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ABSTRACT T 
Typee 1 Gaucher disease can be effectively treated with enzyme 
supplementationn therapy. Bone disease is a debilitating feature of the 
disorderr and results from infiltration of the bone marrow by Gaucher 
cells.. The effect of treatment on bone marrow infiltration is difficult to 
measure,, necessitating the development of sensitive techniques to allow 
adequatee dosing. Dixon quantitative chemical shift imaging (Dixon QCSI} 
iss a MRI technique to measure displacement of fatty marrow by Gaucher 
cells.. Low bone marrow fat-fractions have been found in Gaucher disease. 
Wee studied the effect of individualized low doses of enzyme therapy on the 
fat-fractionss of the lumbar spine in 12 adult Gaucher disease patients 
beforee and during treatment and in 9 untreated Gaucher controls. Fat-
fractionss were decreased in 9/12 patients (median 0.20, range 0.08-0.40) 
andd equally low in the untreated Gaucher controls compared to age 
matchedd healthy volunteers (normal values 0.27-0.43, p < 0.01). During 
treatment,, fat-fractions increased significantly already after 1 year in 
11/122 patients [P=0.007). After 4 to 5 years, fat-fractions normalized in 
11/122 patients. Fat-fractions remained low in the untreated Gaucher 
controlss [p=  0.5 and 0.6 at 1 and 2 years, respectively). Six of 11 patients 
hadd a dose increase, which did not clearly affect fat-fractions. 
Dixonn QCSI is a sensitive tool for the measurement of the respons of bone 
marroww to enzyme therapy. 
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INTRODUCTION N 
Gaucherr disease is the most frequently encountered lysosomal storage 
disorderr in man. Deficiency of the lysosomal enzyme glucocerebrosidase 
(glucosylceramidase,, EC 3.2.1.45) leads to accumulation of 
glucocerebrosidee in macrophages [1]. The clinical picture of type 1 disease 
encompassess hepatosplenomegaly, cytopenia, and bone involvement. 
Bonee disease is one of the most debilitating features of type 1 Gaucher 
disease,, including atypical bone pain, osteonecrosis, pathological 
fractures,, and bone crises [1,2]. Enzyme supplementation therapy, using 
eitherr placentally derived or recombinant glucocerebrosidase (alglucerase 
orr imiglucerase, respectively, manufactured by Genzyme Co., MA) has 
provenn to effectively reverse the clinical manifestations of Gaucher 
disease.. Improvement in cytopenia and reduction of organomegaly belong 
too the early effects of treatment, usually being apparent after 3 to 6 
monthss [3-5], Monitoring of these disease manifestations is relatively easy 
byy the application of routine blood tests and widely available modalities 
suchh as ultrasound, CT scanning or MRI, for organ volume 
determinations.. Bone disease responds slower and is more difficult to 
measure.. Several imaging techniques are being applied for the 
assessmentt of the severity of bone and bone marrow abnormalities. Plain 
radiographss and quantitative CT scanning for measurement of cortical 
thickness,, densitometry, MRI and fat-fraction determination by Dixon 
quantitativee chemical shift imaging (Dixon QCSI) have been used [3,6-9]. 
Soo far, changes in bone structure in respons to alglucerase treatment 
becamee apparent after years of treatment [7-9], For the accurate 
applicationn and interpretation of these different imaging techniques it is 
essentiall  to divide bone disease into two different parts as has been done 
earlierr by Rosenthal: bone structure and bone marrow infiltration. It is 
veryy likely that these two parts are related to each other: it is 
hypothesizedd that bone becomes affected because of progressive 
infiltrationn of the bone marrow with foci of Gaucher cells, possibly in 
combinationn with a toxic process around these foci [10]. This difference is 
increasinglyy important from the perspective of treatment respons 
assessment.. Bone marrow infiltration may be rapidly reduced upon 
treatment,, while structural changes, such as Erlenmeyer flask deformities 
andd cortical thickness may remain unchanged for a long time. For the 
evaluationn of the efficacy of different dosing regimens, early detection of 
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Gaucherr cell clearance from the bone marrow is mandatory to allow dose 
adjustmentss in cases of unsatisfactory responses. Therefore, the 
availabilityy of imaging techniques that focus on the extent of bone marrow 
infiltrationn are essential. Dixon QCSI is considered as a sensitive tool for 
measuringg the degree of Gaucher cell infiltration by the decrease in fat-
(triglyceride)) fraction in the marrow as the result of Gaucher cell 
infiltrationn [11]. It has been shown that the triglyceride content of the 
bonee marrow may increase during alglucerase treatment [7]. 
Thee aim of the present study is to detect early changes in the bone 
marroww of adult type 1 Gaucher disease patients by Dixon QCSI 
measurementss during treatment with individualized doses of alglucerase 
orr imiglucerase [9] in relation to overall respons. 

METHODS S 
Patients Patients 
Alll  patients that entered the individualized dosing study after July 1993 
andd completed at least 4 years of enzyme therapy were included in this 
study.. The population consisted of 12 adult type 1 Gaucher disease 
patientss (3 females, 9 males) of whom three were splenectomized (Table 
1).. A diagnosis of Gaucher disease was confirmed by decreased activity of 
glucocerebrosidasee in leukocytes and genotyping [12,13], Enzyme therapy 
wass initiated according to the earlier described protocol [9], In brief, 
patientss are treated during the first 6 months with low doses of enzyme 
(alglucerasee or imiglucerase 1.15 U/kg three times a week) and 
subsequentlyy evaluated for treatment efficacy every 6 months thereafter. 
Accordingg to defined criteria based on reductions in organomegaly and 
improvementt in cytopenia, the dose is doubled, maintained or halved to 
alloww individualized dosing. In addition, occurrence of bone complications 
duringg treatment is an independent reason for a dose increase. Blood 
countss were taken every 6 months. Organ volume measurements were 
performedd using spiral CT scanning initially every 6 months and yearly 
afterr 3 years of treatment. Dixon QCSI measurements were obtained 
beforee the initiation of enzyme supplementation therapy and every year 
thereafter. . 
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Tablee 1. Characteristics of Gaucher disease patients before treatment with 
enzymee therapy (treatment group) and untreated Gaucher controls 

Treatmentt group 

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 

sex x 

M M 

F F 

M M 

M M 

M M 

M M 

M M 

M M 

M M 

F F 

F F 

M M 

age e 
(yrs) ) 

48 8 

53 3 

38 8 

53 3 

43 3 

51 1 

48 8 

37 7 

57 7 

39 9 

38 8 

29 9 

splenic c 
status s 

Intact t 

Intact t 

Intact t 

Intact t 

Intact t 

Intact t 

Intact t 

Sx x 

Sx x 

Sx x 

Intact t 

Intact t 

bone e 
compl l 

No o 

No o 

No o 

No o 

No o 

No o 

No o 

Yes s 

Yes s 

Yes s 

No o 

No o 

SSI I 

9 9 

8 8 

7 7 

5 5 

5 5 

5 5 

5 5 

17 7 

16 6 

18 8 

4 4 

8 8 

Untreatedd Gaucher controls 

No. . 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

sex x 

M M 

F F 

F F 

M M 

F F 

F F 

F F 

M M 

F F 

age e 
(vrs) ) 

47 7 

43 3 

55 5 

19 9 

39 9 

43 3 

35 5 

34 4 

30 0 

splenic c 
status s 

Intact t 

Intact t 

Intact t 

Intact t 

Intact t 

Intact t 

Intact t 

Sx x 

Sx x 

bone e 
compl l 

No o 

No o 

No o 

No o 

No o 

No o 

No o 

No o 

No o 

SSI I 

4 4 

4 4 

6 6 

6 6 

4 4 

2 2 

4 4 

6 6 

11 1 

Controls Controls 

Ninee adult type 1 Gaucher disease pat ients that did not need or want 

t reatmentt and were followed for at least 12 months served as controls 

(untreatedd Gaucher controls). This populat ion was less severely affected 

thann the treated pat ient group. Organ volumes, hematology and bone 

marroww fat-fractions were measured every year in these unt reated 

pat ients. . 

Dixon-QCSIfat-fractionDixon-QCSIfat-fraction acquisition 

In-phasee and opposed-phase proton density weighted spin echo 

sequencess were performed: TR 2500 ms, TE 22.3 ms, slice th ickness 4 

mm,, matrix 256x256, NEX 1, FOV 350x350 mnr', acquisit ion t ime 21 min 

200 s. The paracoronal measurement acquisit ion slices were posit ioned on 

aa mid-sagittal localizer image, passing through the middle of the posterior 

par tss of L3, L4, and L5. 
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Post-processingg and data analysis were performed on a Sun Sparc 20-51 
workstationn (Sun Microsystems, Mountain View, CA), using a previously 
describedd algorithm [14,15]. 
Too obtain one fat-fraction value for each vertebra, we averaged the pixel 
valuess in a region of interest (ROI). The mean bone marrow fat-fraction 
wass calculated from measurements in three separate lumbar vertebrae 
(L3-L5). . 
Standardizationn and reproducibility of the Dixon QCSI protocol was 
performedd by measurements in 16 healthy volunteers (16). 

Statistics Statistics 
Resultss are given as median and range. Differences between data from 
patientss and controls were tested by Mann-Whitney test. Differences 
betweenn data obtained before and during enzyme supplementation 
therapyy were tested by the Wilcoxon signed-rank test. A p value of <0.05 
respresentedd a significant difference. 

RESULTS S 

Patients Patients 
Off  the 12 patients, 3 (all splenectomized) had suffered from avascular 
necrosis,, pathological fractures and/or bone crises and 9 had not (Table 
1).. Patient 9 had experienced a bone crisis at the time of initial 
examination,, located in the lumbar spine and pelvis, treated with 
analgesicc drugs. During treatment with alglucerase, he developed a 
collapsee of vertebral bodies L3 and L4. 
Noo further bone complications occurred during treatment, although 
patientt 10 experienced recurrent episodes of atypical bone pain, which led 
too a dose increase. 
Elevenn patients were initially treated with alglucerase, 1.15 U/kg three 
timess a week and one patient (No.1) was treated with 30 U/kg every 2 
weeks,, because of inability to perform home treatment. Respons to 
treatmentt after 6 months according to the defined criteria was classified 
ass moderate in 6 and insufficient in 4 (patients 4,6,10, and 12). During 4 
yearss of treatment, doses were adjusted according to further clinical 
responses. . 
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Tablee 2 shows the results of bone marrow fat-fraction determinations by 
Dixonn QCSI, hemoglobin levels, platelet counts and organ volumes in 
relationn to dose at the start of treatment and after 4 years. In patients 2 
andd 3 the examinations at 5 years were used, because no evaluation was 
performedd after 4 years of treatment. 

Tablee 2.Bone marrow fat-fractions (F), hematology, organ volumes, and dosing 
regimenss before and after 4 to 5 years of treatment 

F[°A F[°A 
Hbb level 

(g/dl) ) 

platelet t 
count t 

|xx 10'VL) 

spleen n 
volume e 

(ml) ) 

liver r 
volume e 

(ml] ] 

dose e 
(U/mo| | 

No. . 

1 1 

2* * 

3* * 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

1Ü Ü 

11 1 

12 2 

star t t 

18 8 

22 2 

10 0 

23 3 

29 9 

18 8 

40 0 

11 1 

34 4 

11 1 

22 2 

8 8 

4 4 
yr s s 

47 7 

41 1 

18 8 

38 8 

47 7 

35 5 

50 0 

28 8 

42 2 

30 0 

48 8 

28 8 

star t t 

15. 0 0 

10. 9 9 

14. 6 6 

11. 2 2 

15. 0 0 

11. 7 7 

13. 8 8 

10. 1 1 

9. 3 3 

15. 8 8 

13. 1 1 

13. 4 4 

4 4 
yr s s 

15. 8 8 

11 1. 8 

14. 6 6 

13. 0 0 

14. 7 7 

13. 0 0 

14. 4 4 

12. 2 2 

12. 5 5 

14. 4 4 

14. 6 6 

14. 9 9 

star t t 

11 1 8 

48 8 

122 2 

53 3 

110 0 

71 1 

45 5 

129 9 

726 6 

189 9 

103 3 

59 9 

4 4 
yr s s 

164 4 

129 9 

156 6 

69 9 

169 9 

126 6 

145 5 

320 0 

457 7 

286 6 

246 6 

58 8 

star t t 

855 5 

1042 2 

1400 0 

311 8 8 

574 4 

200 2 2 

885 5 

535 5 

437 9 9 

4 4 
yr s s 

362 2 

422 2 

549 9 

262 9 9 

326 6 

823 3 

438 8 

256 6 

1751 1 

star t t 

226 9 9 

313 9 9 

369 5 5 

333 4 4 

1830 0 

367 8 8 

201 4 4 

3691 1 

239 3 3 

413 9 9 

1797 7 

342 6 6 

4 4 
yr s s 

1557 7 

2311 1 

1997 7 

241 8 8 

1656 6 

280 8 8 

1608 8 

256 6 6 

1645 5 

1550 0 

1516 6 

244 5 5 

star ! ! 

60 0 

15 5 

15 5 

15 5 

15 5 

15 5 

15 5 

15 5 

15 5 

15 5 

15 5 

15 5 

4 4 
yrs s 

30 0 

15 5 

15 5 

60 0 

15 5 

30 0 

15 5 

30 0 

30 0 

120 0 

15 5 

40 0 

inn pts. 2 and 3. the 5-year examinat ion was used 

BoneBone marrowfat-fractions 
Beforee treatment, fat-fractions were decreased in 9/12 patients (median 
0.20,, range 0.08-0.40) compared to healthy volunteers with the same age 
andd sex distribution (normal values 0.27-0.43, p< 0.01) [16]. The values 
off  the initial measurements in the Gaucher patients who were going to be 
treatedd were not significantly different from the values in the untreated 
Gaucherr controls: 5/9 had decreased fat-fractions (median 0.22, range 
0.10-0.36;/?== 0.7). 
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Figuree 1 shows the Dixon QCSI images of the lumbar spine during 
treatmentt in patient 2, where reappearance of fatty marrow is depicted. 
Thee coloring of bone marrow in an age and sex matched healthy subject 
iss added to the figure. 

a.Augg '93 b.Sep '94 c.Oct '95 d.Jul '98 e.Jul '99 f. g. 
FF = 0.22 F, = 0 . 19 F, = 0 . 34 F, =0 .41 F, = 0 . 45 F, = 0 . 44 

Figuree 1. Increase in bone marrow fat-fraction in the lumbar spine dur ing enzyme 
therapyy in patient 2 (female). 
a)) j ust before therapy, at the age of 47 years. 
b-e)) dur ing therapy; acquisit ion dates and averaged F values of L3-L5 are given. 
f)) color fat-fraction scale from black (F= 0.00) through yellow (0.50) to white (1.00). 
g)) fat-fraction image of a healthy female volunteer, aged 48. 

Duringg enzyme therapy, fat-fractions gradually increased in all patients 
exceptt in patient 9 (Figure 2). A statistically significant increase in fat-
fractionn was already apparent after 1 year of treatment (p = 0.007). After 4 
too 5 years of treatment, 11 of 12 patients had a normal bone marrow fat-
fraction.. One patient (patient 3) still had a low bone marrow fat-fraction 
off  0.18. In contrast, fat-fractions did not change in the untreated 
Gaucherr controls during 2 years of follow-up (P=0.5 and 0.6 at 1 and 2 
years,, respectively; Figure 2). Patient 9, who experienced a bone crisis 
locatedd in the lumbar spine, had an abnormal high fat-fraction before 
treatment,, possibly due to fatty replacement after infarction. After 2 years 
off  treatment, the marrow fat-disappeared as a result of collapse of his 
lumbarr vertebrae. In the years thereafter, a gradual reappearance of fatty 
marroww occurred (Figure 3). 
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ChangesChanges in bone marrowfat-fractions in relation to overall respons 
Alll  patients showed decreases in splenic and hepatic volumes (Table 2). 
Platelett respons was slow in patients 4 and 12, both with large spleens. 
Sixx of 11 patients who initially received a dose of 15 U/kg per month had 
aa dose increase as a result of insufficient respons between 6 months and 
44 years of treatment (patients 4, 6, 8, 9, 10, and 12, including the most 
severelyy affected patients). The dose change is depicted in Figure 2. 

0,6--

.22 0,5-
o o 
TO TO 

zz 4_ 

§§ 0.3-

SS 0,2-
<D <D 
C C 
O O 
£fll 0 ,1 -

15U/kg/month h 

55 U.'kg/monlh 

// i ' i " 
kk .' 

* - ii A 

-] ] 

15 -- 130 0 J/kg/month h 

== 33 U/kg/month 
== 65 U/kg/month 
== 130 U/kg/month 

A A 

"TJ . . 
'' . . i i 

A '' .-* 
i-- " 

untreated d 

 : 

 : 

oo 1 00 1 3 4 55 0 1 2 3 4 5 
Timee in years 

Figuree 2.Bone marrow fat-fractions in treated and untreated type 1 Gaucher disease 
patients.. Treated patients without a dose increase (left) and with a dose increase (middle) 
andd untreated Gaucher controls (right). Stippled area, control range. 

Improvementt in fat-fractions were not clearly affected by a dose increase, 
butt the number of patients is too small to draw any firm conclusions. It is 
clearr that patient 1, who received an initial higher dose, had the most 
robustt increase in fat-fraction. Comparison of the patients who had a 
dosee increase with the patients on persistent low dose reveals that 
patientss with a dose increase were generally more severely affected and 
alsoo had slightly lower bone marrow fat-fractions before treatment 
(mediann 0.13 versus 0.26, p = 0.08, patient 9 excluded). The rate of 
improvementt in fat-fractions during treatment did not differ for both 
groups. . 
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F,, = 0.34 F. = 0.36 F. = 0.14 F, = 0.31 F, = 0.42 F, = 0.47 F, = 0.48 

Figuree 3 . Change in bone marrow fat-fraction in the lumbar spine dur ing enzyme 
therapyy in pat ient 9. Very high fat-fractions were measured after bone crises in the 
lumbarr vertebrae. After 2 years of t reatment, collapse of all lumbar vertebrae occurred. 
a)) just before therapy. 
b-g)) dur ing therapy; acquisit ion dates and averaged F values of L3-L5 are given. 
h)) color fat-fraction scale from black (F = 0.00) through yellow (0.50) to white (1.00). 

DISCUSSION N 

Bonee marrow fat-fractions are decreased in the majority of adult type 1 
Gaucherr disease patients and normalize during treatment with enzyme 
supplementation.. Although it is known that fat-fractions in the normal 
populationn increase slowly with age [17,18], comparison with bone 
marroww fat-fraction measurements in untreated Gaucher controls reveals 
thatt in the latter group of patients no significant change is apparent. It is 
shownn that improvement in bone marrow fat-fractions upon therapy is 
alreadyy seen after only 1 year of treatment. An earlier study on the 
changess in bone and bone marrow upon enzyme therapy has reported 
significantt improvements by different techniques after 42 months of 
treatmentt [7]. In the same study, fat-fraction determination by Dixon 
QCSII  was also used as a tool to measure bone marrow infiltration. 
Significantt increases in fat-fractions were observed after 42 months and 
normalizationn of bone marrow fat content was achieved in 7/11 patients. 
Thee value of these observations is, however, limited by the fact that 6/12 
patientss are children, in whom a natural shift from red to yellow marrow 
withh age occurs [18,19]. No control population was included in this study 
too assess the fat-fractions in untreated patients. In our study only adult 
patientss have been included and follow-up of untreated patients serve as 
controlss to correct for changes that may occur during aging. Although the 
follow-upp of these untreated controls is short, it is clear that most 
patientss remained stable or had a decrease in fat-fraction which probably 
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reflectedd progressive Gaucher cell infiltration. Only 1 untreated Gaucher 
control,, who had a normal initial fat-fraction, had an unexplained 
spontaneouss increase, possibly related to interruption of menstrual 
bleedingg by menopause. The lack of change in these untreated control 
patientss compared to the significant increase in fat-fractions upon 
enzymee therapy after 12 months of treatment confirms the value of fat-
fractionn measurement for the assessment of Gaucher cell infiltration in 
thee bone marrow and the bone marrow respons to treatment. 
AA pitfall in the interpretation of bone marrow fat-fractions may be the 
occurencee of bone crises with fatty replacement of necrotic areas [10]. 
Thesee abnormalities can occur in the lumbar spine and may result in 
highh fat-fractions, despite the presence of severe bone disease. Caution 
mustt be taken in these cases. Also, in patients with already collapsed 
vertebrae,, the interpretation of the much smaller region of interest may be 
difficul tt as depicted in Figure 3. 
Earlierr studies on the effect of enzyme therapy on bone disease has 
shownn that it takes years of treatment before changes can be established 
[8,9],, In addition, studies on levels of exogenous administered 
glucocerebrosidasee suggest that a smaller portion of the enzyme is taken 
upp by the bone marrow compared to the liver [20]. Based on these 
observations,, it has been suggested that Gaucher cells in the bone 
marroww are less easily cleared than storage cells in the liver and spleen 
andd that for accurate treatment of bone marrow involvement large doses 
off  enzyme will be needed [7]. However, the fact that skeletal abnormalities 
doo not rapidly change does not reflect the changes in the bone marrow. A 
moree rapid bone marrow respons is also suggested by earlier observations 
thatt low platelet counts and hemoglobin levels as a result of bone marrow 
failuree in splenectomized patients show immediate rise after the initiation 
off  enzyme therapy [9]. Therefore, it is more likely that the techniques 
appliedd to evaluate bone disease in type 1 Gaucher disease, such as plain 
XX rays, dexa scans, and quantitative CT, are too insensitive to detect early 
changes.. The present data support the fact that changes in bone marrow 
involvementt may occur as early as 12 months after the initiation of 
treatment.. In addition, it is shown that early and continuing marrow 
responsess occur even with low doses of enzyme. Whether high doses of 
enzymee result in an even faster increase in bone marrow fat-fractions 
remainss to be determined. The one patient on a relatively higher dose in 
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ourr study also had a very quick increase in fat-fraction. In our approach, 
dosess have been adjusted on an individual basis, which implied that 
severall  patients (5/11) had a dose increase up to 30 to 120 U/kg per 
month.. All patients had the same rate of improvement of bone marrow 
fat-fractions,, but the patients that had sufficient and sustained responses 
too the low dose were the less severely affected patients. The question 
whetherr there is a dose dependency in the respons cannot be solved in 
thee present study. Individualized dosing is based upon the supposition 
thatt there is indeed an effect of dose. The high interindividual variability 
inn respons requires comparative studies in large patient populations to 
provee that this is indeed the case. Studies in large patient cohorts, 
possiblyy with the use of sensitive plasma markers, may eventually 
enlightenn us regarding this issue. 
Comparisonn of our data at 4 to 5 years with the results in the study by 
Rosenthall  et al. [7] after 42 months shows that normalization of fat-
fractionss can be achieved in the majority of patients in both groups. It is, 
however,, possible that the patients in Rosenthal's study were generally 
moree severely affected than in our study. 
Individualizedd dosing of enzyme supplementation therapy for Gaucher 
diseasee depends on an accurate measurement of respons to allow dose 
adjustments.. Since bone disease may produce severe complaints and 
irreversiblee damage, it is of critical importance that bone marrow respons 
cann be estimated early in the course of treatment. Fat-fraction 
determinationn by Dixon QCSI seems to provide an excellent tool to 
accomplishh this, since we have found that low bone marrow fat-fractions 
aree related to the occurrence of bone complications [16J. We have now 
implementedd this method in our standard protocol and perform these 
measurementss on a yearly basis. Doses of enzyme are increased when fat-
fractionss do not increase sufficiently or do not normalize within 3 to 4 
yearss of treatment. 
Inn conclusion, fat-fraction determination of the bone marrow of the 
lumbarr spine in type 1 Gaucher disease patients reflects Gaucher cell 
infiltrationn and shows early respons to treatment. Although the technique 
iss not (yet) widely available, it seems to be the modality of choice for the 
assessmentt of bone marrow involvement. 
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