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ABSTRACT T 

Purpose: Purpose: 
Too introduce a semi-quantitative MR bone marrow burden score (BMB) 
withh inclusion of the most dynamic axial bone marrow in Gaucher disease 
ass an alternative for the Dixon quantitative chemical shift imaging (Dixon 
QCSI)) technique. 

MaterialsMaterials and Methods: 
TwoTwo experienced musculoskeletal radiologists with no experience in 
Gaucherr disease blindly analyzed MRI scans of the lumbar spine and 
femurs.. Inter- and intra-observer variability was tested. In addition the 
BMBB was determined as response parameter to evaluate bone marrow 
responsee to Enzyme Supplementation Therapy (EST). Finally the BMB 
wass compared with the fat-fraction measurements obtained by Dixon 
QCSI. . 

Results: Results: 
Inn 30 patients (mean age 39 years (range 12-71)) the mean fat-fraction 
wass 19.9 (range 8-40). The BMB score ranged from 3-14 points. A 
significantt correlation was found between the two observers when using 
BMBB (p= 0,91 (/?<0.001)). The intra-observer variation showed a p= 0.99 
[p<[p< 0.0001), There was a significant correlation between BMB and QCSI 
p=-0.788 (/7<0.0001)). Although BMB was less sensitive than Dixon QCSI, it 
showedd enough sensitivity to detect bone marrow response to EST. 
Conclusion: Conclusion: 

BMBB is a well reproducible semi-quantitative scoring system, which is 
easyy to use. It combines both axial and peripheral bone marrow MRI and 
showss a significant correlation to QCSI. Thus, it can serve as a tool to 
quantifyy bone marrow involvement in Gaucher disease, when Dixon QCSI 
iss not available. 
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INTRODUCTION N 
Gaucherr disease is the most prevalent lysosomal storage disorder in man, 
leadingg to storage of glycocerebrosidase-loaded macrophages in bone 
marrow,, liver and spleen [1-3]. The clinical picture of type 1 disease 
encompassess hepatosplenomegaly, cytopenia and bone involvement [3]. 
Bonee disease is one of the most debilitating features of type 1 Gaucher 
disease,, consisting of atypical bone pain, osteonecrosis, pathological 
fracturess and bone crises [2,4]. Enzyme Supplementation Therapy (EST) 
forr Gaucher disease has become available during the last decade [5-7]. 
Sincee this is a highly expensive therapy, adequate monitoring of response 
too treatment is important to facilitate dose adjustments. 
Magneticc Resonance Imaging (MRI) is the modality of choice to depict 
bonee marrow abnormalities [8-14]. It is also used to describe bone 
marroww invasion in a (semi-)quantitative way. At the first MRI scan of the 
patientt the degree of bone marrow invasion is quantified, and indication 
forr EST is considered. In order to quantitatively analyze bone marrow 
involvementt and response to therapy, Dixon quantitative chemical shift 
imagingg (Dixon QCSI) of the vertebral (axial) bone marrow is used [15,16]. 
Dixonn QCSI is a modification of the Dixon technique [17] and quantifies 
thee fat content in bone marrow by making use of the differences in the 
resonantt frequencies of fat and water in bone marrow (3.3 ppm). The 
amountt of fat in the bone marrow is represented in a fat-fraction Fp 

whichh is decreased in Gaucher disease [15,17-21]. A recent study 
establishedd a high reproducibility of this technique [22]. Studies using 
Dixonn QCSI have focused on the vertebral bone marrow since it primarily 
containss red marrow that is very susceptible to disease arising from 
hematologicall  malignancies [10,23-25], Furthermore, the axial marrow is 
thee first site to show bone marrow infiltration in Gaucher disease [16,21]. 
Therefore,, measuring the axial marrow may provide the most exact status 
off  bone marrow invasion. 

Althoughh MRI is widely available, Dixon QCSI is not included in standard 
packagess of sequences on the MR machines and cannot be used 
worldwide.. Therefore, several visual scoring systems are used and 
describedd in the literature [1,26-28]. As a result of these visual scoring 
systemss a semi-quantitative approach of bone marrow invasion is 
established. . 
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Thesee bone marrow scoring systems are restricted to evaluation of the 
peripherall  bone marrow of the lower extremity. However, none of the 
publishedd semi-quantitative scoring systems has evaluated axial bone 
marroww nor has been compared to Dixon QCSI data. 
Inn our opinion, an optimal scoring system should include the axial 
skeleton,, as discussed earlier. Furthermore, there should be a good inter-
andd intra-observer variability and the scoring system should be 
reproduciblee and sensitive for response to therapy. So far no 
semi-quantitativee bone marrow burden score with inclusion of the axial 
bonee marrow has been reported. 

TheThe aims of the present study are: 
Too introduce a semi-quantitative bone marrow burden score with the 
inclusionn of both axial and peripheral bone marrow in order to analyze 
bonee marrow invasion in Gaucher disease by the use of conventional MRI. 
Too investigate both the inter- and intra-observer variability. 
Too analyze the relation between QCSI and the bone marrow burden score 
att baseline. 
Too evaluate the relation between QCSI and the bone marrow burden score 
duringg therapy. 

MATERIALL & METHODS 

Subjects Subjects 
Ourr hospital serves as a national referral center for Gaucher disease [6]. 
Betweenn 1993 and 1999 all untreated patients with type 1 Gaucher 
diseasee who were referred for evaluation of eligibility for enzyme 
treatment,, were consecutively included in this study. The measurement of 
glucocerebrosidasee activity in leukocytes and genotyping was used to 
confirmm the diagnosis of Gaucher disease in all patients [29-31]. All 
patientss had Dixon QCSI of the lumbar spine as part of a complete 
diagnosticc work-up consisting of conventional T l - and T2-weighted TSE 
MRII  sequences of the lumbar spine and femora. 

TheoreticalTheoretical base of bone marrow burden score 
Inn this study an alternative bone marrow burden (BMB) score is 
introduced,, which is a combination of scoring systems of the peripheral 
skeletonn already described and the axial bone marrow. 
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Inn the literature, the semi-quantitative scoring is based on two features 
consistingg of signal intensity changes and sites of involvement in the 
peripherall  skeleton [11,15,21,26,28], In Gaucher disease, the MR 
characteristicss of infiltrated bone marrow are predominantly low signal 
intensitiess both on Tl- , T2-, and T2*-weighted sequences. Occasionally 
onee may find an increase in signal intensity on T2-weighted sequences; 
thiss is thought to reflect active bone marrow disease, such as 
osteonecrosiss or infarction [11,28]. Furthermore, it has been shown that 
Gaucherr disease spreads in bone in a reproducible manner, starting in 
thee meta-diaphysis and finally invading the epiphysis and apophysis 
[15,21].. The introduced bone marrow burden score (BMB) incorporates 
bothh the visual interpretation of the signal intensities and the geographic 
locationn of the disease on conventional MR images of the spine and femur. 
Thee chosen points given to the various parameters are arbitrary. 

LowerLower extremities: (Table 1) 
Thee marrow signal intensities on Tl-weighted and T2-weighted images were 
gradedd compared to the signal intensity of subcutaneous fat, using a 
classificationn slightly modified from the one used in earlier studies [26,27], 

TABLEE l.MR score of the femur (reference is 
subcutaneouss fat) 

A.. Signal intensity Score 

T22 intensity hyperintense 2 

T22 intensity slightly hyperintense 1 

T22 intensity iso-intense 0 

T22 intensity slightly hypo-intense 1 

T22 intensity hypo-intense 2 

T22 intensity of a mixed type 3 

Tlintensityy (slightly) hyperintense or iso-intense 0 

Tll  intensity slightly hypo-intense 1 

Tll  intensity hypo-intense 2 

B.. Sites of involvement 

Diaphysiss involved 

Proximall  ep iphys is /apophys is involved 

Distall  epiphysis involved 

Score e 

1 1 

2 2 

3 3 
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Thee intensities were scored as hyperintense, slightly hyperintense, 
isointense,, slightly hypo-intense and hypo-intense. Gaucher disease is 
expectedd to show hypo-intense signal intensity changes [9-11,21]. In 
severee cases, a mixed pattern of signal intensity is seen in the extremities 
withh areas of high and low signal intensity especially on T2-weighted 
sequences.. The low signal intensity is thought to be due to Gaucher cell 
infiltrationn whereas the high signal intensity is thought to reflect acute 
complicationss such as infarction or bone crisis [11,21], The femurs were 
dividedd in 3 sites of involvement, proximal epiphysis/apophysis, 
(meta-)diaphysiss and distal epiphysis. This is a modification of the sites of 
involvementt score [15,21]. 

LumbarLumbar spine: (Table 2) 
Thee Tl-weighted sequences were evaluated according to a non-pathological 
intervertebrall  disc as a reference for iso-intense signal intensity [13]. 

Tablee 2.MRI score of the lumbar spine (reference is 
intervertebrall  disc) 

A.. Signal intensity Score 

T22 intensity hyperintense 

T22 intensity slightly hyperintense 

T22 intensity iso-intense 

T22 intensity slightly hypo-intense 

T22 intensity hypo-intense 

Tll  intensity (slightly) hyperintense 

Tll  intensity iso-intense 

Tll  intensity slightly hypo-intense 

Tll  intensity hypo-intense 

B.. Infiltration pattern 

Patchyy infiltration 

Diffusee infiltration 

Absencee of fat in basivertebral vein region 

Thee bone marrow signal intensity on T2-weighted sequences was 
evaluatedd with the presacral fat as a normal iso-intense reference. 
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Gaucherr disease is expected to show low signal intensity on Tl - and 
T2-weightedd images [9-11,21]. In addition the infiltration pattern (patchy 
versuss diffuse) of the disease within the vertebral bodies is graded. When 
MRII  is used in the evaluation of hematological malignancies, a distinction 
iss made in bone marrow infiltration patterns in the lumbar spine [13,28]. 
Forr instance, in multiple myeloma an association of the diffuse infiltration 
patternn with more advanced disease is hypothesized [10,12,32]. This 
patternn can also be recognized in Gaucher disease. The patchy infiltration 
patternn in Gaucher disease consists of localized areas of abnormal 
marroww (low signal intensity on Tl - and T2-weighted images) on a 
backgroundd of normal bone marrow {high signal intensity and Tl - and 
T2-weightedd images). In the diffuse pattern, the bone marrow is 
completelyy replaced; on Tl-weighted images bone marrow is hypo-intense 
orr iso-intense to the intervertebral disc, and on T2-weighted images a 
variablee decrease in signal intensity of the abnormal marrow is seen. The 
diffusee pattern is considered to reflect a more advanced stage of the 
disease.. Furthermore, the absence of fat in the basivertebral vein region 
wass noted in a binominal fashion (present/absent). Disappearance of the 
fatt surrounding the basivertebral vein at the site where it enters the 
vertebrall  body dorsally has been described as the first sign of bone 
marroww invasion in malignancy [33]. Since disappearance of fat at this 
sitee had been observed in our Gaucher disease patient group, it was 
includedd as a parameter in the BMB. 

BMBBMB evaluation 
Twoo musculoskeletal radiologists (JS,CK) who were experienced in the 
analysiss of MR-scans, without being familiar with Gaucher disease, 
separatelyy analyzed the conventional MR scans of both the femora and 
thee lumbar spine retrospectively from hard copy. Both observers were 
blindedd to patient characteristics and examination date. In this way the 
interobserverr variability was tested. In order to analyze the intra-observer 
variability,, one observer (JS) evaluated a small number of cases (N=10) 
twice,, chosen at random, with an interval of 12 months. Both the lumbar 
spinee and femora scores were added up leading to a total score, with a 
maximumm of 16 (femora 8, lumbar spine 8). A higher score represented 
moree severe bone marrow involvement (Tables 1 and 2). 
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Too evaluate the value of the BMB as follow-up parameter one observer 
(JS)) evaluated the MRI scans of the patients who were treated for 40 
monthss or longer. These MRI examinations were mixed with the baseline 
MRII  examinations, in order to make the observer unaware of the time 
point. . 
Forr our follow-up analysis we defined a good response to therapy as an 
increasee of at least 3 times the precision of the measurement [34], Since 
thee precision of QCSI is measured as 3 points [22] we defined 2.8 x 3 
pointss making 9 points of increase in fat-fraction a good response within 
95%% confidence limits [34]. The precision of BMB is discussed in the 
Resultss section. In order to analyze the separate contribution of the axial 
andd peripheral bone marrow, we subdivided the BMB scores into the BMB 
lumbarr spine (LS) and BMB femurs (F). 

DixonDixon QCSI 
Dixonn QCSI a non-invasive, highly reproducible technique is based on the 
phasee contrast technique described by Dixon, in which the MR signal of 
bonee marrow is separated into the individual contributions of fat signal 
andd water signal. In this manner, it is possible to determine fat-fractions 
[17,19,22,25,35].. Fat-fraction is given as a percentage of the total volume 
off  bone marrow. As such the fat-fraction [Ff) theoretically ranges from 0 
(noo fat) to 1 (only fat). In a group of 16 healthy volunteers, the mean fat-
fractionn was measured to be 0.37 (SD 0.08) [22]. 

Statistics Statistics 
Dataa were analyzed using SPSS 10-0 software (SPSS, Chicago, Illinois). 
Differencess between groups were analyzed using the non-parametric 
Mann-Whitneyy test. A />value of <0,05 was considered to represent 
significance.. Correlation was calculated using the two-tailed 
non-parametricc rank correlation (Spearman's p). 

RESULTS S 
300 patients were analyzed (16 male, 14 female) with a mean age of 39.3 
yearss (range 12-71). No patients were excluded or failed the examination. 
Thee mean fat-fraction /y i n this population was 0.20 (range 0.08-0.40). 
Thee bone marrow burden score (BMB) ranged from 3-14 points. The 
patientt characteristics at baseline were listed in table 3. 
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Basedd on the outcome of the BMB score there was a significant 

correlationn between the two observers with p= 0.91 (/?<0.0001) (Figure 1). 

Theree was also a significant correlation between Ff and BMB with p = 

-0,788 [p <0.0001) (Figure 2). When the MR scans were analyzed by the 

samee observer (JS) twice, a signif icant corre lat ion was found (p = 0,99 

(/7<0.0001)). . 

Forr longitudinal follow-up the measu remen ts of 12 pat ients with a 

follow-upp interval of 40 months were analyzed for F^and BMB (Table 4). 

Thee mean change in F;VJSLS an increase of 0.17 (range +0.08 to +0.29). 

TABLEE 3 . Patient characteristics 

No. . 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

sex x 

F F 

M M 

M M 

F F 

M M 

F F 

M M 

F F 

M M 

M M 

M M 

M M 

M M 

F F 

M M 

age e 

(yr ) ) 

3Ü Ü 

37 7 

57 7 

39 9 

29 9 

71 1 

65 5 

53 3 

38 8 

53 3 

43 3 

48 8 

52 2 

42 2 

33 3 

FFf f 

0.1 3 3 

0.1 1 1 

0.3 4 4 

0.1 1 1 

0.1 0 0 

0.1 9 9 

0.1 2 2 

0.2 2 2 

0.1 0 0 

0.2 3 3 

0.2 9 9 

0.4 0 0 

0.1 8 8 

0.2 2 2 

0.0 8 8 

BMB B 

13 3 

12 2 

12 2 

13 3 

13 3 

8 8 

10 0 

9 9 

9 9 

10 0 

4 4 

4 4 

9 9 

7 7 

11 1 

No. . 

16 6 

17 7 

18 8 

19 9 

20 0 

21 1 

22 2 

23 3 

24 4 

25 5 

26 6 

27 7 

28 8 

29 9 

30 0 

sex x 

F F 

M M 

F F 

M M 

F F 

M M 

F F 

F F 

F F 

F F 

M M 

F F 

M M 

M M 

F F 

age e 

Ivr ) ) 

36 6 

44 4 

45 5 

47 7 

55 5 

19 9 

39 9 

43 3 

44 4 

35 5 

44 4 

31 1 

51 1 

36 6 

12 2 

FFf f 

0.0 8 8 

0.1 5 5 

0.1 8 8 

0.2 5 5 

0.3 2 2 

0.2 4 4 

0.1 7 7 

0.3 2 2 

0.1 6 6 

0.3 3 3 

0.2 4 4 

0.1 4 4 

0.1 8 8 

0.2 3 3 

0.1 7 7 

BMB B 

13 3 

12 2 

9 9 

6 6 

5 5 

3 3 

10 0 

7 7 

12 2 

8 8 

9 9 

12 2 

8 8 

7 7 

7 7 

Thee mean change in BMB was a decrease of 3 points (range -9 to +2). 

Accordingg to our preset criteria 11 pat ients showed > 9 points response to 

ESTT when Ff was considered, while 1 pat ient did not reach our threshold 
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to--

3 3 

BMBJSTO O 

__ Figure 1. Correlation in 
IOBMBB between two observers 

(p== 0.91 ( / K O . 0 0 0 1 ) ). 

TABLEE 4 . Follow-up results in 12 pat ients 

No. . 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

FFf f 

t=0 0 

0.11 1 

0.34 4 

0.11 1 

0.10 0 

0.22 2 

0.10 0 

0.23 3 

0.29 9 

0.18 8 

0.08 8 

0.18 8 

0.22 2 

F, F, 

t=4 4 

0.28 8 

0.47 7 

0.38 8 

0.19 9 

0.41 1 

0.18 8 

0.42 2 

0.45 5 

0.47 7 

0.28 8 

0.35 5 

0.48 8 

BMB B 

t=0 0 

13 3 

12 2 

12 2 

13 3 

9 9 

9 9 

10 0 

4 4 

8 8 

11 1 

9 9 

7 7 

BMB B 

t=4 4 

10 0 

8 8 

7 7 

13 3 

4 4 

11 1 

1 1 

1 1 

1 1 

10 0 

10 0 

5 5 

BMB B 

LS=0 0 

6 6 

4 4 

5 5 

6 6 

5 5 

4 4 

5 5 

1 1 

5 5 

6 6 

5 5 

4 4 

BMB B 

LS=4 4 

3 3 

1 1 

0 0 

6 6 

1 1 

4 4 

1 1 

1 1 

1 1 

7 7 

6 6 

4 4 

BMB B 

F=0 0 

7 7 

8 8 

7 7 

7 7 

4 4 

5 5 

5 5 

3 3 

3 3 

5 5 

4 4 

3 3 

BMB B 

F=4 4 

7 7 

7 7 

7 7 

7 7 

3 3 

7 7 

0 0 

0 0 

0 0 

3 3 

4 4 

1 1 

t=00 prior to therapy, t=4 four years follow-up, 
F,~F,~ fat-fraction, LS = lumbar spine F= Femurs 
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50 0 

30 0 

20 0 

Figuree 2 . Relation fat-fraction 
andd BMB in untreated pat ients 
(pp = -0,78 ( / K O . 0 0 0 1 ) ). 

22 4 6 8 10 12 14 16 

BMBB t=0 

off  9 points increase. Since the interobserver variation of BMB is low, the 
precisionn is approximately within 1 point. In this way 2.8 x 1 makes 3 
pointss the required increase to detect response with 95% confidence. The 
onlyy patient that did not reach our F.- criteria was a non-responder to 
treatmentt when the BMB was considered. Only 4 out of the 11 patients 
whoo satisfied the Ft criteria, did not satisfy our BMB criteria. In other 
words,, there was similarity between F, and BMB outcomes in 8 patients. 
Whenn the response of the two BMB components was evaluated separately 
similarr outcomes were obtained between the Lumbar Spine BMB and F, in 
77 patients and dissimilar outcomes in 5 patients. Further, there was 
agreementt between the Femurs BMB and Ff in 4 patients and 
disagreementt in 8 patients. 

DISCUSSION N 
Dixonn QCSI is thought to be the most desirable method to quantify bone 
marroww invasion in Gaucher disease [15,16,19-21]. However, this 
techniquee is not widely available. The need for a semi-quantitative scoring 
systemm making use of conventional, widely available MRI, in the 
determinationn of the amount of bone marrow involvement in Gaucher 
diseasee is obvious, as already indicated by several studies [11,21,26-28]. 
Alll  previously described scoring systems have only been focused on the 
peripherall  bone marrow. The most dynamic axial bone marrow, which is 
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thoughtt to be the first site of invasion in Gaucher disease has not been 
included.. This is in contrast to literature concerning hematological 
malignancies,, in which analysis of bone marrow disease assesses axial 
bonee marrow [8,12-14,23,24,32]. Furthermore, it is known that skeletal 
complicationss most frequently occur in the lower extremity 
[2,4,9,14,21,26].. These changes consisting of infarction, osteonecrosis or 
fractures,, are almost always irreversible [28]. Therefore, a scoring system 
includingg these irreversible components would be relatively insensitive to 
subtlee changes in bone marrow invasion as seen in Gaucher disease. 
Thiss is the first study that correlates Dixon QCSI as a bone marrow 
diseasee parameter to a semi-quantitative scoring system based on both 
thee change in signal intensity and the sites of involvement in axial and 
peripherall  bone marrow. The introduced bone marrow burden score 
showss a very good correlation with Dixon QCSI in untreated patients and 
iss feasible with a good interobserver and intra-observer variability when 
usedd by radiologists trained in MRI analysis without having experience in 
Gaucherr disease. 
AA good parameter of bone marrow invasion should also be able to detect 
responsee to treatment. This has been described as an important quality of 
Dixonn QCSI [19,20]. Dixon QCSI shows response to therapy after 12 
monthss [36]. In our group consisting of 12 patients response to treatment 
iss detected by Dixon QCSI in 11 patients (92%). Our results show that 
BMBB can also detects response in 9 patients (75%). In other words, it 
seemss that BMB is less sensitive than Dixon QCSI. Using our preset 
criteriaa there was agreement between Ff and BMB in 8 of 12 patients. 
However,, the studied population was small. 
Thee scoring systems of the peripheral skeleton previously described by 
Terkk et al. and Poll et al. also detect response to therapy [27,28], The 
responsee rate in these studies is 67% [27] and 63% [28] respectively. The 
responsee in both of these studies was scored in a binominal fashion 
(responderr versus non-responder). When we analyze our data in this 
mannerr we find 7 responders in the BMB Femurs group (58%) and 9 
responderss in the BMB overall group (75%). In our population we find 
moree responders when a combination of visual scoring BMB of Lumbar 
Spinee and Femurs is used. The non-responders of femur BMB in our 
populationn had irreversible changes like marrow infarction or avascular 
necrosiss in the lower extremity. However, some of them show response in 
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thee axial bone marrow. Therefore, one must consider that when no 
responsee is seen in the per ipheral bone marrow, response may very well 
bee present in the axial marrow. The drawback of this s tudy is the limited 
numberr of pat ients in every group. 

Wee conclude that the introduced bone marrow burden Score has a good 
correlationn with the fat-fraction measured by Dixon QCSI. The good inter-
andd intra-observer correlation make it reliable and easy to use by 
radiologistss experienced in MRI, wi thout specific knowledge of Gaucher 
disease.. It also seems to be able to detect response to enzyme 
replacementt therapy, a l though it is less sensitive than Dixon QCSI. 
Fur therr research should be performed to definitely determine the strength 
off  BMB as a follow-up bone marrow response parameter in Gaucher 
disease. . 
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