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ABSTRACT T 
Objective: Objective: 
Too establish the Vertebra Disc Ratio (VDR), the ratio of the average 
Tl-weightedd gray value of vertebral body L3 and intervertebral disc 
L3/L4,, as a parameter for bone marrow involvement. To explore its value 
ass alternative for bone marrow fat fraction (/J) measured with Dixon 
quantitativee chemical shift imaging (Dixon QCSI) in Gaucher disease. 

Methods: Methods: 
Agee dependency and normal value for the VDR were determined in 46 
controls.. The VDR in untreated Gaucher disease (N=22) and long treated 
Gaucherr disease (7.5 years, N=19) were compared to the controls. VDR as 
follow-upp parameter was tested in treated Gaucher disease patients 
(N=33)) and untreated Gaucher disease patients (N=8). The correlation 
betweenn VDR and j*ywas determined. 

Results: Results: 
Agee dependency was small. The normal VDR was 1.90  0.30. Both 
untreatedd Gaucher disease (1.29  0.31) and long treated Gaucher 
diseasee (1.70  0.33) differed significantly from normal. Changes in 
treatedd Gaucher disease were significant in the first four treatment-years, 
inn untreated Gaucher disease patients no significant changes were 
observed.. The correlation with /ywas 0.86. 

Conclusions: Conclusions: 
Thee VDR is a useful parameter for evaluation of bone marrow of patients 
withh Gaucher disease. The VDR correlates very well with Fp so 
applicabilityy is expected in diseases in which /yhas proven to be useful. 
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INTRODUCTIO N N 
Inn the radiological follow-up of infiltrating bone marrow diseases, the 
bonee marrow fat-fraction plays an important role, as it has been shown 
thatt this quantity correlates well with dis ease-activity [1], The fat-fraction 
cann be measured using Dixon quantitative chemical shift imaging (Dixon 
QCSI),, or with proton MR spectroscopy [2-9]. Dixon QCSI allows for the 
measurementt of the axial bone marrow, and has good reproducibility [10]. 
Too our best knowledge the use of Proton MR Spectroscopy to measure 
fat-fractionss in a routine clinical setting has not been investigated. 
Gaucherr disease, the most prevalent lysosomal storage disorder, is 
causedd by a deficiency of the enzyme glucocerebrosidase leading to 
accumulationn of glycolipids in macrophages (Gaucher cells) [11]. These 
cellss accumulate in the liver, spleen, and bone marrow. The most 
importantt clinical consequences are hepato-splenomegaly, pancytopenia, 
skeletall  disease, and bone marrow infiltration [1,3,10-14], Measurement 
off  the Gaucher cell burden in the axial skeleton in untreated patients 
mightt be used as a prognostic tool for bone complications, and may 
indicatee the need to start therapy. Since enzyme supplementation therapy 
forr Gaucher disease [15-17] is very expensive, monitoring 
therapy-responsee is mandatory to optimize individual dosage scheme [17]. 
Dixonn QCSI measured fat-fraction (FJ\ has been advocated as the best 
suitablee tool for this purpose [18]. 

Althoughh Ff is considered the state-of-the-art modality to monitor bone 
marroww infiltration, a problem with this technique is that it is not widely 
available;; special non standard MR sequences are needed, as are special 
post-processingg tools [19,20], In the following we propose an alternative 
forr the bone marrow fat-fraction that is widely available and easy to use. 
Onn plain Tl-weighted images, the bone marrow of untreated patients with 
Gaucherr disease shows a decrease in signal, because normal bone 
marroww fat is replaced by Gaucher cells [1] which has a low signal 
intensity.. This reduced Tl-weighted signal, however, cannot be used 
directlyy for bone marrow evaluation, since it depends on different 
amplificationn factors some of which are unknown. The inclusion of an 
internall  reference signal leading to a ratio between these two values may 
solvee this problem. We defined the Vertebra Disc Ratio (VDR) as the 
Tl-weightedd bone marrow signal divided by the signal of the healthy 
adjacentt intervertebral disc, and investigated whether this could be a 
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validd alternative to F, This was done by measuring the normal range for 
thee VDR, comparing this to the VDR in Gaucher disease, investigating 
whetherr the VDR is able to detect changes in response to therapy and 
calculatingg the correlation between the VDR and Ff, 

METHOD SS AND MATERIAL S 

PatientsPatients and Controls 
Thiss investigation was carried out at a University Hospital, which serves 
ass a national referral center for Gaucher disease [17]. Patients with 
Gaucherr disease visited the hospital roughly every year between 1993 and 
2001.. Patients were retrospectively included if 1) sagittal Tl - and T2-
weightedd images of the lumbar spine were available, 2) vertebral body L3 
wass intact, and 3) intervertebral disc L3/L4 was intact. Exclusion criteria 
were:: other bone marrow disorders, malignancies, radiotherapy, recent 
bleeding,, liver disease and renal impairment [21]. The Ff of the same 
patientt was included in this study if the image acquisition was performed 
withinn one day of the acquisition of the Tl-weighted images. We also 
registeredd whether or not a patient was under therapy. 
Ass controls served patients undergoing MR imaging of the lumbar spine in 
whomm no abnormalities in the vertebrae or intervertebral discs were 
found.. Control patients were retrospectively included under the same 
inclusionn and exclusion criteria as the Gaucher disease patients. 

DataData Acquisition and Processing 
Alll  conventional MR imaging was done on a 1.5T magnet (Vision, 
Siemens,, Erlangen, Germany), using a dedicated spine coil. Routine 
sagittall  Tl-weighted and T2-weighted spin echo images were acquired. 
Forr Tl-weighted imaging TE and TR ranged from 12-15 ms and 400-650 
mss respectively. The VDR was calculated from the vertebral body L3 in 
thee mid-sagittal Tl-weighted spin echo image of the lumbar spine, and 
thee intervertebral disc L3-L4 in the same image. 
Too exclude cortex from the measurement and to avoid partial volume 
averagingg the edge of the above mentioned structures was excluded as 
follows:: both vertebral body L3 and intervertebral disc L3/L4 were 
outlinedd manually using an image processing program (Photoshop 5.0, 
Adobe,, San Jose, California, USA), see figure 1 [22]. The Regions of 
Interestt (ROIs) thus obtained, were downsized towards the center by 
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15-25%% using erosion, which is a morphological image processing 

proceduree [23]. From these smaller, central ROIs the VDR was calculated 

ass the ratio of their average gray-values. 

Figur ee 1.These images 
aree from a Gaucher 
diseasee patient receiving 
treatment.. The left is from 
1997,, the right from 
2000.. The VDR's were 
1.200 and 1.95 
respectively.. In the right 
imagee the contours that 
weree used for calculation 
off  the VDR are shown. 

Forr Dixon QCSI imaging, in-phase and opposed-phase proton density 

weightedd spin echo sequences were performed with a TR of 2500 ms and 

aa TE of 22.3 ms [19]. The measurement acquisit ion slices were positioned 

coronally.. Post-processing and data analysis were performed us ing a 

previouslyy described algorithm [20]. To obtain one fat-fraction value for 

L3,, the pixel values were averaged over a user-defined ROI. This ROI was 

achievedd in a similar way as described above, by outl ining the cortex of L3 

andd then reducing the ROI's size. 

StatisticalStatistical analysis 

Alll  statistical analyses were performed on a Pent ium PC, us ing Microcal 

Originn v. 6.0, Northampton, Massachuset ts, USA. Differences between 

groupss and differences from zero were tested with Student 's t-test. 

Responsee of VDR under therapy was assessed by compar ing values from 

twoo adjacent years. To establ ish relations between quant i t ies (e.g.: VDR 

vs.. age, VDR vs. F)i we applied l inear fitting (a l inear fit  is a way to 

calculatee an assumed l inear relat ionship between two quanti t ies) and 

correlationn coefficients where appropriate. 
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Statisticall  significance was obtained when /7<0.05 or (equivalently) when 
95%% confidence interval (CI) did not overlap. 

RESULTS S 

PatientsPatients and Controls 
466 Gaucher disease patients were included (26 females, age range 19 -
71,, average 42.8 years), (20 males, age range 26 - 61, average 42.2 years). 
244 Patients were receiving therapy at inclusion, 13 patients started 
therapyy during this investigation and 9 patients remained untreated. 
Thee average number of VDR measurements per patient was 4.4, ranging 
fromm 1 to 7. These measurements spanned an average of 4.3 years, 
rangingg from 0 (only one measurement done) to 7 years. The total number 
off  VDR measurements was 204, the total number of simultaneously 
measuredd Fr s was 126. 
466 Control patients were included, 20 males (age range 6.2 - 71.4) and 26 
femaless (age range 2.8-71.3), with an average age of 39.9. A subgroup of 
333 control patients was selected which age-matched the Gaucher disease 
patientt group: the average age of the subgroup was 40.7, range 25.5-60.0. 

VDRVDR in controls 
Thee average VDR of all controls (N=46) was 1.90 (standard deviation (SD) 
0.30,, standard error of the mean (SEM) 0.04). The average VDR of the 
age-matchedd subgroup (N=33) also was 1.90 (SD 0.30, SEM 0.05). 
Ass the VDR is meant to serve as a longitudinal bone marrow follow-up 
tooll  and fat-fraction may increase with age [21,22], it was important to 
establishh whether or not an age dependency existed. We assumed the 
followingg linear relationship between the VDR and the AGE of all control 
patientss (N=46): 

VDRR = a+ b* AGE (years) 

andd the fitting procedure found the following optimal result for a (the 
intercept)) and b (the slope, which reflects the actual age dependency), 
withh the 95 % CI in brackets: 

a=a= 1.63 (1.52, 1.73) 

b=b= 0.007 (0.002, 0.011) 
Thee fit is visualized in figure 2. 
Sincee the 95% CI for the slope does not include zero, the age dependency 
iss significant. It is, however, small: 0.007 increase in VDR per year. 
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Comparingg this to the group standard deviation (SD 0.30, SEM 0.053) 
andd to the changes due to therapy (0.14 in the first year, see below), we 
foundd it justified to neglect the age dependency in the further analyses, 
evenn more so since we used an age matched subgroup. 
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Figur ee 2.The linear fit 
(dashedd line) between 
Vertebraa Disc Ratio and 
Agee for the controls 
(N=46). . 

VDRVDR in Gaucher disease patients 

Fromm all the available VDR-measurements at which the patient was not 
receivingg therapy the most recent one was selected to get one 
measurementt per patient (N=22, average age 40.2 years, range 28.8 -
59.33 years). The average VDR in this group was 1.29 (SD 0.31, SEM 
0.066).. This is significantly lower [p < 10"8) than the VDR values of the 
controll  patient group. 

Thee date at which therapy started was defined as T=0 for each patient 
individually.. The changes in VDR during therapy were calculated per 
year,, using only measurements that had a time interval of 0.9 to 1.1 year. 
Forr 33 patients we had at least 2 such measurements. The yearly 
changess are given in Table 1, showing a significant average increase in 
VDRR during the first four years of treatment of 0.10 to 0.14. From the 
fifthfifth  to the seventh year of treatment we see no significant change. 
Thee untreated Gaucher disease-patients (N=9) did not visit as regularly as 
thee treated patients and for these patients the method used to calculate 
changess in VDR, as described above, could not be used. 
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Tablee 1. Average yearly changes in Vertebra Disc Ratio (VDR) for patients 
receivingg therapy. The change reported is the change that happened the year 
before,, e,g. year 1 reports the change that occurred between start of therapy 
andd one year after. The change in VDR is given with the 95% confidence 
intervall  in brackets. The change is statistically tested against the normal age 
relatedd change; /rvalues marked with an asterisk are considered significant 

ktxO.05). . 

Treatmentt Duration N Change in VDR p 

11 year 

22 years 

33 years 

44 years 

55 years 

66 years 

77 years 

11 1 

12 2 

11 1 

13 3 

12 2 

7 7 

6 6 

0.14 4 

0.10 0 

0.12 2 

0.14 4 

0.09 9 

-0.04 4 

0.07 7 

(0.077 , 0.22) 

(0.044 , 0.17) 

(0.022 , 0.21) 

(0.055 , 0.23) 

(-0.011 , 0.18) 

(-0.188 , 0.11) 

(-0.044 , 0.18) 

*0.005 5 

*0.01 1 

*0.04 4 

*0.01 1 

0.13 3 

0.57 7 

0.32 2 

Forr eight unt reated pat ients we had more than one measurement, and we 

tookk the difference of the first and last available measurement, divided by 

thee t ime (in years) between the two measurements, to est imate the 

averagee change per year. The average time between the first and last 

measurementt was 2.6 years, ranging from 1 to 4 years. The result ing 

meann change in VDR per year was 0.03, with a 95% CI of (-0.08, 0.16). 

Thiss is in agreement with the age dependency found in the controls. 

Thee average VDR in treated Gaucher disease was calculated from 

measurementss at which a Gaucher disease pat ient had received an 

averagee of 7.5 years of t reatment (range 6-9 years); da ta were available for 

199 individuals. The average VDR was 1.70 (SD 0.33, SEM 0.076). While 

thiss is still significantly [p=  0.032) lower than the VDR values of the 

controll  group (1.90), it is also significantly higher ( / T=0 .0002) t han the 

VDRR in unt reated Gaucher disease (1.29). 
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VDRVDR versus Dixon QCSIfat-fraction 

AA total of 126 s imul taneously measured VDRs and F, 's were available. 

Assumingg the following l inear relat ionship between / y a nd VDR : 

FFff==  C+ d* VDR 

thee fitting algorithm found optimal values for the intercept c = -0.18 

(-0.24,, -0.13) and for the slope d = 0.32 (0.28, 0.35) with 9 5% CI in 

brackets,, both being significantly different from zero. This is visualized in 

figuree 3. The correlation coefficient R = 0.86 (0.72, 1.00) also was highly 

significantlyy different from zero [p < 0.0001). 

0.66 -

OO 0.4-

. 2 --

.0.0. . 

.. " t 

,22 1.6 2.0 

Vertebraa Disk Ratio 

Figur ee 3 The linear 
fitfit  (straight line) 
betweenn Fat-fraction 
andd Vertebra Disc 
Ratio,, with confidence 
limit ss (dotted) and 
predictionn limits 
(dashed). . 

Ass it was uncer ta in whether the relation between VDR and Ff was the 

samee for treated and unt rea ted pat ients, the fit and the correlation were 

repeatedd also for two subgroups: 1) for unt reated Gaucher disease 

pat ientss (1 value per patient) and for 2) treated Gaucher disease pat ients 

( 2 - 44 years of t reatment, preferably around 3 years of t reatment, 1 value 

perr patient). 

Completee results are given in table 2. The fitting coefficients do not differ 

significantlyy between the three sets of data, which can be told from the 

(partly)) overlapping 9 5% confidence intervals. 
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Tablee 2. Fit and correlation results for Vertebra Disc Ratio (VDR) and Fat-
fractionn (/J). The formula of the fit  is Fp c + d * VDR. Coefficients c and d and 
thee correlation R are given with their 95% confidence intervals. Results are 
givenn for patients receiving no therapy, patients having received two to four 
yearss of therapy, and all available simultaneously measured VDRs and Ff 's 

(withh multiple values per patient). 

Therapyy N c d Correlation P 

Noo 19 -0.08 0.24 0.77 <0.0001 
(-0.211 , 0,06) (0.15 , 0.34) (0.64 , 0.91) 

22 to 4 years 17 -0.15 0.30 0.85 <0.0001 
(-0.311 , 0.01) (0.20 , 0.39) (0.69 , 1.00) 

ALLL 126 -0.18 0.32 0.86 <0.0001 
(-0.244 ,-0.13) (0.28 , 0.35) (0.72 , 1.00) 

DISCUSSION N 

Bonee marrow infiltration is a serious clinical problem in Gaucher disease. 
Too quantify this infiltration, the fat-fraction measured with Dixon 
quantitativee chemical shift imaging (F) is state-of-the-art. However, an 
alternativee is needed in those places where patients with Gaucher disease 
aree treated, but Ff is not available. In this article it has been investigated 
whetherr or not the VDR is a valid alternative. 

AA normal range for the VDR has been established. The VDR is age 
dependent,, though the age-dependency is very small; therefore it was 
ignoredd for the evaluation of bone marrow in Gaucher disease. 
Thee VDR differs significantly between healthy bone marrow (controls) and 
bonee marrow from untreated patients with Gaucher disease. The yearly 
VDR-changess are significant during the first four years in treated 
Gaucherr disease patients. Although the average VDR in Gaucher disease 
patientss is still below normal after an average therapy duration of 7.5 
years,, it is much higher than the average VDR in untreated Gaucher 
diseasee patients. Even though no yearly changes are significant after 4 
yearss of treatment, this does not imply that no change occurs; it is more 
likelyy that the changes are too small to be detected with the given group 
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size.. We wil l have to wait and see whether the average VDR in Gaucher 
diseasee returns to normal after an even longer therapy duration. The VDR 
correlatess very well with Fr This correlation is the same in treated and 
untreatedd Gaucher disease. 

LimitationsLimitations of this study 

Thee normal value of the VDR has been calculated from a transverse 
cohort.. Therefore, it is unknown what the normal longitudinal variation 
is.. However, the use of the VDR is intended to be longitudinal. Its use in 
clinicall  practice will have to learn what normal longitudinal variations 
are. . 
Thee controls that were referred for MR imaging of the lumbar spine 
cannott be considered a healthy population, since MR of the lumbar spine 
wass requested. The "true" normal VDR might deviate from the one 
publishedd here. 

Inn this article, the VDR has been compared to Ff The VDR was subject to 

somee factors which potentially increased its variance: For Fp the imaging 
planee from which the data was calculated was chosen coronal to be as 
muchh parallel as possible to the coil, to reduce the effects of signal drop 
offf  caused by the surface coil. The data for the VDR were calculated from 
sagittall  planes. TE and TR were fixed for Fp for the VDR they varied. The 
FFff was calculated from the bone marrow alone; the VDR included the 
intervertebrall  disc. It is known that the water content of the disc is 
influencedd by age [24] and can even vary within a day [25,26]. This 
influencess the VDR, giving rise to non bone marrow related changes. 
Inn spite of these factors the VDR shows a very good correlation with Fp 

independentt of the treatment status of the patient. 

CONCLUSIONS S 
Wee conclude that the VDR is a very useful parameter for the radiological 
follow-upp of bone marrow of patients with Gaucher disease. Group effects 
cann be measured directly, for individual follow-up one has to bear in mind 
thatt the variations over time have not been measured in healthy controls. 
Withh the VDR, a tool has been made available that allows any center with 
aa 1.5 T MR scanner to do reliable bone marrow measurements in patients 
withh Gaucher disease; previously this was limited to centers being able to 
performm Dixon QCSI. This tool opens new doors for research: if images 
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havee been stored digitally, retrospective studies on Gaucher disease 

pat ientss are possible, as most lumbar spine imaging includes Tl-weighted 

images.. It is also allowed for compar isons between different centers. Even 

thoughh different centers wil l have different choices for TE and TR in 

Tl-weightedd images, this should not pose a problem as the VDR has not 

beenn defined with a very strict TE or TR. 

Forr individual patient follow-up the VDR can be used as another 

parameterr for monitoring therapy-response. 

FutureFuture applications 

Ass the correlation between j ^ a nd VDR was very good, and independent of 

thee t reatment -s ta tus of the pat ient, we expect applicability in other 

diffusee bone marrow diseases in which Ff has proven to be useful. These 

includee leukemia [5,27,28], aplast ic anemia [5], mal ignant lymphoma 

[29],, and myelofibrosis [29], Also, the follow-up of autologous blood s tem 

celll  t ransplantat ion [30] is possible. 

Ass proton MR spectroscopy and Ff both can be used to measure bone 

marroww fat-fractions, we also expect a potential use for the VDR in areas 

wheree fat-fractions measured with proton MR spectroscopy have proven 

theirr value: bone weakness and osteopenia [31,32], aplastic anemia [33], 

thee effects of chemotherapy [34], and even bone marrow changes in 

anorexiaa nervosa [35]. 
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