulated that intravascular ferritin 

release from damaged hepatocytes due to extensive hepatic infiltration with Gaucher cells 

was the source of the extremely high circulating ferritin levels. Apparently, parenchymal 

cells surrounding Gaucher cells can show iron storage: Stein et al [25] performed liver 

biopsies in three GD patients, treated with enzyme replacement therapy, with evidence 

of iron overload based on elevated transferrin saturations and/or imaging. These biopsies 

showed up to grade 3-4 hepatocyte siderosis, mainly found in hepatocytes and Kupffer 

cells; the Gaucher cells did not show excessive iron accumulation. 

An investigational technique to identify metallic elements present in tissue is laser 

microprobe mass analysis (LAMMA). This technique was used to study Gaucher cells and 

cultured Gaucher fibroblasts and their elemental content [42]. A high iron-related signal in 

the Gaucher cell cytoplasm from liver tissue was found. By electron microscopy abundant 

ferritin particles and hemosiderin in the cytosol were proven to be the main source of 

this iron-signal in Gaucher cells. Occasional membrane-limited organelles containing 

iron-rich ferritin particles (siderosomes) were also observed. No excess iron was found in 

the surrounding hepatocytes. It was postulated that due to the absence of excess iron in 

cultured skin fibroblasts of Gaucher patients the stored iron should have had an extrinsic 

origin, presumably erythrophagocytosis. 

Together, these studies support the hypothesis that excessive iron storage can be present 

in GD. However, iron storage is not always confined to Gaucher cells and can be observed 

in other cellular iron storage sites, such as hepatocytes or Kupffer-cells, instead of the 

Gaucher macrophages. 

Ferrokinetic studies
Using radioactive iron, rapid disappearance of radio-iron from plasma was observed in 

GD [34]. Slightly more radioactivity was measured in regions where Gaucher disease 

manifestations were present, supporting the hypothesis that iron was taken up by Gaucher 

cells. In a series described by Lee et al [32], erythrokinetic studies and measurements of 

iron stores were performed. They also observed a rapid plasma iron disappearance  in 

three out of four patients. In two patients, the distribution of intravenously administered 
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radio-iron was studied. After accumulation of radioactivity in the sacrum a slight increase 

in radio-iron was measured in the spleen. All studied patients showed a decreased iron 

incorporation in red cells, with grossly normal red cell volume. Haematology values, total 

serum iron and iron binding capacity remained normal in these patients. Three patients 

were reported to have increased iron stores, based on increased urinary iron excretion after 

administering an iron chelator. In vitro studies of bone marrow of a GD patient showed 

markedly positive iron-staining Gaucher cells, which decreased in time, indicative of iron 

exit from Gaucher cells [34]. In summary, these studies showed a rapid distribution of iron 

out of plasma, most likely to sites of storage macrophages. 

Biochemical studies
Hyperferritinemia

The presence of high levels of serum ferritin is a well-known feature of GD [24, 25, 43-47]. 

A ferritin-decreasing effect of ERT has been described and as such this marker is used to 

monitor response to therapy [24, 25].

Ferritin is a protein complex composed of 24 protein subunits of 2 types, H- and L-ferritin, 

which assemble to make a hollow spherical shell, which can take up 4500 atoms of 

intracellular stored iron [48].   Its main function is binding of iron in a redox-inactive 

form, preventing cellular damage to be caused by free iron [49]. The ferroxidase activity 

of H-ferritin converts ferrous iron (Fe2+) to ferric iron (Fe3+), which is necessary for 

iron deposition in the nanocage [48].  L-ferritin induces iron nucleation.  Serum ferritin 

concentration is a useful clinical parameter in determining the amount of iron storage in 

the human body. However, several disorders are associated with increased ferritin levels, 

i.e. inflammatory disorders, metabolic syndrome and cancer[27]. The precise source and 

secretory pathway of serum ferritin remains to be elucidated, although animal studies 

suggest that macrophages contribute significantly to serum ferritin concentrations [50].  

It is possible that cells actively secrete ferritin into the circulation, or that damaged cells 

leak ferritin and thereby causing ferritin levels to increase [49, 51]. Serum ferritin differs 

from tissue ferritin in that it is glycosylated, contains mostly L-chains and is iron poor 

[27]. Subtyping of the different ferritin forms is performed in several hyperferritinemic 

conditions. In adult-onset Still’s disease for example, the percentage of glycosylated ferritin 

is <20%, whereas normal adults have a percentage of 50-80% of circulating ferritin which 

is glycosylated [52, 53]. Stirnemann et al. investigated ferritin glycoforms in patients with 

GD and found significantly lower glycosylated ferritin percentages in untreated GD patients 

when compared to patients on enzyme replacement therapy [54]. Absolute concentrations 
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of non-glycosylated ferritin forms significantly decreased on ERT , but glycosylated ferritin 

concentration was not significantly altered, suggesting that an increased non-glycosylated 

ferritin is a reflection of enhanced ferritin release via cell lysis. 

Mekinian et al. [24] reported a frequency of hyperferritinemia in treatment-naïve patients of 

87%, while other iron-status parameters were normal. This pattern in GD could show some 

similarities to the pathogenesis of macrophage activation syndrome (MAS), an acquired 

form of hemophagocytic lymphohistiocytosis (HLH). This hemophagocytic syndrome is 

characterized by high levels of ferritin and the presence of several inflammatory cytokines 

[55]. A chronic inflammatory state as is seen in GD, with the upregulation of IL-6, IL-10 

[56] and macrophage inflammatory proteins [57], may lead to increasing circulating ferritin 

levels through modulation of hepcidin as described below.

Hepcidin

In the past decades, our understanding of human iron homeostasis has greatly improved 

due to unraveling of key mechanisms involved in this process. Iron metabolism is fine-

tuned by two regulatory mechanisms; a system involving regulation by the hormone 

hepcidin and a cellular control mechanism via iron-regulatory proteins (IRP1 and IRP2), 

for review see [51]. 

Hepcidin is a 25 amino acid peptide produced mainly by the liver. Binding of this hormone 

to the cellular iron exporter ferroportin leads to internalization and degradation of this 

exporter. As a result, intracellular iron levels increase, less dietary iron will be absorbed 

and consequently, plasma iron concentration decreases. Main regulators of hepcidin 

expression are body iron status, erythropoietic activity, hypoxia and inflammation. 

The hemochromatosis iron protein (HFE) is an important regulatory factor in hepcidin 

transcription. Defects in the HFE-gene causes downregulation of hepcidin secretion and 

leads to disproportional dietary iron absorption and the release of intracellular stored iron. 

This finally results in an iron overload disorder known as hereditary hemochromatosis. 

It has been suggested that there could be a role for hepcidin in the occurrence of 

hyperferritinemia in GD [24, 25]. For example, interleukin-6 is a regulator of hepcidin 

synthesis in the liver [58] and this pro-inflammatory cytokine can be increased in GD 

[56]. The multisystemic inflammatory reaction as observed in GD with accompanying 

production of cytokines may contribute to the elevation of hepcidin levels and consequently 

to intracellular iron trapping [25, 59]. Indeed, Medrano-Engay et al. [60] found elevated 
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hepcidin levels in mildly affected GD patients. They studied the effect of two different 

iron chelator therapies in eight GD1 patients with a serum ferritin level > 700 ng/ml. Five 

of these patients were treated with SRT and three were untreated. The main findings of 

this study were the significant reduction of mean serum ferritin concentration after four 

months of iron chelation therapy and a significant decrease in mean hepcidin concentration. 

Interestingly, ferritin reduction and hepcidin showed a high positive correlation (r2=0.976). 

In addition, an increase in pro-inflammatory cytokines (MIP-1α, MIP-1β and TNF-α) was 

observed in all patients.

Discussion

Studies published more than fifty years ago already reported signs of iron storage in the 

typical Gaucher macrophages [31-34, 36-39]. The iron mainly consists of ferritin particles, 

the storage form of iron, presumably as a result of erythrophagocytosis. However, iron 

storage was also found in cellular storage sites other than the Gaucher cells, for example 

in non-Gaucher macrophages in spleen and bone marrow or Kupffer cells in the liver 

[25, 35, 40, 41]. Ferrokinetic studies demonstrated a rapid plasma turnover of iron, signs 

of iron-uptake by Gaucher cells and decreased incorporation of iron in erythrocytes [32, 

34]. In the years thereafter, increasing evidence became available regarding the frequently 

found elevated ferritin levels in GD. Macrophage activation leading to a state of low-grade 

inflammation due to glucosylceramide accumulation has been described as one possible 

explanation for increasing ferritin levels [24]. In line with this is the finding of increased 

hepcidin levels in GD, due to the presence of inflammatory mediators. As a consequence, 

ferroportin exporters will become less available for iron export out of the cells, which 

results in higher intracellular iron levels [60]. 

Cohen et al [50] studied the possible source of serum ferritin in mice and concluded 

that serum ferritin is a reflection of macrophage iron status. It is proposed that serum 

ferritin represents a subpopulation of intracellular ferritin that has translocated to the 

lysosomal compartment. Inherent to its vital role in the degradation of organelles and 

macro-molecules, several iron-containing elements are degraded by lysosomes. For 

example, senescent erythrocytes are endocytosed in the lysosomes of macrophages and 

heme, a complex of hemoglobin-haptoglobin is delivered to the macrophage through the 

CD163-receptor.  Iron in lysosomes mostly occurs in the ferrous form (Fe2+), due to the 

acidic environment and presence of reducing molecules [61]. This redox-active form of iron 

may lead to oxidative stress in the lysosome and can ultimately destabilize the organelle 
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[62-64]. Iron in its free form can easily transport electrons and lead to oxygen radical 

formation. Oxidative damage to lysosomes and subsequently to cells is avoided by storing 

iron in a non-redox-active form in the cytosol as ferritin. Release of iron from ferritin may 

occur through transport to the plasma compartment, as L-ferritin, or through lysosomal 

degradation [65]. However, ferritin can also become autophagocytosed and degraded [66]. 

In situations of high iron load, for example in hereditary haemochromatosis, hepcidin 

levels are inappropriately low for the body iron status, leading to a relative excess uptake of 

dietary iron. This results in increased saturation of transferrin in plasma and the generation 

of so called toxic iron species non-transferrin bound iron (NTBI) that are readily taken 

up by parenchymal cells [67, 68]. In this situation, serum ferritin levels are increased and 

the concomitant elevated transferrin saturation can serve as a marker of (parenchymal) 

iron overload and risk of cellular toxicity and organ damage [69].

In Gaucher disease, secondary hypersplenism due to splenomegaly is one of the 

mechanisms which contributes to the occurrence of cytopenias [70]. Splenectomies were 

often performed in the past followed by immediate increases in hemoglobin levels and 

thrombocyte counts [71]. These effects, albeit more slowly, are now observed in patients 

on enzyme replacement therapy [72] as well.  Morphological changes in red blood cells 

(RBCs) in GD patients favor erythrophagocytosis and result in enhanced splenic turnover 

of RBCs [73]. Thus, in case of enhanced red cell destruction, an increase in iron supply to 

be handled by the macrophage system occurs. In addition, we hypothesize that in GD the 

following factors contribute to a possible dysregulation in the storage of iron. 

First of all, a direct effect of altered macrophage membrane structure on ferroportin 

expression could mimic the consequences of the so-called ferroportin disease with loss of 

function from the cellular iron-exporter. In this situation, iron-release from macrophages is 

blocked. Transferrin saturation is normal and iron is sequestered and can be demonstrated 

in macrophages [28]. To our knowledge, data concerning changes in ferroportin expression 

on Gaucher macrophages is not published, but would be of high interest to investigate . 

Secondly, the chronic low-grade inflammatory state present in GD could lead to 

disturbances in ferroportin expression. Gaucher cells secrete pro- as well as anti-

inflammatory cytokines and proteins into the circulation [44, 56, 57]. While mature 

Gaucher cells resemble alternatively activated M2 macrophages, smaller surrounding cells 

have been identified as possessing a more classically activated, M1 signature [74]. Previous 

studies have shown that these macrophage sub-types display a different expression profile 
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of genes involved in iron storage [75].  The M1, pro-inflammatory macrophages have low 

ferroportin expression and are therefore contributing to the iron sequestration in these cells. 

Inflammation leads to upregulation of hepcidin, but hepcidin-independent downregulation 

of ferroportin through stimulation of toll-like receptors enhances this effect [76]. 

Conversely, the M2 macrophages show an upregulation in ferroportin expression leading to 

increased iron release out of the cells . The balance between the M1 and M2 macrophages 

in GD may lead to differential, predominantly pro- or anti-inflammatory effects on the 

surrounding tissues and beyond. We hypothesize that this balance is dependent on the 

disease activity and amount of Gaucher cells present in each individual patient. A similar 

mechanism as is seen in the macrophage disorder hemophagocytic lymphohistiocytosis 

is hypothesized: in this disease, several pro-inflammatory cytokines are secreted and 

excessive activation of macrophages takes place. As a result of this, growth differentiation 

factor 15 (GDF15) is abundantly secreted by pro-inflammatory macrophages with the aim 

to suppress further activation of these cells [77]. Increasing GDF15 levels are associated 

with the M2 macrophage phenotype and result in enhanced ferroportin expression because 

it is a negative regulator of hepcidin production [77]. This could lead to efflux of trapped 

iron from macrophages into the circulation and hence toxicity to surrounding tissue. 

Ineffective or increased erythropoiesis challenges the macrophage system as well. It has 

been reported that GDF15, twisted gastrulation (TWSG1) and erythroferrone (ERFE) 

levels from erythroblasts in situations of ineffective or increased erythropoiesis lead to 

suppression of hepcidin production in the liver [78, 79]

Hence, we hypothesize that in mild GD, the pro-inflammatory classically activated (M1) 

macrophage is the major storage cell, entrapping iron as is seen in other pro-inflammatory 

diseases. In more excessive, long-standing storage, an anti-inflammatory response is 

induced, leading to larger numbers of alternatively activated M2-type Gaucher cells, that 

leak iron to parenchymal cells and non-GD macrophages, with subsequent damage due to 

oxidative stress. Figure 2 shows a schematic representation of this hypothesis.

Interestingly, iron has been implicated in the pathophysiology of several disorders which 

are associated with GD, for example Parkinson’s disease, cancer  and insulin resistance 

[2, 12, 16, 17]. Parkinson’s disease (PD), a disorder characterized by progressive 

neurodegeneration and loss of dopaminergic neurons in the substantia nigra together with 

the production of Lewy bodies, is considered a complex multifactorial disease. In the last 

decade, increasing evidence became available indicating that free iron and the formation of 
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reactive oxygen species are one of the important pathophysiological mechanisms involved 

[80]. 

The increased risk of developing malignancies in GD is another major topic of interest 

[16-20]. Several possible pathophysiologic mechanisms can contribute to this malignancy 

risk and disruption in iron metabolism may be one of these [81]. Iron can be toxic and 

carcinogenic in several ways. As described above, the production of oxygen radicals and 

subsequent oxidative stress can lead to cell damage. Iron overload leads to increasing 

levels of non-transferrin bound iron which in turn can have a direct damaging effect on 

DNA. Also, a disturbing effect of high iron levels on the normal functioning of immune 

surveillance has been acknowledged, which may lead to the development of cancer [82].  

As suggested by Bassan et al. [83] it could well be due that the high ferritin levels in GD 

itself have an inhibiting effect on T-lymphocytes and thereby inducing a malfunctioning 

immune system, leading to a higher risk of developing cancers in GD patients. In the liver, 

iron overload can provoke lipid peroxidation resulting in cell damage with induction of 

fibrosis, which is a risk factor for development of hepatocellular carcinoma (HCC) [29]. 

Parenchymal iron storage itself, which is described earlier in this report, is also associated 

with organ toxicity and as such can have a direct effect on HCC evolution. Removal of the 

spleen might induce a redistribution of iron towards liver parenchyma. This in turn can 

lead to an increased risk of HCC in patients who underwent splenectomy. 

Iron has also been recognized as a possible inducer of insulin resistance and an association 

between iron metabolism and diabetes has become clear [84]. Glucose and iron metabolism 

could show interaction via different pathways [85-87]. 

In conclusion, in mild cases of GD, the chronic inflammation presumably contributes to a 

pattern of iron storage as seen in other inflammatory conditions: high ferritin levels with 

increased levels of hepcidin and trapping of ferritin in macrophages [88, 89]. However, 

in more severe cases, possibly enhanced by multiple blood transfusions, the iron supply 

to the lysosomes exceeds the iron handling capacity of the macrophages. This can lead 

to cellular damage and a possible iron-shift to parenchymal cells. The latter situations 

may be noticed by increasing transferrin saturation levels in addition to the high ferritin 

levels. These patients may be prone to oxidative stress, cell death, fibrosis and ultimately 

development of malignancies. We suggest that the measurement of levels of hepcidin, 

ferritin and transferrin saturation might altogether be of clinical use in the prediction of 

iron-related complications.
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Practice Points

• High ferritin levels occur in most patients with GD and can be used as disease 

related markers.

• Different patterns of disturbed iron metabolism exist in GD, presumably due to 

individual differences in the balance between classically and alternatively activated 

Gaucher macrophages.

• GD patients with signs of iron overload, including high transferrin saturation, may 

have an increased risk for liver injury, fibrosis and cancer. 

Research Agenda

• Expression of ferroportin on classically and alternatively activated Gaucher 

macrophages.

• Hepcidin levels in relation to patterns of iron storage and inflammation in GD. 

• Iron storage in the pathophysiology of associated conditions in GD.
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Summary

Gaucher disease is a lysosomal storage disorder characterized by storage of 

glycosphingolipids in macrophages. Despite effective therapy, residual disease is present 

in varying degrees and may be associated with late complications such as persistent 

bone or liver disease and increased cancer risk. Gaucher macrophages are capable of 

storing iron and locations of residual disease may thus be detectable with iron imaging. 

Forty type 1 GD (GD1) patients and 40 matched healthy controls were examined using 

a whole-body MRI protocol consisting of standard sequences, allowing analysis of iron 

content per organ, expressed as R2* (Hz). Median R2* values were significantly elevated 

in GD1 patients as compared to healthy controls in liver (41 Hz (range 29-165) versus 

38 Hz (range 28-53), p<0.01), femoral bone marrow (54 Hz (range 37-129) versus 49 

Hz (range 39-69), p=0.036) and vertebral bone marrow (118 Hz (range 82-210) versus 

105 Hz (range 76-149), p<0.01). In the spleen, primarily focal Gaucher lesions known as 

Gaucheroma were found to have increased R2* values. R2* values of liver, spleen and 

vertebral bone marrow strongly correlated with serum ferritin levels. GD1 patients with 

persistent hyperferritinemia demonstrate increased iron levels in liver and bone marrow, 

which may carry a risk for liver fibrosis and cancer. 
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Introduction

In Gaucher disease (GD), an autosomal recessively inherited lysosomal storage disorder, 

deficiency of the enzyme glucocerebrosidase (GBA1) leads to accumulation of its 

substrate glucosylceramide [1]. The accumulation of this sphingolipid occurs primarily 

in macrophages in spleen, liver and bone marrow and results in a heterogeneous 

clinical picture [2]. Type 1 Gaucher disease (GD1) is the most common, accounting for 

approximately 95% of the GD cases [3]. For more than two decades, enzyme replacement 

therapy (ERT) has been available, based upon intravenous administration of purified GBA1 

[4]. This therapy has proven to be very effective in improving clinical symptoms and 

preventing the need for splenectomy [5,6]. Another therapeutic option is oral substrate 

reduction therapy (SRT), in which glucosylceramide production is partially inhibited [7]. 

Despite the administration of effective therapy, signs of residual disease are present in 

most patients. This is supported by the finding that most patients still have elevated levels 

of plasma chitotriosidase, which represents the body burden of Gaucher cells [8]. In 

addition, after years of treatment, Gaucher cells can be found in bone marrow following 

pathology examinations after orthopaedic procedures [9]. The reason for persisting disease 

is incompletely understood, but very likely related to timing of ERT initiation: in patients 

starting treatment before splenectomy or development of bone disease, chitotriosidase 

levels are lower and complication risk is less [10]. However, the precise location of residual 

Gaucher cells, and its accompanying risk for organ-specific complications remains 

unknown. In addition to chitotriosidase and other macrophage derived cytokines and 

proteins [11], elevated ferritin levels are a hallmark of Gaucher disease and are known 

to decrease in response to therapy [12-14]. Indeed, iron particles have been observed 

in the pathological storage cells [15,16]. The sequestration of iron in macrophages is 

probably similar to the mechanism as is described for anaemia of inflammation [17,18]. It 

is hypothesized that persistent hyperferritinemia after years of intensive therapy represents 

abnormal iron metabolism as well as the presence of residual disease [19,20]. Therefore, 

iron imaging can possibly aid to locate sites of residual disease which may be related to 

complication risk. Iron overload is a major cause of morbidity and mortality. For example, 

in hereditary haemochromatosis elevated tissue iron stores and non-transferrin bound 

iron in plasma lead to tissue damage and formation of reactive oxygen species [21]. These 

effects, with the potential of carcinogenic evolution, are also seen in iron-loading anaemias 

such as sickle cell disease (SCD) and thalassaemia [22-25]. In GD, the development of 
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malignancies is a main cause of mortality [26-28]. Abnormal metabolism with residual 

toxic stores of iron might contribute to the increased risk of malignancies [20].

A common approach in monitoring iron overload is regular magnetic resonance imaging 

(MRI) investigations [29]. MRI is a non-invasive technique and can be used to visualize 

and analyze iron accumulation in various tissues [30]. With this study we aim to investigate 

the distribution pattern of iron storage in GD1 patients to detect sites of residual disease 

and correlate our findings to serum ferritin levels and clinical outcomes. For this purpose, 

we use whole-body MRI R2* measurements. We report tissue R2* values of spleen, liver, 

heart, pancreas, kidneys and bone marrow of the spine and femur in GD1 patients related 

to parameters of disease and in controls.

Methods

Participants and study design
Between May 2014 and September 2015 we conducted a prospective observational cohort 

study in 40 GD1 patients and 40 healthy control subjects. GD1 patients were diagnosed in 

the past based on deficient glucocerebrosidase enzyme activity and genotyping. Thirty-

eight patients (95%) were treated with ERT (n=35) or SRT (n=3) at time of investigation. 

Treatment initiation was based on the presence of symptomatic disease in accordance with 

international guidelines [31]. Healthy controls were matched to patients for age (with a 

range of five years) and sex. Healthy controls with a history of repeated blood transfusions 

were excluded. Medical history, medication use, history of iron supplements intake, alcohol 

use, smoking status, height and weight were recorded for all participants. This study 

was approved by the Medical Ethical Committee of the Academic Medical Center in 

Amsterdam. Written informed consent was obtained from all participants.

Clinical data
A detailed history of GD1 related complications and history of blood transfusions as well 

as HFE-mutation status were recorded for participating patients. As an indicator of disease 

severity, the severity score index (SSI)[14] was recorded as well as plasma chitotriosidase 

activity before any treatment and at the time of the current investigation and platelet 

count. The following laboratory markers of iron status were obtained in all participants: 

hemoglobin, ferritin, transferrin, total iron, total iron binding capacity and iron saturation. 
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Whole-body MRI R2* measurements
MRI protocol

MR imaging was performed on a 1.5 Tesla MRI (Siemens Avanto, Siemens AG, 

Erlangen, Germany). The MRI protocol consisted of localizer sequences, followed by 

the measurement sequences as described in supplementary table I. All sequences were 

standard, manufacturer provided, commercially available sequences.  For all sequences, 

except for the localizers, both magnitude and phase images were produced and saved. The 

whole-body and abdominal sequence were performed in a breath-hold for each slice. R2*-

measurements were carefully shimmed in order to minimize artefactual increase in R2* 

due to B0-inhomogenities across the slice [32]. Total examination time was 30 minutes. 

With this protocol a whole-body overview could be created and specific R2* measurements 

in sites of interest performed. The relaxation rate R2* (1/T2*) is known to increase in 

the presence of iron-containing tissue and as such can be used in analyzing iron content 

[33]. We selected sites in which iron overload can occur and/or in which GD is known 

to manifest. In these organs detailed image analysis was performed as described below.

Post-processing and image analysis

Regions-of-interest (ROIs) were manually drawn by one observer (MR). Liver, spleen, 

kidneys, pancreas, the interventricular septum of the heart, and femur were outlined on all 

available MR images. The vertebral bodies of the spine (level C1-L5) were outlined on a 

midsagittal slice. R2* values (in Hertz (Hz)) were calculated using pixel-wise least-squares 

fitting of the signal intensity as a function of echo time. For every pixel in the ROIs of liver, 

spleen, heart, kidneys and pancreas, a mono-exponential decay function was fitted to the 

data, using a non-linear least squares fitting algorithm, yielding R2* values per pixel which 

were then averaged for all the ROIs of the organ. For the kidneys we report the average of 

both kidneys. In spine and femur, the considerable contribution of fat signal necessitated 

the use of functions that explicitly take into account the multi-frequency nature of the fat 

signal and which use both the magnitude and the phase of the signal [34]. For the spine an 

average of all vertebrae is reported. In the femur we average over all ROIs from both sides. 

Reproducibility analysis

The entire MRI protocol was repeated within weeks in two GD1 patients and one healthy 

control subject to assess reproducibility of the measurements.
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Statistical analysis
Results of all R2* measurements per organ of GD1 patients were compared to the matched 

healthy control group. Non-parametric testing was performed; Wilcoxon-signed rank test 

for comparison of medians in the paired data, Spearman’s rho was calculated to analyze 

correlations. The upper limit of normal for R2* values per organ were defined as the upper 

limit of the 95% confidence interval (CI) of the mean R2* value of the healthy control 

group. Patient characteristics were compared for groups with and without elevated R2* 

values using Mann-Whitney U testing for continuous data and chi-squared analysis for 

categorical outcomes. Reproducibility was reported in terms of percent change between 

R2* values for each organ as measured at the two different time points. A p-value < 0.05 

was considered statistically significant. All analyses were performed with IBM SPSS 

version 23.0 (SPSS Inc. Chicago, Illinois, USA) and GraphPad Prism 7.01 (Graphpad 

Software Inc., La Jolla, CA, USA).

Results

The baseline characteristics of the included 40 GD1 patients are summarized in table I. 

The age of the 40 sex- and age-matched controls was 51 years (range 22-75). The majority 

of patients (95%) was on treatment with ERT or SRT (miglustat n = 2, eliglustat n = 1). 

One patient was on ERT for one month, this patient was considered as untreated. Two 

other patients were untreated (see for details table I). Treatment initiation and monitoring 

was performed in the past following international guidelines and local clinical expertise.

Comparison of R2* values: patients versus controls
Whole-body images were retrieved for all participants (see for example figure 1) and 

provide an overview of different R2* values per organ. Median and ranges (min, max) R2* 

values per organ in patients and controls are depicted in figure 2. Scans were interrupted 

due to discomfort during the procedure in four patients (one scan of the spine, three of 

the femur). In two patients and three controls the pancreas could not be identified on the 

MR images. In another patient (no. 22) spleen results were excluded because of functional 

asplenia after traumatic hemorrhage. The asplenic status in this patient was confirmed 

by  99mTc-labelled, heat-altered, autologous erythrocyte scintigraphy and he has been 

vaccinated against pneumococcal, meningococcal and haemophilus influenzae disease, 

following national guidelines. One patient was diagnosed with hepatocellular carcinoma 

(HCC) in the past, for which he received a liver transplantation. Pathology examination 

of the explanted liver showed severe iron overload. Scanning was performed after liver 
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transplantation and is therefore not representative of the pathology as initially found in 

this patient. This patient was therefore excluded from further analysis. 

GD1 patients differed significantly from the healthy controls when comparing liver and 

bone marrow R2* values. The upper limit of normal for liver R2* was 51 Hz. Twelve out 

of 40 patients (30%) had elevated mean liver R2* values. An example of liver MR images 

with elevated R2* values is shown in figure 3. Elevated R2* levels of the spine (R2* > 

139 Hz) were present in 12 patients (30%) of which the majority (n = 8) also had elevated 

liver R2* values. Femur R2* values were elevated in six patients (15%). The upper limit 

of normal for femur R2* was 63 Hz. 

Comparison of splenic, cardiac, renal and pancreatic R2* values revealed no significant 

differences between patients and controls (figure 2 B,C,D,F). Nine patients had focal 

splenic lesions, known as Gaucheroma [35,36]. A separate analysis of these lesions revealed 

increased R2* values in all but one patient (see figure 4 for examples). The highest splenic 

R2* of 115 Hz was found in a patient with no apparent Gaucheroma (patient no.11). This 

patient received substrate reduction therapy (eliglustat).
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Table 1. Baseline characteristics of GD1 patients (n=40) at time MRI examination

Parameter Reference range Treated patients 
(n=37) 
 
Median (range)

Untreated patients 
(n=3):  
 
Individual data

Age, years 51 (23-76) 34  
51 
33

Men, no. (%) 24 (65%) Male 
Male 
Female

Splenectomy, no. (%) 9 (24%) No 
Yes 
No

On treatment, no. (%) 
- ERT:SRT

37 (93%) 
34:3

-

Years on treatment 15 (1-24) -

Liver volume, ml 
- moderate hepatomegaly 
- severe hepatomegaly

* 
>1.25 and ≤2.5 times 
normal (no.) 
> 2.5 times normal

1,700 (1,180-3,263) 
2  
 
0

2486 
3227 
1319

Spleen volume, ml 
- moderate splenomegaly 
- severe splenomegaly

† 
>5 and ≤15 times normal 
(no.) 
>15 times normal (no.)

418 (208-4,877) 
3  
 
1 

960 
Sx 
85

Chitotriosidase, nmol/ml/hr 10-190 2,856 (324-23,192) 7,524 
22,758 
560

Platelet count, x109/l 
- thrombocytopenia, no. (%)

150-400 
< 150

186 (58-364) 
13 (35%)

92 
139 
297

Haemoglobin, g/l male: 137-169 
female: 121-161

Males: 144 (131-164) 
Females: 134 (111-143)

156 
135 
122

Serum ferritin, µg/l male: 25-300 
female: 20-250

Males: 364.5 (40-1306) 
Females: 201 (76-1520)

493 
274 
50

Transferrin, g/l 2-3.6 2.3 (1.70-3.69) 2.53 
2.55 
2.28

Serum iron, µmol/l male: 11-32 
female: 11-27

Males:15.55 (9.0-30.4) 
Females: 17 (5.4-23.3)

18.5 
28.9 
13.8

Total iron binding capacity, 
µmol/l

50-91 58 (43-93) 63.8 
64.3 
57.5

Transferrin saturation, % 0.2-0.55 0.26 (0.09-0.55) 0.29 
0.45 
0.24

Data are given in median and ranges. *The estimated normal liver volume is 2.5% of total body weight in 
kilograms. †The estimated normal spleen volume is 0.2% of total body weight in kilograms [3]. 
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Figure 1. Example of a whole-body R2*image in a GD1 patient (A) and his matched healthy control subject (B). 
Patient is a 49-years old male with a history of splenectomy. Note the difference in the liver; mean R2* was found 
to be 101 Hz in the patient (A) versus 41 Hz in the healthy control (B). A second obvious difference in color can be 
seen in the vertebral column; with mean R2* values of 210 Hz in the patient and 117 Hz in the healthy control. The 
color scale is logarithmic and represents R2* values ranging from 10 to 1000 Hz.



52

Chapter 3

Figure 2. Comparison of R2* values per organ in GD1 patients (red) and healthy controls (grey). The horizontal 
bars represent medians and interquartile ranges. Groups were compared using the Wilcoxon signed rank test. A 
p-value is noted where significance was found. A. Liver R2* median (range) in Hz: patients 41 (29-165); controls 38 
(28-53). B. Spleen R2* median (range) in Hz: patients 32 (13-115); controls 28 (15-49). C. Heart R2* median (range) 
in Hz: patients 28 (23-35); controls 28 (15-49). D. Kidney R2* median (range) in Hz: patients 15 (13-19); controls 
15 (13-17). E. Bone marrow R2* of the spine median (range) in Hz: patients 118 (82-210); controls 105 (76-149) and 
R2* of the femur median (range) in Hz: patients 54 (37-129); controls 49 (39-69). F. Pancreas R2* median (range) in 
Hz: patients 27 (13-58); controls 26 (17-41). 
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Figure 3. Liver MR images of a GD1 patient (upper row) versus the matched healthy control (lower row) liver 
images. The corresponding mean R2* value of the GD1 patient is 112 Hz and the healthy control mean R2* value is 
31 Hz. The colour scale used in the liver series is linear and ranges from 0 to 200 Hz. 

Figure 4. Examples of splenic gaucheroma with increased R2* values. The focal lesions vary in size and R2* value 
but can be clearly distinguished from normal splenic tissue on this images. On the right side the colour scale for 
image interpretation is shown, this scale is linear and ranges from 0 to 200 Hz. 

Comparison of GD parameters between patients with and without elevated R2* values
Detailed characteristics of patients and measured R2* values are shown in table IIA and 

IIB. In table III comparisons of patient groups with and without elevated R2* values in one 

or more sites are shown. All patients treated with SRT in this cohort (n = 3) had elevated 

R2* values in one or more organs studied. A significant difference between groups was 

found for serum ferritin levels. Pre-treatment as well as baseline ferritin levels were higher 

in the group with elevated R2* measurements.  In this group, 12 out of 19 patients (63%) 

had persistent high ferritin levels more than two times the upper limit of normal (>600 

µg/l for males, >500 µg/l for females), despite GD therapy. Of these patients, all but one 

(no. 13) had elevated liver R2*. The majority (n = 9) also had elevated R2* values in spleen 

and bone marrow. 
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R2* values of liver, spleen, spine and femur were correlated to the GD parameters we 

assessed (years on treatment, SSI pre-treatment, chitotriosidase, serum ferritin, platelet 

count). Serum ferritin levels correlated positively with mean R2* values in liver, spleen, 

spine and femur (figure 5). No other significant correlations were found (data not shown). 

Of interest, chitotriosidase did not correlate with R2* values, neither before initiation of 

treatment nor at the time of the current investigation correlated.

Mutations in the HFE-gene were present in 17 GD patients in this cohort. Three patients 

were C282Y heterozygotes, three H63D homozygotes, nine H63D heterozygotes and two 

S65C heterozygotes. In five patients HFE-gene analysis was not performed. All carriers of 

a C282Y-mutation as well as one patient homozygous for the H63D mutation had elevated 

R2* levels in one or more sites (patient no. 7, 9, 10 and 12). Controls were not tested for 

HFE-mutation status.

Fourteen patients had a history of blood transfusions. Three cases received multiple blood 

transfusions at different time points, exceeding the amount of 40 units in total (patient no. 

8, 10 and 28). Two of these patients (no. 8 and 10) were found to have increased R2* levels 

in liver and bone marrow. Both patients were splenectomized. 

Inter-organ correlations of R2* values
Correlations between R2* values of the studied sites which showed increased R2* levels 

in patients were analyzed (figure 6). We found significant correlations between spleen and 

liver R2* (figure 6A), spine and liver R2* (figure 6B), spine and spleen R2* (figure 6C) 

and spine and femur R2* (figure 6D). Correlations between femur and liver R2* and femur 

and spleen R2* were not significant (data not shown). 

Reproducibility
In two stable GD1 patients and one healthy control the MRI measurements were repeated 

within four months. In supplementary figure 1 the results of the reproducibility analysis 

are shown The average absolute  difference of all measurements is 7%. 
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Table 3. Comparisons of disease parameters of GD1 patients with and without elevated R2* values. 

Elevated R2* Normal R2* P value
No. of patients, % 19 20 na

Age, years 51 (32-70) 46 (23-76) ns

Years on treatment 14 (0.08-21) 19 (1-24) ns

On ERT, no (%) 15 (79%) 19 (95%) ns

On SRT, no (%) 3 (16%) 0 ns

Cumulative dosage since start ERT (U/kg) 4860 (60-10380) 7521 (900-17730) ns

Splenectomy, no (%) 4 (21%) 4 (20%) ns

SSI pre-treatment 7 (3-15) 6 (3-16) ns

Chitotriosidase pre-treatment, nmol/ml.hr 29,864 (10,787-64,110) 31,834 (13,658-201,352) ns

Chitotriosidase at baseline, nmol/ml.hr 3,544 (438-22,758) 2,559 (324-23,192) ns 

Ferritin pre-treatment, µg/l 877 (300-3,179) 415 (26-2,090) 0.003

Ferritin at baseline, µg/l 675 (168-1,520) 193 (40-597) <0.0001

Data are given in medians and ranges, unless otherwise stated. na; not applicable, ns; not significant.

Figure 5. Correlations of ferritin with tissue R2* levels of liver (A), spleen (B), spine (C) and femur (D). Very 
strong correlations were found between ferritin and R2* levels of liver, spleen and spine. The correlation between 
ferritin and femur R2* values was moderate.
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Figure 6. Inter-organ correlations of R2* values. R2* values of spleen-liver (A), spine-liver (B), spine-spleen (C) and 
femur-spine (D) were significantly correlated. r = Spearman’s rho.

Discussion

This is the first study that visualizes abnormal iron distribution throughout the body in 

patients with GD, in relation to clinical and biochemical disease parameters. GD1 patients 

who have been treated for many years showed increased R2* values in liver and bone 

marrow, indicating increased storage of iron. In line with this observation, serum ferritin 

showed a strong correlation with R2* measurements in liver, spleen and bone marrow of 

the spine. Serum ferritin levels were significantly higher in patients with elevated R2* 

levels as compared to patients with normal R2* levels. This difference was already present 

before start of therapy. The locations with elevated R2* levels were confined to typical GD 

localizations: liver and bone marrow. In the spleen, the other main site of GD1 involvement, 

iron storage was limited to Gaucheroma, with the exception of one patient who was on 

substrate reduction therapy. Exploration of heart, kidney and pancreas did not reveal 

abnormal iron storage in these organs. Our findings support the concept that storage of 

iron is associated with the presence of residual disease in GD. 
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In a study by Stein et al [13] three GD1 patients (2.6% of a total cohort of 114 patients) 

with pathological iron overload were described. A suspicion of clinical iron overload was 

raised based on elevated transferrin saturations and/or evidence of iron overload on MRI. 

Transferrin saturations in these patients were reported to be 39, 49 and 79%. Screening 

for the presence of iron overload in liver, spleen and bone marrow was performed on 

MRI-scans, which were used for measurements of liver and spleen size.  Confirmation 

of iron accumulation in hepatocytes, Kupffer cells and Gaucher cells was performed by 

liver biopsy. Since MRI employed no quantification of iron, it is possible that mild forms 

of iron overload were not detected. We report a markedly higher percentage of patients 

with signs of iron storage: 19 out of 40 patients (47.5%) had elevated R2* levels in one or 

more storage sites. 

The pathophysiology of abnormal storage of iron in GD is believed to be complex.  The 

basic enzymatic defect leads to glucosylceramide storage in tissue macrophages which 

turn into typical Gaucher cells loaded with lipid [37]. In addition, it is known that some, 

but not all Gaucher cells stain positively for iron, suggesting the presence of different 

subsets of Gaucher cells. The current observation of iron storage in Gaucheroma, but not in 

surrounding splenic tissue, supports this concept.  Indeed, it has previously been reported 

by Boven et al, that different types of macrophages, the more pro-inflammatory, classically 

activated  type M1 and anti-inflammatory, alternatively activated type M2, are present 

in Gaucher spleen [38]. Since these subtypes express a different profile of genes involved 

in iron storage [39] it is possible that  the balance in M1-type and M2-type macrophages 

in GD determines the individual pattern of iron storage as recently reviewed by us [20]. 

In brief, initially, in untreated, early diagnosed GD, an abundance of macrophages with 

an M1-signature is present which results in low-grade inflammation and a trigger for 

macrophage iron trapping as is described in other pro-inflammatory states [17]. Hepcidin, 

the main hormonal regulator of cellular iron export, is known to be increased in this 

setting [40]. In contrast, in excessive and longstanding GD the balance is shifted towards 

a M2-macrophage, which is associated with negative regulation of hepcidin production 

with subsequent efflux of iron from macrophages, increased intestinal iron absorption and 

risk of iron overload. We hypothesize that the balance in macrophage subtypes determines 

the individual pattern of iron storage in GD patients. Indeed, extreme hyperferritinemia 

is frequently seen at initial presentation of a GD patient. With adequate and timely start 

of therapy, ferritin levels decrease and sometimes normalize [12,13]. However, persistent 

hyperferritinemia despite therapy may occur in some GD patients: in particular in those 

with longstanding disease. The presence of the high number of HFE mutations in 17 of 
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35 patients tested compared to the frequency of heterozygosity reported in a non-Gaucher 

population of Western or Northern European origin of 5–14% [41] suggests that HFE-

status may act as a genetic risk factor for iron storage in patients with Gaucher disease. 

However, the current study is too small to draw conclusions. In addition, sex differences 

may also have played a role, as is seen in hemochromatosis, presumably as a consequence 

of menstrual blood loss.  

Notwithstanding the uncertainties about the cause, we show in this study that persistent 

hyperferritinemia is correlated with the presence of iron storage in liver and bone marrow.  

The next question is what harm this residual disease or iron storage can do to the patients. 

Of interest in this respect are the findings in sickle cell disease and thalassaemia, both 

associated with iron overload. Frequent blood transfusions and ineffective erythropoiesis 

with increased intestinal absorption of iron are the main causes of iron overload in 

haemoglobinopathies [23,24,43]. Organ iron accumulation visualized with MRI in patients 

with these disorders showed a similar pattern of iron storage as in the current study in GD 

[44,45]. Whether multiple transfusions played a role in the GD population is uncertain. A 

history of transfusions was not different between GD patients with abnormal iron storage 

and those without. Longstanding exposure to even low levels of excess iron can induce 

toxic effects [46,47]. Iron-loaded Kupffer cells in the liver have been associated with 

the development of fibrosis [48,49] and increased iron stores in the liver are a risk for 

development of hepatocellular carcinoma (HCC) via several, direct and indirect, pathways 

[50-53]. Interestingly, in a longitudinal cohort study in Taiwanese thalassaemia patients an 

increased risk for haematological and abdominal malignancies has been reported [54]. In 

GD, both haematological malignancies and hepatocellular carcinoma are reported more 

frequently [26,27] and may be associated with iron toxicity. Remarkably, in three patients 

in our studied GD cohort monoclonal gammopathy of unknown significance (MGUS) was 

present, all of these patients showed normal iron levels on MRI. However, it is important 

to note that all of these patients already had MGUS before treatment initiation and hence 

the exact role of iron overload in this pre-malignant condition is uncertain. Although 

the used MRI modality cannot differentiate between the iron storage in or outside the 

Gaucher cell, it is likely that in some cases parenchymal iron overload is present. Thus, 

we believe that it is of clinical relevance to detect sites of increased iron storage in GD. 

Further studies are needed to investigate the role of iron storage in risk for cancer or other 

complications in GD and which additional imaging or laboratory parameters can be used 

for risk stratification. Therefore, we recommend to monitor iron status in every GD patient, 

including serum ferritin levels and transferrin saturation on a regular basis. Because of the 
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potential genetic risk factor of a HFE mutation, we also recommend that HFE mutation 

status is determined in those patients with persistent high ferritin levels. It will also be of 

interest to explore potential therapeutic options to remove the stored iron. An explorative 

study by Medrano-Engay et al reported significant reductions in ferritin- and hepcidin 

levels in response to iron chelation [55]. This study was performed in a small group of GD1 

patients (n = 8) of whom five were treated with SRT and three were untreated. However, 

potential toxicity of iron was not investigated.  

In summary, we demonstrate the presence of increased R2* values on MR imaging of GD1 

patients indicating elevated levels of tissue iron in liver and bone marrow, presumably in 

different subsets of Gaucher or parenchymal cells. Persistent hyperferritinemia despite 

ERT or SRT is associated with increased iron storage which reflects residual disease 

burden. Further studies are needed to assess the risk of malignant transformation in 

patients showing elevated iron levels and to identify patients who might benefit from iron 

chelation therapy in preventing iron-related complications.  
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Supplementary table 1. MRI measurement parameters

1. whole body 2. spine 3. heart 4. abdomen

Sequence 2D SPGRE 2D SPGRE 2D SPGRE 2D SPGRE

Orientation coronal sagittal short axis transversal

Acquisition time, s 18 20 3 x 18 18

FOV, mm 500x250 280x280 300x300 
- 450x450 *

300x225 
- 450x337 *

Slice thickness, mm 7.5 7.5 10 10

Gap, mm 7.5 7.5 var 15

Number of slices 15-21 * 15 3 8-16 *

Matrix 128x64 128x128 256x128 128x128

Phase encode direction z (FH) y (AP) var y (AP)

Phase encode oversampling 100% - - -

Phase encode partial fourier 6/8 6/8 - -

Receive bandwidth, Hz/pix 1950 1950 810 1950

GRAPPA acceleration factor 2 2 2 2

Flip angle, ° 20 20 20 20

TR, ms 301 333 200 300

number of echoes 12 12 8 12

TE, ms 0.99 … 16.50 0.99 … 16.50 2.59 … 18.20 0.99 … 16.50

ΔTE, ms 1.41 1.41 2.23 1.41

* Adjusted according to inter-individual variations depending on size of participant. Abbreviations: 
SPGRE=spoiled gradient recalled echo, FOV=field-of-view, TR=repetition time, TE=echo time.  

Supplementary figure 1. Reproducibility of the MRI measurements per organ. The difference between two 
measurements is shown per organ for each participant. Δ= patient no.22; ∎= healthy control; ⦁=patient no.2.
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Abstract

Gaucher disease (GD) is associated with altered iron homeostasis, as reflected 

by hyperferritinemia and iron storage in Gaucher cells. Persistent storage of iron 

despite treatment may be related to increased cancer risk. To understand the cause of 

hyperferritinemia, we studied hepcidin, the key regulator of iron homeostasis, in relation 

to iron status and well established disease markers. We analyzed haemoglobin, total iron, 

transferrin, total iron binding capacity, transferrin saturation and hepcidin levels in 40 (38 

treated) type 1 GD patients (GD1) and compared them to 40 healthy controls. Liver iron 

concentrations were determined using magnetic resonance imaging (MRI). The findings 

are studied in relation to chitotriosidase, reflecting the overall disease burden in GD. No 

significant difference was found in absolute hepcidin levels between GD1 patients and 

healthy controls. Ferritin levels were significantly elevated in GD1 patients (median level 

333 µg/l (range 40-1520)) versus 152 µg/l (range 10-612) in controls, p<0.0001). Despite 

high ferritin levels, hepcidin levels were in the normal range, but correlated with ferritin 

levels and liver R2* values on MRI. GD1 patients with persistent hyperferritinemia despite 

therapy exhibit higher hepcidin levels and increased amounts of iron storage in the liver 

on MRI as compared to patients with normal ferritin levels. Hepcidin- and ferritin levels 

did not correlate with chitotriosidase. Hepcidin levels in GD1 patients are low but correlate 

with ferritin and the presence of iron storage in the liver, suggesting an iron distribution 

disorder. Transferrin saturations are normal in the presence of hyperferritinemia. Although 

the hepcidin response is insufficient, some feedback regulation is intact as hyperferritinemic 

patients show higher hepcidin levels, with no correlation to overall residual disease. We 

hypothesize that these patients, with persisting high ferritins, may be at the highest risk 

for late complications such as cancer.
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Introduction

Gaucher disease (GD; OMIM #230800) is a lysosomal storage disorder in which deficient 

activity of the enzyme glucocerebrosidase (GBA; EC 3.2.1.45) leads to accumulation of 

glucocerebroside in lysosomes of tissue macrophages. Lipid-laden pathological storage 

macrophages are a hallmark of the disorder and predominantly reside in liver, spleen and 

bone marrow [1,2]. GD is phenotypically classified in three subtypes. Type 1 (GD1) is the 

most prevalent form, and is characterized by visceral and/or skeletal involvement without 

the classical neurological involvement as seen in type 2 and 3 GD [3,4]. Over 200 different 

mutations in the gene encoding GBA have been identified [5]. 

For more than two decades, GD has been treatable with enzyme replacement therapy 

(ERT) [6] which has proven to be very effective. It ameliorates clinical signs and symptoms 

and has a positive effect on quality of life of GD patients [7-9]. More recently substrate 

inhibitors, acting through inhibition of  glucosylceramide synthase (GCS), as well as 

alternative enzyme replacement therapies have become available [10-12]. The window of 

opportunity for treatment is very wide, since in many patients the disease sequelae are 

reversible with therapy. However, some late complications may occur despite treatment, 

including persisting bone disease, fibrosis of the liver or susceptibility to cancers [13-15]. 

It is likely that advanced disease, including prior splenectomy, impacts on these risks. The 

GBA1 genotype plays a limited role in predicting the disease course [2,16]. Presumably, 

individual susceptibility to complications is determined by multiple factors, including 

potential modifier genes e.g. implicated in substrate production, inflammation or iron 

homeostasis [17]. 

Evidence for an altered iron homeostasis goes back to early observations of iron particles 

in the pathological storage cells [18-20]. This, however, is not a specific hallmark of GD: 

sequestration of iron in macrophages is a feature of several inflammatory conditions, 

reflected by elevated serum ferritin levels [21-23]. At initial presentation of a GD patient, 

hyperferritinemia is a common finding. Treatment of GD decreases ferritin levels, although 

some patients may still exhibit high levels despite prolonged treatment [24-28]. These 

persisting high ferritin levels probably indicate residual Gaucher cells with iron overload 

[29], which does not necessarily correlate with residual disease as evidenced by elevated 

chitotriosidase levels [30].
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We recently reviewed the literature on iron metabolism in GD and hypothesized that 

altered iron metabolism in GD may contribute to the occurrence of associated conditions 

and complications such as cancer, metabolic syndrome and perhaps Parkinson’s disease 

[31]. However, the exact mechanism and consequences of dysregulation of iron homeostasis 

in GD is still obscure. Over the past years, our understanding in the field of iron metabolism 

and regulation in general has improved due to unraveling of main components involved 

[32]. Iron is stored as ferritin in the cytoplasm of hepatocytes and macrophages with 

hepcidin identified as the key player to maintain systemic iron homeostasis [33,34]. A 

number of factors influence hepcidin levels [35]. Inflammatory conditions, for instance, 

result in upregulation of hepcidin secretion with subsequent excess iron storage in 

macrophages. Gaucher cells are hypothesized to elicit an inflammatory response from 

surrounding macrophages. One might therefore argue that this chronic inflammatory state 

could lead to high hepcidin levels in GD patients. Iron loading as a result of transfusions 

may contribute to high hepcidin levels as well. On the other hand, anemia and increased 

erythropoiesis in GD may lead to suppression of hepcidin production. In line with this, 

contrasting findings regarding hepcidin levels in GD patients have been reported [27,36,37]. 

The aim of this study was to better understand hyperferritinemia by studying the relation 

of ferritin with hepcidin and other parameters of iron metabolism  in the Dutch cohort 

of GD patients and healthy controls. Iron parameters were also studied in relation to key 

disease parameters and discussed in the context of earlier and contradictory results on 

hepcidin measurements in this population.
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Methods

Participants
Forty type 1 GD patients and 40 healthy controls, matched for age and sex, were enrolled 

in this study. This population was also described in a separate study covering imaging data 

[29]. All GD1 patients were followed for several years in the Academic Medical Center 

(AMC) Amsterdam, which is the national referral center for GD in the Netherlands. In 

all patients, the diagnosis of GD1 is made based on deficient glucocerebrosidase enzyme 

activity and genotyping at time of first presentation. Most patients were treated with 

enzyme replacement therapy (ERT) or substrate reduction therapy (SRT). The study was 

approved by the Medical Ethical Committee of the AMC Amsterdam and conducted in 

accordance with the Declaration of Helsinki. Written informed consent was obtained 

from all participants. 

Clinical parameters
Clinical parameters recorded for every participant in this study include age, gender, 

body mass index (BMI), smoking history and alcohol use. GD1 patients were further 

characterized by splenectomy and treatment status, duration of treatment, genotype, 

chitotriosidase levels and platelet counts. A presence of a history of blood transfusions 

was noted for GD1 patients.

Laboratory assessments
Blood samples (non-fasting) were collected between May 2014 and September 2015 

on the same day as magnetic resonance examination and directly analyzed in the 

laboratory of the AMC in Amsterdam. Haemoglobin (Hb) concentration is determined 

by spectrophotometry (Sysmex XE-5000, Goffin Meyvis BV, the Netherlands). Mean 

corpuscular volume (MCV) was calculated ((Ht/RBC) x 1000). Ferritin levels were 

analyzed by using an electrochemiluminescense immunoassay (e602, Roche Diagnostics), 

total iron concentration by colorimetric measurements (c502, Roche Diagnostics) and 

transferrin by immunoturbidimetry (c702, Roche Diagnostics). Total iron binding capacity 

(TIBC) is calculated by multiplying transferrin by 25.2 (TIBC (µmol/L) = transferrin 

(g/L) x 25.2). Transferrin saturation (Tsat) is calculated as follows: Tsat = (total iron 

concentration (µmol/L) / TIBC) x 100.

In GD1 patients, ferritin levels before start of therapy were also extracted from medical files 

to study the course of ferritin levels in response to ERT or SRT. Patients with persisting 
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high ferritin levels despite therapy (defined as ferritin levels >300 µg/L for males and >250 

µg/L for females) were compared to patients with normalized ferritin levels. Differences 

in iron profile, hepcidin and chitotriosidase levels between these groups were examined. 

Patients who were on treatment (ERT or SRT) for less than two years were excluded from 

this subgroup analysis. Chitotriosidase enzyme activity was determined as part of routine 

follow-up and used as marker of disease [38]. Chitotriosidase levels were multiplied by 2 

for patients with heterozygosity for the 24-bp duplication in the CHIT1-gene [39]. 

Hepcidin analysis
Separate samples for hepcidin analysis were stored in -80 °C and send out for analysis 

after including all participants. Serum hepcidin measurements were performed in 

September 2015 (testing laboratory: hepcidinanalysis.com, Nijmegen, the Netherlands) 

by a combination of weak cation exchange chromatography and time-of-flight mass 

spectrometry (WCX-TOF MS) [40]. An internal standard (synthetic heavy hepcidin-25 

stable isotope stable isotope +40; custom made Peptide International Inc.) was used for 

quantification [41]. Peptide spectra were generated on a Microflex L T matrix-enhanced 

laser desorption/ionisation TOF MS platform (Bruker Daltonics). Plasma hepcidin-25 

concentrations were expressed as nmol/L (nM). The lower limit of detection of this method 

was 0.5 nM. The hepcidin/ferritin ratio and TSAT/hepcidin ratio were reported to be able 

to interpret the hepcidin values in context of iron regulation.  

Liver iron concentration
Liver iron concentrations are measured by magnetic resonance imaging (MRI) using a 

spoiled gradient recalled echo sequence on a 1.5 Tesla machine (Siemens Avanto, Siemens 

AG, Erlangen, Germany) as reported earlier [29]. R2* relaxation rates (in Hertz, Hz) of the 

liver are calculated and reported as surrogate marker of liver iron concentration [42,43]. 

Statistical analysis
Comparisons of the haematological and iron-metabolism parameters between groups 

(patients versus controls) were made using paired analysis. The paired t-test was used 

for normally distributed data and the Wilcoxon signed rank test was applied for variables 

not passing the normality check. Since the detection limit of hepcidin levels was 0.5 nM, 

participants with a hepcidin level below this detection limit were recorded as having 

a hepcidin level of 0.5 nM. Patients with persisting high ferritin levels despite therapy 

were compared to patients with normalized ferritin levels using the Mann-Whitney U 

test. Correlations are described using Spearman’s rho. A p-value <0.05 was considered 
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statistically significant. All analyses were performed with IBM SPSS version 23.0 (SPSS 

Inc. Chicago, Illinois, USA) and GraphPad Prism 7.01 (Graphpad Software Inc., La Jolla, 

CA, USA).

Results

A summary of demographic characteristics of all participants is given in table 1. Of the 

40 GD1 patients, 10 patients were splenectomized in the past. The majority of patients 

(95%) was treated with ERT (n=35) or SRT (n=3) for multiple years. 

In table 2 the results of laboratory analysis and liver iron levels on MRI are provided. 

Median haemoglobin levels and transferrin concentrations are lower in patients. Seven 

patients have a mild anaemia according to reference values (three females between 11.0-

11.8 g/dL, four males between 13.0-13.4 g/dL). Hepcidin levels did not differ between 

patients and healthy controls (figure 1A). One patient was found to have an increased 

hepcidin of 20.3 nM (upper limit of normal for this patient: 15.6 nM). Ferritin levels were 

significantly higher in GD1 patients as compared to controls (figure 1C). The hepcidin-

ferritin ratio was significantly lower in GD1 patients (median 12.9 pmol/µg) as compared 

to healthy controls (median 33.6 pmol/µg), as is also depicted in figure 1B. 

A total number of 22 patients (55%) had elevated ferritin levels (>300 µg/L for males and 

>250 µg/L for females). Ferritin levels at baseline (before start of ERT/SRT) were elevated 

in 33 out of 39 patients (85%). Pretreatment ferritin level was missing in one patient. In 

figure 2 the course of ferritin levels in individual patients pretreatment (for untreated 

patients: ferritin level at first presentation) as compared to current level is shown. Of the 

22 patients with current elevated ferritin levels, i.e. persistent hyperferritinemia despite 

therapy, 12 patients had ferritin levels more than two times the upper limit of normal 

(ULN; >600 µg/L for males and >500 µg/L  for females).

Hepcidin levels correlated with ferritin levels (Spearman’s rho 0.64, p<0.0001, figure 

3A), and with liver R2* values on MRI (Spearman’s rho 0.59, p<0.0001, figure 3B). No 

correlation was found between hepcidin levels and chitotriosidase. Ferritin levels showed 

a correlation with liver R2* values (Spearman’s rho 0.81, p<0.0001, figure 3C). Ferritin 

levels and hepcidin-ferritin ratio’s did not show a correlation with chitotriosidase. Serum 

ferritin levels were also not correlated with body mass index (BMI). 
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Four GD1 patients had a history of repeated blood transfusions, exceeding 40 units in 

total. These patients had significantly higher serum ferritin levels (median 1122 µg/L 

(range 572-1520)) and hepcidin levels (median 9.4 nM (range 6.2-20.3)) as compared to 

non-transfused GD patients (median serum ferritin 304 (range 176-1306), p=0.008, median 

hepcidin level (4.0 nM (range 0.5-14.6), p=0.04).

Patients were stratified according to the presence or absence of persistent hyperferritinemia 

despite therapy (ERT/SRT).  Results of this analysis are shown in table 3. Untreated 

patients (n=2) and patients on therapy for less than two years (n=4) were excluded from 

this analysis. Differences in iron profile, hepcidin and chitotriosidase levels between these 

groups were examined. Patients with persistent hyperferritinemia have significantly higher 

hepcidin levels and lower serum transferrin than patients with normal ferritin levels. Also, 

liver iron content as measured by MRI was higher in patients with persistent elevated 

ferritin levels as compared to patients with normal serum ferritin levels. Chitotriosidase 

enzyme activity was not different between the hyperferritinemic and non-hyperferritinemic 

patients. 

Table 1. Characteristics of participants

GD1 patients, n = 40 Healthy controls, n = 40

Age, years 50.5 (23-76) 51 (22-75)

Male:female 26 (65%):14 (35%) 26 (65%):14 (35%)

BMI, kg/m2 24.3 (17.1-31.7) 24.4 (17.7-33)

Obesity (BMI>30 kg/m2) 3 (7.5%) 5 (12.5%)

Splenectomy 10 (25%)

On treatment 38 (95%)

ERT:SRT 35:3

Years on treatment 15 (0-24)

Chitotriosidase, nmol/ml/hr 3,135 (324-23,192)

Platelet count, x109/L 184 (58-364)

Thrombocytopenia 
(platelets < 150 x109/L)

15 (37.5%)

GBA1 genotype 
- N370S/L444P 
- N370S/R120W 
- N370S/N370S 
- other / unknown

 
14 (35%) 
3 (7.5%) 
2 (5%) 
21 (52.5%)

Continuous data are noted in medians and ranges (min-max). Categorical data are noted as number and percentage. 
Abbreviations: BMI; body mass index.
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Table 2. Haematological parameters and iron status

Reference range GD1 patients 
n=40

Healthy controls 
n=40

p-value

Haemoglobin (g/dL) Men: 13.6-16.8 
Women: 12.0-16.0

13.9 (11.0-16.3) 14.6 (11.7-17.3) 0.04

Mean corpuscular 
volume (fL)

80-100 90 (81-101) 88 (77-97) ns

Ferritin (µg/L) Men: 25-300 
Women: 20-250

333 (40-1520) 152 (10-612) <0.0001

Iron (µmol/L) Men: 11-32 
Women: 11-27

16 .0(5.4-30.4) 19.1 (5.9-30.1) ns

Transferrin (g/L) 2.0-3.6 2.35 (1.7-3.69) 2.54 (1.68-3.68) 0.01

TSAT (%) 20-55 26 (9-55) 30 (6-54) ns

Hepcidin (nM) 
 
 

Men: <0.5-14.7 
pre-menopausal 
women: < 0.5-12.3 
post-menopausal 
women: <0.5-15.6

4.3 (0.5 – 20.3) 
 
 

5.05 (0.5 – 15.3) ns

[Hepcidin/ferritin] ratio 
(pmol/µg)

Men: 2.9-87.9 
pre-menopausal 
women: 3-167.3 
post-menopausal 
women: 9.1-143.1

12.9 (1.0-42.7) 33.6 (4.8-83.7) <0.0001

[TSAT/hepcidin] ratio 
(%/nM)

Men: 1.7-256.3 
pre-menopausal 
women: 2.0-330 
post-menopausal 
women: 1.5-73.4

6.6 (1.3-61.7) 5.5 (1.3-46.7) ns

Liver iron R2* (Hz) < 51 41 (28-165) 38 (28-53) 0.006

Data are presented in medians and ranges (min-max). Reference ranges are according the local laboratory in the 
Academic Medical Center in Amsterdam. Reference ranges for hepcidin were obtained from hepcidinanalysis.
com (visited April 2nd 2018) Testing was performed using paired t-test for normally distributed data (hemoglobin, 
MCV, iron, TSAT) and Wilcoxon-signed rank test for not-normally distributed parameters (ferritin, transferrin, 
hepcidin, hepcidin/ferritin ratio, TSAT/hepcidin ratio). P-values are provided for significant findings (p <0.05). ns; 
non-significant
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Figure 2. Course of serum ferritin levels for individual patients from pretreatment (before start of ERT or SRT) to 
current ferritin level. The dashed grey line indicates the upper limit of the normal reference range of serum ferritin 
levels for males (upper grey line, 300 µg/L)  and females (lower grey line, 250 µg/L). The dashed red line indicates 2 
x the upper limit of normal for the reference range (males upper red line, females lower red line).
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Figure 3. Correlations between hepcidin and ferritin levels (A) , hepcidin and liver R2* values (B) and ferritin and 
liver R2* values (C) in GD1 patients. r = Spearman’s rho
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Table 3. Comparison of patients with persistent hyperferritinemia despite therapy versus non-hyperferritinemic 
patients

Patients with 
hyperferritinemia

Patients without 
hyperferritinimia

p-value*

No. of patients 18 16

Years on treatment 16.5 (2-22) 18 (3-24) 0.35

Hepcidin (nM) 7.8 (0.5-20.3) 2.4 (0.5-7) 0.0004
Haemoglobin (g/dL) 13.8 (11-15.8) 13.9 (12.5-15.5) 0.87

Iron (µmol/L) 16.4 (9.5-30.4) 15.7 (5.4-21.4) 0.52

Transferrin (g/L) 2.1 (1.7-3.5) 2.4 (1.8-3.7) 0.04
Tsat (%) 27 (17-55) 24.5 (9-40) 0.11

Liver iron R2* (Hz) 67 (28-165) 34.5 (29-44) <0.0001
Chitotriosidase** 3454 (438-11358) 2278 (324-23192) 0.48

Hyperferritinemia is defined as serum ferritin levels >300 µg/L for males and >250 µg/L for females. Data are 
given in medians and ranges. Untreated patients and patients on therapy for less than two years were excluded from 
this analysis. *Mann-Whitney U testing was applied. ** Two patients with deficient chitotriosidase activity (one in 
the hyperferritinemic group and one without hyperferritinemia) were excluded from this analysis.

Discussion

In this study we reported no difference in absolute levels of hepcidin, the key regulator 

hormone of iron homeostasis, when comparing GD1 patients to matched healthy controls. 

Serum ferritin levels were elevated in the majority of patients before start of ERT or SRT 

and persisting hyperferritinemia despite therapy for more than two years was found in 53% 

of the studied population. As a result, the hepcidin/ferritin ratio was significantly lower in 

GD1 patients. This points at an inappropriate hepcidin response to iron loading. In other 

words, the hepcidin level is too low for the circulating ferritin levels. A lowered hepcidin/

ferritin ratio is also seen in hereditary haemochromatosis (HH) [35]. A mutation in the 

HFE gene in HH leads to hepcidin deficiency. The key difference between HH and GD 

is that in HFE-HH,  the hepatocyte signaling of  circulating and stored iron to hepcidin 

synthesis is impaired and consequently, circulating iron (TSAT) and  parenchymal iron are 

elevated [44]. However, in GD,  through an incompletely understood mechanism, TSAT is 

normal and the iron is mainly sequestered in the RES. It thus appears that both impaired 

function of the HFE gene in HH as well as an iron distribution disorder in GD result in 

inappropriately low hepcidin levels for ferritin levels. 

Evidence of iron loading in the current study was shown by elevated R2* levels on MRI 

examinations of the liver. The liver R2* values correlated with both hepcidin- and ferritin 

levels. Also, hepcidin and ferritin levels did show a correlation. Indeed, patients with 

persistent hyperferritinemia despite therapy for GD were shown to have higher hepcidin 

levels as compared to patients with normalized ferritin levels after > 2 years of ERT 
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or SRT. This finding reflects the existence of a certain degree of hepcidin response to 

iron loading. The feedback mechanism seems partially intact, as hepcidin is higher in 

response to elevated ferritin levels in this hyperferritinemic subgroup as compared to 

non-hyperferritinemic GD patients.

Interestingly, chitotriosidase levels did not differ between patients with and without 

persistent hyperferritinemia. Chitotriosidase, a well-established GD biomarker is used 

as a reflection of total burden of Gaucher cells [30]. Clearly, the presence of residual 

GD as measured by chitotriosidase, is not predictive of the presence of a risk of iron 

overload. This finding indicates that serum ferritin levels may be of higher importance 

than residual Gaucher cell load per se in predicting the risk of late complications in a 

GD patient. Increased iron storage can lead to cellular toxicity with a subsequent risk 

of complications, for example fibrosis and malignancy [45-47]. Therefore, it is likely 

that hyperferritinemic patients are at increased risk for developing these complications 

irrespective of their chitotriosidase levels.

Although an earlier study reported high hepcidin levels [36], more detailed recent 

investigations confirm our findings of a discrepancy between ferritin and hepcidin levels 

[27,37]. In the study by Lorenz et al, all 11 GD patients were untreated in contrast to 

our population with 95% of patients being treated with ERT or SRT. The report by 

Lefebvre et al. confirmed normal hepcidin levels in a large cohort of 90 GD1 of whom 34 

were untreated. In response to ERT, studied in 10 patients, anemia improved and TSAT 

increased, suggesting the release of stored iron from Gaucher cells.  Interestingly, hepcidin 

levels appeared to increase transiently over time, suggesting a temporary “defense” against 

the release of  sequestered iron in the circulation [37].  A limitation of the current study 

is the fact that we mainly included patients on treatment. This possible effect of treatment 

on hepcidin levels is shown to be limited, as normal hepcidin levels were also found in 

non-treated GD patients [37]. 

It is intriguing why the hepcidin/ferritin ratio is altered in GD. Hepcidin is important 

in maintaining iron homeostasis in the human body. The expression of this hormone is 

regulated by several mechanisms, of which iron availability and stores, erythropoietic 

drive, hypoxia and inflammation are the main determinants [32]. In states of inflammation, 

an increase in hepcidin leads to downregulation of ferroportin expression. This in turn 

leads to less iron absorption from the gut and iron sequestration in macrophages of liver 

and spleen. Consequently, less iron is transported to the extracellular fluid and invading 
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extracellular pathogens are depleted from iron, which is necessary for their survival [48]. 

The clinical picture of anemia of inflammation can arise in this setting [21,23]. It is 

thought that in GD, the chronic inflammatory state could contribute to a disturbed iron 

metabolism. However, there is evidence for a pro- as well as anti-inflammatory state in 

Gaucher disease [27,49-51]. For example, Lorenz showed mild elevations of TNF-alfa in 

some patients, which decrease upon treatment [27]. We have previously postulated that 

individual differences in balance between pro- and anti-inflammatory states may impact on 

body iron distribution [31]. However, the current study shows that upregulation of hepcidin-

expression as a cause of altered iron distribution is absent. In the study by Lefebvre et al it 

was suggested that hyperferritinemia in GD exists independent of systemic inflammation 

as all participants in this study were negative for C-reactive protein (CRP) and interleukin6 

(IL-6). Of interest in this respect is their observation that ferroportin membrane expression 

is decreased in their in vitro macrophage Gaucher cell model. However, this model clearly 

shows an inflammatory response to the induction of storage by conditurol B epoxide (CBE), 

which contradicts the finding of absence of inflammation markers in their patients [37].  

Bringing all evidence together, we hypothesize that hepcidin upregulation is insufficient in 

GD. This leaves room for other factors than systemic inflammation to impact on hepcidin 

secretion. One of those factors is ineffective or increased erythropoiesis, in which several 

erythroid ligands are proposed to influence hepcidin-levels. Growth differentiation factor 

15 (GDF15) and erythroferrone (ERFE) are secreted by erythroblasts in case of ineffective 

or increased erythropoiesis and are shown to have a hepcidin suppressive effect [52,53]. 

In GD, hypersplenism leads to increased rates of breakdown of red blood cells and bone 

marrow infiltration by Gaucher cells may induce impaired erythropoiesis, which results in 

anaemia [54]. Also, morphological changes in red blood cells have been described and may 

favor increased erythrophagocytosis [55,56]. Those pathological effects on erythropoiesis 

might also have an hepcidin-suppressive effect as is shown in thalassemia syndromes 

[57,58]. In contrast, the need for regular blood transfusions in beta-thalassemia major 

results in relatively higher hepcidin levels as transfusion leads to iron supply, decreasing 

the erythropoietic drive [59]. In our cohort of GD patients, four patients had a history of 

multiple blood transfusions exceeding 40 units in total. These patients showed higher 

hepcidin levels compared to patients without a history of regular transfusions.

In conclusion, we found no differences in hepcidin levels in GD1 patients as compared 

to controls. The lowered hepcidin/ferritin-ratio indicates an inappropriate response of 

hepcidin to iron loading. Hepcidin expression in the studied cohort is likely to be influenced 
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by several counteracting factors. We speculate that the sum of the main contributing 

factors; inflammation, iron stores and distribution, increased or ineffective erythropoiesis, 

local and systemic effects of Gaucher cells, determines the presence and degree of iron 

loading. Chitotriosidase activity does not necessarily correspond to the degree of iron 

loading as measured by elevated ferritin levels. In GD, excess iron is mainly stored in 

macrophages, as TSAT are within normal range in most patients. Even after years of 

treatment, residual iron storage may remain, which not only reflects residual disease, but 

also carries a risk for late complications.
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Abstract 

Gaucher disease (GD) is associated with an increased risk for malignancies. Next to 

hematological malignancies, the development of solid tumors in several organs has been 

described. The liver is one of the major storage sites involved in GD pathogenesis, and is 

also affected by liver-specific complications. In this case series, we describe sixteen GD 

type 1 (GD1) patients from eight different referral centers around the world who developed 

hepatocellular carcinoma (HCC). Potential factors contributing to the increased HCC risk 

in GD patients are studied. Eleven patients had undergone a splenectomy in the past. Liver 

cirrhosis, one of the main risk factors for the development of HCC, was present in nine out 

of 14 patients for whom data was available. Three out of seven examined patients showed 

a transferrin saturation >45%. In these three patients the presence of iron overload after 

histopathological examination of the liver was shown. Chronic hepatitis C infection was 

present in three of 14 examined cases. We summarize all findings and made a comparison 

to the literature. We recommend that GD patients, especially those with prior splenectomy 

or iron overload, be evaluated for signs of liver fibrosis and if found to be monitored for 

HCC development. 
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Introduction 

The lysosomal storage disorder Gaucher disease (GD) results from a deficiency of the 

enzyme glucocerebrosidase (acid β-glucocerebrosidase, EC 3.2.1.45) which is involved in 

breakdown of the glycosphingolipid glucocerebroside [1].  In this autosomal recessively 

inherited disease, mutations in the gene encoding glucocerebrosidase (GBA1-gene) are 

the cause of deficient enzyme activity and result in accumulation of glucocerebroside in 

tissue macrophages. Major storage sites include spleen, liver and bone marrow leading 

to a heterogeneous clinical picture with symptoms of hepatosplenomegaly, cytopenia 

and bone disease. GD is phenotypically classified into three variants; type 1 is the most 

common, type 2 and 3 are the rare neuronopathic (acute and subacute respectively) forms 

[2]. Therapy options include enzyme replacement therapy (ERT) and substrate reduction 

therapy, which have proven to be highly effective in reversing clinical signs and symptoms 

[3-5].  Before the discovery of ERT, splenectomy was frequently performed in patients 

suffering from symptoms of severe splenomegaly. It has been hypothesized that after 

splenectomy patients are at an increased risk of liver complications, i.e. fibrosis and 

cirrhosis, and more extensive bone involvement [6-8]. 

Over the years, it has become apparent that GD is associated with an increased risk of 

malignancies. Next to hematological malignancies, solid tumors in several organs have 

been described [9-15]. A previously reported complication in GD is the occurrence of 

hepatocellular carcinoma (HCC) [16-18]. 

HCC in the general population is mainly diagnosed in patients affected by a chronic liver 

disease, such as hepatitis B or C infection. The presence of cirrhosis is a main risk factor 

for the development of HCC [19,20]. However, HCC can also occur in a non-cirrhotic liver 

[21,22]. Other risk factors include non-alcoholic fatty liver disease (NAFLD), hereditary 

haemochromatosis (HH) diabetes mellitus (DM), alcohol use, smoking and obesity [23-26]. 

Surveillance for HCC by biannual ultrasound examination is recommended for patients 

with a cirrhotic liver, irrespective of its etiology, and high-risk hepatitis B/C carriers [27].

To date it is unknown which GD patients are especially at risk for developing HCC. 

Advanced liver involvement after splenectomy with subsequent fibrosis and cirrhosis, as 

stated above, has been suggested as a potential mechanism for the increased risk [11]. It 

is of interest to ascertain the factors, which contribute to the development of HCC in GD 

in order to be able to implement a rational screening protocol to detect these cancers at 
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an early stage. With this international collaborative study we aim to summarize clinical 

and pathological findings of GD patients who developed a HCC in the past. We discuss 

the possible factors contributing to the development of this hepatic malignancy in relation 

to GD, compare our findings to existing literature on this topic and suggest a follow-up 

strategy for screening. 

Methods

We retrospectively studied medical files of sixteen type 1 GD patients with a confirmed 

HCC diagnosis from Gaucher referral clinics in the Netherlands, the United States of 

America, Germany, Italy, Israel and France. Some of the cases have been previously 

described in the literature. All cases are described in terms of clinical, laboratory and 

imaging findings. Parameters recorded for every patient include gender, age at GD 

diagnosis, genotype, spleen status, GD treatment, age at start GD treatment, presence 

of bone disease, age at HCC diagnosis, laboratory findings at time of HCC diagnosis 

(iron status, alfa-foetoprotein, liver enzymes), known risk factors of HCC (hepatitis B/C, 

alcohol abuse, HFE-mutation, history of blood transfusions), imaging findings, therapy, 

complications, outcome and pathology findings. 
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Results

Clinical Data
A summary of patient characteristics is shown in Table 1. In all patients a diagnosis 

of Gaucher disease was confirmed based upon deficient activity of GBA and/or GBA1 

mutation analysis. All patients had type 1 disease. A total number of 16 patients have been 

included, of whom ten patients (63%) were male. Eleven patients were splenectomized in 

the past. Mean age at which GD diagnosis was made was 26 years (range 3-60 years). The 

majority of patients (n=14) were treated with ERT.  The mean time between GD diagnosis 

and start of ERT was 20 years (range 0-41 years). Mean age at which HCC diagnosis was 

confirmed was 58 years (range 28-76 years). Therapeutic options for HCC, which have 

been applied in the studied cases include surgical resection (n=6), liver transplantation 

(n=2), percutaneous ablation (n=3), transarterial chemoembolization (TACE; n=6), 

immunotherapy (n=1), chemotherapy (n=1), radiotherapy (n=1) and brachytherapy (n=1) 

with some patients being treated with multiple treatment modalities. Three patients in this 

series are still alive after liver transplantation (case no. 12), resection of the liver tumor 

(case no. 14) or brachytherapy (case no. 16). All but one of the remaining 13 patients died 

as a consequence of the hepatocellular carcinoma or its complications. In one case (no. 5) 

another type of malignancy (gastro-esophageal, GE) was reported as final cause of death. 

This patient suffered from multiple malignancies beside the HCC and GE carcinoma. 

Laboratory findings and predisposing factors for HCC
In table 2 the laboratory data at time of HCC diagnosis is provided. Alfa-foetoprotein 

(αFP) levels show mild to extreme elevations in all but one case for whom data was 

available (n=13). Information about hepatitis infection was available in 14 patients; this 

data was missing in two patients.Three of 14 patients were diagnosed with chronic hepatitis 

C infection (case no. 3, 9 and 10) and all showed elevated liver enzymes at time of HCC 

diagnosis. In nine hepatitis negative patients liver enzymes also showed mild elevations.. 

Analysis of HFE-gene mutations was performed in six patients; one was homozygous for 

the C282Y mutation, one for C282Y/H63D mutations and one heterozygous for H63D. A 

history of blood transfusion was recorded for six out of the nine patients for whom data 

was available. Ferritin levels were reported for 11 patients and increased in 8 cases. Three 

out of eight patients in whom transferrin saturation (Tsat) was analyzed, showed increased 

Tsat levels (>45%). Iron overload in these cases was confirmed on histopathological 

examination. These patients are among the 6  patients with a known history of blood 

transfusions. 
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Histopathological findings
Pathology information was available for 14 cases (see table 2).  In nine cases the presence 

of liver cirrhosis was reported.  In one case (no.15) only tumorous tissue was found on 

histopathological examination. The presence of cirrhosis in surrounding liver tissue is 

suspected but not confirmed. The remaining four patients did not show evidence for fibrosis 

or cirrhosis. Iron staining of liver tissue was described in five cases, of which three were 

found positive (case no. 2, 3 and 9). Iron loading was present in macrophages as well as in 

hepatocytes up to grade 3. In these three cases, Tsat-values all exceed 45% as described in 

the previous paragraph. Case 2 and 3 were also found to have a cirrhotic liver, whereas case 

no. 9 did not show evidence of fibrosis or cirrhosis. An example of histological findings 

is showed in figure 1.

Imaging findings
Data on imaging findings is missing in three cases. In the remaining 13 cases imaging 

characteristics of the lesions have been described in ultrasound (US) in five cases, magnetic 

resonance imaging (MRI) in six cases and computed tomography (CT) in 11 cases. The 

characteristics of the carcinomas appearing on the available imaging modalities vary. In five 

cases in which contrast imaging was performed, all lesions showed arterial enhancement. 

In three of these cases the typical wash-out of contrast agent was also described.  The 

presence of multiple malignant lesions in the liver, i.e. multifocal hepatocellular carcinoma, 

has been described in nine cases. An additional imaging modality used to assess the degree 

of liver stiffness is transient elastography (TE; Fibroscan©). In three patients (case no. 2, 

6 and 7)  this method was used and in all three patients increased liver stiffness values 

were reported, suggesting the presence of liver fibrosis. Based upon validation in non-GD 

patients and observation in a small cohort of GD [8,28] it is likely that elastography in GD 

represents fibrotic changes, although lysosomal accumulation by itself could contribute 

to this.
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Figure 1. Histology findings of liver tissue of case no. 2. A. clear demarquation of HCC lesion and liver parenchyma 
(arrow); B. higher magnification with clear atypia and solitary artery (arrow); C. Prussian blue staining, indicating the 
presence of iron in hepatocytes and Kupffer cells in blue; D. surrounding liver characterized by cirrhosis with nodular 
architecture and presence of fibrous bands (red). There is also component of steatosis (arrow) 
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Table 1. Characteristics of GD1 patients with a diagnosis of HCC

No. Country Gender Age at GD 
diagnosis

Genotype Sx (age at 
Sx)

Bone 
disease

GD therapy (age at start) Age at 
HCC 
diagnosis

Course and comorbidities or 
complications

Outcome (age at 
death)

1* NL male 36 N370S/I260T Yes (53) yes Alglucerase (61) 62 Metastatic lesions peritoneum, 
omentum

Died (63)

2* NL male 33 N370S/N370S Yes (33) yes Alglucerase, imiglucerase 
(44)

63 Resection of tumour, ablation, liver 
transplantation 
Recurrence of HCC

Died (69)

3* NL female 7 N370S/L324P Yes (13) yes Alglucerase, imiglucerase 
(37)

55 Resection of tumour, TACE-procedure 
Respiratory insufficiency, kidney 
failure

Died (55)

4* NL female 18 R463C/? Yes (18) no Alglucerase, imiglucerase 
(34), miglustat 

39 Vena porta thrombosis Died (39)

5 USA male 10 N370S/L444P Yes (36) yes Alglucerase, imiglucerase, 
velaglucerase (51)

68 Resection of tumour 
Multiple malignancies: bladder- 
and prostate carcinoma, gastro-
oesophageal carcinoma

Died (75)

6 GER male 50 Missing No yes Imiglucerase (50) 61 TACE-procedure (3x) 
Recurrence of HCC, variceal bleeding

Died (62)

7 GER female 28 N370S/? Yes (28) yes Alglucerase, imiglucerase, 
velaglucerase (51)

68 Resection of tumour, TACE-procedure 
Recurrence of HCC, metastatic bone 
lesion

Died (71)

8 GER male 8 missing Yes (8) no Imiglucerase (8) 
eliglustat (trial)

28 Resection  
Recurrence of HCC

Died (31)

9 IT male 41 N370S/F213I Yes (41) yes Not treated 60 Ablation (3x), TACE-procedure 
Recurrence of HCC, metastasis

Died (65)

10* ISR female 5 N370S/84GG Yes (16) yes Alglucerase (16) 37 Lung metastasis 
Ablation, xeloda

Died (unknown)

11 ISR male 60 N370S/N370S No no Not treated missing Died (unknown

12* USA female 3 N370S/84GG Yes (8) yes Alglucerase (37) 47 TACE, Liver transplantation, breast 
cancer

Alive

13 FR male 57 N370S/L324P No yes Imiglucerase, velaglucerase 
(74)

76 Venous thrombosis lower limbs, 
anaemia, portal hypertension
TACE-procedure

Died (unknown)

14 FR female 9 N370S/ IVS2 
G(+1)-T

Yes (18) yes Alglucerase, imiglucerase, 
velaglucerase (48)

73 Resection of tumour Alive

15 USA male 18 84GG/1226G no yes Alglucerase, imiglucerase (53) 72 SBRT, nivolomab, TACE 
Progressive HCC, no response to 
therapy

Died (74)

16 GER male 37 N370S/? no yes Imiglucerase (37) 58 CBT Alive

Abbreviations: NL, the Netherlands; USA, United States of America; GER, Germany; IT, Italy; ISR, Israel; FR, 
France. GD, Gaucher disease; HCC, hepatocellular carcinoma; Sx, splenectomy; TACE, transarterial chemo-
embolisation; SBRT, stereotactic body radiotherapy; CBT, CT-guided brachytherapy 
* Case previously described in literature.  
Case 1,2,3 and 4 in Arends et al [15], case 1 also in case report by Erjavec et al [17], case 1 and 4 in de Fost et al 
[11], case 10 Zimran et al [10],  case 12 case report by Xu et al [18].
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Table 1. Characteristics of GD1 patients with a diagnosis of HCC
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Bone 
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GD therapy (age at start) Age at 
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55 Resection of tumour, TACE-procedure 
Respiratory insufficiency, kidney 
failure

Died (55)

4* NL female 18 R463C/? Yes (18) no Alglucerase, imiglucerase 
(34), miglustat 

39 Vena porta thrombosis Died (39)

5 USA male 10 N370S/L444P Yes (36) yes Alglucerase, imiglucerase, 
velaglucerase (51)

68 Resection of tumour 
Multiple malignancies: bladder- 
and prostate carcinoma, gastro-
oesophageal carcinoma

Died (75)

6 GER male 50 Missing No yes Imiglucerase (50) 61 TACE-procedure (3x) 
Recurrence of HCC, variceal bleeding

Died (62)

7 GER female 28 N370S/? Yes (28) yes Alglucerase, imiglucerase, 
velaglucerase (51)

68 Resection of tumour, TACE-procedure 
Recurrence of HCC, metastatic bone 
lesion

Died (71)

8 GER male 8 missing Yes (8) no Imiglucerase (8) 
eliglustat (trial)

28 Resection  
Recurrence of HCC

Died (31)

9 IT male 41 N370S/F213I Yes (41) yes Not treated 60 Ablation (3x), TACE-procedure 
Recurrence of HCC, metastasis

Died (65)

10* ISR female 5 N370S/84GG Yes (16) yes Alglucerase (16) 37 Lung metastasis 
Ablation, xeloda

Died (unknown)

11 ISR male 60 N370S/N370S No no Not treated missing Died (unknown

12* USA female 3 N370S/84GG Yes (8) yes Alglucerase (37) 47 TACE, Liver transplantation, breast 
cancer

Alive

13 FR male 57 N370S/L324P No yes Imiglucerase, velaglucerase 
(74)

76 Venous thrombosis lower limbs, 
anaemia, portal hypertension
TACE-procedure

Died (unknown)

14 FR female 9 N370S/ IVS2 
G(+1)-T

Yes (18) yes Alglucerase, imiglucerase, 
velaglucerase (48)

73 Resection of tumour Alive

15 USA male 18 84GG/1226G no yes Alglucerase, imiglucerase (53) 72 SBRT, nivolomab, TACE 
Progressive HCC, no response to 
therapy

Died (74)

16 GER male 37 N370S/? no yes Imiglucerase (37) 58 CBT Alive

Abbreviations: NL, the Netherlands; USA, United States of America; GER, Germany; IT, Italy; ISR, Israel; FR, 
France. GD, Gaucher disease; HCC, hepatocellular carcinoma; Sx, splenectomy; TACE, transarterial chemo-
embolisation; SBRT, stereotactic body radiotherapy; CBT, CT-guided brachytherapy 
* Case previously described in literature.  
Case 1,2,3 and 4 in Arends et al [15], case 1 also in case report by Erjavec et al [17], case 1 and 4 in de Fost et al 
[11], case 10 Zimran et al [10],  case 12 case report by Xu et al [18].
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Table 2. Laboratory data and presence of predisposing factors for HCC of GD patients at time of HCC diagnosis. 

No. Sx AFP (µg/L) ALAT 
(U/L)

ASAT 
(U/L)

AF 
(U/L)

γGT 
(U/L)

Albumin 
(g/L)

Ferritin 
(µg/L)

Transferrin 
saturation 
(%)

Hepatitis B/C 
serology

HFE-mutation Blood 
transfusion

Alcohol 
abuse*

Presence 
of  
fibrosis / 
cirrhosis

Iron 
staining

1 Yes 83,628 23 61 117 97 41 995 31 negative - - No - / - Np

2 Yes 18 53 53 86 - 38 3,334 65 negative H63D/wt Yes No + / + +

3 Yes 248 68 93 137 189 37 3,754 91 Hep.C + wt/wt Yes No + / + +

4 Yes 16,281 60 416 341 372 29 441 15 negative - - No unknown Np

5 Yes 10.5 24 - - - - 124 - negative - No No - / - -

6 No 6.47 (ref <6.2 ng/ml) 46 43 97 154 42 23 - negative - Yes No + / + Np

7 Yes 26.1 ng/ml (ref <8.1 16 43 120 62 43 - - negative - - No - / - Np

8 Yes 41 ng/ml 31 35 92 58 44 84 24 negative - - No + / + Np

9 Yes 44.6 91 69 211 106 44 4470 46 Hep. C+ Wt/wt Yes - - / - +

10 Yes 29,252 38 435 593 1228 2.5? - - Hep. C+ - Yes - ? / + Np

11 No - 16 20 16 21 4.3? 31 - - C282Y/C282Y - - unknown Np

12 Yes 161 47 102 189 786 24 - - Hep. B + - - No + / + Np

13 No - 105 80 204 440 41 463 25 Negative C282Y/H63D Yes - ? / + Np

14 Yes - 16 25 87 33 40 389 - Negative - No - ? / + Np

15 No 68 38 47 682 - 35 1059 7 Negative Wt/wt No No - / - ** -

16 No 6 43 29 68 217 41 - - - - - No ? / + Np

Abbreviations: Np, not performed; Sx, splenectomy
* Alcohol abuse is defined as prolonged intake of 40-60 g of alcohol/day (standard drink containing 13.7 g) [20] or 
a known history of alcohol abuse.
** Histopathological examination only revealed tumorous tissue, no normal liver tissue. Although not confirmed, 
the presence of cirrhosis in this case is suspected.
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Discussion

This study describes a worldwide case series of sixteen GD patients who were diagnosed 

with HCC. Two patients in this study have been described in detail previously (case no. 

1 [17] and case no. 12 [18]. Two other cases of HCC reported in the literature were found 

that have not been included in this series. In 1982, Lee described a 67-year old GD patient 

who died from HCC [29] and another case report was published in which a 48-year old 

GD patient with HCC in a cirrhotic liver was discussed. This patient also suffered from 

hepatitis B [16]. All cases previously published, were GD patients who had undergone 

splenectomy in the past. A summary of published cases was provided by Arends et al [15] 

and six of the cases described were also included in this series.

In our current study, we have shown that HCC also occurs in GD patients with an intact 

spleen (n=5). Liver cirrhosis or fibrosis was present in nine patients. Of importance, four 

cases were described in which HCC developed in a non-cirrhotic liver. One patient (no. 

15) had no pathologically confirmed cirrhosis (biopsy retrieved only malignant tissue 

and no surrounding nonmalignant tissue) but had presented 20 years before the HCC 

diagnosis with liver failure and had been assumed by his physician to have had cirrhosis. 

Three patients were shown to have iron overload in the liver, one of those (no. 9) did not 

show any sign of fibrosis or cirrhosis, whereas the other two iron-overloaded cases had 

concomitant cirrhosis. The concurrence of a previous hepatitis B infection in one patient 

and chronic hepatitis C in three other cases points to this as another important risk factor 

for HCC. In one case the presence of homozygosity for the C282Y mutation in the HFE-

gene indicates that this patient possibly suffers from hereditary haemochromatosis as well 

as GD. However, detailed information regarding this case was missing. 

In a liver affected by GD, replacement of normal liver tissue by pathological storage cells 

can induce the development of a spectrum of abnormalities [30]. In the pre-ERT era, 

splenectomy was frequently performed in GD patients. It is thought that after removal of 

the spleen, advanced hepatic involvement in the GD storage process is a main risk factor 

for liver-related complications [11]. It has been shown that splenectomized GD patients 

do show significantly higher liver stiffness values as compared to GD patients with an 

intact spleen [8]. The risk of liver-related complications in this population is associated 

with the presence of liver fibrosis [7,30]. In addition, it should be noted that a population 

of Gaucher cells associated with fibrous septa in the liver does not disappear in response 
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to ERT, indicating the presence of residual storage which is insensitive to the administered 

enzyme [7,31].

The mechanisms responsible for the increased risk for malignancies in GD are not fully 

understood and several factors have been implicated to play a role. Main factors related 

to the primary genetic defect in GD include immune dysregulation, chronic macrophage 

activation inducing elevated release of several pro- and anti-inflammatory cytokines, 

cellular dysfunction due to the accumulation of glucocerebroside and glucosylsphingosine 

[15,32]. The etiology of hepatic carcinogenesis in GD patients is likely to be a result of 

the abovementioned factors together with the presence of other, HCC-specific, risk-factors 

and coexistent conditions. 

In 80-90% of the patients with HCC worldwide, liver cirrhosis is the underlying cause [33]. 

In nine cases in the current study, the presence of fibrosis and/or cirrhosis was confirmed; 

in one it was highly suspected. Advanced hepatic involvement of GD after splenectomy 

could explain the progression of liver disease. However, three patients had an intact spleen 

but did develop liver cirrhosis. One of those (no. 13) was recorded to have the C282Y/H63D 

mutation of the HFE-gene, indicating that iron overload as a consequence of hereditary 

hemochromatosis might contribute to the development of HCC. Two others with intact 

spleen but liver cirrhosis (case no. 6 and 16) were not reported to have any clear other 

risk factors, although some data is missing regarding these cases. As liver fibrosis is the 

preceding histological hallmark of liver cirrhosis, detecting fibrosis is an important step 

in defining patients at risk for cirrhosis and subsequent HCC development in GD.

An important finding of the current study is that in four GD patients HCC developed in 

a liver with no signs of fibrosis or cirrhosis (no. 1, 5, 7 and 9). All were splenectomized 

in the past. The time in between GD diagnosis and start of ERT treatment is 25, 41 and 

23 years for case 1,5 and 7 respectively. This long untreated state of those patients could 

potentially contribute to the increasing pathological Gaucher cell burden and subsequent 

general risk of malignancy. Case 9 was not treated with ERT. Aside from GD, he also 

suffered from hepatitis C and did develop severe iron overload. Taken together, these 

factors could all contribute to the occurrence of HCC. Three of four non-cirrhotic GD 

patients who developed HCC were treated with alglucerase in the past. Alglucerase was 

the first macrophage-targeted enzyme preparation available [3]. This enzyme preparation 

was produced by purifying glucocerebrosidase from human placental tissue, and as a 
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consequence, contains human  choriogonadotropin (hCG). HCG can be produced by liver 

tumours and as such, hCG may have been contributory to the development of HCC [17,34].

Extremely elevated serum ferritin levels in GD patients despite adequate treatment with 

ERT or SRT are associated with increased iron storage [35]. This finding is confirmed in 

the current study, in which three patients with serum ferritin levels exceeding 3000 µg/l 

and Tsat >45% did show evidence of iron loading on histology examination of liver tissue. 

When available, quantitative magnetic resonance imaging (MRI) of iron might serve as 

additional tool in diagnosing and monitoring iron overload [36]. MRI iron measurements 

were not available for the cases described. GD itself could be the explanation for a distorted 

iron metabolism. However, the co-existence of pathological mutations in the HFE-gene 

should not be missed. As hepatic iron overload can cause toxicity and is associated with 

carcinogenesis [24], it is considered as a potential contributing factor to the HCC-risk in 

GD patients.

A limitation of the current study is the fact that for some investigated risk factors, data 

were not complete. In addition,  risk factors for HCC development in general, for example 

smoking status, the presence of diabetes mellitus or obesity were not recorded for most 

patients and therefore not included. Indeed, metabolic syndrome is probably more frequent 

in GD. However, in the Dutch cohort, none of the patients who developed HCC had signs 

of metabolic syndrome. This does not exclude the possibility that these factors could have 

contributed to the malignant transformation of liver tissue in our studied cohort.

In current practice, we strongly advise careful surveillance of GD patients at risk for HCC. 

Early detection of possible malignant lesions might prevent HCC-related mortality in this 

population. It is important to define the GD patients who are at risk for HCC. Given the 

importance of fibrosis in identifying patients at risk for HCC, practical recommendation 

could be to investigate all GD patients for the presence of liver fibrosis by transient 

elastography (TE; Fibroscan ©). Based on clinical expertise, literature and the current 

case series subsequent close follow-up for the development of HCC would be limited to 

those GD patients for whom 1 or more of the following risk factors is present:

• Splenectomized patients

• Presence of liver fibrosis / cirrhosis

• Persistent hyperferritinemia (> 2 times upper limit of normal) despite adequate 

GD-specific treatment in combination with transferrin saturation > 45%



103

Hepatocellular carcinoma in Gaucher disease

• Chronic hepatitis B/C carriers

According to the guidelines for HCC-surveillance of the European Association for the 

Study of the Liver, a 6-month interval for surveillance is preferable [37]. First-choice 

testing for HCC surveillance is ultrasound (US) examination. The use of alpha-foetoprotein 

(AFP) as a serological marker for HCC together with US is not recommended. Since the 

incidence of HCC is probably very low, and in Western Countries with effective treatment 

available perhaps even lower, a review of prospectively detected cases by screening should 

be performed to evaluate the (cost-) effectiveness of the proposed strategy.

In summary, HCC in GD patients is shown to occur in non-cirrhotic as well as cirrhotic 

livers, irrespective of splenectomy status, although splenectomy itself seems to be a risk 

factor for fibrosis/cirrhosis. Other contributing factors such as iron overload and the 

presence of hepatitis have been detected. This cohort of patients is characterized by the 

presence of severe and longstanding disease. It should be clear that most of the patients 

are diagnosed with GD prior to the discovery and implementation of ERT. The future 

will show whether timely diagnosis and start of therapy for GD also decreases the risk 

of malignancies. 
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Abstract

In Gaucher disease (GD) imaging of liver and spleen is part of routine follow-up of GD 

patients. Focal lesions in both liver and spleen are frequently reported at radiological 

examinations. These lesions often represent benign accumulations of Gaucher cells, so 

-called “gaucheroma”, but malignancies, especially hepatocellular carcinoma, are more 

frequently found in GD as well. We report the imaging characteristics of all focal lesions 

in liver and spleen in the Dutch GD cohort. Of the 95 GD1 patients, 40% had focal 

splenic and/or hepatic lesions, associated with more severe GD. Lesions identified as 

gaucheroma have variable imaging characteristics: hyper- to hypointense on MRI, hyper- 

or hypoechoic on US and hypodense on computed tomography (CT). Hepatic lesions were 

classified as simple cysts or haemangioma based upon imaging characteristics. Focal 

nodular hyperplasia (FNH), gaucheroma and hepatocellular carcinoma (HCC) could 

not be distinguished by conventional US, CT or MRI. Growth of these lesions and/or 

characteristics of HCC on dynamic CT or MRI and pathology was used to identify or 

rule out HCC. We propose a decision-making algorithm including the use of growth and 

dynamic CT- or MRI-scanning to characterize lesions.
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Introduction

Gaucher disease (GD; Online Mendelian Inheritance in Man #230800) is a rare lysosomal 

storage disorder in which the lysosomal enzyme glucocerebrosidase (GBA1) is deficient. 

This deficiency leads to accumulation of the glycosphingolipid glucosylceramide, a 

component of cell membranes [1]. Accumulation takes place in macrophages, which 

can be engorged with glucosylceramide. The lipid-laden macrophages, Gaucher cells, 

are mainly found in spleen, liver and bone marrow. Clinical manifestations include 

hepatosplenomegaly, anemia, thrombocytopenia, leukopenia, bone pain, avascular bone 

necrosis, pathologic fractures and vertebral compression. The occurrence of symptoms is 

subject to variety in each affected individual and the onset of symptomatology can occur at 

any age. GD is classically categorized into three phenotypic variants, of which type 1 (GD1) 

is the most common [2, 3]. Over the years it has become clear that GD is associated with 

an increased risk of developing malignancies. Amongst others, hepatocellular carcinoma 

(HCC), multiple myeloma and other hematological malignancies have been described [4-6]. 

Since more than two decades, enzyme replacement therapy (ERT) is available for treatment 

of GD. ERT is able to reduce liver- and spleen volumes and to improve cytopenia and 

bone disease [7, 8]. Centers of expertise have implemented protocols for follow-up of their 

patients to assess bone marrow involvement and regular monitoring of hepatosplenomegaly 

using magnetic resonance imaging (MRI) or ultrasonography (US) is widely applied 

[9-12]. During these routine assessments, a frequently encountered phenomenon is the 

appearance of focal splenic and/or hepatic lesions [13]. Some of these lesions are thought 

to be benign clusters of Gaucher cells, so-called ‘gaucheroma’. However, gaucheroma can 

show major variance in their imaging characteristics and can be incorrectly considered to 

be a neoplasm such as lymphoma or HCC [14]. The frequent occurrence of focal lesions in 

spleen and liver in GD patients leads to a challenge in determining the most appropriate 

follow-up for each individual. 

With this study we aim to provide an overview of the imaging characteristics of different 

focal splenic and hepatic lesions found in adult GD1 patients in our population. A secondary 

aim of this paper is to compare disease characteristics of patients with and without focal 

hepatic or splenic lesions. Based on our data and existing literature, we propose follow-up 

recommendations to aid in the clinical decision-making in GD1 patients with focal splenic 

and/or hepatic lesions.
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Methods

The Academic Medical Center in Amsterdam is the center of excellence for GD patients 

in The Netherlands. We performed a retrospective review of all available imaging reports 

of 95 adult GD1 patients evaluated at our clinic from 1990 until 2015. All patients were 

diagnosed with GD based on low glucocerebrosidase activity in peripheral blood leucocytes 

and genotyping of the GBA1-gene. 

Imaging protocols 
During follow-up of GD1 patients at our center, liver and spleen volumes are measured 

at regular intervals both in treated and untreated patients. In the nineties, non-contrast 

enhanced single slice CT-scanning was used for this purpose, replaced by non-contrast 

enhanced T1-weighted MRI later on. This latter approach limits radiation exposure and 

can be obtained directly after the regular bone marrow MRI assessments. The restriction 

of this MRI-protocol with T1-weighted series only is the limited ability to assess the 

parenchyma in detail and, when present, characterize focal lesions. In case of incidental 

hepatic or splenic lesions, ultrasound (US) examination is usually initially performed. 

Depending on the findings, (multi-phase) CT, MRI or pathologic examinations may follow. 

Because of the increased risk to develop HCC, we have implemented a protocol to examine 

all splenectomized GD1 patients with US of the liver every six months.

Data acquisition and analysis
The following parameters were recorded for each patient: gender, genotype, spleen status, 

pre-treatment severity score index (SSI) [15], pre-treatment chitotriosidase level, pre-

treatment  liver- and spleen volume, presence of bone complications, site of focal lesions 

(liver, spleen or both) and imaging modalities performed (US, CT or MRI, either with 

or without contrast enhancement). Characteristics of GD1 patients at baseline, i.e. before 

treatment or for untreated patients, the first date of imaging at our center, were compared 

for groups with and without focal lesions in spleen and/or liver. For statistical calculations 

SPSS version 22.0 was used (SPSS Inc. Chicago, Illinois, USA). Baseline characteristics 

of patients are reported in medians and ranges, and in percentages for categorical data. 

To compare differences between these cohorts, Mann-Whitney U test for continuous data 

or chi-squared test for categorical outcomes was performed. A p-value of <0.05 was 

considered statistically significant. 
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Reported focal lesions in spleen and/or liver were reviewed by an expert panel consisting 

of two radiologists (O.v.D., I.S.) with expertise in the abdominal imaging field. This expert 

panel was blinded to radiology and pathology reports. Imaging characteristics of the lesions 

were recorded per available imaging modality and agreement on the differential diagnosis 

was obtained. General features of the lesions found are summarized and a comparison of 

our findings to existing literature is made. 

Results

Thirty-eight of the 95 GD1 patients (40%) had a focal lesion in liver and/or spleen reported 

at least once during follow-up. Twenty-three patients (24%) showed focal splenic lesions 

and in twenty-four patients (25%) hepatic lesions were reported. In nine patients focal 

lesions were found both in spleen and liver. Table 1 summarizes the baseline patient 

characteristics of all patients. Patients in the group with focal lesions did not differ from 

the group without lesions regarding sex, number of splenectomies, age and genotypes. 

Compared to the 38 patients with focal lesions, the 57 patients without lesions showed a 

somewhat less severe GD, based on a lower median SSI-score (p = 0.01), lower median 

chitotriosidase levels  (p = 0.035), lower median spleen volumes (p = 0.009) and a lower 

proportion of patients with a history of bone complications (p = 0.003). If we exclude 

patients with splenic lesions from the analysis, the group with focal liver lesions comprises 

a statistically significant higher percentage of splenectomized patients as compared to 

patients without lesions in the liver (50% versus 24%, p = 0.017). 
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Table 1. Baseline characteristics of all patients (with and without focal lesions). 

Focal lesions liver/spleen No focal lesions liver/
spleen

P-value

No. of patients (%) 38 (40%) 57 (60%) NA

Men, no. (%) 20 (53%) 30 (53%) NS

Age in 2016 (years), 
median (range)

56.0 (27-92) 50.5 (21-82) NS

Splenectomies, no. (%) 12 (32%) 17 (30%) NS

SSI-score, median 
(range)

7 (2-19) 6 (1-19) 0.01

Chitotriosidase (nmol/
ml/hr), median (range)

31,133 (3,701-98,992) 23,080 (2,964-143,458) 0.035

Presence of bone 
complications, no. (%)

25 (66%) 20 (35%) 0.003

Genotype N370S/L444P, 
no. (%)

12 (32%) 22 (39%) NS

Liver volume (ml), 
median (range)

2831 (1076-6542) 2228 (1213-5814) NS

Spleen volume (ml), 
median (range)

1688 (145-5358) 885 (113-3354) 0.009

SSI=severity score index, NA not applicable, NS not significant.

Splenic lesions
In twenty-three patients focal lesions of the spleen were described. Twenty patients had 

multiple splenic lesions. CT-examinations were available in 15, in which splenic lesions 

all appeared hypodense (see figure 1). Contrast-enhanced CT-images were available in 

three patients, with one lesion showing slight enhancement of the rim (no. 7). On (non-

contrast enhanced) T1-weighted MR-images focal lesions appeared hyperintense in five 

patients, hypointense in three patients and mixed hypo-/hyperintense signal in four 

patients. One patient (no. 35) showed hyperintense and mixed signal intensity lesions 

on T1-weighted images. MRI with contrast performed in one patient (no. 4) showing no 

contrast enhancement of the focal splenic lesion. T2-weighted MR-images were available in 

four patients; two patients had hyperintense lesions and in two patients the lesions appeared 

hypointense. Examples of splenic lesions found on MRI-examination are given in figure 

2. US-examinations were reviewed in 15 patients, examples are depicted in figure 3. Focal 

splenic lesions appeared hyperechoic in six patients, hypoechoic in four patients and mixed 

signal lesions were noted in three cases. Two patients had multiple lesions of different 

echogenicity within the spleen. In five patients calcifications in splenic lesions were present. 

For the majority of lesions, a follow-up of several years was available and no malignant 

transformation of any of the splenic lesions was observed, nor did splenic lymphoma 

occur. In addition, while the presence of lymphadenopathy was not within the scope 
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of the present study, in none of the patients with splenic or hepatic lesions the presence 

of lymphadenopathy was reported. No pathologic examinations of splenic lesions were 

available. In all cases, the most likely diagnosis was gaucheroma. Two splenectomized 

patients had small, calcified accessory spleens of 10 mm and 13 mm respectively, without 

signs of gaucheroma. Over time, these accessory spleens did not change with respect 

to characteristics or size. Table 2 summarizes the imaging characteristics of all splenic 

lesions. 

 

Figure 1. Examples of CT findings of splenic lesions, suggestive of gaucheroma. A. CT-examination of a 54-
years old male patient showing multiple hypodense lesions in the spleen. Note the calcifications (arrow) B. Two 
hypodensities of the spleen in a 35-years old female.
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Figure 2. MRI findings in four GD patients with focal splenic lesions. A. Enlarged spleen with a heterogeneous 
aspect in a 47-years old GD1 male patient, several focal lesions of mixed signal intensity. B. a 58-years old female 
patient with a round, mainly hyperintense lesion on T1w image of the spleen. C. Small hyperintense splenic nodule 
(see arrow) in the spleen of a male patient aged 74 years. 
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Figure 3. Examples of US findings in GD patients. A. hyperechoic lesion in the spleen of a 29-years old female. 
Differential diagnosis: haemangioma or gaucheroma (case no.32) B. Two hypodense splenic lesions in a male 

patient 52 years of age, most likely gaucheroma.
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Table 2. Imaging characteristics of splenic lesions found on the different imaging modalities. 

Splenic Lesions
Imaging characteristics

Patient 
number

Solitary / 
Multiple 
splenic lesions

CT appearance MRI appearance Ultrasound 
appearance

Differential 
radiological 
diagnosis

1 Multiple NECT: hypodense 
CECT: no 
enhancement

- - Gaucheroma

4 Multiple - T1: mixed hypo- / 
hyperintense
T1C+: no 
enhancement

Hyperechoic Gaucheroma

6 Solitary - - Hyperechoic Haemangioma / 
gaucheroma

7 Multiple NECT: hypodense
CECT: slight 
enhancement of rim 
of the lesion

- Hypoechoic with 
hyperechoic rim

Gaucheroma

12 Multiple NECT: hypodense - - Gaucheroma

13 Multiple - T1: mixed hypo- / 
hyperintense

- Gaucheroma

15 Multiple NECT: hypodense 
with calcifications

T1: heterogeneous 
aspect

Hypoechoic with 
calcifications

Gaucheroma

17 Multiple NECT: hypodense T1: hyperintense Hyperechoic 
Hypoechoic with 
hyperechoic rim

Gaucheroma / 
infarction

18 Multiple NECT: hypodense T1: hypointense Hyperechoic
Hypoechoic

Gaucheroma / 
infarction

20  Multiple NECT: hypodense - Hyperechoic Gaucheroma

22 Multiple - - Hypoechoic with 
calcifications

Gaucheroma

25 Multiple NECT: hypodense 
with calcifications

T1: hyperintense 
with calcifications

- Gaucheroma

28 Multiple NECT: hypodense T1: hyperintense Hypoechoic Gaucheroma

29 Multiple - - Hyperechoic
Iso-echoic

Gaucheroma

30 Multiple NECT: hypodense 
with calcifications

- Hypoechoic Gaucheroma

31 Multiple NECT: hypodense T2: hyperintense - Gaucheroma

32 Solitary - - Hyperechoic Hemangioma / 
gaucheroma

33 Multiple NECT: Diffuse 
hypodense with 
calcifications

T1: mixed hypo- / 
hyperintense

- Gaucheroma

34 Multiple NECT: hypodense T1: hyperintense, 
mixed hypo- / 
hyperintense
T2: hypointense

- Gaucheroma

35 Multiple NECT: hypodense
CECT: no 
enhancement

T1: hypointense
T2: hyperintense

Hyperechoic with 
hypoechoic center

Gaucheroma
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Splenic Lesions
Imaging characteristics

Patient 
number

Solitary / 
Multiple 
splenic lesions

CT appearance MRI appearance Ultrasound 
appearance

Differential 
radiological 
diagnosis

36 Multiple NECT: hypodense, 
some with 
calcifications

- - Gaucheroma

37 Multiple - T1: hyperintense Hyperechoic Gaucheroma

38 Solitary - T2: hypointense Hyperechoic Gaucheroma

Abbreviations: NECT: non contrast -enhanced CT. CECT: contrast-enhanced CT. T1 C+: contrast enhanced T1 
weighted MRI.

Hepatic lesions

Focal hepatic lesions were found in twenty-four patients, of whom twelve were 

splenectomized. In table 3 a summary of all imaging findings is provided. Examples of 

imaging findings are depicted in figures 4 and 5. In five patients a radiological diagnosis 

of simple liver cysts was made. In four patients the distinction between a liver cyst or 

gaucheroma could not be made based on the imaging examinations. All these lesions 

had a hypodense appearance on non-contrast-enhanced CT images. Available MRI data 

showed T1 hypo-intense and T2 hyperintense signal of the lesions. 

In seven cases, the presence of a haemangioma was considered. These lesions all fulfilled 

the typical imaging characteristics of a haemangioma on ultrasonography (hyperechoic, 

hypervascular), except for one (no. 11) in which the lesion was described as hypoechoic 

and hypervascular. In this case an ultrasound-guided biopsy of the lesion was performed, 

because HCC was suspected. This lesion showed arterial enhancement after contrast 

administration on CT. Pathologic examination proved the lesion to be a gaucheroma.

Focal nodular hyperplasia (FNH) was the main differential diagnosis based on imaging 

appearance in three patients. This diagnosis was confirmed by pathology examination in 

one (no. 5). All three lesions showed enhancement on MR imaging after contrast agent 

administration, but no clear enhancing central scar was noticed in these cases. Two US 

examinations reported hypoechoic lesions and in one case the lesion was not visible on US. 

In two cases, the diagnosis of gaucheroma was made after excluding other possible 

diagnoses. Both patients had multiple lesions in the liver with a hypodense aspect and 

Table 2. continued



118

Chapter 6

both showed calcifications in some of the lesions. On ultrasound (data available for one gaucheroma 

case) the lesions appeared hyperechoic. 

Hepatocellular carcinoma was found and confirmed by pathology examination in four patients 

(no. 2, 14, 19, 27). In one patient (no. 27) the typical HCC characteristics were present on contrast-

enhanced CT-images; multiple strongly enhancing lesions, with wash-out of contrast in the 

delayed phases. In cases 14 and 19 the malignant lesions showed enhancement after contrast agent 

administration, but wash-out was not detected. The focal lesion in case 14 was not clearly visible 

on ultrasound examination. Follow-up MRI showed growth of the lesion, which was an indication 

for surgery. Case 19 had a focal lesion detected on US. Further characterization was performed on 

dynamic scans and signs of (multifocal) HCC were shown, although wash-out of the lesions was not 

present. In the fourth case (no.2) no dynamic examinations were available for review. This lesion 

was hyperechoic on US examination and visible as a hypodense area on non-contrast enhanced CT.
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Figure 4. Hepatic lesions found on MRI-scanning (T1-weighted images), indicated by red arrows. A. Hyperintense 
lesion cranial in liver, differential diagnosis: FNH or Gaucheroma. Patient is a male of 62 years. B. Hypointense 
lesion, differential diagnosis: hemangioma or Gaucheroma, in a female patient aged  28 years.

Figure 5. Examples of focal lesions on US in livers of GD patients, indicated by white crosses. A. hypoechoic 
lesion, corresponding to the MRI in figure 4A, in a 62 years old patient. Differential diagnosis: FNH of 
gaucheroma. B. hyperechoic lesion in the liver of a 32 years old female, based on additional MRI examination, this 
lesion is thought to be a hemangioma. C. typical aspect of a simple cyst in a 58 years old female.   
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Table 3. Imaging characteristics of hepatic lesions found on the different imaging modalities. 

Hepatic Lesions
Imaging characteristics

Hepatic Lesions
Imaging characteristics

Patient 
number

Solitary / 
Multiple 
hepatic lesions

CT appearance MRI appearance Ultrasound appearance Differential radiological/pathological diagnosis 

2 Solitary NECT: hypodense area - Hyperechoic Hepatocellular carcinoma (pathology examination)

3 Multiple - calcifications calcifications Non-specific finding, not of clinical importance

4 Multiple - T1: hypointense Hypoechoic Liver cysts

5 Multiple 1. CECT: arterial 
enhancement, sharp 
demarquation and wash-out
2. small cyst

1. T1C+: enhancement in arterial phase, slight 
hyperintense signal on diffusion images. Not 
visible on T1 and T2, no wash-out.

1. not visible
2. some cysts

1. Focal nodular hyperplasia  (pathology 
examination)
2. Liver cysts

8 Solitary - T1: small demarquated lesion, cyst - Liver cyst

9 Solitary - T1: hypointense
T2: hyperintense. 
T1 C+: sharply demarquated lesion, no contrast 
enhancement, slight late enhancement peripherally

Hyperechoic Haemangioma / gaucheroma

10 Multiple NECT: hypodense T2: Hyperintense Hypoechoic Liver cyst / gaucheroma

11 Solitary CECT: arterial and venous 
enhancement of lesion

- Hypoechoic, hypervascular Haemangioma / gaucheroma / hepatocellular 
carcinoma
Pathology examination: Gaucheroma

14 Multiple CECT: arterial enhancement, 
central necrosis

T1: hyperintense
T2: hyperintense
Diffusion: hyperintense
T1 C+: enhancing lesion, no wash-out

Heterogeneous signal liver Hepatocellualr carcinoma (pathology examination)

15 Solitary NECT: hypodense lesion 
(cyst)

- Hypoechoic Liver cyst

16 Solitary - - Hyperechoic Haemangioma 

19 Multiple NECT: hypodense, 
calcifications

T1: hyperintense
T2: slightly hyperintense
Diffusion: slightly hyperintense
T1 C+: enhancing lesions, no clear wash-out

Heterogeneous signal liver, hypoechoic lesions Hepatocellular carcinoma (pathology examination)

21 Multiple NECT: hypodense, 
calcifications

- Calcifications Gaucheroma

22 Solitary - T1: round, sharply demarquated, hyperintense
T1 C+: enhancing lesion

Hypoechoic Focal nodular hyperplasia / gaucheroma

23 Multiple NECT: hypodense T1: hypointense - Gaucheroma / liver cysts

24 Multiple NECT: hypodense - Hyperechoic nodules; calcifications Gaucheroma

26 Solitary - T1: hypointense Hyperechoic, sharp demarquation Haemangioma

27 Multiple NECT: hypodense, 
inhomogeneous liver
CECT: strongly enhancing 
lesions, wash-out

- Heterogeneous aspect of liver Hepatocellular carcinoma (pathology examination)

28 Multiple NECT: hypodense T1: hypointense Hypoechoic Liver cysts / gaucheroma

29 Solitary - - Hyperechoic Haemangioma

31 Multiple NECT: hypodense T1: hypointense
T2: hyperintense

- Haemangioma / gaucheroma / liver cysts

34 Multiple - T2: hypointense - Liver cysts

35 Solitary - T2: hyperintense. Late enhancement Hyperechoic Haemangioma

38 Multiple - 1. T2: hyperintense 
T1 C+: contrast enhancement, no wash-out
2. some hypointense lesions

1. Hypoechoic 1. Focal nodular hyperplasia
2. hemosiderin deposits
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Table 3. Imaging characteristics of hepatic lesions found on the different imaging modalities. 

Hepatic Lesions
Imaging characteristics

Hepatic Lesions
Imaging characteristics

Patient 
number

Solitary / 
Multiple 
hepatic lesions

CT appearance MRI appearance Ultrasound appearance Differential radiological/pathological diagnosis 

2 Solitary NECT: hypodense area - Hyperechoic Hepatocellular carcinoma (pathology examination)

3 Multiple - calcifications calcifications Non-specific finding, not of clinical importance

4 Multiple - T1: hypointense Hypoechoic Liver cysts

5 Multiple 1. CECT: arterial 
enhancement, sharp 
demarquation and wash-out
2. small cyst

1. T1C+: enhancement in arterial phase, slight 
hyperintense signal on diffusion images. Not 
visible on T1 and T2, no wash-out.

1. not visible
2. some cysts

1. Focal nodular hyperplasia  (pathology 
examination)
2. Liver cysts

8 Solitary - T1: small demarquated lesion, cyst - Liver cyst

9 Solitary - T1: hypointense
T2: hyperintense. 
T1 C+: sharply demarquated lesion, no contrast 
enhancement, slight late enhancement peripherally

Hyperechoic Haemangioma / gaucheroma

10 Multiple NECT: hypodense T2: Hyperintense Hypoechoic Liver cyst / gaucheroma

11 Solitary CECT: arterial and venous 
enhancement of lesion

- Hypoechoic, hypervascular Haemangioma / gaucheroma / hepatocellular 
carcinoma
Pathology examination: Gaucheroma

14 Multiple CECT: arterial enhancement, 
central necrosis

T1: hyperintense
T2: hyperintense
Diffusion: hyperintense
T1 C+: enhancing lesion, no wash-out

Heterogeneous signal liver Hepatocellualr carcinoma (pathology examination)

15 Solitary NECT: hypodense lesion 
(cyst)

- Hypoechoic Liver cyst

16 Solitary - - Hyperechoic Haemangioma 

19 Multiple NECT: hypodense, 
calcifications

T1: hyperintense
T2: slightly hyperintense
Diffusion: slightly hyperintense
T1 C+: enhancing lesions, no clear wash-out

Heterogeneous signal liver, hypoechoic lesions Hepatocellular carcinoma (pathology examination)

21 Multiple NECT: hypodense, 
calcifications

- Calcifications Gaucheroma

22 Solitary - T1: round, sharply demarquated, hyperintense
T1 C+: enhancing lesion

Hypoechoic Focal nodular hyperplasia / gaucheroma

23 Multiple NECT: hypodense T1: hypointense - Gaucheroma / liver cysts

24 Multiple NECT: hypodense - Hyperechoic nodules; calcifications Gaucheroma

26 Solitary - T1: hypointense Hyperechoic, sharp demarquation Haemangioma

27 Multiple NECT: hypodense, 
inhomogeneous liver
CECT: strongly enhancing 
lesions, wash-out

- Heterogeneous aspect of liver Hepatocellular carcinoma (pathology examination)

28 Multiple NECT: hypodense T1: hypointense Hypoechoic Liver cysts / gaucheroma

29 Solitary - - Hyperechoic Haemangioma

31 Multiple NECT: hypodense T1: hypointense
T2: hyperintense

- Haemangioma / gaucheroma / liver cysts

34 Multiple - T2: hypointense - Liver cysts

35 Solitary - T2: hyperintense. Late enhancement Hyperechoic Haemangioma

38 Multiple - 1. T2: hyperintense 
T1 C+: contrast enhancement, no wash-out
2. some hypointense lesions

1. Hypoechoic 1. Focal nodular hyperplasia
2. hemosiderin deposits

Abbreviations: NECT: non contrast -enhanced CT. CECT: contrast-enhanced CT. T1 C+: contrast enhanced T1 

weighted MRI.
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Discussion

Focal splenic and/or hepatic lesions are a common finding in GD patients, detected by 

various imaging techniques. Reported prevalence numbers of splenic lesions in GD of 

different ages range from 18.4% to 33% [14, 16-20]. In contrast to these findings, a study 

performed in a cohort of pediatric GD patients described focal splenic lesions in 4 out of 

103 patients (3.9%) on ultrasound examination [21]. This suggests that with aging, more 

lesions emerge. The prevalence of focal hepatic lesions is reported to be lower than that of 

splenic abnormalities. Neudorfer et al found focal lesions in the liver with US examinations 

in 6.0% of their population [14]. In MRI studies, prevalence rates of hepatic lesions have 

been described and range from 7% [17] to 20% [19]. Our findings for splenic lesions are 

in line with these previous reports. In our adult cohort, 24% of patients had a focal lesion 

in the spleen detected on CT, MRI and/or US. However, the prevalence of focal hepatic 

lesions of 25% in the Dutch cohort is somewhat higher than reports for gaucheroma 

frequencies. An explanation could be the fact that we reviewed every reported hepatic 

lesion, not only gaucheroma, resulting in inclusion of focal liver abnormalities, which are 

frequently found in the general population [22, 23]. Moreover, as already indicated, our 

cohort consists of adult GD patients with relatively longstanding disease activity and a 

substantial percentage of splenectomized patients. Indeed, when the cohort with lesions 

was compared to the group without lesions, a significant difference between disease 

severity, represented by a higher percentage of patients with bone complications, higher 

baseline chitotriosidase levels and higher baseline SSI-scores was found. Apparently, 

these disease severity characteristics were more important than age, since there was no 

significant age difference between the groups. It is well known that advanced liver disease 

is more common in patients after splenectomy and with more severe disease [24, 25]. 

Apparently, these patients are more prone to develop focal lesions as well. In line with 

this, in Israeli patients with milder disease, focal liver lesions were reported in only 6.0% 

of the GD population [14]. 

Because of the retrospective design of this study, the improving imaging quality and 

variety of imaging modalities used over the last 25 years, it was not possible to draw 

firm conclusions regarding the evolution of the lesions over time. This is a limitation of 

the present study. However, it is fair to say that in general, over a time course of 10 to 

20 years, splenic lesions do not disappear, despite impressive reductions in splenic size 

following treatment with ERT. Neudorfer et al [14] observed no change in splenic lesions 

in 43.2% of patients following treatment with ERT when comparing 6 month follow-up 

US with baseline findings. In a pediatric cohort five patients with hepatic or splenic lesions 
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showed no change in appearance or size as effect of ERT during the follow-up period 

(mean follow-up 4.5 years) [21]. Contrasting to this finding are the results in pediatric GD 

patients treated with ERT. In all patients with splenic abnormalities (21%), the lesions 

resolved during follow-up. These changes were detected in a period from 17 months 

onwards to more than 4 years [18]. This suggests again a difference between pediatric 

and adult patients, pointing towards more reversibility of lesions in a younger population. 

The presence of splenic lesions in GD might influence the response of splenic volume and 

platelets to therapy. As is shown by Stein et al [16], splenic lesions are associated with a 

weaker platelet response. Patients with splenic lesions showed less reduction in splenic size 

as compared to patients without lesions. The presence of focal splenic lesions is proposed 

as a determinant of response to therapy in GD patients [16] . 

Differential diagnosis of splenic lesions
The general differential diagnosis of splenic lesions comprises inflammatory processes, 

vascular disorders, hematologic disorders, benign neoplasms and malignant neoplasms 

[26]. Splenic involvement in lymphoma is the most common splenic malignancy and 

may be primary or secondary as commonly occurring in Hodgkin and non-Hodgkin 

lymphoma [27-30]. In GD, lymphoma as well as other hematological malignancies are 

more frequently found compared to the general population [4, 5, 31, 32]. Thus, it would 

be helpful to characterize gaucheroma based upon imaging features. The various studies 

describing imaging features of splenic lesions are summarized in table 4. As shown, 

imaging characteristics of focal lesions in GD patients are variable. This is probably 

explained by differences in composition of each lesion, depending on the amount of 

fibrosis, necrosis, dilated sinusoids and Gaucher macrophages in the lesion. As a result, 

differentiating between a focal splenic Gaucheroma and a splenic lymphoma solely based 

on imaging characteristics is not possible. The most important factor is growth of the 

lesion over time in case of malignancy. Presence of laboratory abnormalities including 

an M-protein or systemic symptoms such as weight loss, malaise and fever may also be 

signs of a malignant etiology of the lesion. No malignant lesions of the spleen have been 

diagnosed in our cohort.

Differential diagnosis of hepatic lesions and hepatocellular carcinoma
In 24% of the current population lesions were reported in the liver, including gaucheroma 

and other abnormalities [22, 33]. A summary of imaging characteristics is given in table 

5. As for splenic lesions, gaucheroma of the liver possess variable imaging characteristics 

and it is therefore difficult to distinguish a gaucheroma from another lesion.  Since it is 



124

Chapter 6

shown that GD patients have a higher risk of developing HCC [34, 35], which were found 

in four patients in our cohort, it is important to emphasize the imaging characteristics of 

these lesions.  Unfortunately, as described in the results, not all four HCC cases in GD 

patients in our cohort did present with typical HCC imaging features, on dynamic CT/

MRI examination, which consist of heterogeneous diffuse enhancement in arterial phase 

and wash-out of contrast agent on delayed images. This indicates the need for watchful 

surveillance of focal hepatic lesions, especially in patients who underwent previous 

splenectomy. 
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Table 4. Imaging criteria used in diagnosing common splenic lesions.

Splenic lesions

Diagnosis References General 
characteristics

CT appearance MRI appearance US 
appearance

Hemangioma [26, 36] Sharply demarcated 
lesion
Multiple vascular 
channels

NECT: hypodense
CECT: enhancement 
subject to variety; 
centripetal 
enhancement 
from periphery 
with persistence 
on delayed 
images / mottled 
enhancement with 
areas remaining 
hypodense to normal 
spleen / immediate 
homogeneous 
enhancement

T1: hypo- or 
isointense
T2: hyperintense
T1 C+: variable 
enhancement 
patterns (as in 
CECT).

Hypoechoic or 
hyperechoic

Splenic cyst [26, 36] Well-defined fluid-
filled space
Usually oval or 
round lesion with a 
thin wall

NECT: isodense to 
water
CECT: no 
enhancement

T1: hypointense
T2: hyperintense
T1 C+: no 
enhancement

Anechoic

Lymphoma [26-30, 36] May be primary 
splenic lymphoma or 
secondary. 
Multiple lesions or 
single lesion

NECT: hypodense, 
homogeneous
CECT: 
hypoenhancement of 
lesion

T1: isointense
T2: hypo- or 
isointense
T1 C+: 
hypoenhancement 
of lesion

Hypoechoic

Gaucheroma [14, 17-20, 
37, 38]

Clusters of Gaucher 
cells, areas of 
fibrosis, necrosis, 
calcifications and 
iron deposition.

NECT: isodense, 
hypodense
CECT: enhancement 
of lesion with 
hyperdense rim, 
targetlike lesion

T1: hypointense, 
hyperintense, 
isointense, mixed 
signal intensity
T2: hypointense, 
hyperintense, 
mixed signal 
intensities. 
Targetlike lesions 
(hypointense center 
and hyperintense 
rim)
T1 C+: peripheral 
contrast 
enhancement or 
heterogeneous 
internal 
enhancement

Hypoechoic, 
hyperechoic 
or mixed 
echogenicity 

Abbreviations: NECT: non contrast -enhanced CT. CECT: contrast-enhanced CT. T1 C+: contrast enhanced T1 
weighted MRI. 
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Follow-up recommendations
In summary, focal lesions in liver or spleen are common in GD1 patients and are not 

always of benign etiology. In case of focal splenic lesions with no apparent clinical signs 

or symptoms of a possible lymphoma, a gaucheroma is the most likely diagnosis and 

routine follow-up is not necessary. Since an isolated splenic lymphoma can be relatively 

symptom-free, follow-up imaging to detect growth within 6 months could be considered. 

Needless to say, every indication of growth or resistance to treatment should prompt the 

clinician to reevaluate the lesions. In figure 6 a proposal of a follow-up algorithm in case 

of focal liver lesions is provided. Since splenectomized patients are considered to have a 

higher risk in developing HCC, screening is recommended in accordance with the current 

guidelines for high risk populations [46]. 

In case of a lesion >1 cm, further work-up comprising dynamic contrast-enhanced CT- or 

MRI-scanning is performed. When results of one dynamic contrast-enhanced study are 

inconclusive, performing a second dynamic contrast-enhanced study should be considered. 

Lesions that remain indeterminate despite proper imaging work-up require percutaneous 

imaging-guided biopsy.  

In small nodules (< 1cm) one might opt for close imaging surveillance to detect growth. 

Patients with an intact spleen do not carry the higher HCC-risk. When US characteristics 

show typical signs of a benign lesion (i.e. anechoic well-defined lesion is a liver cyst) 

in a GD patient with an intact spleen, follow-up is not necessary. In case of an atypical 

appearance of the lesion, it is recommended to monitor the lesion frequently, i.e. half-

yearly, to detect growth or change in appearance. A much-used practical approach in our 

center is to discharge patients from follow-up after 2 years of biannual US surveillance 

without any signs of growth or change of the lesion. In case of any possible sign of 

malignancy, such as growth of the lesion or the appearance of clinical signs or symptoms 

(i.e. weight loss, increasing α-fetoprotein levels), we strongly recommend a contrast-

enhanced examination to characterize the lesion. Biopsy of a lesion should be considered 

when results are inconclusive.
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Conclusion

We conclude that splenic and hepatic lesions are common in GD and are more frequent 

in patients with more severe disease. A gaucheroma is mainly a diagnosis of exclusion, 

especially in the liver. In our GD1 cohort, followed for several years, splenic lesions were 

always benign, with gaucheroma being the most likely diagnosis. Lesions in the liver are 

also gaucheroma, but other lesions occur as well. The variety of imaging characteristics 

of gaucheroma mandates a rigorous follow-up. A proposal for follow-up of focal hepatic 

lesions in GD patients is provided,based upon imaging characteristics and growth of the 

lesion, which aims to detect a malignancy at an early stage.
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Summary

The studies described in this thesis focus on the role of iron in the pathophysiology 

and imaging of Gaucher disease (GD), and elucidate a potential link of iron-related 

pathophysiological changes to the occurrence of associated conditions in this rare 

lysosomal storage disorder. 

In chapter 2 a literature review on iron metabolism in GD was performed. A total 

number of 37 studies that reported on hyperferritinemia and/or iron metabolism in GD 

were included. Evidence for the presence of iron particles in Gaucher cells is described 

in pathology studies from 1960 and the years thereafter. Several studies focusing on the 

presence of hyperferritinemia in GD are summarized. No clear-cut explanation for a 

possible distortion in iron metabolism could be extracted from literature, although several 

hypotheses have been proposed. For example, hepcidin upregulation has frequently been 

suggested as a factor contributing to trapping of iron in GD. With respect to the contribution 

of these mechanisms to iron dysregulation in GD, we hypothesize the following: 

1. The altered macrophage membrane structure of Gaucher cells affects the expression of 

the main cellular iron-exporter ferroportin, leading to a block of iron export and subsequent 

‘iron trapping’ in Gaucher macrophages.

2. The chronic low-grade inflammatory state in GD leads to disturbances in iron 

regulation, with the balance between a pro-inflammatory environment (classically activated 

macrophages) and anti-inflammatory factors (alternatively activated macrophages) 

determining the net effect on iron flow in each individual GD patient.

Furthermore, potential pathophysiological implications of iron storage in GD are described. 

With regard to the occurrence of associated conditions such as Parkinson’s disease, liver 

injury and malignancies, iron is considered as possible contributing factor.

The hypothesis drawn in chapter 2 serves as the basis of further studies described in this 

thesis. In chapter 3 we report a study on the use of magnetic resonance imaging (MRI) to 

visualize iron in a cohort of 40 GD patients in comparison to healthy volunteers. A whole-

body MRI protocol was developed, with the aim to assess the distribution of (excess) iron 

in GD patients. We showed that GD patients have significantly higher R2* levels, reflecting 

the presence of iron, as compared to healthy controls. Those differences were only found 
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in liver and bone marrow (femoral and vertebral); key sites involved in glucocerebroside 

storage in GD. The spleen also showed significant higher iron levels in GD patients, but 

mainly in focal Gaucher lesions known as Gaucheroma. Elevated serum ferritin levels 

correlated with increased MRI-measured iron levels.

A study of laboratory parameters of iron status including hepcidin analysis in the same 

cohort as described in chapter 3 is provided in chapter 4. We did not find the assumed 

elevated hepcidin levels in our GD population; there is no difference in absolute hepcidin 

levels between (treated) patients and healthy controls in this study. The hepcidin-ferritin 

ratio is significantly lower in GD patients. We hypothesize that the low hepcidin-ferritin 

ratios indicate insufficient hepcidin upregulation in response to iron loading. Another 

important finding is the absence of a correlation between chitotriosidase and ferritin. 

Chitotriosidase, a well-established marker of residual GD, is therefore less suitable in 

assessing the risk of iron-related complications. Serum ferritin was shown to reflect iron 

loading and as such is proposed as important laboratory parameter in follow-up of GD 

patients. 

Chapter 5 covers an international case series describing 16 GD patients with hepatocellular 

carcinoma (HCC). In a subset of these cases, the presence of iron loading was confirmed 

on histopathological examination of the liver. Risk factors for HCC development in GD 

are discussed, with the aim to better define patients at risk in the future and propose 

recommendations for screening. Screening for HCC is recommended in GD patients with 

a history of splenectomy, presence of liver fibrosis/cirrhosis, persistent hyperferritinemia 

and/or chronic hepatitis B or C. 

The focal splenic and hepatic lesions commonly seen in GD patients are known as 

Gaucheroma (also discussed in chapter 3). A retrospective study on the occurrence and 

imaging characteristics of these focal lesions in liver and spleen is described in chapter 6. 

In the studied 95 GD1 patients from the Dutch cohort, 40% had focal hepatic and/or splenic 

abnormalities on radiology examination. The differential diagnosis of the lesions includes 

simple cysts, haemangioma, focal nodular hyperplasia (FNH), Gaucheroma and HCC. 

Distinguishing those anomalies based on imaging characteristics is often challenging. A 

decision-making algorithm is proposed to aid in case of a reported focal lesion in a GD 

patient.
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General Discussion

The development and implementation of highly effective therapy for GD has altered the 

lives of many patients. Enzyme replacement therapy with imiglucerase (Cerezyme®, 

Genzyme-Sanofi, Cambridge, MA, USA) and velaglucerase alfa (Vpriv®, Shire, Lexington, 

MA, USA) as well as the more recently authorized oral substrate reduction therapy 

eliglustat (Cerdelga®, Genzyme-Sanofi, Cambridge, MA, USA) all result in alleviation of 

clinical signs and symptoms, reduced biomarker levels indicating decreased Gaucher cell 

burden, together with improvement in quality of life [1,2]. However, not all patients reach 

a state with resolution of symptoms and low biomarkers. The presence of residual disease 

in these patients might contribute to the development of late complications and associated 

conditions. Presumably, timing of treatment initiation is of utmost importance [3-5].

Over the last decades, more and more attention has been paid to the occurrence of 

associated conditions and late complications in GD, including Parkinson disease and 

malignancies.  The importance of prevention or early detection of these often life-

threatening conditions is indisputable. A growing body of evidence is available regarding 

the factors possible contributing to the pathophysiological changes as seen in GD and its 

morbidities. One of those intriguing changes is the altered iron distribution, the subject of 

this thesis. The clinical meaning, causes and consequences of this finding will be discussed 

further below. By studying this piece of the large and complex pathophysiological puzzle 

of GD, the aim of this thesis is to improve our understanding of this rare lysosomal storage 

disorder. This is necessary to improve clinical-decision making and risk-assessment in 

each individual GD patient. 

Gaucher disease related conditions: a clinical perspective
Only few studies have systematically addressed the development of complications or 

associated conditions and the risk factors involved. In table 1 a summary of risk factors is 

provided for the most well-known of these conditions as encountered in GD. 
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Table 1. Clinical risk factors for development of late complications and/or associated conditions in GD. 

Long-term complications Associated conditions

Risk factors Risk factors

Bone complications (bone 
infarcts, avascular necrosis, 
pathological fractures)

- splenectomy 
- delay in treatment initiation 
[3,9,62,63] 

Parkinson disease - GBA1 mutation
[64]

Hepatic complications (liver 
fibrosis/cirrhosis)

- splenectomy
[11,17,36]

Malignancies - splenectomy
- delay in treatment 
initiation
[17]

Pulmonary complications 
(pulmonary hypertension, 
hepatopulmonary syndrome)

- splenectomy
- female sex
- ACE I gene polymorphism
[10]

Skeletal complications such as avascular necrosis, bone infarcts and pathological fractures 

are severe complications of GD [6,7]. Prior to the introduction of ERT, patients suffered 

from longstanding high burden of Gaucher and subsequent pathophysiological changes. 

This “delay” in treatment initiation results in an increased risk of developing bone 

complications. Another risk factor for bone complications is a history of splenectomy. 

Splenectomy might be an indicator of severe disease by itself, but absence of the spleen 

will also promote further storage in other sites, such as the liver and bone marrow [8,9]. 

Hence it is likely that splenectomy supports the emergence of bone disease. Not only bone 

disease is related to splenectomy: pulmonary complications and severe liver involvement 

are all associated with a history of removal of the spleen in GD [10,11]. 

Pulmonary complications, specifically pulmonary hypertension as complication of GD is 

rare but may be severe and life threatening [12].  Besides a history of splenectomy, other 

predisposing factors to develop pulmonary hypertension were reported to be female sex 

and polymorphisms in the ACE gene [10].  A potential pathophysiological process is 

macrophage dysfunction, which can induce vascular changes in the pulmonary system 

leading to pulmonary hypertension. Also, hepatopulmonary syndrome as a consequence 

of liver cirrhosis can contribute to the development of this complication [13]. 
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Liver involvement encompasses more than just hepatomegaly. Although in most patient 

liver function is well preserved, liver fibrosis and cirrhosis can develop [14,15]. In relation 

to this, cases of portal hypertension and oesophageal varices have been documented 

[15,16]. It is thought that after splenectomy, increased liver involvement contributes to the 

risk of hepatic complications. With the development of fibrotic and subsequent cirrhotic 

changes, the risk for occurrence of hepatocellular carcinoma (HCC) also increases [17].  

Some case reports of HCC in GD patients were published in the past [18-20]. All three 

patients in these reports had a history of splenectomy and two were also diagnosed with 

concomitant hepatitis B infection, as potential risk factors. Chapter 5 further elaborates 

on this and other risk factors, which are further discussed below (see section “The risk 

for HCC development: towards improved screening strategy”).

Next to HCC, the increased incidence rates of other cancers, specifically of haematological 

origin such as multiple myeloma (MM) and non-Hodgkin lymphoma (NHL), are described 

in the GD population [17,21-23].  The frequent finding of gammopathies (monoclonal or 

polyclonal) in GD patients is a preceding hallmark that predicts the increased incidence 

rates of these malignancies [24]. Once a GD patient develops a monoclonal gammopathy, 

it remains present despite administration of ERT [25]. However, it was also shown that 

ERT is able to decrease or stabilize immunoglobulin levels in patients with and without 

monoclonal gammopathy [24]. None of the studied patients in this cohort developed 

MGUS or MM whilst on treatment with ERT [4]. Probably, as is the case for several other 

associated conditions and complications in GD, again, timing of treatment initiation is 

important in preventing the development of MGUS. 

Lastly, the association between GD and Parkinson disease is important to mention. Even 

among carriers of a GBA1 mutation, the risk of developing Parkinson disease is increased 

as compared to the general population [26]. It was shown that Parkinson disease in a GD 

patient has an earlier onset than sporadic Parkinson disease in general [27,28]. However, 

at present, no clear risk factors for the development of Parkinson, other than a GBA 

mutation, in a GD patient are known. The mechanisms causing neurodegeneration in 

GBA1-mutation associated Parkinson disease are subject of research. A link between 

lowered glucocerebrosidase activity and elevated levels of α-synuclein that can cause the 

formation of Lewy-bodies is described [29]. The elucidation of the precise pathogenic 

mechanisms eliciting Parkinson disease in GD is subject of research [30,31].
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Several other conditions related to GD or its treatment such as peripheral neuropathy, 

gallstones, metabolic syndrome, peripheral insulin resistance and hepatic steatosis have 

all been described, but will not be further discussed here [32-36]. 

Pathophysiological aspects; ironing out the role of iron 
The pathophysiology of GD is complex. Clinical symptoms and risks for complications 

and associated conditions are likely the result of genetic, epigenetic and environmental 

factors, such as infections. The influence of epigenetic or environmental factors is 

illustrated by the extremely heterogeneous phenotypic expression in families carrying 

the same genotype with the most striking being discordant phenotypes in monozygotic 

twins [37,38]. The complexity is also illustrated by the lack of a clear integration of 

different abnormalities that have been studied and that have been suggested to play a role 

in pathophysiology. The pathological hallmark of GD is the presence of Gaucher cells 

loaded with glucocerebroside. These typical macrophages are thought to induce local 

effects in the main storage sites. Disturbed tissue architecture might directly affect proper 

functioning of the organ involved, and also lead to areas of infarction as a result of impaired 

blood flow. Next to the local effects of glucocerebroside accumulation in Gaucher cells, 

several systemic abnormalities are proposed to arise. Inflammatory effects with release 

of pro- and anti-inflammatory cytokines, immunological abnormalities and pathological 

cellular changes are all key aspects involved. Increased plasma levels of the potentially 

toxic by-products of glucocerebroside storage, such as glucosylsphingosine (GlcSph) and 

globotriaosylsphingosine (lysoGb3), which may play a role in the inflammatory state 

in GD have been described [39]. Different studies have suggested a prominent role for 

GlcSph in the development of GD-related complications, such as bone complications and 

B-cell proliferation [40,41]. Another factor that may also exhibit toxic effects and as such 

contributes to pathophysiological changes in GD is iron, of which the precise mechanism 

is still unknown.

This thesis aims to answer questions regarding the role of iron in the pathophysiology 

of GD. It is important to realize that this is a part of the bigger picture and other 

pathophysiological mechanisms, as briefly addressed above, are likely to be all involved 

to different extent in each individual patient. The reason to further elucidate a potential 

link of iron metabolism to pathophysiology of GD stems from early reports from the 

1960s and afterwards, in which iron particles in Gaucher cells were described [42,43]. 

These studies, together with later observations of extremely elevated ferritin levels, led to 

hypotheses about iron as disease modifying factor in GD [44-46].  
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Iron is an essential element in the human body. It is important in haemoglobin production 

for erythropoiesis, but also needed for fundamental metabolic functioning. Iron is 

obtained from the diet, in heme and non-heme forms. As excessive levels of iron are 

toxic, homeostasis is tightly regulated by systemic and cellular regulatory processes. 

After entering the circulation via transport through duodenal enterocytes, iron is bound 

to transferrin; a glycoprotein that is capable of binding two iron-atoms and distributes 

iron throughout the body. Plasma iron bound to transferrin is directed to sites where it is 

needed, such as the bone marrow for red blood cell production, or to storage sites where 

iron can be saved for later use. Ferritin is the main cellular iron storage protein that stores 

iron in a non-toxic form, predominantly in hepatocytes and macrophages. The liver-derived 

hormone hepcidin regulates iron release from storage sites and uptake from dietary sources 

by inhibiting the cellular iron exporter ferroportin [47,48]. 

In GD, several studies have shown that extremely elevated ferritin levels are present and 

suggestions of a disturbed iron homeostasis are made [45,46,49-51]. For the first time, 

the current studies in this thesis have shown the locations of iron storage in GD patients, 

i.e. mainly the liver and bone marrow and not the spleen or other organs. Serum ferritin 

levels are shown to reflect increased iron levels as visualized by using magnetic resonance 

imaging (MRI) in chapter 3. The causes and consequences of this altered iron levels will 

be discussed below. 

Causes and consequences of an altered iron distribution in GD

In chapter 4 we have shown that hepcidin levels remained within normal ranges, excluding 

the possibility of hepcidin upregulation in our patients as a cause of increased iron storage. 

As hypothesized in chapter 2, the polarization of macrophage subtypes can influence the 

iron storage pattern. The classically-activated, pro-inflammatory, cell types with increased 

hepcidin expression leading to macrophage iron sequestration versus the alternatively-

activated macrophages which are associated with a negative regulation of hepcidin 

production and subsequent iron efflux from storage sites, have influence on the individual 

pattern of iron storage in patients. Hence, the balance in the different types of macrophages 

is likely to be of importance in a patient’s predisposition to iron loading. In addition to 

this phenomenon, clues towards an insufficient response of hepcidin to iron sequestration 

are presented in chapter 4. GD patients were shown to have a significantly lower hepcidin-

ferritin ratio as compared to healthy controls. Under normal circumstances, increased 
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storage of iron results in increasing hepcidin levels to protect the human body for further 

uptake and circulation of free iron. Explanations for the relative hepcidin suppression in 

GD could be attributed to a similar effect as is seen in cases of ineffective or increased 

erythropoiesis, as is also known to occur in thalassaemia syndromes [52]. However, it still 

remains unclear whether hepcidin dysregulation is the primary cause of increased iron 

storage or whether iron is sequestered in macrophages irrespective of hepcidin levels. The 

diseased Gaucher macrophages are cells of which membrane properties are affected by the 

sphingolipid accumulation. As such, normal functioning of these cells could be impaired 

[53]. Perhaps the sensing of elevated iron stores is also affected, leading to an absence 

of hepcidin response to iron loading. Besides, it is presently unknown whether iron in 

Gaucher cells is able to exit those cells. The expression of ferroportin on the membrane of 

macrophages in GD could be affected as well. As a result, iron particles might be trapped 

in those cells. A clue pointing towards such a phenomenon was described in a recently 

published study [51], in which ferroportin membrane expression in a Gaucher cell model 

was decreased. However, this pro-inflammatory model did not correspond with the findings 

in patients, where an inflammatory response was absent. 

The assumption that iron is mainly sequestered in macrophages is based on the normal 

transferrin saturations (TSAT) found in our studied cohort. This is in contrast to the iron-

loading as found in iron overload syndromes such as hereditary haemochromatosis, in 

which increased TSAT and excessive iron in parenchymal cells are found [54]. However, 

it is not unlikely that increased iron stores in a GD patient might also shift towards 

parenchymal storage in response to treatment. In fact, in three cases of which data on 

TSAT was available as described in chapter 5, elevated TSAT-levels were found and 

correlated with positive iron-staining in macrophages as well as hepatocytes in liver tissue 

on histopathological examination. The presence of excessive iron levels is associated with 

a risk of carcinogenesis [55]. When iron circulates in free form (non-transferrin bound) 

oxidants can be formed as a result of the easy interconversion of Fe2+ to Fe3+. This formed 

reactive oxygen species have a direct toxic effect on proteins and DNA with subsequent 

organ damage and a risk of developing malignancies. Even longstanding exposure to low 

levels of excess iron can lead to toxicity [56]. As was also described in chapter 5, iron 

toxicity is considered as contributing factor to the increased risk of HCC in GD patients. 

Therefore, monitoring iron status in this population is necessary, next to assessing other 

risk factors which will be discussed below.
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The risk for HCC development: towards improved screening strategy
As was shown in chapter 6, focal lesions in liver and spleen are common in GD. In this 

retrospective study, 24% of the studied GD1 patients had a lesion in the liver. As benign 

focal hepatic lesions, such as gaucheroma or focal nodular hyperplasia, are sometimes hard 

to distinguish from a possible malignant lesion based on imaging characteristics alone, it is 

important to closely monitor those anomalies. When a radiologist is able to define a clear 

diagnosis of a benign focal lesion, such as a simple cyst of haemangioma, no follow-up 

is required. However, any doubt regarding an (imaging) diagnosis should warrant close 

monitoring, as was also proposed in the follow-up algorithm in chapter 6. In particular, 

as GD patients are at an increased risk for HCC development, signs of a possible HCC 

should not be misinterpreted as a benign focal lesion. 

Currently, no clear-cut evidence-based screening strategy for HCC detection in GD patients 

is available. Based on the findings in the case series described in chapter 5 a practical 

recommendation for screening for GD patients with one or more of the following risk 

factors was proposed: 

1) History of splenectomy. 2) Presence of liver fibrosis/cirrhosis. 3) Persistent 

hyperferritinemia in combination with TSAT >45%. 4) Chronic hepatitis B/C carriers. 

Previously, at our centre, the policy was adopted to screen all splenectomized patients 

every six months by ultrasound examinations. So far this has only revealed one HCC 

during ten years of follow-up in around twenty patients. This patient also had a very high 

ferritin level and TSAT and is part of the series described in this thesis. 

Patients who had undergone splenectomy in the past were considered at risk for hepatic 

carcinogenesis as splenectomy could lead to advanced liver involvement of GD. In this 

light, the finding that also patients with an intact spleen did develop HCC, was surprising. 

Three patients with an intact spleen developed liver cirrhosis. As liver cirrhosis is the 

main underlying cause of HCC in the general population, the presence of cirrhosis in a 

GD patient also warrants close monitoring. As liver cirrhosis is irreversible, it is desirable 

to detect its preceding histological hallmark of liver fibrosis. Liver biopsy is the reference 

standard in diagnosing liver fibrosis, but other less invasive procedures to determine 

liver stiffness are available. Although not validated for use in GD, quantitative imaging 

techniques such as magnetic resonance elastography (MRE) and transient elastography 

(TE; Fibroscan©) have proven to be accurate in detection of liver fibrosis in other chronic 
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liver diseases [57]. In a small cohort of GD patients the use of MRE and TE was analysed 

and proposed as techniques to identify patients with liver fibrosis [11]. Higher liver stiffness 

values were reported for splenectomized patients. A main drawback of MRE was the 

fact that this method was not feasible in some patients due to high iron load of the liver, 

making TE more suitable in this population. A suspicion of excess iron storage should be 

raised when a GD patient shows persistent elevated ferritin levels. As described above, 

this finding is shown to be correlated to signs of iron storage on MRI, which is likely to 

occur in the liver. However, the cellular storage site is likely to vary in each individual. 

Although a lot of data is missing on iron-staining in histopathological examinations of 

liver tissues in the cases in chapter 5, we showed that three patients with increased TSAT 

(>45%) all showed positive iron-stains with iron in macrophages as well as hepatocytes, 

which clearly contributes to the development of HCC. As is known from other iron-

overload disorders, increasing TSAT reflect increasing levels of non-transferrin bound 

iron (NTBI) with a subsequent risk of parenchymal iron storage and damage. MRI can be 

used to screen for iron overload, but the cellular storage site of iron cannot be determined 

based on MRI. Therefore, elevation of TSAT in a GD patient with hyperferritinemia should 

warrant screening for HCC. Chronic hepatitis B/C carriers have an increased risk for HCC 

development, also when liver cirrhosis is absent [58]. The presence of these comorbidities 

in a GD patient is therefore a reason for screening for HCC. 

Based on these findings one could also argue in favour of narrowing down the proposed 

screening strategy as follows:

Screening for HCC in a GD patient should be carried out in every patient with one of the 

following risk factors:

1) Presence of liver fibrosis/cirrhosis. 2) Persistent hyperferritinemia and TSAT >45%. 3) 

Chronic hepatitis B/C carriers.

In splenectomized GD patients one should always be aware of advanced hepatic 

involvement, but when the abovementioned risk factors are absent in a patient with a 

history of splenectomy, it is reasonable to discontinue HCC-screening. The presence of 

liver fibrosis or cirrhosis can be detected by non-invasive elastography methods. As iron 

deposition can induce failure of MR elastography measurements, the use of TE in GD 

can be advocated as first choice for liver stiffness assessment. However, the use of the 

currently available quantitative imaging techniques has not been validated in GD. Also, 
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it remains to be clarified which stage of fibrosis should be used as cut-off for entry in the 

HCC surveillance program. It seems appropriate to define significant fibrosis (METAVIR 

scoring system F≥2 [59]) in a GD patient as a risk factor for HCC development. Further 

research should be carried out to evaluate the (cost) effectiveness of this approach. 

From storage to associated conditions: monitoring residual disease
One common risk factor for several complications and associated conditions seems the 

timing of intervention. GD patients diagnosed prior to the introduction of ERT have been 

untreated for years, with a subsequent higher GD burden. Nowadays, a substantial number 

of GD patients have signs of residual disease, and as discussed previously, monitoring of 

residual disease is thus important for prevention - or early detection - of those conditions.  

GD is a multi-compartmental disease with several different sites involved to a different 

degree in each individual patient. Over the years, several biomarkers have been established 

to aid the clinician in daily care and monitoring of GD patients. As we have shown in 

chapter 3 and 4, serum ferritin levels are important in follow-up of GD as they reflect 

excess levels of iron storage. We postulated that the storage of iron is associated with the 

presence of residual disease. By using iron-sensitive MRI protocols, areas with excess 

iron in the body could be precisely localized and quantified. However, chitotriosidase 

levels did not correlate with the MRI-measured iron levels. High levels of chitotriosidase 

reflect a high burden of Gaucher cells, but not necessarily an increased storage of iron in 

these cells. Different types of Gaucher macrophages are shown to exist, and as such the 

iron storage pattern might also vary. Indeed, in our MRI study the splenic tissue of GD 

patients is relatively free of iron, whereas the spleen is one of the main sites involved in 

Gaucher cell storage as is also reflected by high chitotriosidase levels in several patients. 

As such, the presence of increased iron storage reflects residual disease in GD but the 

absence of iron storage does not exclude the presence of residual disease. Therefore, the 

studied whole-body iron-sensitive MRI protocol is not applicable in overall quantification 

of residual disease activity, but rather a tool to assess the risk of iron-related complications. 

As we have shown that iron deposition only occurs in liver, spleen and bone marrow in 

GD patients, it seems practical to monitor these sites for iron. A monitoring approach 

for the future could include a baseline iron level assessment for every GD patient, with 

frequent analysis of iron status (ferritin levels, total iron and transferrin saturation). In 

case of persistent abnormalities in iron status, i.e. after two years of adequate treatment, 

an additional MRI-scan to detect sites of increased iron storage as compared to baseline 

could reveal a patient at risk for iron-related complications. Not only the increased risk 
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for malignancies, as discussed earlier, is associated with iron toxicity. An excess of iron 

in the brain is also implicated as contributor to the pathogenesis of Parkinson disease [60] 

and may induce insulin resistance [61].  

Future perspectives
Ever since the introduction of treatment for GD, clinical care for GD patients has improved. 

Treatment early in the disease course can help prevent further storage and cell damage. 

Although systematic studies in larger cohorts are lacking, it is likely that complications 

are avoided by timely initiation of therapy. As discussed, no MM case has occurred in the 

Dutch cohort in patients who had no MGUS before ERT initiation. In addition, no HCC 

has arisen in a patient without a longstanding history of GD. Ideally, a large prospective 

study on the occurrence of malignancies should be carried out. In this way, specific risk 

factors, pathophysiological changes and characteristics of the GD patient developing cancer 

could be studied in more detail. 

Based on the findings in chapter 5 we recommend a surveillance program for HCC, as 

outlined above (section “The risk for HCC development: towards improved screening 

strategy”). As already mentioned, further research should be carried out to evaluate this 

approach. In particular the applicability of TE in this population should be assessed. 

Ideally, a validation study of this method in GD should be performed. 

With regard to changes in iron metabolism and storage in GD patients, it could be valuable 

to study patients with signs of iron loading (increasing TSATs) and a possible beneficial 

effect of chelation- or venesection therapy. This is only described in a small study [49]. 

However, it is questionable whether the excess of iron stored could be released from the 

storage cell in response to this kind of therapy. As was also suggested in chapter 4, iron 

trafficking from the Gaucher macrophages could be affected due to changes in ferroportin-

expression on the membrane of these cells. Further research regarding cellular changes 

accompanying the changes in iron distribution in GD should be carried out. This should 

include the measurements of reactive oxygen species (ROS) in Gaucher cells. It is rational 

to speculate on the development of ROS as a result of iron loading in macrophages. 

If these damaging ROS are present in the typical Gaucher cells this could well be the 

result of increased iron levels and as such be identified as risk factor for cellular damage 

and malignant transformation. In conclusion, further studies will need to be carried 

out to understand the effect of iron trapping in Gaucher disease. To end with a positive 

message: the prospect for GD patients is bright, given the many treatment options and 



150

Chapter 8

available diagnostic modalities to prevent irreversible disease and potentially the life-

threatening long-term complications and associated conditions. This thesis contributes to 

the continuously expanding amount of knowledge regarding several pathophysiological 

aspects of the disease, and as such, to the improvement of monitoring of (residual) disease.  
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De studies beschreven in dit proefschrift focussen op de rol van ijzer in de pathofysiologie 

en afbeelden van de ziekte van Gaucher. Een mogelijke link tussen ijzer-gerelateerde 

pathofysiologische veranderingen en het optreden van geassocieerde aandoeningen bij 

deze zeldzame lysosomale stapelingsziekte wordt beschreven.

In hoofdstuk 2 wordt een literatuur review over het ijzermetabolisme in de ziekte van 

Gaucher gepresenteerd. Er werden in totaal 37 studies geïncludeerd met als onderwerp 

hyperferritinemie en/of ijzermetabolisme in de ziekte van Gaucher. Bewijs voor de 

aanwezigheid van ijzer deeltjes in Gaucher cellen is beschreven in pathologie studies 

uit de jaren 60 en daarna. Verschillende studies gericht op de aanwezigheid van 

hyperferritinemie in Gaucher zijn samengevat. Op basis van de beschikbare literatuur kan 

geen duidelijke verklaring worden gegeven voor de aanwezigheid van een verstoring in het 

ijzermetabolisme bij de ziekte van Gaucher. Verscheidende speculaties over dit onderwerp 

worden wel gegeven. Verhoogde waarden van hepcidine worden vaak gesuggereerd als 

bijdragende factor aan het vasthouden van ijzer bijvoorbeeld. Wij speculeren over twee 

mechanismen die zouden kunnen bijdragen aan een dysregulatie van het ijzer metabolisme 

in de ziekte van Gaucher:

1. Een veranderde macrofaag membraanstructuur van Gaucher cellen beïnvloedt de 

expressie van de belangrijkster cellulaire ijzer-exporter, ferroportine, waardoor ijzer export 

wordt geblokkeerd en er dus ijzerstapeling in Gaucher macrofagen plaatsvindt.

2. de chronische laaggradige inflammatoire status in de ziekte van Gaucher leidt tot 

verstoringen in de regulatie van het ijzer metabolisme. Hierbij bepaalt de balans tussen 

pro-inflammatoire en anti-inflammatoire factoren het netto effect op ijzer stroom in elke 

individuele patiënt. 

Voorts werden in deze studie mogelijke pathofysiologische implicaties van ijzer opslag 

in de ziekte van Gaucher beschreven. Ten aanzien van het optreden van geassocieerde 

aandoeningen zoals de ziekte van Parkinson, leverschade en kanker wordt ijzer beschouwd 

als mogelijke bijdragende factor. 

De hypothese geschetst in hoofdstuk 2 vormt de basis voor de verdere studies beschreven 

in dit proefschrift. Hoofdstuk 3 is een onderzoek naar het gebruik van magnetic resonance 
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imaging (MRI) om ijzer te visualiseren in een groep van 40 patienten met de ziekte van 

Gaucher. Deze metingen werden vergeleken met gezonde controle vrijwilligers. Een whole-

body MRI protocol werd ontwikkeld, met als doel om de distributie van (een overmaat) ijzer 

in Gaucher patiënten te beoordelen. Het is aangetoond dat Gaucher patiënten significant 

hogere R2* waarden, een afspiegeling van ijzer, hebben in vergelijking met gezonde 

personen. Deze verschillen werden alleen aangetoond in lever en beenmerg (van de femora 

en wervellichamen); dit zijn belangrijke plekken waar ook glucocerebroside stapeling 

plaatsvindt bij de ziekte van Gaucher. De milt liet ook significant hogere ijzerwaarden zien, 

maar voornamelijk in focale Gaucher laesies, de zogenaamde Gaucheroma. Verhoogde 

serum ferritine levels toonden een correlatie met de verhoogde ijzerwaarden op MRI-scan. 

Een onderzoek naar laboratorium parameters van de ijzerstatus, inclusief analyses van 

hepcidine waarden, in hetzelfde cohort als beschreven in hoofdstuk 3 wordt weergegeven 

in hoofdstuk 4. We vonden geen bewijs voor een verhoging van hepcidine waarden in 

patiënten met de ziekte van Gaucher. Er is geen verschil in absolute hepcidine waarden 

tussen de (behandelde) patiënten en gezonde controlegroep in deze studie. De hepcidine-

ferritine ratio is wel significant lager in patiënten. Een verklaring hiervoor zou kunnen zijn 

dat de hepcidine-response op de verhoogde ijzerwaarden onvoldoende is. Een belangrijke 

bevinding in dit onderzoek is de afwezigheid van een correlatie tussen chitotriosidase en 

ferritine. Chitotriosidase, een biochemische marker van residuele Gaucher ziekte-activiteit, 

is minder geschikt voor het beoordelen van een eventueel risico op ijzer-gerelateerde 

complicaties. De serum ferritine waarde in patiënten met de ziekte van Gaucher reflecteert 

een overmaat aan ijzer en is daardoor belangrijk in de follow-up van deze patiënten.

Hoofdstuk 5 omvat een internationale case beschrijving van 16 Gaucher patiënten die 

een hepatocellulair carcinoom (HCC, leverkanker) ontwikkelden. In een aantal van deze 

gevallen is de aanwezigheid van ijzerstapeling beschreven bij histopathologisch onderzoek 

van de lever. Risicofactoren voor het ontwikkelen van HCC worden bediscussieerd met als 

doel om in de toekomst patiënten met een verhoogd risico beter te kunnen identificeren 

en aanbevelingen voor screening te kunnen maken. Vooralsnog is het aanbevolen om een 

screening op HCC uit te voeren in Gaucher patiënten met één of meer van de volgende 

risicofactoren: splenectomie in de voorgeschiedenis, aanwezigheid van lever fibrose of 

cirrose, persisterende hyperferritinemie of chronische hepatitis B of C.

De focale laesies in milt en lever die vaak worden gevonden in Gaucher patiënten, 

zogenaamde Gaucheroma, worden reeds beschreven in hoofdstuk 3 als ijzerhoudende 
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afwijkingen op MRI-scan. Een retrospectieve studie naar het voorkomen en de 

karakteristieken van deze focale laesies is beschreven in hoofdstuk 6. Van de onderzochte 

95 patiënten met de ziekte van Gaucher type 1 in het Nederlandse cohort heeft 40% een 

focale afwijking in lever en/of milt op radiologisch onderzoek. De differentiaaldiagnose 

van deze laesies omvat simpele cystes, haemangiomen, focale nodulaire hyperplasie 

(FNH), Gaucheroma en HCC. Het onderscheiden van deze afwijkingen op radiologische 

kenmerken alleen is vaak lastig. Een beslisboom werd voorgesteld om toe te passen in 

geval van een gevonden focale lever- of miltlaesie bij radiologisch onderzoek. 
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op in het kleine dorpje Baambrugge met haar zus en twee broertjes. Haar middelbare 

schooltijd doorliep zij op het Hervormd Lyceum Zuid in Amsterdam, alwaar zij in 2005 

haar VWO-diploma behaalde. Na een tussenjaar waarin zij onder andere Engels studeerde 

aan een internationale talenschool in Brighton werd zij in 2006 via decentrale selectie 

aangenomen voor de opleiding Geneeskunde aan de Universiteit van Amsterdam. Tijdens 

de opleiding deed zij een wetenschappelijke stage naar longonderzoek bij kinderen op de 

afdelingen Longziekten en Kindergeneeskunde. Van 2011-2013 volgde zij co-schappen 

in verschillende ziekenhuizen in en rondom Amsterdam, met als afsluiting een keuze-co 

schap Tropengeneeskunde in Malawi. In de zomer van 2013 behaalde zij, cum laude, haar 

artsexamen. Daarna startte zij in augustus 2013 op de afdelingen Interne Geneeskunde 
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waarvan dit proefschrift het resultaat is. Op de volgende stappen in haar carrière is zij zich 

nog aan het oriënteren. Martine woont samen met Rogier en hun dochter Sophie in Laren. 
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Het laatste deel van de appendix van mijn proefschrift; een woord van dank aan velen 

die mij de afgelopen jaren hebben bijgestaan en geholpen, hebben meegewerkt aan 

onderzoeksprojecten, geluisterd en geadviseerd of op welke manier dan ook een belangrijke 

rol gespeeld. Ik wil eenieder hiervoor bedanken en hoewel woorden waarschijnlijk tekort 

schieten, ga ik toch een poging wagen.

Allereerst wil ik alle patiënten hartelijk danken voor hun bereidheid mee te werken aan 

weer een ander onderzoek. Ik heb veel van jullie geleerd en vond het een voorrecht om 

als onderzoeker ook direct betrokken te zijn bij de poliklinische controles, alwaar ik velen 

van jullie heb mogen leren kennen. 

Daarnaast alle vrijwilligers die de afgelopen jaren bereid waren om mee te doen aan de 

MRI-studie: dank jullie wel!

Mijn promotor prof. dr. C.E.M. Hollak. Beste Carla, jij bent de drijvende kracht achter dit 

proefschrift. Door jou heb ik geleerd kritisch te kijken naar alles wat er geschreven wordt 

en wat ik zelf opschrijf. Ik durf te stellen dat mijn promotietraject best een achtbaan is 

geweest, met vele pieken, maar ook vele dalen waarin het niet van een leien dakje ging. 

Ik dank je voor de ruimte en het vertrouwen dat je mij gegeven hebt om het werk toch te 

kunnen voltooien. Ik vind het een eer om onder jouw begeleiding te mogen promoveren. Je 

bent een bevlogen en zeer betrokken promotor, met altijd tijd als dat nodig was. Bovenal 

vind ik je een geweldige dokter, waar ik enorm veel van heb geleerd. Dankjewel. 

Prof. dr. J. Stoker, promotor. Beste Jaap, ondanks dat mijn proefschrift toch wat meer 

wendingen richting de Interne maakte, was jouw radiologische blik op het geheel erg 

belangrijk. Mede hierdoor is ons MRI-paper succesvol gepubliceerd en heb ik inzicht 

gekregen in de wereld van de Radiologie. Het samenvloeien van twee specialismen in één 

proefschrift is niet altijd gemakkelijk geweest, maar wel erg leerzaam. Ik dank je voor je 

betrokkenheid, je hulp met het bekijken van de vele scans, en de ruimte die ik kreeg om 

mijn proefschrift af te schrijven. 

Co-promotor dr. A.E. Bohte. Beste Anneloes, al vrij vroeg in mijn promotietijd wist ik 

de weg naar jou te vinden als het ging om opbeurende peptalks en goede adviezen. Jij 

zorgde ervoor dat ik door de bomen weer een bos ging zien op de momenten dat de enorme 
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bak MRI-data me wat teveel werd of ik weer eens vast zat met schrijven aan één van de 

papers. De gesprekken met jou en een koffie in het AMC, of tussen de kids in Amsterdam 

Oost hebben mij goed gedaan. Ik dank je enorm voor je betrokkenheid en vrolijkheid de 

afgelopen jaren. 

Mijn andere co-promotor dr. E.M. Akkerman. Beste Erik, als er iemand is die alles weet 

van MRI ijzermetingen dan ben jij het. Je kennis en kunde op dit gebied is indrukwekkend 

en duizelingwekkend. Ik wil je bedanken voor al je hulp met het ontwikkelen van het 

scanprotocol en het uitvoeren van de scans. Met een glimlach denk ik terug aan de vele 

uren op vrijdagavonden of zondagochtenden wanneer we samen zaten te scannen, en 

al je geduld waarmee je mij wegwijs probeerde te maken in de MRI fysica. Je hulp en 

begeleiding in het uitwerken en analyseren van de data zijn enorm belangrijk geweest. 

Prof. dr. U.H.W. Beuers, prof. dr. M. Maas, prof. dr. ir. A.J. Nederveen, prof. dr. 

D.W. Swinkels, prof. dr. R.J.A. Wanders en prof. dr. F.A. Wijburg, hartelijk dank 

voor het beoordelen van mijn manuscript en uw bereidheid zitting te nemen in mijn 

promotiecommissie.

Prof. dr. M. Maas, beste Mario, wat een eer om jou in mijn promotiecommissie te hebben. 

Als Gaucher radioloog raakte jij vanaf de zijlijn betrokken bij het wel en wee van mijn 

promotietraject. Ik wil je bedanken voor het luisterend oor dat je bood op momenten dat 

ik het nodig had. Je immer positieve instelling en enthousiasme zijn bewonderenswaardig. 

Ik hoop dat onze wegen nog eens mogen kruisen in de toekomst. 

Prof. dr. D.W. Swinkels, beste Dorine, hartelijk dank voor de inspirerende gesprekken die 

we voerden over het ijzermetabolisme. Ik reisde met veel plezier af naar Nijmegen om nog 

eens te discussiëren over alle mogelijke verklaringen voor de bevindingen die we deden. 

Uw expertise en enthousiasme werkten aanstekelijk en maakten de ijzerwereld voor mij 

begrijpelijk.

Alle (ex-)collega promovendi van F5: Bouwien, Linda, Eelkje, Ruth, Charlotte, Sam, Pim, 

Kasper, Tessel, Jolanda, Katy, Emma, Simon, Sanne, Maarten; ik denk met veel plezier 

terug aan de gezellige tijd op de afdeling tijdens werk, maar ook met sinterklaasvieringen, 

wintersporten, lunches, borrels en uitjes van de afgelopen jaren. 



172

Appendix

Laura van Dussen, jouw boek heeft de afgelopen vier jaar als motivator om mij heen 

geslingerd en had ik vrijwel elke dag binnen handbereik liggen. Ik wil je bedanken voor al 

je hulp gedurende mijn traject, waarin ik jouw pilot studie naar ijzermetingen bij Gaucher 

patiënten mocht voortzetten. Ik waardeer je eerlijkheid, rust en accuraatheid, waarmee je 

mij door menig schrijfproces heen hielp, maar bovenal de fijne persoonlijke gesprekken 

die dit ook opleverde.

Marieke Biegstraaten, beste Marieke, jij was altijd beschikbaar voor een overleg. Of dat 

nou om een prangende statistiek vraag ging of om hele andere niet-werkgerelateerde zaken. 

Je bent een fijn mens bij wie ik me altijd op mijn gemak voel. Ik denk met veel plezier 

terug aan onze reis naar Israël voor de EWGGD, alwaar we samen de allermooiste suite 

van het hotel mochten delen.

Maaike, Lydia en Shirley; wat een toppers zijn jullie. Lieve Maaike, vanaf het begin 

hebben we veel samengewerkt. Zonder jou zou de Gaucher poli een stuk ingewikkelder zijn 

geweest voor mij. Ik dank je voor de fijne tijd die we samen hadden en voor het luisterend 

oor waar ik zo vaak gebruik van mocht maken. Lydia, “if you break you pay” zal ik nooit 

meer vergeten. Jouw humor is precies de goede en zorgt altijd voor tranen bij het lachen 

tijdens de vele ‘korte’ overlegmomentjes op de kamer aan het eind van de gang. Shirley, 

jij kwam het team later versterken en wat was ik blij met al je hulp bij de EDGE-studie. 

Daarnaast was het natuurlijk gewoon altijd gezellig en fijn om te kunnen sparren over het 

reilen en zeilen met kleine kinderen. 

Birgit, dank voor je hulp bij alle praktische regelzaken de laatste weken. 

(Oud-) G1-onderzoekers: Anouk, Charlotte vG, Charlotte T, Charlotte N, Carl, Ruud, 

Kerensa, Ivo, Rik, Marloes, Kyra, Kilian, Onno, Manon, Jurgen, Jos, Olvert; hoeveel koffies 

er gedronken worden op het voetenplein door onze groep durf ik niet te zeggen, maar veel 

zijn het er zeker. Dank jullie wel voor de dagelijkse dosis afleiding en gezelligheid. 

Floortje, dankjewel voor jouw altijd openstaande deur, het was altijd fijn om even bij je 

te kunnen luchten over van alles en nog wat. Sofieke, nu jij nog! Als laatste van de vier 

musketiers gaat het je helemaal lukken om ook jouw proefschrift af te maken. Ik dank 

je voor alle gezellige momenten op de afdeling en de gesprekken die we hadden over 

toekomstkeuzes en vraagtekens die we hier allebei bij hadden. 
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Ann-Sophie, dankjewel voor alle onmogelijke afspraken die je voor me wist in te plannen 

in de agenda van Jaap en alle fijne kletspraatjes op het secretariaat. 

Mijn collega’s van Medimark, in het bijzonder Peter, Annelize, Monique, Sandra en 

Jacqueline: dank jullie wel voor de altijd gezellige dagen in Rotterdam. 

Mijn paranimfen Yvonne en Laura, wat ben ik blij dat jullie aan mijn zijde willen staan 

op de grote dag. 

Lieve Yvonne, we begonnen vrijwel tegelijk aan ons onderzoekswerk in een bezemkast 

van 2x2 meter. We zijn beiden ook meer dan 1,80 m lang dus dat paste allemaal maar 

net. Desalniettemin zaten we niet op elkaars lip en hadden we het gewoon mega gezellig. 

Dankjewel voor alle fijne relativerende gesprekken en mooie momenten die we samen 

beleefden. 

Lieve Laura, het stelt me gerust dat ik jou naast me heb als paranimf. Zonder jou had ik er 

überhaupt niet gestaan. Jij was degene die voor me op is gestaan op het moment dat ik dat 

het hardste nodig had en ik ben je daar eeuwig dankbaar voor. We kennen elkaar nu zo’n 

vier jaar, en ik vind het bijzonder hoe hecht onze vriendschap in die tijd is geworden. Ik 

ben benieuwd naar wat de toekomst ons allemaal gaat brengen en hoop nog vele mijlpalen 

en het gewone leven met je te mogen vieren. 

Al mijn lieve vrienden en vriendinnen wil ik bedanken voor het feit dat ze er altijd voor 

mij zijn en zorgen voor de nodige afleiding naast werk. Een paar in het bijzonder;

Anne, Joost, Pim en Zeeger: we go way back, helemaal vanaf onze HLZ-tijd tot nu. Jullie 

vriendschap is mij enorm dierbaar. Ik ben blij dat jullie mij af en toe weer met beide benen 

op Amsterdamsche grond zetten en hoop op nog vele mooie borrelavondjes. 

Lizzy, wat een goede zet was het om mij op de Uiterwaarden aan te nemen als huisgenoot! 

We deelden jarenlang lief en leed en ik ben blij dat we dat nog steeds doen. 

Julia, ik mis de hockeywedstrijden met jou, maar ben blij dat we elkaar nog steeds zien. 

Haarlem is niet zo ver weg als het lijkt en ik kijk uit naar het eind van het jaar, als we 

samen iets heel bijzonders kunnen delen. 
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Roos en Stef: hoe verschillend we alle drie ook mogen zijn, we hebben het altijd gezellig. 

Ik kijk er altijd naar uit met jullie af te spreken en ben blij met zulke lieve vriendinnen. 

Lieve schoonfamilie, in het bijzonder lieve Julia en Hans, ik mag mij gelukkig prijzen 

met zulke lieve familie zo dicht in de buurt. Dank jullie wel voor alle steun en hulp de 

afgelopen jaren. Wetende dat de deur altijd voor ons open staat op de Boekweitskorrel, 

hoop ik hier nog veel te mogen binnenvallen in de toekomst.

Lieve oma Regenboog en tante Rita, dank u wel voor de lieve kaartjes, mailtjes en gezellige 

afspraakjes de afgelopen jaren. Alhoewel we elkaar niet vaak zien, weet ik dat jullie vaak 

aan ons denken en daar ben ik dankbaar voor. 

Lieve familie De Vries. Lieve oma, een wijzer vrouw dan mijn oma bestaat niet. Ik heb 

zoveel van jou geleerd dat ik niet weet waar ik moet beginnen met bedanken. Als klein 

meisje was ik al graag in Arkel, en ik koester alle mooie herinneringen die ik heb aan die 

tijd. Ik dank je voor alle mooie momenten, en het fijne vertrouwde dat ik altijd bij jou vind. 

Lieve Tut, niks is jou te gek en dat maakt jou te gek. Dankjewel om wie je bent en dat je 

er altijd voor ons bent geweest. Lieve Peter en Joke, Annemieke, Janneke en Liesbeth, 

jullie zijn een mooi stel en, ondanks dat we elkaar niet heel vaak zien, weet ik dat ik altijd 

welkom ben bij jullie. 

Lieve papa, volgens mij wordt onze band over de jaren heen alleen maar sterker en daar 

ben ik blij mee. Ik dank je voor alle wijze vader adviezen die je me meegeeft, en vooral 

voor het feit dat je er altijd voor mij bent en zal zijn. Lieve Daniela, dankjewel voor je 

zorgzaamheid, bereidheid om altijd voor iedereen klaar te staan en het genieten van de 

mooie tuin in Bussum. 

Zus en broertjes, wij zijn een sterk team en dat weten we. Lieve Minke, mijn leven lang 

al mijn beste vriendin. Ondanks dat we niet meer zo dichtbij elkaar wonen, kan ik altijd 

bij jou aankloppen. Al duurt het soms wel een paar dagen voor je je telefoon opneemt, ik 

weet dat het goed zit. Dankjewel voor alles, ik hou van je. Lieve Joost en Jeroen, grote 

broertjes, ik ben trots op jullie. Jullie eigengereidheid, vrolijkheid en enorme dosis elkaar 

aanvullende humor, maken dat het altijd een feest is om met jullie te zijn. 

Lieve mama, een paar woorden zijn echt te weinig om je te laten weten hoe dankbaar ik jou 

ben. Jij bracht mij groot, leerde me de belangrijkste lessen van het leven, en bovenal, zorgde 
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ervoor dat ik mijzelf bleef. Met zo’n krachtige moeder als voorbeeld kan het dan eigenlijk 

ook niet misgaan. Je mag trots zijn op jezelf, ik ben intens trots op jou en hou van jou. 

Allerliefste Sophie, ma fille, jij leerde mij wat er nou eigenlijk echt belangrijk is. Lief wijs 

meisje van mij, ik geniet van jou en kijk uit naar alle avonturen die we met je gaan beleven.

Lieve Rogier, daar is ie dan, mijn boek. Dat is voor jou vast ook een hele opluchting. Het 

besef dat jij altijd achter me staat in alles wat ik doe (of laat) is het beste wat je mij hebt 

gegeven de afgelopen jaren. Laten we nu verder gaan met ons eigen boek, binnenkort met 

z’n vieren. Ik lente, zomer, september en winter je. Ik heb je onophoudelijk lief.  
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