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ABSTRACT T 

Objective: Objective: 

Thee objective of this study is to determine the merit of the fat fraction Ffof 
axiall  bone marrow measured by Dixon quantitative chemical shift 
imagingg (Dixon QCSI) as a clinical parameter to quantitatively assess the 
extentt of skeletal involvement in type 1 Gaucher disease, 

MaterialsMaterials and Methods: 
Dixonn QCSI was performed in 30 untreated adult patients (mean age 39 
yearss (range 18-69 years)) with type 1 Gaucher disease. The relation 
betweenn the mean value of Ff in the vertebrae L3, L4 and L5 and the 
presence,, absence and the severity of clinical bone complications (chronic 
bonee pain, bone crisis, fracture, avascular necrosis and joint 
replacement)) as well as the conventional MR imaging evaluation of bone 
marroww involvement were studied. Also the relation of Ff with gender, age 
andd other disease parameters (history of splenectomy, liver and spleen 
volume,, plasma chititriosidase, hemoglobin level and platelet count) was 
evaluated.. Our results were compared to the Ffoï healthy volunteers. 

Results: Results: 
Thee ^measured in patients with Gaucher disease ranged from 0.08-0.40 
(meann 0.20). Bone complications occurred primarily in patients with Ff 

lesss than 0.23. Univariate logistic regression analysis indicated that for 
everyy decrease of Ff of 0.1 the risk of bone complications increased with 
85%% (/?<0.05). /ywas correlated to liver size, but no correlation to other 
diseasee parameters was found. In the patient population Fr was 
significantlyy lower than in the healthy population (0.27-0.55, mean 0.37) 
(/TcO.001). . 

Conclusion: Conclusion: 
Thee fat fraction of the lumbar spine when measured with Dixon QCSI is 
associatedd with the occurrence of bone complications. It may therefore be 
aa clinically useful parameter. 
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INTRODUCTION N 
Gaucherr disease is the most prevalent lysosomal storage disorder, first 
describedd in 1882 by the French pathologist Philippe C. E. Gaucher [1]. 
Thee non-neuronopathic type 1 variant of the disease is the most common 
phenotype.. The decreased activity of the lysosomal hydrolase, 
glucocerebrosidase,, results in the accumulation of glucosylceramide 
(glucocerebroside)) laden macrophages (Gaucher cells) in liver, spleen and 
inn bone marrow. Bone disease is the most debilitating feature of type 1 
Gaucherr disease: in almost all patients there is skeletal involvement, 
rangingg from mild osteopenia with minimal symptoms to major bone 
diseasee such as bone infarcts, osteonecrosis or fractures [2-7]. 
MRR imaging is the imaging modality of choice for the evaluation of the 
extentt of bone marrow disease due to its excellent soft tissue contrast and 
itss sensitivity for the detection of both focal and diffuse disease [8-13], 
Thee striking features of Gaucher disease infiltration on MR imaging are 
thee focal or diffuse low signal intensity both on Tl - and T2-weighted 
sequencess in the bone marrow of the axial and peripheral skeleton [9-11]. 
Thee epiphyses of the long bones are relatively spared in mild disease and 
theirr infiltration is thought to represent severe Gaucher disease [9-11]. 
Areass in the bone marrow with high signal intensity on T2-weighed 
imagess are considered to represent acute disease [10]. 
Quantificationn of bone marrow involvement has become increasingly 
importantt in clinical management, both for the purpose of determining 
eligibilit yy for therapy and for therapy monitoring, as the currently used 
enzymee supplementation therapy is very costly. For this purpose Dixon 
quantitativee chemical shift imaging (Dixon QCSI) of the lumbar spine has 
beenn investigated [4,10-12,14]. This non-invasive technique is based on 
thee phase contrast technique described by Dixon [15], in which the MR 
imagingg signal is separated into the individual contributions of fat signal 
andd water signal [12]. In this way the amount of fat can be quantified, 
andd is represented as a fat-fraction ^[4,10-12,14]. Evidence has been 
presentedd that infiltration of bone marrow in Gaucher disease causes a 
decreasee of Ff since the total mass of lipid is less than normal because of 
displacementt of triglyceride-rich adipocytes by Gaucher cells [3,4,13,14]. 
Thesee data support a model of a dynamic process of bone marrow 
alterationss in which /yis inversely correlated with the amount of Gaucher 

-611 -



Chapterr 4 

cellss in the bone marrow, thus reflecting severity of bone marrow 
involvementt [4,11,12,14]. 
Thee use of Ff as a parameter for Gaucher disease invasion is recognized 
amongg researchers and clinicians. Also the excellent reproducibility of 
thiss technique has recently been addressed [16]. Since Fr is a bone 
marroww parameter it may be useful as parameter of bone disease. This 
wouldd be very convenient since a validated dynamic bone disease 
parameterr is currently not available in the management of Gaucher 
disease. . 
Thee goal of this study is to validate lumbar / y a sa quantitative overall 
bonee disease parameter. Therefore the relation of lumbar Ff with the 
presencee and the clinical extent of skeletal disease is analyzed. Also the 
valuee of Fyr as a prognostic parameter for bone disease is studied by 
calculatingg the relative risk. Furthermore Ff in healthy volunteers is 
comparedd to the data from the Gaucher population. In addition the 
correlationn of Ff with the degree of organomegaly and cytopenia, as a 
measuree of visceral and hematological involvement of Gaucher disease, is 
studied. . 

MATERIALSS & METHODS 

PatientsPatients & Volunteers 
Thiss study was performed in a University Hospital setting, a national 
referrall  center for Gaucher disease [17], between July 1993 and June 
1998.. We consecutively included untreated adult patients with type 1 
Gaucherr disease, who were referred for evaluation of eligibility for 
treatment.. All patients underwent Dixon QCSI analysis as part of the 
diagnosticc work-up that also includes MR imaging of the lumbar spine 
andd the femur [18]. The measurement of glucocerebrosidase activity in 
leukocytess and genotyping was used to confirm the diagnosis of Gaucher 
diseasee in all patients [19-21]. The data from healthy volunteers were 
reportedd in a previous study in which the reproducibility of Dixon QCSI 
ass a technique of measuring the Ff of bone marrow was evaluated [16]. 

DixonDixon QCSI fat-fraction of the axial skeleton 
In-phasee and opposed-phase proton density weighted spin echo 
sequencess were performed on a 1.5 T magnet (Magnetom SP4000 and 
Vision,, Siemens, Erlangen, Germany) with the following parameters: TR 
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25000 ms, TE 22.3 ms, slice th ickness 4 mm, matr ix 256x256, number of 

excitat ionss 1, field of view 350x350 mm2. The coronal measurement 

acquisit ionn slices were positioned on a mid-sagittal localizer image, 

pass ingg through the middle of the posterior par ts of L3, L4 and L5, as 

i l lustratedd in Figure 1 [16]. The direction of the measurement slice was 

selectedd with care to avoid motion art i facts. 

Figuree 1.35-year old healthy male volunteer in whom placement of 
measurementt slice and determination of region of interest (ROI) is 
illustrated,, a. Measurement slice is indicated on a mid-sagittal localizer 
image;; it is perpendicular to localizer image and it passes through junction 
off  the anterior three-quarter with the posterior one-quarter of vertebral body 
L4.. Angulation from coronal towards transversal is applied to make slice 
passs optimally through the posterior parts of L3 and L5. b. In coronal 
in-phasee magnitude image the vertebrae are clearly distinguishable from 
theirr surroundings, c. Interactively, with help of a mouse, the contours of 
vertebraee L3, L4 and L5 are drawn, d. By applying four erosion operations to 
thee interior region of the contours, the ROI's are obtained in coronal plane. 

Post-processingg and data analysis were performed on a Sun Sparc 20-51 

workstat ionn (Sun Microsystems, Mountain View, CA), using a previously 

describedd algorithm [22,23]. To obtain one fat-fraction value for each 

vertebra,, we averaged the pixel values over a user-defined region of 

interestt (ROI). This ROI covered all but the peripheral edges of the 

vertebrall  bodies, thus avoiding inclusion of reactive changes due to 
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degenerativee disc disease and avoiding partial volume averaging (Fig. 1). 
Thee mean F/ of the three vertebrae L3, L4 and L5 was used as overall Ff 

ClinicalClinical assessment of bone disease 
Thee clinical signs related to severity of skeletal disease in Gaucher disease 
weree assessed as follows: the presence of a history of bone complications 
wass recorded for each patient. To analyze the relation between the 
severityy of skeletal disease and Ff we clinically subdivided bone 
complicationss in the presence or absence of either of the following: 
chronicc bone pain, bone crisis, fracture, avascular necrosis and joint 
replacement.. If a fracture, avascular necrosis or a joint replacement was 
presentt the complications were considered to be severe. If only bone pain 
orr a history of a bone crisis was present, then the complications were 
consideredd to be mild. Also the gender of the patients was analyzed, since 
malee gender is described as a risk factor for osteonecrosis [7]. 

RadiologicalRadiological assessment of bone disease by conventional'MR imaging 
Thee radiological involvement of bone marrow was assessed using 
conventionall  MR imaging of the peripheral skeleton as described 
previouslyy |5,11]. The scoring system is based on the fact that Gaucher 
diseasee spreads centrifugally starting from the diaphysis. The infiltration 
off  the femoral diaphysis was scored as 1 point, the infiltration of the 
proximall  epiphysis/apophysis was scored as 2 points and the infiltration 
off  the distal epiphysis of the femurs was scored as 3 points. 

OtherOther clinical and laboratory parameters 
Thee history of splenectomy was recorded. The exact volumes of liver and 
spleenn were measured with the use of helical-CT with a method described 
earlierr [17]. Plasma chitotriosidase levels served as a marker for total 
viscerall  Gaucher cell burden [24], As hematological parameters the 
hemoglobinn levels and platelet counts were determined. 
DataData analysis and statistics 
Dataa were analyzed using SPSS 10.0 software (SPSS, Chicago, Illinois). 
Differencess between groups were tested using the non-parametric 
Mann-Whitneyy test. A Rvalue of less than 0.05 was considered to 
representt significance. Correlation was calculated using the two-tailed 
non-paramm e trie rank correlation (Spearman's p). 
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Furthermoree a univariate logistic regression analysis was performed in 
orderr to analyze F^asa bone disease parameter for the prediction of the 
relativee risk. For this purpose the /ywas subdivided in categories of 10% 
fat-fraction. . 

RESULTS S 

PatientsPatients & Volunteers 
AA total number of 30 consecutive adult type 1 Gaucher disease patients 
weree included. One patient was diagnosed with an additional bone 
marroww disorder; multiple myeloma and therefore was excluded from this 
study.. This leads to 29 patients for further analysis, 16 men, 13 women, 
withh a mean age 40 years (range 18-69 years). 

Tablee 1. List of the 9 patients with their fat-fractions and bone complications. 

Chronic c 

Agee Fat bone Bone Pathological Avascular Joint 

(years)) Gender fraction pa in crisis fracture necrosis replacement 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

37 7 

39 9 

71 1 

29 9 

65 5 

44 4 

57 7 

36 6 

36 6 

M M 

F F 

F F 

M M 

M M 

F F 

M M 

M M 

F F 

0.11 1 

0.11 1 

0.19 9 

0.10 0 

0.12 2 

0.16 6 

0.34 4 

0.22 2 

0.08 8 

Ninee patients had a clinical history of bone disease of which six had 
severee bone disease (Table 1). Of these nine patients seven patients were 
splenectomized.. The total number of patients with a splenectomy was 
nine. . 
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Thee healthy volunteers group consisted of eight men and eight women: 
meann age 39 years (range 24-60 years). 

FatFat fraction, Ff 
Thee fat-fractions measured in Gaucher disease patient's vertebral marrow 
rangedd from 0.08-0.40 (mean 0.20). The value of F, in the healthy 
populationn ranged from 0.27-0.55 (mean 0.37). The difference between 
thee groups was statistically significant (/?<0.001) (Fig. 2). In Figure 3 the 
distributionn of Fj amongst the various subgroups is shown. No significant 
relationn was found between fat-fraction and age (p=0,\2). No statistical 
significantt difference between men and women was found (p=0.88). 

600 - i 
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WW 40 —| 
Ü Ü 

§ 3 5 --

.22 30 — 
o o 

22 25 -

u-- 20 -

15 5 
100 -

55 -

0 0 

o o 

Sex x 
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Male e 

Healthyy volunteers Gaucher patients 

Figuree 2.Plot of 
fat-fractionn F, for 
healthyy volunteers 
andd Gaucher 
diseasee patients. 

SkeletalSkeletal disease and Ff 

Whenn analyzing the relation between clinical bone complications and fat-
fractionn it is noted that eight out of nine patients with bone complications 
hadd an ^ l e ss than 0.23. In order to analyze the relation between Frand 
bonee complications a univariate analysis was performed. (The outlier was 
excludedd in this analysis.) 
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Figuree 3 . Plot of distr ibution of Ff in relation to clinical bone 
complicationss (A = healthy, B = Gaucher disease without 
complications,, C = Gaucher disease with mild complications, 
DD =Gaucher disease with severe complications). 

Thiss univariate logistic regression analysis showed that increase of 10% 
off  the fat-fraction meant a decrease in the relative risk for developing 
bonee complications by 85% ( /KO.05). The radiological skeletal involvement 
measuredd by conventional MR imaging (in the healthy volunteers scored 
ass zero) showed a significant inverse correlation with Ff (p = -0.78, 
/T<0.001).. Also a relation was established between the MR imaging score 
andd the occurrence of bone complications (p = 0.58, /?<0.001). 
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FFrr inin relation to other disease parameters 
Inn general a lower Fr was found in splenectomized patients; this was 
nearlyy significant compared to the non-splenectomized group (/T=0.06). 

Thee inverse relation between Ff and the volume of the liver is significant 
(pp = -0.77, / K O . 0 0 0 1) but did not reach significance for the volume of the 
spleenn (p = -0.52, p=0.79). In a univariate analysis the occurrence of bone 
complicationss was significantly associated with the presence or absence 
off  the spleen {p=0.002) and with platelet count (/7=0.01) (higher risk for 
bonee complications in patients without a spleen and with a high platelet 
count).. These two parameters are obviously related to each other. 
Pancytopeniaa in splenectomized patients may reflect bone marrow 
infiltrationn and is therefore possibly related to Ff. However, only four of 
ninee splenectomized patients showed slightly decreased hemoglobin levels 
and/orr platelet count. In these splenectomized patients, no relation was 
establishedd between Ff and these parameters. The relation between 
chitotriosidasee levels and Tydid not reach significance. 

DISCUSSION N 
Thiss is the first report that describes in an adult untreated population of 
Gaucherr patients a close relationship between the extent of skeletal 
diseasee and a quantitative secondary parameter, that is, lumbar bone 
marroww fat-fraction. The presented detailed comparison of lumbar F/ and 
bothh clinical and radiological (MR imaging) skeletal disease suggests that 
lumbarr Ff may be a sensitive predictor of ongoing skeletal disease in 
Gaucherr disease patients. The fact that Ff correlates well with the 
peripherall  MR imaging score, a parameter that is known to detect 
responsee to therapy [14], suggests that Fr potentially is a sensitive 
quantitativee parameter for the evaluation of skeletal response to enzyme 
supplementationn therapy. 
Thiss study has revealed that Dixon QCSI as assessed with MR imaging in 
Gaucherr patients significantly relates the extent of mainly peripheral bone 
diseasee to the axial lumbar bone marrow fat-fraction Ff . Bone 
complicationss preferentially occurred in patients with an Ff less than 
0.23.. In a univariate logistic regression analysis, we established a further 
relationshipp between Fr and the risk for the occurrence of bone 
complications:: when Ff decreases with 10%, the relative risk of developing 

- 6 8--



QCSII  and bone involvement in Gaucher disease 

bonee complications increases with 85% {p<0.05}. This analysis is limited 
byy the small sample size and the lack of longitudinal data. Nevertheless 
wee feel that based on these data, the patients in the Gaucher disease 
groupp with a low Ff without bone complications are considered at risk. 
Thiss is in concordance with an earlier observation made by Rosenthal et 
al.. [ I l l , when they described that marrow infiltration and replacement by 
Gaucherr cells can remain silent for a long period of time before the 
appearancee of clinically significant bone disease. This relation between 
loww Ffand relative risk on bone complications is further supported by the 
observationn made during follow-up. The two patients that suffered from 
bonee complications during enzyme therapy had a low Ff at baseline and 
showedd no or minor improvement in Ff during therapy [25, Hollak 
unpublishedd data]. The correlation that was suggested between low Tyand 
thee development of bone complications but could not be proven earlier is 
supportedd in our study. Furthermore a significant difference was found in 
meann Ff between Gaucher disease patients and healthy volunteers. 
Inn our data there is one patient that does not follow the trends. This 
patientt is an outlier in fat-fraction as well as liver volume, but not in 
genotypee (N370S/L444P). It is very difficult to find an explanation for this. 
Thee fact that he is the only patient who suffered from a bone crisis some 
weekss prior to the QCSI measurements may influence the local bone 
marroww composition and therefore the fat-fraction. However there is no 
literaturee data to support this. 
Twoo other studies have reported on lumbar Ff in untreated type 1 
Gaucherr disease patients. Johnson et al. [4] performed Dixon QCSI 
measurementss in 24 patients. Their p r a n g ed from 0.006-0.32, with a 
meann of 0.10. Rosenthal et al. [14] studied 12 patients with type 1 
Gaucherr disease using Dixon QCSI; their Ff ranged from 0.006-0.26 with 
aa mean of 0.073. Compared to these data, the present Ff 's are higher, 
suggestingg that our patient population was less severely affected. An 
additionall  explanation for the difference may be the age difference. In the 
twoo studies mentioned, a considerable number of children and 
adolescentss were included. The younger, healthy age groups will 
intrinsicallyy show a lower Ff, because of the predominant presence of red 
cellularr marrow in their axial skeleton [26]. During adolescence a marked 
conversionn of red to fatty marrow occurs, resulting in a dynamic increase 
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inn Rvalues [8,25-28]. Thus in a person of younger age a measured low 
fat-fractionn may be the sum of Gaucher disease infiltration and the 
presencee of more red marrow. This study is the first study that compared 
thee distribution the lumbar /y of adult type 1 Gaucher disease patients to 
thee distribution the lumbar Ff of adult controls with a comparable age 
distribution.. The lumbar Ff of adult type 1 Gaucher disease patients is 
significantlyy reduced. 

Inn two other reports Dixon QCSI data, MR imaging scores and skeletal 
diseasee manifestations are comparatively discussed [7,13]. Rodrique et al. 
[7]]  did not find the fat-fraction to be a significant determinant for the 
occurrencee for osteonecrosis. However, correlation of lumbar j^wit h less 
severee manifestations of skeletal disease was not evaluated in that 
particularr study. In the study by Rosenthal et al. [14] the MR score of the 
peripherall  skeleton and the fat-fraction measured by QCSI were analyzed 
ass response parameter to therapy. The relationship between fat-fraction 
andd conventional MR imaging score however was not analyzed. 
Theree are a few limitations to consider. First one must realize that QCSI 
iss not a standard sequence on an MR imaging machine and therefore not 
widelyy available. Thus the fat-fraction as such is not a parameter that is 
usedd worldwide. A limitation of this particular study, like in almost every 
paperr concerning Gaucher disease, is the small number of patients that 
aree included. In this way the statistical evaluation is hampered. 
Inn Gaucher disease it is striking that the various parameters that monitor 
thee possible sites of involvement such as organ volume, platelet count 
andd history of skeletal disease show a poor correlation [4,7,14]. Although 
aa significant correlation between Ff and liver volume was found in this 
study,, this was not found with splenic volume. The Gaucher burden in 
liverr and spleen does not necessarily predict the burden of Gaucher 
diseasee in bone marrow; there may be a considerable individual variation 
inn the extent of involvement of visceral and bone marrow compartments. 
Thiss could implicate that non-skeletal parameters will not adequately 
reflectt skeletal or bone marrow involvement adequately and emphasizes 
thee need for adequate separate quantitative assessment of bone marrow 
too allow overall interpretation of disease severity. 
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Inn summary, to answer the goals of our s tudy we can conclude that fat-
fractionn measurements through the use of Dixon QCSI showed a close 
correlationn with the clinical occurrence of skeletal involvement. There was 
aa significant difference between the fat-fractions in unt reated Gaucher 
diseasee pat ients when compared to heal thy volunteers. Finally the fat-
fractionn may serve as a prognostic marker since univar iate regression 
analysiss showed that the decrease in fat-fraction with 10% is associated 
wit hh an increased r isk for occurrence of bone complicat ions by 85%. Only 
aa longitudinal s tudy in pat ients under t reatment can prove its value in 
clinicall  decis ion-making and outcome. In our view it is essential for 
optimall  pat ient care to monitor the skeletal involvement on a regular 
basiss and Dixon QCSI seems a valuable tool. 
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