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Abstract

Objective: To evaluate spin-lattice (T1) and spin-

spin (T2) relaxation times as well as apparent dif-

fusion coefficients (ADCs) of the fat and water 

components in the vertebral bone marrow (vBM) 

of patients with benign and malignant lesions. 

Methods: 44 patients were examined at 1.5 T: (1) 

24 osteoporotic vertebral fractures (15 women, 9 

men, median age: 73, range: 48–86 years) and (2) 

20 malignant vertebral infiltrations (9 women, 11 

men, median age: 60, range: 25–87). Relaxation 

times were determined separately for the water 

and the fat component using a saturation-recovery 

technique for T1 and measurements with variable 

echo time for T2. ADCs were determined with a 

diffusion-weighted (DW) echo-planar imaging 

(EPI) and a single-shot turbo-spin-echo (ssTSE) 

sequence. 

Results: T1 of the water component and ADCs 

were significantly increased in the lesions com-

pared with normal-appearing vBM (malignant: 

1252 vs. 828 ms, osteoporotic: 1315 vs. 872 ms). 

ADCs determined with the DW-ssTSE were signif-

icantly increased compared with the DW-EPI. 

ADCs determined with the DW-ssTSE differed 

significantly between osteoporotic and malignant 

lesions (1.74 vs. 1.35×10-3 mm²/s). 

Conclusions: All parameters exhibit significant 

differences between normal-appearing vBM and 

the lesions. However, only the ADCs determined 

with the DW-ssTSE differed significantly between 

osteoporotic fractures and malignant lesions 

potentially allowing for a differential diagnosis of 

these two entities. 
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Introduction 

Magnetic resonance imaging (MRI) plays an integral 

role in the detection and characterisation of bone 

marrow lesions. The evaluation of pathological fea-

tures of vertebral bone marrow (vBM) with MRI is 

performed using standard T1- or T2-weighted and 

short-tau inversion-recovery (STIR) sequences. 

The signal characteristics of vBM are mainly domi-

nated by the distribution pattern of its constituents, 

namely yellow and red marrow [1]. Yellow marrow 

mainly consists of fat, while red marrow consists of 

comparable amounts of fat and water. Image 

contrast in MRI depends on the relaxation 

characteristics and in diffusion-weighted (DW) 

sequences also on the diffusion coefficients of the 

underlying tissue. These characteristics are known 

to be different for protons in water and fat. Fat 

exhibits a very efficient spin-lattice relaxation 

resulting in a short T1 relaxation time [2] and a 

relatively long T2 relaxation time [3]. T1 of the water 

component is relatively long compared to the fat 

component, while T2 is shorter [4]. The diffusivity, 

measured in terms of the apparent diffusion 

coefficient (ADC), of fat protons is almost negligible 

while it is very high in water. Bulk T1 and T2 

relaxation times [5-7] and ADCs [8-12] of vBM were 

determined in various studies, reflecting average 

parameters of both components without permitting 

them to be separated. Only few studies separately 

determined the parameters for the fat and water 

components in normal vBM as well as in 

pathological conditions [13-15]. 

Benign (osteoporosis) or malignant (tumor or 

metastasis) causes of acute vertebral collapse are 

often difficult to differentiate. An accurate diagnosis 

is important for appropriate treatment and 

prognosis. Studies based on signal intensities in 

STIR or non-contrast-enhanced and contrast-

enhanced T1-weighted images as well as on 

morphological characteristics of the lesions [16-22] 

have been performed, yielding promising results 

with accuracies up to 95%. However, these results 

are based on qualitative criteria, depending on the 

sequence setup and the experience of the reader.  

Since both pathologies are expected to change the 

tissue physiology differently, quantitative imaging 

might therefore be able to differentiate between 

benign and malignant lesions and overcome the 

limitations of qualitative criteria. T2 [14, 23, 24], T1 

[14, 23], and especially the ADC [25-31] were 

evaluated in this context.  

The purpose of the present study was the separate 

measurement of ADC,T1, and T2 of the fat and water 

components. Measurements were performed in 

patients with normal-appearing vBM as well as with 

benign and malignant vertebral lesions in order to 

analyse the effects of various pathological processes 

on the physical properties of the bone-marrow 

components. 

Materials and Methods 

Patients 

After internal review-board approval and informed 

consent had been received 44 patients were exam-

ined. Patients were divided into groups according to 

the cause of the acute vertebral fracture. Group 1 

consisted of 24 benign fractures in 24 patients with 

osteoporosis (15 women and 9 men, median age: 73 

years, range: 48–86 years). The presence of a tu-

mour in these patients was ruled out by follow-up 

MR examinations or multidetector computed-

tomography (CT) examinations. Group 2 consisted of 

20 malignant infiltrations in 20 patients (9 women 

and 11 men, median age: 60 years, range: 25–87 

years) accompanied by pathological fractures in 12 

of these 20 cases. Primary neoplasms included mul-

tiple myeloma (n=7), breast cancer (n=5), adenocar-

cinoma (n=3), ovarian cancer (n=1), hypopharyngeal 

cancer (n=1), thyroid carcinoma (n=1), bladder can-

cer (n=1) and non-seminoma (n=1). The diagnoses 

were confirmed with histopathological examination 

of specimens obtained during surgery, CT-guided 

biopsy, or follow-up MR examinations. Patients 

without an acute bone-marrow oedema in fracture 

sites were excluded. 

Magnetic Resonance Imaging 

Measurements were performed on a 1.5-Tesla 

whole-body system (MAGNETOM Avanto, Siemens 

Healthcare, Erlangen, Germany) using a quadrature 

spine surface coil. T1-weighted (TR/TE, 531/12 ms), 

STIR (TR/TE/TI, 3790/61/180 ms) and T2-weighted 

(TR/TE, 4420/118 ms) turbo-spin-echo images of 21 

sagittal slices with a slice thickness of 3.0 mm were 

acquired using a 44×44 cm² field of view (FOV) and 

a matrix size of 384×384 and used for lesion locali-

sation and proper slice positioning in the following 

measurements. 

A sagittal slice centred on the lesion with a slice 

thickness of 5.0 mm and a FOV of 30×22 cm² was 

selected. First, ADCs were determined with a fat-

saturated diffusion-weighting single-shot turbo-spin-
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echo (DW-ssTSE) sequence (TR/TE, 3000/72 ms) 

with 4 different b-values (b=100, 250, 400, 

600 s/mm2) and matrix size: 128×92, flip angle: 180° 

for the refocusing pulses, and a bandwidth of 

735 Hz/pixel. Diffusion gradients were applied in all 

three physical gradient directions simultaneously to 

achieve a maximum gradient amplitude and diffu-

sion weighting. Because of the low signal of the 

bone marrow in DWI, ten averages were taken in 

order to improve the signal-to-noise ratio (SNR). 

Second, a fat-saturated diffusion-weighted echo-

planar imaging (DW-EPI) sequence (TR/TE, 

3000/87 ms, b=50, 300, 600 s/mm-2) was performed 

with a matrix size of 192×144 and a bandwidth of 

965 Hz/pixel. The diffusion signals were averaged 

over 5 repeated acquisitions and 3 orthogonal gradi-

ent directions. In both measurements, the b-value 

was varied by a change of the diffusion-gradient 

amplitude keeping the gradient duration constant. 

T1 of the water and fat component were determined 

with a saturation-recovery (SR) half-Fourier-

acquisition single-shot turbo-spin-echo (HASTE) 

sequence (saturation times TI=5, 50, 100, 200, 400, 

800, 1600, 3200 ms) preceded by either a fat- or 

water-saturation pulse, respectively. T2 was meas-

ured using a HASTE sequence with varying echo 

times (TE=14, 28, 69, 99, 130, 170 ms) preceded by 

either a fat- or water-saturation pulse, respectively. 

The matrix size was 128×92 pixels and the band-

width 735 Hz/pixel. TE was fixed to 14 ms for the T1 

measurements and TR was fixed to 2500 ms for the 

T2 measurements with variable TE. In both cases, 2 

averages were acquired for each TI or TE. 

Post-processing 

The data was post-processed offline on a personal 

computer using in-house-built software PMI 0.4 

[32]. 

Parameters were determined in patients with benign 

and malignant lesions. In the case of T1 and T2, 

values of water and fat were measured separately. 

The diffusivity of the fat component is negligible 

(ADCfat<0.1×10-3 mm2/s) [13] and was not measured.  

Vertebrae were classified as normal or abnormal-

appearing according to their appearance on T1-

weighted and STIR images by the consensus deci-

sion of two experienced radiologists (A.B., G.S.). An 

acute fracture was defined as a hyperintense region 

on the STIR images. Old fractures (without any signs 

of vBM oedema, i.e. hyperintensity on the STIR im-

age) or diffusely infiltrated vertebrae (manifested as 

a homogeneous signal reduction on unenhanced T1-

weighted images) were excluded. 

ROIs for T1 quantification were selected manually in 

the lesions on the fat-saturated image with the long-

est saturation time and in the normal-appearing ver-

tebrae on the water-saturated image with the long-

est saturation time, providing the best contrast be-

tween vertebral bodies and intervertebral discs. T1 

was calculated fitting signal intensities of the ROIs 

for varying TI to a monoexponential saturation-

recovery model [33]. The ROIs from the T1 quantifi-

cation were used for T2 quantification and corrected 

manually if necessary. T2 was quantified, fitting sig-

nal intensities for varying TE to a monoexponential 

decay model [34].  

For ADC quantification, the same ROIs were used 

and corrected manually according to their appear-

ance on the image with the lowest diffusion 

weighting. Signal intensities for varying b-values 

were fitted to a monoexponential decay model using 

a least-squares algorithm to determine ADCs [35]. 

In addition, parameter maps were calculated by de-

termining the value of each parameter on a voxel 

basis. 

Statistical Evaluation 

Mean values and standard deviations of the parame-

ters for both types of lesions and for normal-

appearing vBM were determined. To compare nor-

mal-appearing vBM and lesions within one patient 

group, a paired two-tailed t-test was performed. To 

compare parameters in normal-appearing vBM and 

lesions between both patient groups, an unpaired 

two-tailed t-test was performed. 

In each patient, the intrapatient variability (IPV) of 

each parameter was calculated. It was defined as the 

standard deviation of a parameter over all normal-

appearing vertebrae per patient (evaluating one ROI 

for each vertebra). The values were normalised to 

the mean value in normal-appearing vBM of the cor-

responding patient. The ratio between the mean 

value in normal-appearing vBM and the lesion was 

calculated. 

Correlations between T1, T2, and ADC measure-

ments were assessed using Pearson’s product-

momentum correlation coefficient and its signifi-

cance was determined using a one-tailed paired t-

test. 

Accuracies, specificities, and sensitivities of the pa-

rameters for the detection of malignant lesions (to 

be differentiated from osteoporotic (benign) lesions) 
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were calculated. As a cut-off value, the parameter 

yielding the highest accuracy was chosen. To ana-

lyse whether a combined classification based on two 

parameters increases the accuracy, Fisher’s linear 

discriminant analysis was performed. 

Results 

Parameter maps for each parameter were calculated 

and exemplary images are shown in Figs. 1 and 2. 

For the subsequent statistical analysis, the parame-

ters were determined on a ROI basis. In total, 12 

pathological fractures, 8 malignant infiltrations (tu-

mour or metastasis), and 24 osteoporotic fractures 

were evaluated. Additionally, 68 ROIs in normal-

appearing vBM in patients with malignant lesions 

and 147 ROIs in patients with benign lesions were 

evaluated. In 6 patients with a malignant lesion, all 

vertebrae showed signs of diffuse infiltration and 

hence a determination of values in normal-appearing 

vBM was not possible. T1 and T2 relaxation times of 

the fat component could not be determined in the 

lesions, as the water-saturated signal was too low 

because of a negligible fat fraction. In two patients 

with malignant lesions, the T2-values of water could 

not be evaluated because of poor image quality. In 

one patient with a malignant lesion, the DW-EPI 

sequence could not be evaluated because of poor 

image quality. Exemplary fits of the ROI data to the 

different models for ADC, T1, and T2 quantification 

are shown in Figs. 3 and 4. 

 

 

 

Figure 1: (a) T1-weighted TSE and (b) STIR images of a patient with an osteoporotic fracture in T7 and the corre-
sponding parameter maps of the ADC determined with (c) the DW-ssTSE and (d) the DW-EPI sequence as well as 
the (e) T1 water, (f) T1 fat, (g) T2 water and (h) T2 fat are shown.  
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Figure 2: The same images as in Fig. 1, but for a patient with a malignant lesion in L5. 

 

 

 

Table 1: Summary of T1, T2, and ADC values in normal-appearing vBM and in lesions of patients with malignant 
infiltrations or benign osteoporotic fractures. The mean values are shown together with the standard deviations in 
parentheses 

 Parameter T1 [ms] T2 [ms] ADC [10
–3

 mm²/s] 
Tissue  Water fat water fat DW-ssTSE DW-EPI 

Normal-appearing vBM 

Malignant (n=147) 878 (177) 386 (144) 99 (26) 146 (30) 0.62 (0.22) 0.35 (0.17) 

Osteoporotic (n=68) 872 (129) 324 (81) 88 (16) 163 (32) 0.58 (0.17) 0.31 (0.15) 

Pathological condition 

Malignant (n=24) 1252 (157) -- 107 (26) -- 1.35 (0.41) 1.06 (0.19) 

Osteoporotic (n=20) 1315 (163) -- 122 (25) -- 1.74 (0.25) 1.17 (0.37) 
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Figure 3: Reference images and the corresponding fits to the signal models for the ROI data. (a) Fit to saturation 
recovery model, reference image corresponds to the fat-saturated image with TI = 3200 ms; (b) fit to the monoexpo-
nential decay model as a function of TE, the reference image corresponds to the fat-saturated image with 
TE = 14 ms.  

 

Table 2: Summary of p-values of paired and unpaired t-tests for comparisons of ADCs as well as T1 and T2 relaxa-
tion times in water. For comparison between normal-appearing vBM and fractures, a paired t-test and in the case of 
osteoporotic vs. malignant parameters an unpaired t-test was performed. Significant differences (p < 0.05) are de-
noted by bold figures. 

 Parameter 
ADC(DW-ssTSE) ADC(DW-EPI) T1 water T2 water 

t-tests  
Normal-appearing vBM vs. lesion 

Osteoporotic (n=20) <0.0001 <0.0001 <0.0001 <0.0001 

Malignant (n=24) <0.0001 <0.0001 <0.0001 0.17 

Osteoporotic vs. malignant 

Normal vBM (n=147 vs. 68) 0.63 0.33 0.91 0.15 

Lesion (n=24 vs. 20) 0.0008 0.21 0.20 0.055 
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Figure 4: Fits to the monoexponential decay model as a function of the b-value for (a) DW-EPI, the reference image 
with b = 50 s/mm², and (b) DW-ssTSE, the reference image with b = 100 s/mm².  

 

 

 

Table 3: Mean values of the intra-patient variabilities (IPV) of the parameters in normal-appearing bone marrow and 
of the ratios between the values in the lesion and normal-appearing vBM (Lesion/Normal). The variabilities are given 
as the percentage of the mean value (standard deviations in parentheses). For the ratios, a significant difference 
(p < 0.05) from the hypothesis Lesion/Normal = 1 is denoted by bold figures. 

Parameter ADC(DW-ssTSE) ADC(DW-EPI) T1 water T2 water T1 fat T2 fat 
 IPV [%] 

malignant 15.2 (8.4) 35.1 (23.2) 10.5 (9.3) 11.3 (8.6) 24.8 (20.3) 11.4 (0.6) 
osteoporotic 21.0 (13.6) 29.7 (16.0) 11.0 (4.5) 9.6 (5.1) 16.5 (10.2) 9.7 (4.0) 

 Lesion/Normal 
malignant 2.43 (0.67) 3.57 (1.44) 1.43 (0.19) 1.16 (0.32) -- -- 

osteoporotic 3.03 (0.62) 4.25 (1.61) 1.52 (0.23) 1.39 (0.23) -- -- 
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Figure 5: Box plots summarising the values of the ADCs determined with the DW-ssTSE (upper left) and the DW-EPI 
(upper right) and the T1- (lower left) and the T2-values (lower right) of the water component. Shown are the values 
in normal-appearing vBM and in the lesions of patients with osteoporosis and patients with malignant lesions. 

 

 

The results for the different parameters are summa-

rised in the box-plots in Fig. 5. The values in nor-

mal-appearing vBM and in the lesions of patients 

with osteoporotic or malignant lesions are shown 

separately. The mean values and standard deviations 

corresponding to theses plots are summarised in 

Table 1. In addition, the values of the relaxation 

times of the fat component in normal-appearing 

vBM are shown. 

Except for the T1 and T2 values of the fat compo-

nent, which could not be determined in the frac-

tures, the p-values of the comparisons of each pa-

rameter between the different subgroups are sum-

marised in Table 2. Significant differences between 

normal-appearing vBM and the lesions were found 

in both patient groups for each of the measured pa-

rameters (p < 0.01), except for T2 of water between 

normal-appearing vBM in patients with osteoporosis 

and malignant lesions (p = 0.17). Comparing normal-

appearing vBM of both patient groups, no significant 

differences for any of the parameters were found. In 

the case of the fractures, only the ADCs determined 

with the DW-ssTSE differed significantly (p < 0.001). 

The T2 of water exhibited almost significant differ-

ences between benign and malignant fractures 

(p = 0.055).  

In addition to the analysis of the parameters for the 

whole patient collective, the intra-patient variabili-

ties of each parameter were calculated and are 

summarised in Table 3. The smallest IPVs (of about 

10 %) were found for the T1 and T2 relaxation times 

in water and for the T2 relaxation times in fat. The 

highest IPV was found for the ADCs determined with 

the DW-EPI sequence in normal-appearing vBM of 

patients with malignant lesions (35.1 %).  
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Table 4: Summary of Pearson’s product-moment correlation coefficients among the different parameters for the 
different subgroups. Significant correlations (p < 0.05) are denoted by bold figures. 

Pearson’s Product-Moment 
Correlation Coefficient 

Normal-appearing vBM Lesion 
Osteoporosis Malignant Osteoporosis Malignant 

ADC(DW-ssTSE) vs. ADC(DW-EPI) 0.66 0.43 0.26 0.76 
T1 vs. T2 0.18 0.01 0.49 0.52 

T1 vs. ADC(DW-ssTSE) 0.51  0.79  0.20  0.31  
T2 vs. ADC(DW-ssTSE) 0.25  0.19  –0.11  0.34  

T1 vs. ADC(DW-EPI) 0.73 0.35 0.53 0.28 
T2 vs. ADC(DW-EPI) 0.30 0.20 0.41 0.36 

 

 

Table 5: Sensitivities, specificities, accuracies, positive predictive values (PPV), and negative predictive values (NPV) 
of the different parameters with respect to the diagnosis of a malignant lesion  

Parameter Cut-off Sensitivity Specificity Accuracy 

ADC(DW-ssTSE) 
[10

–3
 mm²/s] 

1.49 0.65 (13/20) 0.88 (21/24) 0.77 

ADC(DW-EPI) 
[10

–3
 mm²/s] 

1.12 0.68 (13/19) 0.65 (15/23) 0.67 

T1-water [ms] 1262 0.6 (12/20) 0.75 (18/24) 0.68 
T2-water [ms] 114 0.78 (14/18) 0.67 (16/24) 0.71 

ADC(DW-ssTSE) 
& T2-water 

1.29/119* 0.78 (14/18) 0.96 (23/24) 0.88 

*cut-off in the combined case corresponds to point on the linear discriminant. All points fulfilling the condition: –
 tan(31°) (T2-water – 119 ms)/(103 ms) + (ADC – 1.29×10

-3
 mm²/s)/(1.34×10

-3
 mm²/s) < 0 are classified as malignant.  

103 ms and 1.34×10
-3

mm²/s correspond to the difference between maximum and minimum of T2 and ADC values in 
the lesions and were used for normalisation of the data. 31° is the angle between the linear discriminant and the 
ADC axis.  
 

Furthermore, the parameter ratio between normal-

appearing vBM and the lesion were calculated for 

each patient and parameter. The mean values and 

standard deviations of these ratios are summarised 

in Fehler! Verweisquelle konnte nicht gefunden 

werden.3. The ratios differed significantly from 1 

(p < 0.001) except for the T2 relaxation time in pa-

tients with malignant lesions (p = 0.077). The high-

est separation was found for the ADCs measured 

with the DW-EPI (malignant: 3.57 and osteoporotic: 

4.25) and the DW-ssTSE (malignant: 2.43 and osteo-

porotic: 3.03). 

Possible correlations among the different parame-

ters were evaluated and the results of the Pearson’s 

product-moment correlation coefficient among the 

different parameters in the different subgroups are 

summarised in Table 4. Significant correlations 

(p < 0.05) were found between the ADCs determined 

with the DW-ssTSE and DW-EPI sequence in nor-

mal-appearing vBM of patients with osteoporosis 

and in malignant lesions, between T1 and T2 of wa-

ter in osteoporotic and malignant lesions, T1 of wa-

ter and DW-ssTSE ADCs in osteoporotic and malig-

nant normal-appearing vBM, and between DW-EPI 

ADCs in osteoporotic normal-appearing vBM and 

osteoporotic fractures. 

Finally, the specificities and sensitivities of the dif-

ferent parameters for the differentiation between 

osteoporotic and malignant lesions were analysed; 

the results are summarised in Table 5. The highest 

accuracy of 77 % was found for the ADC deter-

mined with the DW-ssTSE sequence. For a cut-off 

value of 1.49×10–3 mm²/s, a sensitivity of 65% and a 

specificity of 88% were found. For the other param-

eters, the accuracies were found to be smaller. Fish-

er’s linear discriminant analysis showed that for a 

combined classification based on T2 and DW-ssTSE 

ADC the accuracy could be increased to 88%, cor-

responding to a sensitivity of 78% and a specificity 

of 96%. The linear discriminant corresponds to a 

rotation of the x-axis (corresponding to the ADC) by 

31° as shown in Fig. 6. All other combinations of 

measured parameters did not increase the accuracy 

compared with the evaluation of the DW-ssTSE ADC 

alone. 
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Figure 6: Scatterplots of the ADC(ssTSE) vs. T2. In the upper figure, the separation between malignant and benign 
lesions based on the ADC is shown. The white area corresponds to a classification as malignant fractures. In the 
lower plot, the linear discriminant for a classification based on T2 and ADC is shown as the black line. The cut-off 
separating the grey and white areas corresponds to the intersection of the grey border with the linear discriminant.  
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Discussion  

Historically, relaxation times as well as apparent 

diffusion coefficients of vBM were determined as 

bulk values, representing a mixture of fat and water. 

Since the values in fat and water show substantial 

differences when determining bulk values in differ-

ent patients and pathological conditions, differences 

might not only be related to a change in the physical 

parameter but also to a change in the tissue compo-

sition. A separate determination of relaxation times 

and ADCs for both components might avoid this 

misinterpretation. 

T1 relaxation 

T1 of water and fat protons have only been meas-

ured in a few studies. Our values for T1 of the water 

component in normal-appearing vBM of 872 ms in 

patients with osteoporosis and of 878 ms in patients 

with malignant infiltration agree with the measure-

ments of Träber et al. at 1.5T [14]. The T1 values of 

the fat component (386 and 324 ms) are somewhat 

higher than those of 260–290 ms obtained in 

[14,15]. The standard deviations and the IPV of T1 in 

fat are relatively large, possibly caused by partially 

insufficient water suppression in the present study. 

Träber et al. performed a spectroscopic measure-

ment, which does not suffer from any imperfect 

suppression effects. Gold et al. [15] used a spectral-

spatial excitation pulse. 

It was shown by Sugimura et al. [23] at 0.15T that 

bulk T1 of malignant metastatic lesions was longer 

than that of non-neoplastic. Träber et al. at 1.5T re-

ported an increase in T1 of water of 16% in malig-

nant lesions compared with normal vBM [14]. We 

found an increase of 43% in malignant lesions com-

pared with normal-appearing vBM in the same pa-

tient, possibly explained by the higher ratio of free 

to fixed water in tumours. Ito et al. [36] found a posi-

tive correlation between the BMD and T1 of water at 

1.5T. Conversely, Träber et al. found no significant 

differences between normal-appearing vBM of pa-

tients with and without osteoporosis. This agrees 

with our results, showing no significant differences 

between T1 in normal-appearing vBM of patients 

with osteoporosis and those with malignant lesions. 

Here, for the first time, the T1 of water in osteopo-

rotic fractures was determined. It was found to be 

increased by 52%; possibly, the free water in the 

bone marrow oedema is responsible for this in-

crease. 

T2 relaxation 

T2 of water in vBM has previously been measured 

only by Träber et al.. Our values of 88 ms in normal-

appearing vBM of patients with osteoporosis and 

99 ms in patients with malignant lesions are about 

30 % higher. T2 of fat in vBM was determined by 

Gold et al. as 166 ms agreeing well with our values 

in normal-appearing vBM of 163 ms in patients with 

osteoporosis and 146 ms in patients with malignant 

lesions. The values reported by Träber et al. of about 

70 ms are 50% smaller than our results. Interesting-

ly, the T2 values of fat measured by Gold et al. 

agree, while the T1 values of fat disagree with our 

results although the same technique of fat suppres-

sion was applied in both cases [15].  

In malignant lesions, an increase of 16% of T2 was 

found compared with normal-appearing vBM. These 

differences were not significant, contrary to the find-

ings of Träber et al. reporting a significant differ-

ence (p < 0.002). T2 in osteoporotic fractures have 

not been determined before. A significant increase 

of 39% was found, possibly caused by a reduction of 

local magnetic field gradients caused by the destruc-

tion of the trabecular structure. 

Apparent diffusion coefficients 

Typical ADCs in the literature vary from 0.2 to 

0.5×10-3 mm²/s [37]. The general variability can be 

explained by the different pulse sequences and dif-

fusion weightings used. The most important differ-

ence is the application of fat saturation; typical val-

ues with fat saturation are in the range of 0.3 to 

0.5×10-3 mm²/s. Our ADCs obtained with the DW-

ssTSE and DW-EPI differ significantly. The SNR of 

the DW-ssTSE sequence at higher b-values was 

higher than that of the DW-EPI sequence. Thus, the 

signal attenuation of the DW-EPI sequence is under-

estimated yielding lower estimates for the ADCs. 

Furthermore, the DW-EPI images suffered from 

gross geometrical image distortions, caused by sus-

ceptibility heterogeneities. Because of these limita-

tions, the DW-ssTSE appears to be the preferable 

sequence in the vertebral column. 

In the lesions, the ADCs are substantially increased 

compared with normal-appearing vBM. The effect of 

the underestimation of ADCs is more important in 

normal-appearing vBM, thus the ratios between le-

sion and normal-appearing vBM are higher for the 

DW-EPI sequence. 
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Lesion differentiation 

We investigated the potential of the various 

parameters determined in this study for the 

differentiation. The only parameter that provided a 

significant difference was the ADC, which is in 

agreement with previous studies [25-27, 30, 31, 38, 

39]. However, an overlap between the two groups 

exists and, therefore, the sensitivity (65 %) and the 

specificity (88 %) are not high enough to replace 

the usual diagnosis based on the histological 

validation. An improvement of the diagnostic 

accuracy compared with each of the evaluated 

parameters alone was possible when ADC and T2 

were combined. Using the linear discriminant based 

on T2 and ADC, we obtained a sensitivity of 78% 

and a specificity of 96%. This value is lower than 

the values reported based on the differentiation 

based on qualitative criteria [16-22], which might 

partially be explained by the relatively low number 

of patients included in the present study. However, 

quantitative parameters might provide additional 

information epsecially in the cases were the cause of 

the fracture is not apparent on conventional MR 

imaging. The combination of qualitative and 

quantitative criteria might provide the best 

differentiation in these cases. 

Non-quantitative diffusion-weighted imaging has 

also been successfully applied for lesion 

differentiation using diffusion-weighted steady-state 

free-precession (DW-SSFP) sequences [40-45]. The 

signal of the DW-SSFP sequence is a very complex 

function of the ADCs and the relaxation times [46]. 

The exact contrast mechanism resulting in the 

excellent lesion differentiation is not yet fully 

understood. The parameters quantified in the 

present study might be important input parameters 

for a better understanding of the different signal 

behaviour of the DW-SSFP sequence. 

Conclusion 

For the first time, vertebral T1 and T2 relaxation 

times of the fat and water components and ADCs 

were measured in patients presenting with vertebral 

lesions. All parameters exhibit significant 

differences between normal-appearing vBM and the 

lesions. However, only the ADCs determined with a 

DW-ssTSE technique showed significant differences 

between osteoporotic fractures and malignant 

lesions and might be helpful for the differential 

diagnosis of these two entities. 
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