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**  Bone marrow - a short introduction 
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**  Bone marrow - Gaucher disease - MRI 

**  Dixon quantitative chemical shift imaging 

**  Aim and outline of the conducted studies 

WHATT IS GAUCHER DISEASE9 

Gaucherr disease is the most prevalent of the lysosomal storage disorders. 
Thee French pathologist Philippe C. E. Gaucher described this disease for 
thee first time in 1882 as a splenic epithelioma [1]. Later it was noted that 
thee splenic enlargement was caused by storage of lipid material that was 
identifiedd as a cerebroside in 1924 and as a glucocerebroside 
(glucosylceramide),, a glycolipid, ten years later. The accumulation of the 
glucocerebrosidee was found to be due to a deficient activity of a lysosomal 
enzyme,, glucocerebrosidase (glucosylceramidase). The deficient activity of 
thee enzyme results in accumulation of glucocerebroside in macrophages. 
Thesee lipid-loaden macrophages, so-called Gaucher cells, accumulate 
mainlyy in the spleen, liver, and bone marrow [2]. 

Threee phenotypes are recognized on basis of the clinical features of the 
disease;; type 1, non-neuronopathic, type 2, acute neuronopathic, and 
typee 3, subacute neuronopathic [2]. 
Thiss thesis only involves patients with type 1 Gaucher disease; the most 
prevalentt form. The birth prevalence of Gaucher disease in the 
Netherlandss was calculated for Gaucher disease type 1 as 0.9 per 
100.0000 and as 1.16 per 100.000 for all types combined [3]. 
Off  the clinical symptoms splenomegaly is the most striking feature, 
leadingg to hypersplenism with gradual pancytopenia [2,4-6]. 
Hepatomegalyy is often less dramatic, however, gross enlargement is 
mostlyy found in splenectomized patients. The active red bone marrow 
oftenn is infiltrated with Gaucher cells. As the demand for marrow function 
increases,, so does reconversion of the dormant yellow marrow in the 
limbss to active red marrow. Eventually these new areas also become 
packedd by Gaucher cells. This may lead to deformities, as the classical 
Erlenmeyerr flask appearance of the distal femurs, representing bone 
marroww packing, however, not exclusively seen in Gaucher disease [7]. 
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Bonee pain and acute bone crisis, or aseptic osteomyelitis that resemble 
thosee seen in sickle cell disease may be seen [5,8]. Bone infarcts and 
avascularr necrosis may develop. Eventually in some patients severe 
progressivee and destructive bone disease necessitating joint replacement 
wil ll  occur. It should be noted that the degree of hematological problems 
andd the scale of organomegaly do not always correlate with the severity of 
bonee disease [9]. This necessitates separate evaluation of each 
compartmentt for disease activity using a sensitive modality [4,8,10]. 
Thee availability of enzyme supplementation therapy (Ceredase ® alglucerase, 
placentallyy derived glucocerebrosidase; Cerezyme ® imiglucerase, recombinant 
glucocerebrosidase;; both manufactured by Genzyme Co., MA, USA) has had 
aa great impact on the symptoms of the disease [11]. Intravenous 
administrationn of the enzyme results in the breakdown of accumulated 
glycolipidss and, subsequently, in reversal of the manifestations of the 
diseasee [12]. Cytopenia improves, and spleen and liver size decrease. 
Bonee disease tends to respond much more slowly, and it is much more 
difficul tt to assess skeletal involvement [13]. Whereas there is no doubt 
aboutt clinical efficacy of enzyme supplementation, several issues remain 
unclear,, such as the criteria for initiating treatment and the best way to 
monitorr effects, especially in the bone marrow compartment. The 
variabilityy in clinical responses to treatment and the extremely high costs 
(aboutt $200,000 to $500,000 per patient per year) are important in these 
respectss [11]. 

BONEE MARROW- A SHORT INTRODUCTION I 4] 
Bonee marrow is one of the largest organs of the body by weight, 
approachingg 3000 g in adult men and approximately 2600 g in women. 
Itss function is to provide a continual supply of red cells, platelets, and 
whitee cells to meet the body's demands for oxygenation, coagulation, and 
immunity.. The basic structure of bone marrow consists of a trabecular 
frameworkk housing fat cells, covered with hematopoietic cells, supported 
byy a system of reticulum cells, nerves and vascular sinusoids. Cellular 
marroww constituents include all stages of erythrocytic and leucocytic 
development,, as well as fat cells and reticulum cells. Fat cells are a major 
componentt of bone marrow. The size of these cells appears to be 
responsivee to hematopietic activity. 
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Duringg periods of decreased hematopoiesis, the fat cells increase in 

volumee and number, wheras in increased hematopoiesis fat cells atrophy. 

Reticulumm cells can be divided in two major groups - the phagocytic cell, 

andd the undifferentiated non-phagocytic cell. The phagocytic group 

consistss of macrophages, found predominant ly in regions that are 

hematopoieticallyy active. 

Figuree 1. Bone marrow samples, with haematoxylin and eosin stain, from red 
cellularr marrow (left), yellow marrow (center) and bone marrow infiltrated with 
Gaucherr cells (right). 

"Yelloww marrow" is composed predominant ly of fat cells (15% water, 80% 

fatt and 5% protein). "Red marrow" is considered hematopoietically active 

marrow.. It conta ins approximately 40% water, 40% fat and 20% protein 

(Fig.. 1). Virtually the entire fetal marrow space is dedicated to red marrow 

att birth. In the immediate postnatal period, conversion from red to yellow 

marroww begins in a predictable and orderly pat tern. This conversion 

beginss in the terminal phalanges and progresses from peripheral 

(appendicular)) towards central (axial). In an individual long bone it 

progressess from diaphysis to metaphysis. The cart i laginous epiphysis and 

apophysiss can be character ized as yellow marrow. By the t ime a person is 

255 years old, marrow conversion is considered complete and the adult 

pat ternn is achieved. Red marrow predominant ly is concentrated in the 

axiall  skeleton and proximal par ts of the appendicu lar skeleton. However, 

theree is a great variation possible, i.e. hematopoiet ic marrow may occupy 

upp to two-thirds of the femoral shaft. Ultimately, a balanced distr ibution 

off  red and yellow marrow is achieved. Alterations in the body's demand 

forr hematopoiesis wil l d is turb this balance. With increasing demand for 

redd cells, a reconversion of yellow to red marrow takes place, from axial to 

appendicularr skeleton, in reverse to the conversion pat tern. 
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BONEE HARROW- MRI 

Inn adult long bones, fat is the predominant contr ibutor to the 

bonee marrow signal pat tern on MR images [14,15], Both on 

Tl-weightedd spin echo sequences as well as fastspin echo 
T2-weightedd sequences the signal from fatty marrow is optimized. 
Especiallyy on Tl-weighted images the contrast between fatty marrow and 
redd marrow as well as most pathological processes is enhanced. When 
generall  marrow screening is performed, the primary anatomic sites for 
evaluationn are the spine, particularly the lumbar spine due to the larger 
vertebrall  bodies, and the pelvis and proximal femurs. Since these areas 
containn a large percentage of red marrow throughout life it is logical to 
focuss on these areas. 
Typicall  signal patterns on Tl-weighted images of yellow marrow roughly 
iss similar to the subcutaneous fat [14,16,17]. Normal red cellular marrow 
iss hypo-intense to yellow marrow on Tl-weighted images. On fast spin 
echoo T2-weighted sequences both fat and water will show high signal 
intensityy [14,16,17], 

B O N EE MARROW- GAUCHER DISEASE- MRI 

Inn Gaucher disease the normal marrow contains is replaced by 
glucocerebroside-loadedd macrophages, Gaucher cells, leading to a 
loweringg of signal intensities both on Tl - and T2-weighted images [18-21]. 
Thee marked shortening of the T2 relaxation time appears to be the 
principall  cause. This effect differs from most other diseases in bone 
marrow,, in which a high signal intensity on T2-weighted sequences is 
encounteredd [22]. The bright signal that arises from normal bone marrow 
fatt on Tl-weighted images contrasts strongly with weak signal from 
Gaucherr tissue and thus the Tl-weighted sequences are most useful in 
assessingg the extent of disease. In Gaucher disease both homogeneous 
andd heterogeneous patterns of involvement are encountered [23]. Marrow 
involvementt generally follows the distribution of red cellular marrow in 
Gaucherr disease, progressing from axial to peripheral and in a long bone 
fromm proximal to distal with a tendency to spare epiphysis and apophysis 
[19,24,25]. . 
Inn order to quantify bone marrow changes in Gaucher disease 
Quantitativee Chemical Shift Imaging (QCSI) was explored [26], 
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Thiss technique, described in more detail in one of the next paragraphs of the 
introductionn of this thesis, was evaluated in hematological bone marrow 
disorderss by the group from Massachusetts General Hospital [27]. They 
investigatedd the use of QCSI in healtiiy volunteers, patients with leukemia or 
aplasticc anemia. It was shown that the fat-fraction, measured by this QCSI 
technique,, was the single best discriminator between the groups. The change in 
fat-fractionn was found to represent the underlying reason for many of the 
changess observed in conventional MRI. The same research group also explored 
thee use of this technique to quantify longitudinal changes in bone marrow that 
occurr during induction chemotherapy in patients with acute leukemia [28]. 
Resultss were correlated with bone marrow biopsy results. QCSI data showed 
sequentiall  increase in fat-fractions among responding patients, consistent with 
biopsy-confirmedd clinical remission. It was concluded that QCSI proved useful 
inn assessing treatment response in acute leukemia during early bone marrow 
regenerationn and later in ascertaining remission or relapse. Furthermore, an 
additionall  described benefit of QCSI was the ability to sample a large portion of 
bonee marrow. 

Thee same group tested the QCSI technique in vertebral bone marrow in 
patientss with Gaucher disease [26]. The measured fat-fractions were correlated 
withh quantitative analysis of marrow triglycerides and glucocerebrosides. An 
MRR spectroscopy performed in these surgical marrow specimens showed a 
singlee fat and water peak, thus validating use of QCSI. Glucocerebroside 
concentrationss were higher in Gaucher marrow and inversely correlated with 
triglyceridee concentrations. It was concluded that QCSI is a sensitive non-
invasivee technique for evaluating bone marrow infiltration in Gaucher disease, 
showingg great promise as a non-invasive method to monitor bone marrow 
responsee to treatment In order to validate bone marrow response data 
acquiredd by QCSI an analysis of the lipids of normal and Gaucher bone 
marroww is performed [29]. In normal marrow triglycerides were by far the most 
abundantt lipid (278  70 mg/gm wet weight); the concentration of 
glucocerebrosidee in normal marrow was 0.061  0.06 mg/gm wet weight. 
Gaucherr marrow had dramatically lower triglyceride levels of 82% (51  53 
mg/gmm wet weight) and as expected marked elevation of glucocerebroside (7.1 

 3.4 mg/gm wet weight) [29]. It was concluded that these data support a 
modell  of bone marrow alteration in Gaucher disease in which triglyceride-rich 
adipocytess are progressively replaced by Gaucher cells, leading to an overall 
reductionn in total lipid content. 
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Thiss phenomenon is concluded to provide an explanation for the changes 
foundd in QCSI measurements in Gaucher pat ients [29]. 

DIXONN QUANTITATIVECHEMICAL SHIFT IMAGING 

Thee MR-signal for a normal MR-image originates from two types of 
hydrogenn nuclei: nuclei in water molecules and nuclei in fat molecules 
[30].. The two types of nuclei have a slightly different MR frequency, 
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Figuree 2. Localizer and Dixon acquisitions of the lumbar 
vertebraee L3. L4, and L5 

duee to the so-called "chemical shift" effect. The Dixon method uses this 

frequencyy difference to separate the signals from water and fat, which 

makess it possible to quantify the fat signal fraction, Ff. Hence: Dixon 

quanti tat ivee chemical shift imaging (Dixon QCSI). 
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Figuree 3 . From the phase 
differencee between the 
Dixonn acquisitions the sign 
imagee is deduced. 
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Wee apply this method to measure Ff'in the lumbar vertebrae (L3, L4, and 

L5).. As shown in Fig. 2, a coronal measurement slice (if necessary slightly 

tiltedd to transversal) is set out on a sagittal localizer image, such that the 

posteriorr part of the vertebrae of interest are optimally visualized (Fig. 2). 

Inn the original Two-Point Dixon technique, which we use, two sets of 

acquisi t ionss are performed [30]. One in which the water signal (W) and 

thee fat signal (F) are "in-phase" (I), which means that at any moment in 

time,, the fat and water spins point in the same direction, and their 

signalss add up in the image: I = W + F. In the second acquisit ion fat and 

waterr have opposed-phases (O): fat and water spins point in opposite 

directions,, and the resul t ing image shows the magni tude of the difference 

off  the fat and water signals: O = | W - F | . (See Fig. 2). 

Figuree 4. Calculation of the water image. 

InIn order to separate the water and fat signals we need to know in every pixel 

whichh signal is stronger. The phase-difference between the two acquisitions 

helpss us to sort out regions with water dominant signal and regions with fat 

dominantt signal. In the example of Figure 3, water dominant regions are grey 

inn the phase-difference image, fat dominant regions are either white or black. A 

complicationn may be formed by inhomgeneities in the main magnetic field, 

whichh cause grey scale intensity variations across the phase-difference image. 

Wee developed an algorithm [31] that takes care of all these effects, and is able 

too produce from the phase-difference a sign image (S) (Fig. 3). which tells water 

dominantt regions (white, S = +1) from fat dominant regions (black, S = -1). 

Withh help of the sign image, water and fat images are obtained by simple 
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algebraicc manipulations. For the water image (W) we have: W = I + S  O (Fig. 

4),, and for the fat image (F) we have: F = I - S  O (Fig. 5). 

Thee last step is to compute Ff again by elementary algebra, as shown in 

Figuree 6: Ff = F / (F + W). In order to easily read the Ff values from the image, 

wee display the Ff image with a color scale: the color strip next to the image tells 

whichh color corresponds to which .F/value from 0 (black) to 1 (white). 

Figuree 6. Calculation of the fat-fraction and display of the fat-fraction with a 
colorr scale. 
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AIMM AND OUTLINE OF THE CONDUCTED STUDIES 
Too evaluate the applicability and feasibility of Dixon QCSI as a technique 
too assess bone marrow invasion in our Dutch population of patients with 
Gaucherr disease at first the technique was tested in healthy volunteers. 
Inn Chapter 2 the reproducibility of the Dixon QCSI technique in healthy 
volunteerss as well as various operator dependent variables are tested. 
Furthermore,, the results are compared to literature data. The differences 
aree discussed. 
Inn Chapter 3 an overview is given of the available imaging modalities at 
handd for the evaluation of skeletal involvement in Gaucher disease, both 
qualitativee and quantitative. Various perspectives from different 
radiologicall  groups in the world on this subject as well as an overview of 
thee available literature is presented. In Chapter 4 the Dixon QCSI results 
aree presented of the Dutch adult Gaucher disease population at baseline, 
withoutt therapy. These fat-fraction data are related to clinical bone 
diseasee parameters such as presence of infarction, bone pain, bone crisis, 
avascularr necrosis and joint replacement. The clinical relevance of the 
obtainedd fat-fraction number is illustrated. 
Inn Chapter 5 the results of a study concerning Dixon QCSI as follow-up 
parameterr for bone marrow response to enzyme supplementation therapy 
(EST)) are described. Both treated and untreated patients are 
longitudinallyy evaluated. In Chapter 6 an overview is presented on the 
dataa available from various Gaucher treatment centers in Europe and one 
centerr in the USA as well as the Gaucher Registry Database concerning 
responsee of bone marrow to EST. A variety of modalities are used at the 
differentt centers to evaluate bone marrow response. 
Thee need for widely available easy to use alternatives to Dixon QCSI for 
centerss in which this technique is not present is obvious. In the next two 
chapterss alternatives are tested against Dixon QCSI. In Chapter 7 a 
parameterr is studied based on the ratio between signal intensity in a 
vertebrall  body and an intervertebral disc. This vertebral-disk ratio (VDR) 
iss measured in patients without bone marrow disease and Gaucher 
disease.. Furthermore, the VDR as parameter to detect response of bone 
marroww to EST is tested. Chapter 8 describes the study of another 
alternativee for Dixon QCSI, namely the bone marrow burden score (BMB). 
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Twoo observers test this score in pat ients with Gaucher disease without 

t reatmentt against Dixon QCSI. Also the strength of BMB as response 

parameterr is evaluated. 

Inn Chapter 9 an overview of the resul ts of these studies is given and the 

conclusionss are d iscussed. Some areas for future research are described. 
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