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ABSTRACT T 

Purpose: Purpose: 
Thee purpose of this work was to explore the reproducibility of fat-fraction 
measurementss using Dixon quantitative chemical shift imaging (QCSI) in 
thee lumbar spine (L3, L4, and L5) of healthy volunteers. 

Method: Method: 
Sixteenn healthy volunteers were examined at 1.5 T two times to obtain a 
repeatedd measurement in the same slice and a third time in three parallel 
slices.. Single slice, two point Dixon spin echo (TR/TE 2,500/22.3) 
sequencess were used, from which fat-fraction images were calculated. The 
fat-fractionn results are presented as averages over regions of interest, 
whichh were derived from the contours of the vertebrae. Reproducibility 
measuress related to repeated measurements on different days, slice 
position,, and contour drawing were calculated. 

Results: Results: 
Thee mean fat-fraction was 0.37 (SD 0.08). The SD due to repeated 
measurementt was small (o~R = 0.013 to 0.032), almost all of which can be 
explainedd by slice-(re)-positioning errors. 

Conclusion: Conclusion: 
Whenn used to evaluate the same person longitudinally in time, Dixon 
QCSII  fat-fraction measurement has an excellent reproducibility. It is a 
powerfull  non-invasive tool in the evaluation of bone marrow composition. 
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INTRODUCTION N 
Thee three major constituents of bone marrow in healthy individuals are 
mineralizedd osseous matrix, red cellular hematopoietic marrow, and 
yelloww fatty marrow [1]. Red and yellow marrow are interconvertible [2], 
andd normally they are in a dynamic balance that is age and gender 
dependentt [3,4], Disorders in this balance may occur following a number 
off  pathophysiologic mechanisms: reconversion of yellow into red marrow 
(e.g.,, anemia, myeloproliferative diseases), marrow infiltration or 
replacementt (e.g., neoplasm, infection, myelofibrosis, Gaucher disease), 
andd myeloid depletion of red marrow (aplastic anemia, radiation therapy, 
chemotherapy)) [1,5,6]. 
MRII  is sensitive to both the water and the fatty components in bone 
marrow.. Conventional qualitative MR images represent the sum of the 
signalss from water and fat. In case of a disturbed balance of red and 
yelloww marrow, the relative contribution of the fat signal to the total 
signal,, known as "fat-fraction", may be a useful diagnostic quantitative 
parameterr [7]. In Dixon quantitative chemical shift imaging (QCSI), based 
onn the phase contrast technique described by Dixon [8], the MR signal is 
separatedd into the individual contributions of fat and water [9], from 
whichh the Dixon QCSI fat-fraction ( Ff ) is calculated. Ff has been 
demonstratedd to be an excellent discriminator between healthy subjects, 
subjectss with aplastic anemia, and subjects with leukemia [9]; 
furthermore,, it has been shown to be useful in monitoring the extent of 
disease,, disease progression, and response to therapy in acute leukemia 
[10,11]]  and Gaucher disease [12,13]. 

Althoughh Dixon's principal idea was published back in 1984 [8], interest 
inn the method has never ceased. Among the more recent publications are 
applicationn of gradient echo instead of spin echo in the imaging of bone 
marroww [14], quantitative assessment of water fraction and T2 in bone 
marroww [15], and the use of Dixon imaging as a fat-suppression method 
inn hands and feet [16] and in children [17]. 
Relativelyy little, however, has been published about the reproducibility of 
Dixonn QCSI in vivo. Buxton et al. [18] described the influence of some 
technicall  parameters at 0.6 T. Gückel et al. [19] conducted a serial 
measurementt of gluteal muscle at 1.5 T. Rosen et al. [9] elaborated on the 
overalll  reproducibility of serial measurements as measured in three 
healthyy volunteers at 0.6 T. 
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Wee conducted the current study to explore the reproducibility issue for 
thee measurement of j^-in the vertebrae L3, L4, and L5 at 1.5 T in a group 
off  healthy volunteers in a clinical setting, that is, using exactly the same 
proceduress as used in patients. Our main research question was: What is 
thee reproducibility of Ff when repeating the measurement on a different 
day?? We also investigated the influence on the reproducibility of two 
operator-dependentt aspects of the method: (re-)positioning of the 
measurementt slice and determination of contours from which the regions 
off  interest (ROIS) were calculated. Furthermore, we evaluated the 
availablee Dixon QCSI data in literature, compared these with our results, 
andd evaluated the differences. 

MATERIALL & METHODS 

Subjects Subjects 

Forr the measurements, we used a group of 16 healthy volunteers (8 men: 
meann age 39 years, range 24-60 years; 8 women: mean age 38 years, 
rangee 26-55 years). There was no history of bone marrow pathology in 
thiss group. Approval of the local medical ethics committee was obtained, 
andd all volunteers gave their written informed consent. 

ExperimentalExperimental Procedures 
Everyy volunteer was examined on 3 different days. In two of the 
examinations,, a fat-fraction measurement was performed in the same 
singlee slice, referred to as measurements a and b; together they are called 
thee repeated measurement. The average interval of the two examinations 
wass 43 days (range 7-155 days, median 28 days). During a third 
examination,, fat-fraction measurements were performed in three parallel 
slices,, referred to as measurements c l , c2, and c3; together they are 
calledd the threefold measurement. All procedures took place at our 
institution,, and the MR examinations were performed on a 1.5 T 
Magnetomm 63SP/4000 later upgraded to a 1.5 T Magnetom Vision 
(Siemens,, Erlangen, Germany). Volunteers were examined either entirely 
onn the Magnetom SP (n = 9) or entirely on the Magnetom Vision (n = 7). 
AA Dixon fat-fraction measurement sequence consisted of two spin echo 
sequences.. The first one was a conventional spin echo sequence, in which 
thee signals from fat and water are in-phase. The second sequence was 
identicall  to the first one, except that the 180° inverting radio-frequency 
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pulsee was shifted by a t ime T, such that in the center of the readout 

gradientt (A; = 0), the signals of water and fat had opposed-phases 

[8,20,16].. The value of x depends on the field strength and on the 

frequencyy difference between fat (-CH2-) and water (H20), which is 

approximatelyy 3.4 ppm [21]. At 1.5 T, this corresponds with a value of i = 

1.155 ms. 

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

sequencess were performed with the following parameters: TR 2,500 ms, 

TEE 22.3 ms, slice th ickness 4 mm, matrix 256 x 256, NEX 1, FOV 350 x 

3500 mm, result ing in a pixel size of 1.37 x 1.37 mm. The sequences had a 

bandwidthh of 130 Hz/pixel. The acquisit ion time for one spin echo 

sequencee was 10 min 40 s and for a Dixon measurement sequence 

(in-phasee and opposed-phase) 21 min 20 s. Only single slice acquisit ion 

wass performed, with no presaturat ion slabs, to avoid errors due to 

cross-talkk and off-resonance effects [9]. Since presaturat ion s labs could 

nott be used, both the RF coil and the direction of the measurement slice 

hadd to be selected with care to avoid motion artifacts. 

a.. b . c l . c 2 . c 3 . 
Figuree 1. Mid-sagittal localizer images of volunteer v03. Measurement slices a 
andd b (repeated measurement) and cl, c2, and c3 (threefold measurement) are 
indicatedd on the images, and each slice is perpendicular to the localizer images. 
Measurementt slices should pass through the junction of the anterior three-
fourthss with the posterior one-fourth of vertebral body L4. Slight angulation 
fromm coronal toward transversal is allowed to also make the slices pass, as best 
onee can, through the posterior parts of L3 and L5. To improve the 
reproducibilityy of the slice positioning, previous localizer images always were 
consultedd for subsequent slice positioning in the same volunteer. 
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Wee used (para)-coronal slices, which were positioned on a mid-sagittal 
localizerr image, passing through the middle of the posterior parts of L3, 
L4,, and L5, as illustrated in Fig. 1. The distance between the slices of the 
threefoldd measurement was 3 or 4 mm, depending on the size of the 
vertebrae. . 
Onn the Magnetom SP, the body Helmholtz coil was used; on the 
Magnetomm Vision, we used the small flex coil, flattened out and placed 
underneathh the body along the spine. In this way, the intensity 
distributionn in the images as well as the signal-to-noise ratio of both 
coil-scannerr combinations were similar. We did not use a phased array 
coill  because our sequences could not provide useful phase images for 
phasedd array coils. 

Postprocessing Postprocessing 
Postprocessingg was performed on a Sun Sparc 20-51 workstation (Sun 
Microsystems,, Mountain View, CA, U.S.A.), The postprocessing steps 
necessaryy to obtain a fat-fraction image from the Dixon acquisitions are 
illustratedd in Fig. 2. In the in-phase image, the signals from water and fat 
aree added together (Fig. 2a). The information about the difference of the 
signalss is contained in the opposed-phase image (Fig. 2b) and the phase 
anglee of the acquired signals (Fig. 2c). Using an algorithm earlier 
describedd [16,22] a pixel-to-pixel, region-growing version of a method by 
Brixx et al. [23] we obtained water-only (Fig. 2e) and fat-only (Fig. 2f) 
images.. Due to the chemical shift displacement effect, there is a fat-water 
shiftt of 1.7 pixels in the readout (head-feet) direction. We corrected for 
thiss by shifting back the water-only image relative to the fat-only image by 
22 pixels. This correction removed almost all of the displacement artifacts 
inn the fat-fraction image (Fig. 2g), which would have been present 
otherwise.. The fat-fraction image was calculated using the following 
formula: : 
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Figuree 2 . Postprocessing of a Dixon sequence. Shown are the in-phase 
magni tudee image (a), opposed-phase magni tude image (b), and image of the 
phasee difference between in-phase and opposed-phase sequences (c). From (c), 
thee sign information (d) is obtained: In the lighter par ts, water signal > fat 
signal;; in the darker parts water signal < fat signal. Combining (a), (b) and (d), 
thee water image (e) and the fat image (f) are obtained. Parts (e) and (f) have been 
shiftedd two pixels in the vertical direction with respect to each other, so as to 
correctt for the chemical shift displacement. From (e) and (f), we calculate the 
fat-fractionn image (g). Also shown is the scale relating gray values in (g) to 
fat-fractionn numbers (h). Note: Postprocessing is done with rectangles of 64 x 
1288 pixels, as displayed here, containing L3, L4, and L5, which have been cut 
outt of the original 256 x 256 images. 
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Figuree 3. Determination of regions of interest. In the in-phase magnitude image 
(a),, the vertebrae are clearly distinguishable from their surroundings. 
Interactively,, with the help of a mouse, the contours of the vertebrae L3, L4, 
andd L5 are drawn (b). By applying three erosion operations to the interior region 
off  the contours, the regions of interest (c) are obtained. 

inn which F,-denotes the pixel values in the fat-fraction image, M.- the pixel 

valuess in the fat-only image, and M  ̂ the pixel values in the water-only 

image.. In this way, for every pixel, an Ft value was obtained, between 0 

(noo fat) and 1 (only fat, no water). 

Too obtain one fat-fraction value for each vertebra, we averaged the pixel 

valuess in an ROI. Figure 3 shows how these ROIS were obtained. In the 

in-phasee image, the contours of the vertebrae L3, L4, and L5 were 

manual lyy drawn, using a mouse. ROIs were calculated by applying three 

erosionss to the region enclosed by the contours (Fig. 3c). "Erosion" is an 

image-processingg procedure in which the edge pixels of a region are 

removedd [24]. In this way, the outer par ts of the vertebrae were excluded, 

whichh was done to avoid partial volume effects and sequelae of secondary 

bonyy change in degenerative disc disease [9,25]. ROIs with <100 pixels 

weree considered non-representat ive and were discarded. To assess the 

influencee of contour drawing on F, a second observer independent ly drew 

contourss in the images of measurement a. 
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Figuree 4. Data plot of the threefold 
measurement,, xaxis: mean Fr, 
/axis:: differences of measurement 
dataa with the individual means ( A/)). 
Squares:: measurement a; 
triangles:: measurement b; 
dashedd lines at  <$& 
SDD of all points; 
dottedd lines at  2<3R : 
95%% confidence intervals. 

Figuree 5. Data plot of the 
threefoldd measurement, ,raxis: 
meann Fk 
/axis:: differences of measurement 
dataa with the individual means 
(AF(AF ff). ). 
Squares:: measurement c l; 
triangles:: measurement c2; 
diamonds:: measurement c3; 
dashedd lines at  c,; 
dottedd lines at  2aA: 95% 
confidencee interval 

Inn the analysis of the repeated measurement, we assumed that a specific 

measuredd F. value was drawn from a normal distribution N( \i{.oR ), where 

thee average value u, is the true Ff value for that volunteer and the SD oR is 

thee error associated with repeating the measurement on a different day. 

GKK was taken as our measure for the reproducibility and was derived by 
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plottingg the data as described in Results (Fig. 4) similar to that previously 
describedd [26,27], In the same way, we derived o>, the SD associated with 
thee slice-repositioning error from the threefold measurement (Fig. 5), and 
ac,, the SD associated with interoperator contour drawing variability, from 
thee results of the two contours. All calculations were performed for the 
threee vertebrae separately. The significance of differences was tested with 
aa two sided paired ^test. Results were considered significant if p< 0,05, 

RESULTS S 
Alll  volunteers underwent the procedures without problems. Every 
examinationn was adequate. In one volunteer, there was a significant 
scoliosiss of the spine, which made it somewhat difficult to obtain a mid-
sagittall  localizer slice for accurate positioning of the measurement plane. 
Threee volunteers had a relatively large lordosis, causing the ROI of L5 in 
thee most anterior slice of the threefold measurement to be smaller than 
1000 pixels. Therefore, these data were discarded. The remaining ROIs had 
ann average (range) of 254 (153-343) pixels in the repeated measurement 
andd 242 (128-341) pixels in the threefold measurement. We observed no 
consistentt differences between the results from the two coil-scanner 
combinations. . 
Inn Fig. 4, we show the results of the repeated measurement: on the x axis, 
thee individual mean Rvalues of measurements a and b are plotted (as an 
estimatee of the "true" individual value \i}  and on the yaxis, the differences 
off  the Rvalues with these means (A/y). The SD in the /direction is 
oRR = 0.032 in L3, 0.020 in L4, and 0.013 in L5. We found no significant 
differencess between the Ff values of measurements a and b. The group 
averagedd F/{SD) values were 0.37 (0.08) in L3 and L4, and 0.38 (0.08) in 
L5. . 

Inn the same manner, the results of the threefold measurement are shown 
inn Fig 5. For the SDs, we find o> = 0.028 in L3, 0.023 in L4 and 0.015 in 
L5.. We found no significant differences between the Ff values of 
measurementss c l, c2, and c3. 

Theree were no significant differences between the results from the 
contourss from two operators, as performed in measurement a. 
Thee associated reproducibility measure, ac, was 0.003 in L3, 0.002 in L4, 
andd 0.002 in L5. 
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DISCUSSION N 
Dixonn QCSI is an established method for the characterization of various 
bonee marrow disorders [18,19,25]. It has been reported as a powerful 
non-invasivee tool for the quantitative analysis of bone marrow invasion 
[9-12,28],, and it is stated to be the most sensitive technique to evaluate 
bonee marrow response to the expensive enzyme supplementation therapy 
inn Gaucher disease [29]. In view of the small number of evaluation studies 
off  this method, we performed the present measurements to assess a 
numberr of reproducibility aspects in a group of healthy volunteers. We 
alsoo compare our results with the available literature data. 

Reproducibility Reproducibility 
Thee oR, the reproducibility of Ff, when the measurement is repeated on a 
differentt day, comprises many sources of error, among which are 
physiologicall  variabilities, machine instabilities, slice-positioning errors, 
andd contour drawing (ROI) variations. The two latter variables are 
operatorr dependent and therefore were analyzed in detail. 
Thee contribution of contour drawing to aR is very small. Since the a 
valuess are SDs, they add quadratically, and therefore the contribution of 
occ to oR is negligible. Apparently, the procedure for obtaining ROIs is very 
reproducible.. Slice positioning was performed on an (interpolated) 
localizerr image with an anteroposterior resolution of about 4 mm, and we 
doo not expect the positioning accuracy in the repeated measurement to be 
muchh smaller. In the threefold measurement, we deliberately varied the 
slicee position by 3-4 mm, which is comparable with the estimated 
positioningg variance. From the fact that aT and o~R are of the same 
magnitude,, we conclude that the contribution of the error due to slice 
(re)-positioningg to öR is considerable. Paying attention to accurately 
repositioningg the measurement slice is of crucial importance to the 
reproducibility;; a localizer image with a higher resolution is likely to give 
improvement. . 

Wee did not analyze in detail the physiological variability, instabilities in 
thee equipment, and other causes for error and variations that may 
contributee to öR. However, oR is the upper limit ; whatever the effect of the 
physiologicall  variability on this measurement, it could never have been 
largerr than aR. Since we have seen already, that slice positioning can 
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explainn the larger part of aH, these other influences can be of only minor 
importance. . 
Ann interesting observation from the a values and Figs. 4 and 5 is that 
bothh in the repeated measurement (aR) as well as in the threefold 
measurementt (o~T), L3 has the worst reproducibility. When reviewing the 
images,, there appeared to be more artifacts in L3, probably owing to 
respirationn or blood flow in vessels, causing artifacts in the phase 
directionn (left-right). 

ComparisonComparison with literature data on healthy volunteers 
Wee found only one study in the literature that included repeated 
measurementss with Dixon QCSI in the lumbar vertebrae: Rosen et al. [9] 
reportt fat-fraction measurements at 0.6 T in three volunteers, repeated 
twoo or three times, giving a total of only seven measurements. 
Recalculationn of their data using our analysis method yields aR = 0.023, 
whichh is comparable to the results of our study: aR = 0.013 to 0.032. 
Dixonn QCSI fat-fractions of healthy volunteers without repetition of 
measurementss are reported more frequently: Table 1 lists our data 
togetherr with data from the literature with Rvalues ranging from 0.29 to 
0.48.. To understand the apparent differences between the various 
studies,, the methodological and physiological factors that might affect the 
measuredd Rvalues should be considered. 
Thee most important methodological factors that vary in these studies are 
TR,, the field strength, and whether relaxation correction is applied. Water 
Tll  is considerably longer than fat T l , so Tl-weighting causes a stronger 
reductionn of the water signal than of the fat signal, and therefore a 
shorterr TR will lead to a higher measured Ft This might explain the high 
Rvaluess found previously [19,25,28], for these authors used the shortest 
TRR (1,200 ms); their mutual differences are small compared with the 
reportedd SDs. At a lower field strength, Tl relaxation is faster, and hence 
thee measured /y will be lower. By explicitly applying relaxation correction, 
whichh implies performing Tl- , T2- and proton density-weighted Dixon 
sequences,, one is insensitive to TR, TE and B^. 
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TABLEE 1. Average fat-fraction values of healthy volunteers, measurement parameters, 
agee and gender 

Ref. . 

This s 

study y 

21 1 

19 9 

25 5 

28 8 

12(9) ) 

*RCC = 

BB0 0 

<T) ) 

1.5 5 

1.5 5 

1.5 5 

1.5 5 

1.5 5 

0.6 6 

relaxatio o 

RC* * 

No o 

No o 

No o 

No o 

No o 

Yes s 

TR/TE E 

(ms) ) 

2 ,500/ / 

22.3 3 

2 , 0 0 0 / 22 2 

1,200/22 2 

1,200/22 2 

1,200/22 2 

nn corretion 

n n 

16 6 

3 3 

9 9 

10 0 

17 7 

6 6 

Gender r 

8M,, 8F 

1M,, 2F 

? ? 

? ? 

? ? 

Age e 

(yrs) ) 

24-60 0 

18-21 1 

19-49 9 

12-49 9 

18-52 2 

21-47 7 

Vertebrae e 

L3-5 5 

L4-5 5 

L4-5 5 

L3-5 5 

L3-5 5 

L2-5 5 

fi fi 

0.37 7 

0.33 3 

0.48 8 

0.41 1 

0.44 4 

0.29 9 

SD D 

0.09 9 

0.04 4 

0.10 0 

0.13 3 

? ? 

0.06 6 

Inn fact, this corresponds to a proton density-weighted sequence with TR 
->> °° and TE -> 0, and the resulting Ff will be lower than without 
relaxationn correction. This explains the low Ff value at 0.6 T reported in 
Tablee 1. Disadvantages of relaxation correction, however, are increasing 
imagingg time and performing additional calculations, which often cause 
problemss [9,10]. 
Importantt physiological factors known to influence Ffare age and gender. 
Ishijimaa et al. [4[ reported fat-fractions in females slowly increasing with 
agee from 5 to 44 years and rapidly increasing in women older than 45 
years;; for males, a rapid increase of fat-fraction in the age group of 5-25 
yearss with virtually no increase above 25 years was reported. The low Ff 

valuess reported previously [18] might be explained by their very young 
volunteers.. The relations we find (Fig. 6) are in accordance with those 
reportedd by Ishijima et al. [4], with no correlation of Ff with age in the 
malee group (ages 24-60 years) and a strong correlation in the female 
groupp (ages 26-55 years). 
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Figuree 6. F, in relation to age and 
gender:: data from measurement a. 
Squares:: L3; triangles: L4; 
diamonds:: L5. Correlation 
coefficientss for L3, L4, and L5 in 
men:: r=  0.32, 0.09, and 0.04; in 
women:: r=  0.91, 0.95, and 0.96. 

ClinicalClinical Implications 

Thee GR (0.013-0.032) we found is quite small compared with the influence 
off  pathology on Fr&s found in the literature. The reported changes in Ff 

valuess due to various hematologic pathologies as well as Gaucher disease 
rangee from 0.19 to 0.35 [10,12,25,28]. Furthermore, oR is three to four 
timess as small as the SD of/J-in our population: 0.08. 

Ourr results support the use of this technique as a non-invasive 
parameterr in various hematologic or other bone marrow pathologies as a 
parameterr of response to therapy or as a detector of relapse of disease. 
Thee use of fast or turbo spin echo may shorten the imaging time [30]. 
Thiss has been explored, however, only for fat-suppression purposes; there 
iss no experience yet with its use in QCSI. 
Onee must remain careful in comparing results between studies and 
centers.. It seems necessary to set up a database of normal population 
withh age/gender values specific for the MR parameters used and the 
propertiess of the sequences used in every institution that wishes to 
implementt this technology. Furthermore, every patient who will be 
studiedd repeatedly in time should be scanned with all technical 
parameterss kept constant. 
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CONCLUSIONS S 

Dixonn QCSI fat-fraction measurement, when repeated on different days, 
h ass a very good reproducibility: oR = 0,013 (in L5) to 0.032 (in L3). aR is 
quitee small compared with the changes due to pathology as found in 
l i terature.. Differences in the fat-fraction between various vertebrae in the 
samee volunteer are very small. 

Thee contr ibut ion of contour drawing variat ions to the reproducibil i ty is 
negligible.. The slice- reposit ioning error, however, is of some importance. 
Thee use of a high resolution localizer image seems to be advisable. 
Takingg into account the influence of age, gender, and technical factors on 
thee fat-fraction, our fat-fractions are in accordance with the l i terature, as 
aree the age and gender dependencies we found. However, one must be 
carefull  when comparing fat-fraction values between centers. 
Thee most valuable application of Dixon QCSI fat-fraction measurements 
inn the lumbar vertebrae is in following the same person longitudinally in 
t ime,, keeping all technical parameters constant. In that case, one profits 
mostt from the good reproducibil ity; pathologic variat ions as well as the 
effectss of t reatment are most likely to show. The inclusion of this method 
inn research protocols concerning red bone marrow involvement or marrow 
character izat ionn is therefore highly recommended. Its potential in the 
clinicall  evaluation of bone marrow pathology is a subject of ongoing 
study. . 

ACKNOWLEDGEMENT T 

Thee au thors thank Carla E.M. Hollak M.D., Ph.D., and J o h a n n es M.F.G. 
Aerts,, Ph.D., for their support in execut ing this study. 

R E F E R E N C E S S 

1.. Vogler JB III , Murphy WA. Bone marrow imaging. Radiology 1988; 
168:679-693. . 

2.. Weiss L. Cell and Tissue Biology. 6th Ed. Baltimore: Urban & Schwarzenberg, 
1988;; 469-478. 

3.. Cristy M. Active bone marrow distribution as a function of age in humans. 
Physs Med Biol 1981; 26:389-400. 

4.. Ishijima H, Ishizaka H, Horikoshi H, Sakurai M. Water fraction of lumbar 
vertebrall  bone marrow estimated from chemical shift misregistration on MR 
imaging:: normal variations with age and sex. AJR 1996; 167:355-358. 

-- 35 -



Chapterr 2 

5.. Lecouvet FE, Vande Berg BC, Michaux L, et al. Stage III mult iple myeloma: 

clinicall  and prognostic value of spinal bone marrow MR imaging. Radiology 

1998;; 209:653-660. 

6.. Steiner RM, Mitchell DG, Rao VM, et al. Magnetic resonance imaging of bone 

marrow:: diagnostic value in diffuse hematologic disorders. Magnetic 

Resonancee Quarterly 1990; 6:17-34. 

7.. Smith SR, Williams CE, Davies JM, Edwards RHT. Bone marrow disorders: 

characterizat ionn with quant i tat ive MR imaging. Radiology 1989; 172:805-810. 

8.. Dixon WT. Simple proton spectroscopic imaging. Radiology 1984; 

153:189-194. . 

9.. Rosen BR, Fleming DM, Kushner DC, et al. Hematologic bone marrow 

disorders:: quanti tat ive chemical shift MR imaging. Radiology 1988; 

169:799-804. . 

10.. Gerard EL, Ferry JA, Amrein PC, et al. Compositional changes in vertebral 

bonee marrow dur ing t reatment of acute leukemia: assessment with 

quanti tat ivee chemical shift imaging. Radiology 1992; 183:39-46, 

11.. Gückel F, Brix G, Semmler W, et al. Proton chemical shift imaging of bone 

marroww for monitoring therapy in leukemia. J Comput Assist Tomogr 1990; 

14:945-959. . 

12.. Johnson LA, Hoppel BE, Gerard EL, et al. Quanti tat ive chemical shift imaging 

off  vertebral bone marrow in pat ients with Gaucher disease. Radiology 1992; 

182:451-455. . 

13.. Maas M, Akkerman EM, Hollak CEM, Rademakers RP. Evaluation of skeletal 

involvementt in M. Gaucher: Use of quanti tat ive chemical shift imaging (QCSI). 

Eurr Radiol 1997; 7 Supplement :206. 

14.. Disler DG, McCauley TR, Ratner LM, Kesack CD, Cooper JA. In-phase and 

out-of-phasee MR imaging of bone marrow: prediction of neoplasia based on 

thee detection of coexistent fat and water. AJR 1997; 169:1439-1447. 

15.. Ballon D, Jakubowski AA, Tul ipano PK, et al. Quantitat ive assessment of 

bonee marrow hematopoiesis us ing parametr ic magnetic resonance imaging. 

Magnn Reson Med 1998; 39:789-800. 

16.. Maas M, Dijkstra PF, Akkerman EM. Uniform fat-suppression in h a n ds and 

feett through the use of two point Dixon chemical shift imaging. Radiology 

1999;; 210:189-193. 

17.. Sargent MA, Poskitt KJ, Xiang QS, An L. Application of a three-point method 

forr water-fat MR imaging in chi ldren. Pediatr Radiol 1999; 29:444-448. 

18.. Buxton RB, Wismer GL, Brady TJ, Rosen BR. Quanti tat ive proton chemical 

shiftt imaging. Magn Reson Med 1986; 3:881-900. 

- 3 66 -



Reproduc ib i l i tyy QCSI i n h e a l t hy v o l u n t e e rs 

19.. Gückel F, Brix G, Semmler W, et al. Systemic bone marrow disorders: 

character isat ionn with proton chemical shift imaging. J Comput Assist Tomogr 

1990;; 14:633-642. 

20.. Lee JKT, Dixon WT, Ling D, Levitt RG, Murphy jr . WA. Fatty infiltration of the 

liver:: demonstrat ion by proton spectroscopic imaging. Radiology 1984; 

153:195-201. . 

21.. Brix G, Heiland S, Belleman ME, Koch T, Lorenz WJ. MR imaging of 

fat-containingg t issues: validation of two quanti tat ive imaging techniques in 

comparisonn with localized proton spectroscopy. Magn Reson Imaging 1993; 

11:977-991. . 

22.. Akkerman EM, Maas M. A region-growing algorithm to s imul taneously remove 

dephasingg influences and separate fat and water in two-point Dixon imaging. 

In:: Proceedings of the Society for Magnetic Resonance in Medicine and the 

Europeann Society for Magnetic Resonance in Medicine and Biology 1995; 649. 

23.. Brix G, Schad LR, Lorenz WJ. 'H-spectroscopic imaging using a modified 

Dixonn method. Magn Reson Imaging 1988; 6:617-622, 

24.. Gonzalez RC, Woods RE. Digital Image Processing. Addison Wesley, 1992; 

518-524. . 

25.. Kauczor HU, Brix G, Dietl B, Jarosch K, Knopp MV, van Kaick G. Bone 

marroww after autologous blood stem cell t ransplantat ion and total body 

irradiation:: magnetic resonance and chemical shift imaging. Magn Reson 

Imagingg 1993; 11:965-975. 

26.. Altman DG. Practical Stat ist ics for Medical Research. 1st ed. London UK, 

Chapmann & Hall 1991, repr int 1997. 

27.. Bland JM, Altman DG. Statistical methods for assessing agreement between 

twoo methods of clinical measurement. Lancet 1986; Feb:307-310. 

28.. Kauczor HU, Dietl B, Brix G, Jarosch K, Knopp MV, van Kaick G. Fatty 

replacementt of bone marrow after radiation therapy for Hodgkin disease: 

quantif icationn with chemical shift imaging. JMRI 1993; 3:575-580. 

29.. Rosenthal Dl, Doppelt SH, Mankin HJ, et al. Enzyme replacement therapy for 

G a u c h err d i s e a s e: ske le tal r e s p o n s es to m a c r o p h a g e - t a r g e t ed 

glucocerebrosidase.. Pediatrics 1995; 96:629-637. 

30.. Hardy PA, Hinks RS, Tkach JA. Separat ion of fat and water in fast spin-echo 

MRII  imaging with the three-point Dixon technique. JMRI 1995; 5:181-185. 

-- 37 -



$ÊtöËfëtëÊ%' $ÊtöËfëtëÊ%' 


