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Abstract

The purpose of this study was to evaluate the fea-

sibility of a centric-reordered modified RARE se-

quence (mRARE) for single-shot diffusion-

weighted magnetic resonance imaging (DWI) of 

soft-tissue tumors in the musculoskeletal system. 

In evaluation of this sequence, DWI was per-

formed in a liquid phantom, in excised human tu-

mor samples embedded in bovine muscle, and in 9 

patients suffering from different types of soft-

tissue tumors. The measurements were compared 

to DWI using a spin-echo sequence and a single-

shot EPI sequence. The phantom measurements in 

water and dimethyl sulfoxide showed a difference 

of less than 5 % comparing the ADCs determined 

by the mRARE sequence and the two other tech-

niques. Comparing mRARE and EPI, the differ-

ences in the ADC were about 10 % in the excised 

tumor tissue and typically about 15 % in vivo. 

ADCs between 0.8 and 1.4×10-3 mm2/s depending 

on the tumor type were found in solid tumor tis-

sue; in cystic tumor areas, ADCs greater than 

2.0×10-3 mm2/s were determined with the mRARE 

and the EPI sequence. Diffusion-weighted images 

of the mRARE sequence were less distorted than 

those acquired with the single-shot EPI sequence 

and provided more anatomic information since 

muscle and fat signals were considerably higher. 
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Introduction 

Diffusion-weighted magnetic resonance imaging 

(DWI) in vivo reflects the microscopic stochastic 

Brownian motion of water molecules in the tissue. In 

recent years, DWI has been established as valuable 

diagnostic tool. Two of its most important clinical 

applications are the early detection of ischemic le-

sions in the brain [1–3] and the tracking of white 

matter fibers using diffusion tensor imaging (DTI) 

[4–6]. Other clinical applications include characteri-

zation of multiple sclerosis lesions, abscesses, and 

tumors of the brain [7–10]. DWI has also been per-

formed outside the brain, e.g. in the abdominal or-

gans (liver, kidneys, ovaries) [11–14] and in various 

musculoskeletal structures such as muscle, synovial 

fluid, intervertebral discs, tumor tissue, and bone 

marrow [15–28]. Several of these studies indicate 

that DWI may be useful for the differentiation be-

tween benign and malignant lesions [11, 21, 23, 25, 

26], between viable and necrotic tumor regions [29], 

or between tumor recurrences and post-therapeutic 

soft-tissue changes [19]. Diffusion coefficients of 

malignant tumors or tumor recurrences have been 

found to be significantly lower than those of benign 

masses, necrotic tumor tissue, or post-therapeutic 

changes, probably due to the more densely packed 

tumorous cells in malignant tumors that restrict the 

water diffusion [11, 19, 21, 23, 29]. These findings 

explain the motivation to further optimize DWI in the 

musculoskeletal system and thus to provide a tech-

nique that can contribute to the differentiation of 

malignant and benign tumors. 

Several types of magnetic resonance (MR) pulse 

sequences can be modified for DWI by inserting 

additional diffusion-sensitizing gradients. In the 

presence of molecular motion, these gradients 

dephase the nuclear spins and thus attenuate the 

image intensity depending on the diffusion coeffi-

cient D [30]. Whereas diffusion-sensitized single-

shot spin-echo echo planar imaging (EPI) sequences 

are now regarded as the standard approach for DWI 

and DTI of the brain, no such agreement exists with 

respect to DWI outside the brain. Several alternative 

techniques for DWI of musculoskeletal structures 

have been applied, including spin echo (SE) or stim-

ulated echo sequences with navigator echo motion 

correction [17, 21], line scan imaging techniques 

[27], MR sequences with radial k-space acquisition 

[18], steady-state free precession (SSFP) sequences 

[23], segmented (i.e., multi-shot) EPI sequences [22], 

and single-shot sequences based on the acquisition 

of a series of spin echoes such as turbo spin echo 

(TSE) methods [25, 26]. This last group appears es-

pecially promising for robust DWI examinations in 

clinical routine because these sequences are less 

motion-sensitive due to the single-shot approach and 

at the same time the acquisition of multiple spin 

echoes is less sensitive to susceptibility artifacts than 

the EPI readout. Therefore, it can be expected that 

the two main limiting factors of DWI outside the 

brain, image quality and acquisition time, can be 

overcome using single-shot TSE sequences. 

The purpose of this study was to evaluate the fea-

sibility of a single-shot multi spin echo sequence for 

DWI of soft-tissue tumors in the musculoskeletal 

system by measuring apparent diffusion coefficients 

(ADCs) in a liquid phantom and in soft-tissue tumors 

in vitro and in vivo, by calculating the reproducibility 

of the determined ADCs, and by comparing the re-

sults to measurements with SE and EPI sequences. 

Materials and methods 

The diffusion-weighting single-shot multi spin echo 

sequence evaluated in this study is a centric-

reordered RARE (rapid acquisition with relaxation 

enhancement) [31] version of the diffusion-weighting 

“displaced U-FLARE” sequence suggested by Norris 

et al. in 1992 [32, 33]. The sequence has been called 

“displaced” because only echoes of even parity are 

acquired by means of an additional gradient imme-

diately before the readout gradient. This is done 

because the equal RF spacing of the conventional 

RARE sequence had to be abandoned in order to 

insert the diffusion-sensitizing gradients; hence, the 

Carr-Purcell-Meiboom-Gill (CPMG) condition is not 

longer fulfilled and echoes of even and odd parity 

may cancel each other. In this work, we use the term 

“modified RARE” (mRARE) to refer to this pulse se-

quence. When the minimum possible TE is chosen, 

the sequence starts with 4 dummy cycles to reduce 

intensity variations between consecutive echoes; 

increasing the TE increases the number of dummy 

cycles while the k-space sampling remains centric 

reordered. Diffusion weighting is achieved by two 

pairs of bipolar gradients with two 180° pulses fol-

lowing gradient lobe 1 and 3, similar to the scheme 

suggested by Reese et al. [34]. 

This diffusion-weighting mRARE sequence was 

evaluated in three steps: (1) in phantom measure-

ments, (2) in measurements of excised tumor and 

muscle tissue in vitro, and (3) in patient measure-

ments. In steps 1 and 2 we compared the sequence 
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with a diffusion-weighting SE sequence representing 

the standard method for diffusion measurements in 

vitro and with an EPI diffusion sequence as the 

standard method for measurements in vivo. Initial 

experiments with the SE sequence (without naviga-

tor motion correction) in vivo showed a very high 

level of motion artifacts resulting in images of non-

diagnostic quality in most slices. Because of the high 

motion sensitivity and the long acquisition duration, 

the SE sequence was not applied in the patient 

measurements. 

All measurements were performed on 1.5 T 

whole-body MR systems, either a Magnetom Sonata 

Maestro Class (Siemens, Erlangen, Germany) with 

high-performance gradients (maximum gradient 

amplitude 40 mT/m, maximum gradient slope 

200 mT/m/ms) or a Magnetom Symphony Maestro 

Class (Siemens, Erlangen, Germany) with Quantum 

gradients (maximum gradient amplitude 30 mT/m, 

maximum gradient slope 100 mT/m/ms). 

Phantom measurements 

The phantom consisted of 4 glass cylinders (diame-

ter 68 mm) with liquids of different diffusivities: wa-

ter, acetone, polyethylene glycol (PEG), and dimethyl 

sulfoxide (DMSO). The phantom was measured in 

the Sonata scanner using two flexible phased-array 

surface coils positioned below and on top of the 

phantom. All diffusion measurements were per-

formed at room temperature (24 °C) with diffusion 

weightings (b-values) of 50, 250, 500, and 

750 s/mm2 applied in read-out, phase-encoding, and 

slice direction. All images were acquired with a 

128×96 matrix (read × phase) and a corresponding 

rectangular field of view (FOV) of 280×210 mm2 in 

the coronal plane (isotropic in-plane resolution: 

2.2×2.2 mm2); the slice thickness was 5 mm and 3 

slices were acquired in each acquisition. All other 

sequence parameters of the SE, EPI, and mRARE 

sequence are listed in Table 1. Averaging was per-

formed on magnitude data for both single-shot se-

quences to avoid image artifacts due to motion-

induced phase variations. 

In order to evaluate the reproducibility of the 

measurements all data were acquired 4 times on two 

different days, thus enabling us to assess a combina-

tion of short-term and long-term stability of the 

measured diffusion parameters. Using linear regres-

sion analysis we calculated the ADCs in large circu-

lar regions of interest (ROIs) in all 4 test liquids to-

gether with the standard deviation of the ADC (de-

scribing how well the signal attenuation in each ROI 

agrees with the expected exponential decay for in-

creasing diffusion weighting). These values were 

compared between the different pulse sequences. To 

assess the stability of the measurements, we calcu-

lated the standard deviation of the four repetitions 

and normalized it to the mean value of the ADC. We 

defined the reproducibility of a measurement to be 

the difference of this quotient to 1, i.e.  

1 – (std. dev. / mean value). In the case of perfect 

reproducibility, i.e., identical ADCs in all repetitions, 

this definition gives a result of 100 %. The reproduc-

ibility is 0 if the standard deviation equals the mean 

value of the ADC, and, in theory, the reproducibility 

might become less than zero for very large standard 

deviations. Finally, the SNR of the sequences was 

determined in the water cylinder for all three diffu-

sion directions and a b-value of 50 s/mm2 by the 

difference image method suggested by Firbank et al. 

[35]. 

Measurements of excised tumor tissue and muscle 

We embedded formalin-fixated excised tumor tissue 

of four different human soft-tissue tumors within 

thick slices of bovine muscle to provide an environ-

ment similar to the original tumor location. The tu-

mors were histologically confirmed to be liposarco-

mas of grade1 (sample 1) and grade 3 (sample 3), a 

high-grade pleomorphic sarcoma (sample 2), and a 

carcinosarcoma (sample 4). Diffusion-weighted MRI 

was performed on these samples with the same 

pulse sequences as described for the phantom 

measurements in the previous section; however, only 

one diffusion direction (readout direction) was as-

sessed using the spin-echo EPI sequence. The FOV 

of all sequences was adapted to the smaller sample 

size by setting it to 160×120 mm2 (isotropic in-plane 

resolution: 1.25×1.25 mm2). The samples were ex-

amined at the Sonata scanner in a dedicated wrist 

coil providing a good fill factor. ADCs and their 

standard deviations were calculated for ROIs posi-

tioned within the tumor samples and within homo-

geneous muscle tissue. The diffusion anisotropy was 

estimated from the measurements in three orthogo-

nal directions by determining the ratio of the largest 

and the smallest ADC. 

Patient measurements 

9 patients with histologically confirmed soft-tissue 

tumors of the extremities (Table 4) were examined 

with diffusion-weighted imaging in addition to the 

standard clinical routine examination. All patients 

gave informed consent to participate in the study, 

which had local Ethics Committee approval. 
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The diffusion-weighted single-shot mRARE se-

quence and the single-shot spin-echo EPI sequence 

described above were applied in all patients with 

diffusion-weightings of 50, 250, 500, and 750 s/mm2 

in read-out direction. FOV and slice positioning as 

well as the receiver coil system were adapted to the 

different locations of the pathologies. Of the 9 pa-

tients, three (patients 1, 5, and 7) were examined on 

the Symphony scanner, the other six on the Sonata 

scanner. ADCs were determined as ADC maps and 

additionally measured in small homogeneous areas 

of viable tumor tissue showing strong contrast en-

hancement and, if present, in necrotic/cystic areas 

without contrast enhancement on T1-weighted SE 

images post Gd-DTPA application; if the SNR was 

sufficiently high, the ADC of muscle was calculated 

as well. 

Results 

Phantom measurements 

The ADCs determined in the phantom are summa-

rized in Table 2. Averaged over all three diffusion 

directions, the diffusion coefficient in water was 

2.206×10-3 mm2/s for the SE sequence,  

2.294×10-3 mm2/s for the mRARE sequence, and 

2.243×10-3 mm2/s for the EPI sequence. Thus, the 

diffusivity determined using the mRARE sequence 

differed by about 3.1 % from the average diffusion 

coefficient of the SE and EPI sequence. For acetone 

the difference between the mRARE sequence and the 

two other sequences was 15 %, for PEG 20 %, and 

for DMSO 5.4 %. The error of the linear regression 

varied between 0.2 % and 5 % for all measurements 

except for the determination of the diffusivity in ace-

tone with errors up to 60 %. 

The reproducibility varied between 92.6 % and 

99.6 % for the measurements in water, PEG, and 

DMSO, and between 44.2 % and 98.2 % in acetone, 

as shown in Table 2. Averaging all measurements in 

water, PEG, and DMSO, the mean reproducibility 

was 97.9 % for the SE sequence, 96.6 % for the 

mRARE sequence, and 98.3 % for the EPI sequence. 

The SNR of the water signal applying a b-value of 

50 s/mm2 is also given in Table 2. Averaging the 

signal-to-noise ratios over all 3 diffusion directions, 

we determined an SNR of 98 for the SE sequence, of 

266 for the mRARE sequence, and of 137 for the EPI 

sequence. 

Figure 1 shows image examples from all three 

sequences as well as quantitative ADC maps calcu-

lated from the diffusion-weighted images. There are 

no visible geometric distortions in the SE and mRA-

RE images in contrast to the EPI sequence in which 

the DMSO and the water cylinders appear to overlap 

and the acetone cylinder is displaced in direction of 

the image border. Ghosting artifacts are visible in 

the mRARE and the EPI results, especially in the 

ADC maps. Although not visible in the images shown 

here, motion artifacts occurred in some of the spin 

echo images depending on the diffusion direction 

(image intensity propagated outside the phantom in 

phase-encoding direction). 

The measurement time for 3 slices and 4 b-values 

was 384 s for the SE sequence (without averaging), 

120 s for the mRARE sequence (10 averages), and 

36 s for the EPI sequence (2 averages). 

 

Table 1. Sequence parameters. 

 SE EPI mRARE 

TR (ms) 1000 3000 3000 

TE (ms) 64 92 111 

BW (Hz/pixel) 130 1345 260 

Averages 1 2 10 

Flip angle (refocusing) 180° – 150°

Matrix 128×96 (read×phase) 

b-values (s/mm
2
) 50, 250, 500, 750 
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Figure 1. Image examples of phantom diffusion measurements. Row A: spin echo sequence, row B: single-shot 

multiple spin-echo sequence, row C: EPI sequence. Column 1…4: diffusion-weighted images with b-values 50, 250, 

500, and 750 s/mm
2
, column 5: ADC maps, scaled from 0 to 2.5×10

-3
 mm

2
/s. The phantom contains four liquids: PEG 

(at the top) and (clock-wise) DMSO, water, and acetone. In the center of the phantom is a fat phantom that is visible 

only on the spin echo images. 

 

Table 2. Comparison of diffusion measurements in test liquids. 

 SE SE SE mRARE mRARE mRARE EPI EPI EPI 

 Read Phase Slice Read Phase Slice Read Phase Slice 

ADC
a
  

H2O 

2.218 

(0.006) 

2.146 

(0.008) 

2.255 

(0.005) 

2.360 

(0.038) 

2.238 

(0.072) 

2.285 

(0.062) 

2.227 

(0.005) 

2.216 

(0.003) 

2.285 

(0.004) 

ADC
a
 

Acetone 

3.218 

(0.456) 

1.126 

(0.656) 

2.965 

(0.530) 

4.268 

(0.333) 

2.159 

(0.747) 

3.872 

(0.367) 

3.547 

(0.348) 

3.617 

(0.365) 

3.514 

(0.385) 

ADC
a
 

PEG 

0.259 

(0.007) 

0.253 

(0.008) 

0.256 

(0.005) 

0.387 

(0.011) 

0.363 

(0.013) 

0.359 

(0.009) 

0.337 

(0.002) 

0.378 

(0.004) 

0.370 

(0.005) 

ADC
a
 

DMSO 

0.738 

(0.016) 

0.727 

(0.03) 

0.717 

(0.026) 

0.738 

(0.022) 

0.643 

(0.034) 

0.709 

(0.036) 

0.719 

(0.001) 

0.720 

(0.003) 

0.798 

(0.002) 

Repr
b
 

H2O 

98.2 % 98.3 % 98.7 % 98.6 % 95.4 % 96.9 % 98.9 % 99.0 % 98.6 % 

Repr
b
 

Acetone 

91.4 % 44.2 % 78.9 % 78.2 % 69.5 % 81.2 % 97.4 % 98.2 % 97.5 % 

Repr
b
 

PEG 

97.9 % 99.2 % 98.3 % 98.6 % 98.4 % 95.2 % 98.8 % 96.7 % 98.8 % 

Repr
b
 

DMSO 

99.6 % 94.2 % 96.3 % 97.9 % 92.6 % 95.9 % 98.6 % 98.0 % 97.7 % 

SNR
c
  

H2O 

77 114 103 258 250 291 136 140 135 

a
 ADCs (and their errors) in units of 10

-3
 mm

2
/s averaged over all 4 repetitions of measurements; 

b
 Reproducibility (1 – standard deviation / mean value) with respect to the 4 repetitions; 

c
 Signal-to-noise ratio in H2O with b-value of 50 s/mm

2
. 
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Table 3. Comparison of diffusion measurements in excised tumor tissue and muscle. 

Sample Tissue SE SE SE mRARE mRARE mRARE EPI 

  Read Phase Slice Read Phase Slice Read 

1 muscle 0.910 

(0.015) 

0.874 

(0.012) 

1.186 

(0.010) 

0.908 

(0.020) 

1.022 

(0.028) 

1.166 

(0.018) 

0.915 

(0.007) 

 liposarcoma, 

grade 1 

0.087 

(0.001) 

0.066 

(0.004) 

0.088 

(0.004) 

0.204 

(0.012) 

0.244 

(0.153) 

0.382 

(0.007) 

0.381 

(0.028) 

2 muscle 0.931 

(0.004) 

0.892 

(0.008) 

1.206 

(0.023) 

0.925 

(0.014) 

0.999 

(0.021) 

1.196 

(0.014) 

0.936 

(0.003) 

 high-grade 

pleomorphic 

sarcoma 

0.647 

(0.004) 

0.550 

(0.011) 

0.564 

(0.018) 

0.698 

(0.012) 

0.698 

(0.004) 

0.631 

(0.017) 

0.617 

(0.009) 

3 muscle 0.948 

(0.015) 

0.982 

(0.012) 

1.223 

(0.010) 

1.068 

(0.020) 

1.126 

(0.011) 

1.259 

(0.021) 

1.045 

(0.009) 

 liposarcoma, 

grade 3 

0.494 

(0.021) 

0.519 

(0.015) 

0.539 

(0.011) 

0.591 

(0.019) 

0.632 

(0.008) 

0.598 

(0.017) 

0.554 

(0.012) 

4 muscle 1.039 

(0.010) 

1.015 

(0.009) 

1.205 

(0.008) 

1.076 

(0.021) 

1.159 

(0.015) 

1.226 

(0.025) 

1.074 

(0.013) 

 carcinosarcoma 0.601 

(0.014) 

0.586 

(0.014) 

0.621 

(0.008) 

0.677 

(0.020) 

0.718 

(0.015) 

0.703 

(0.020) 

0.648 

(0.010) 

ADCs (and their errors) in units of 10
-3

 mm
2
/s. 

 

Measurements of excised tumor tissue and muscle 

ADCs determined in excised and fixated tumor tissue 

and in muscle tissue are summarized in Table 3. The 

deviation of the ADC in muscle measured by the 

mRARE sequence from the average ADC of the SE 

and EPI sequence (all in readout direction) was 

0.5 % in sample 1, 0.8 % in sample 2, 7.2 % in 

sample 3, and 1.9 % in sample 4. The corresponding 

values in the tumor tissue were 12.8 %, 10.5 %, 

12.8 %, and 8.4 %, respectively. The estimated dif-

fusion anisotropy in muscle tissue measured by the 

SE sequence was 1.36 (standard deviation 0.03), 

1.35 (0.04), 1.29 (0.05), and 1.19 (0.02) for the 4 

samples. The estimated diffusion anisotropy in tumor 

tissue was 1.33 (0.14), 1.18 (0.03), 1.09 (0.07), and 

1.06 (0.04), respectively. For the mRARE sequence, 

the estimated anisotropy in the 4 samples was 1.28 

(0.05), 1.29 (0.03), 1.18 (0.04), and 1.14 (0.05) in 

muscle tissue and 1.87 (0.15), 1.11 (0.05), 1.07 

(0.05), and 1.06 (0.05) in tumor tissue. 

Image examples of the diffusion measurements 

and the resulting ADC maps are shown in Fig. 2. In 

contrast to the SE and mRARE images, the EPI im-

ages show gross geometric distortions. Blurring af-

fects the EPI and especially the mRARE images, re-

sulting in an effectively lower spatial resolution than 

in the SE image. In general, image quality of these 

measurements was very similar to the phantom 

measurements described above; however, no motion 

artifacts were visible in the SE images. While ROIs 

could be copied from SE to mRARE images, different 

ROIs had to be used for the echo-planar images be-

cause of the geometric distortions. 

Patient measurements 

A summary of results of the diffusion measurements 

in patients is given in Table 4. In all examined pa-

tients, the quality of the diffusion-weighted images 

was sufficient to determine the ADC in the tumor. 

The ADC ratio in tumor tissue of measurements us-

ing the EPI and the mRARE sequence ranged from 

0.617 to 1.247 with a mean value of 1.06 and a 

standard deviation of 0.17. The Wilcoxon matched-

pairs signed-ranks test showed no significant differ-

ence between the ADCs of tumor tissue (solid and 

cystic) and muscle edema measured by the mRARE 

on the one hand and the EPI sequence on the other 

hand (number of measurements n = 12, p = 0.12). In 

non-edematous muscle, the ADC ratio varied be-

tween 0.443 and 3.030 with a mean value 1.42 and a 

standard deviation of 1.40. 

Figures 3–6 show image examples of diffusion-

weighted images and ADC maps from different ana-

tomic regions. In all cases, the mRARE sequence 

provided better anatomic orientation because, in 

contrast to the EPI sequence, images could be ac-

quired without fat suppression and more tissue out-
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side the tumor itself is visible. The echo-planar im-

ages in Fig. 5 are affected by imperfect fat suppres-

sion and signal from subcutaneous fat shifted in an-

terior direction; the corresponding ADC map shows 

a lateral signal void that does not appear in the ADC 

map calculated from the mRARE images. In Fig. 6 

considerable N/2-ghosting can be observed in the 

EPI data. 

 

Table 4. Diffusion coefficients in musculoskeletal soft-tissue tumors in vivo. 

Patient Tumor Localiza-

tion 

Tissue ADC
1 

mRARE 

ADC
1
 

EPI 

Ratio 

mRARE 

/EPI 

1: 74 y, m osteosarcoma upper arm tumor 1.263 (0.053) 1.206 (0.066) 1.047 

2: 63 y, m liposarcoma, 

grade 3 

thigh solid tumor 1.248 (0.056) 1.069 (0.033) 1.167 

   cystic tumor 2.728 (0.039) 2.435 (0.027) 1.120 

   muscle 0.768 (0.050) 0.968 (0.135) 0.793 

3: 60 y, f high-grade sarcoma thigh solid tumor 1.427 (0.097) 1.144 (0.076) 1.247 

   muscle 0.603 (0.052) 0.199 (0.097) 3.030 

4: 61 y, m myxoid liposarcoma, 
grade 1 

proximal 
femur 

cystic tumor 2.591 (0.227) 2.302 (0.096) 1.126 

   muscle 0.478 (0.044) (*) – 

5: 68 y, f MFH (malignant 
fibrous histiocyto-
ma) 

knee solid tumor 1.338 (0.055) 1.127 (0.038) 1.187 

   cystic tumor 2.719 (0.053) 2.622 (0.078) 1.037 

6: 78 y, m MFH thigh solid tumor 1.307 (0.180) 1.089 (0.044) 1.200 

   muscle ede-

ma 

1.813 (0.338) 2.008 (0.046) 0.903 

   muscle 0.447 (0.055) 1.008 (*) 0.443 

7: 48 y, m spindle cell sarcoma foot solid tumor 1.159 (0.081) 1.079 (0.046) 1.074 

8: 71 y, m high-grade sarcoma pelvis solid tumor 0.924 (0.034) 0.956 (0.075) 0.967 

9: 68 y, f liposarcoma, grade 

1 

thigh solid tumor 0.841 (0.231) 1.364 (*) 0.617 

   muscle 0.577 (0.111) (*) – 

ADCs (and their errors) in units of 10
-3

 mm
2
/s. 

(*) could not be determined because SNR was too low 
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Figure 2: Image examples of diffusion measurements in excised tumor tissue embedded in bovine muscle. Row A: 

spin echo sequence, row B: single-shot multiple spin-echo sequence, row C: EPI sequence. Column 1…4: diffusion-

weighted images with b-values 50, 250, 500, and 750 s/mm
2
, column 5: ADC maps, scaled from 0 to 2.0×10

-3
 mm

2
/s. 

 

 
Figure 3: Diffusion-weighted images of patient 1 suffering from an osteosarcoma in his left humerus. Row A: single-

shot multiple spin-echo sequence, row B: EPI sequence. Column 1…4: diffusion-weighted images with b-values 50, 

250, 500, and 750 s/mm
2
, column 5: ADC maps, scaled from 0 to 2.5×10

-3
 mm

2
/s. 
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Figure 4: Diffusion-weighted images of patient 4 suffering from a myxoid liposarcoma at the lateral side of the 

proximal femur. Row A: single-shot multiple spin-echo sequence, row B: EPI sequence. Column 1…4: diffusion-

weighted images with b-values 50, 250, 500, and 750 s/mm
2
, column 5: ADC maps, scaled from 0 to 2.5×10

-3
 mm

2
/s. 

 

 

 

 

Figure 5: Diffusion-weighted images of patient 6 suffering from a pleomorphic sarcoma in his right thigh; the 

images show muscle edema adjacent to the tumor. Row A: single-shot multiple spin-echo sequence, row B: EPI 

sequence. Column 1…4: diffusion-weighted images with b-values 50, 250, 500, and 750 s/mm
2
, column 5: ADC 

maps, scaled from 0 to 2.5×10
-3

 mm
2
/s. 
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Figure 6: Diffusion-weighted images of patient 5 suffering from a pleomorphic high-grade sarcoma in the dorsal 

compartment of his knee. Row A: single-shot multiple spin-echo sequence, row B: EPI sequence. Column 1…4: 

diffusion-weighted images with b-values 50, 250, 500, and 750 s/mm
2
, column 5: ADC maps, scaled from 0 to 

2.5×10
-3

 mm
2
/s. 

 

Discussion 

In this study we evaluated the feasibility of a diffu-

sion-weighting single-shot mRARE sequence for 

DWI of soft-tissue tumors in the musculoskeletal 

system by imaging experiments in phantoms, in 

vitro, and in vivo. The results of these experiments 

were compared with data acquired by a conventional 

spin echo sequence and a single-shot EPI sequence. 

The diffusion coefficients of the phantom meas-

urements showed very good agreement for all se-

quence types in water and DMSO. However, we ob-

served considerable variations in measurements in 

acetone that can be explained by the low base signal 

in acetone (cf. Fig. 1) and the very high motion sen-

sitivity due to its high diffusivity. Taking into account 

the homogeneity of the diffusion coefficient in the 

different diffusion directions and the magnitude of 

the error of the linear regression, the EPI sequence 

probably gave the best results for acetone with ap-

proximately 3.5×10-3 mm2/s. The diffusivity deter-

mined in PEG agrees well in the mRARE and EPI 

experiment but differs in the SE measurement. This 

result might be related to the occurrence of two res-

onance lines in PEG that are visualized as double 

contours in the echo-planar images (cf. Fig. 1); in-

phase/opposed-phase effects due to different echo 

times in the three different pulse sequences may 

have influenced the diffusion measurements. 

Excluding the acetone phantom, we found a very 

high reproducibility of more than 95 % for the diffu-

sion measurements with all three sequence types. 

Based on these quantitative results alone, all three 

pulse sequences appear equally suited for diffusion 

measurements in regions of interests within liquid 

phantoms; however, image quality was very different 

for the three techniques. Particularly the EPI se-

quence showed gross geometric distortions and N/2-

ghosting in phase-encoding (left–right) direction. 

Image quality of the SE sequence varied with the 

diffusion weighting and the diffusion direction: e.g., 

at high b-values and diffusion-gradients in phase-

encoding direction, motion artifacts appeared prob-

ably related to motion of the scanner table due to the 

gradient switching. Although some image artifacts 

are visible in the DMSO phantom when using the 

mRARE sequence, this technique probably provides 

the best compromise between image quality and 

stability of the results. 

The measurements of the ADC in excised tumor 

tissue and bovine muscle was performed to compare 

the examined diffusion sequences under mechanical, 

susceptibility, relaxation, and diffusion conditions 

similar to human tissue in vivo. Although the mo-

lecular structure of biologic tissue changes within 
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minutes after the blood supply ceases, these in vitro 

experiments are considerably closer to measure-

ments in vivo than phantom experiments with test 

liquids. The range of relaxation times (T1/T2) and, in 

particular, the susceptibility effects and mechanical 

reaction to scanner motion of biological tissue are 

hardly reproducible with liquid phantoms. Liquids 

are very sensitive to motion induced by gradient 

switching and thus, fluctuations can occur that influ-

ence diffusion measurements. Local variations of 

susceptibility are caused by transitions between soft 

tissue and bone or between tissue and air and in-

duce characteristic geometric distortions. In order to 

evaluate these effects, experiments in biologic tissue 

are required, but in vivo experiments are not suitable 

to compare different sequences in repeated meas-

urements under identical conditions. Therefore, DWI 

in excised tumor tissue and bovine muscle was cho-

sen as intermediate step between phantom meas-

urements and clinical in vivo application. 

The measurements in excised tumor tissue 

showed also good agreement of the mRARE ap-

proach with the SE and EPI methods. Especially in 

muscle, the different techniques agreed within a 

range of 0.5 % to 7 %. The calculated ADCs of mus-

cle are compatible with an earlier ex vivo study that 

presented mean diffusion coefficients of  

0.9×10-3 mm2/s in bovine muscle [36]. In tumor tis-

sue, the difference between the methods was about 

10 %, which is reasonable regarding the comparably 

low ADCs between 0.1 and 0.7×10-3 mm2/s. For such 

low ADCs, the b-value range should ideally be ex-

tended up to at least 2000 s/mm2; however, this 

would require much longer echo times and thus re-

duce the SNR. Therefore, a certain loss in accuracy 

must be accepted when measuring low ADCs. 

Determination of the ADC in three orthogonal di-

rections enabled us to estimate the diffusion anisot-

ropy of the examined tissue. Since the determination 

of anisotropy is very sensitive to noise and statistical 

errors [37], the results in tumor tissue must be re-

garded with special care, particularly in the first 

sample with its low diffusivity. In cases of low ADCs 

and a limited b-value range, the determination of the 

diffusion coefficient suffers from considerable statis-

tical errors that propagate to the calculated anisotro-

py. Whereas the data quality in tumor tissue is there-

fore not sufficient to confirm or disprove anisotropic 

diffusion, the anisotropy in muscle could be deter-

mined with lower standard deviations and is in good 

agreement with published data that describes an 

increased diffusivity parallel to the muscle fiber di-

rection (slice direction in our experiments) and ADC 

ratios of maximum and minimum diffusion coeffi-

cient between 1.2 and 1.4 [15]. 

The ADC measurements of tumor tissue in pa-

tients showed an acceptable agreement of the mRA-

RE and EPI technique with typical differences of less 

than 15 % that were statistically not significant 

(p = 0.12). In cystic areas of the tumors we consist-

ently determined ADCs greater than 2.0×10-3 mm2/s. 

In solid tumor tissue we found ADCs between 0.8 

and 1.4×10-3 mm2/s. These values are in the same 

range as reported by Wang et al. [20] for malignant 

lesions in the head and neck, which, however, were 

of different types (adenocarcinoma, squamous cell 

carcinoma) than the tumors in the present study. 

Results published by van Rijswisk et al. [21] are diffi-

cult to compare to our data because of the different 

tumor (sub)types and the large variations of ADCs 

reported. A comparison is possible for the myxoid 

liposarcoma in patient 4 in whom our results, 

2.59±0.23 (mRARE) and 2.30±0.10×10-3 mm2/s (EPI), 

agree well with the ADC of 2.20×10-3 mm2/s given by 

van Rijswijk. A recent study of Einarsdóttir et al. [22] 

reports ADCs in sarcomas between 0.9 and  

2.3×10-3 mm2/s (the latter again in a myxoid liposar-

coma) and thus shows general agreement with our 

data. 

The ADCs that we determined in skeletal muscle 

are about 50 % to 70 % lower than values presented 

in literature [15, 16]. An explanation might be that 

earlier studies examined young healthy volunteers 

whereas our measurements were performed in older 

patients suffering from musculoskeletal tumors, and 

the evaluated regions were positioned relatively 

close to the tumor. To our knowledge neither the age 

dependence nor the influence of muscle atrophy, 

neighboring lesions, or edema on the ADC of skeletal 

muscle has yet been investigated. 

The choice of b-values used in this study is a 

compromise between sufficiently high diffusion 

weighting and acceptable echo times. Because of the 

short T2 relaxation times of many musculoskeletal 

structures, a shorter TE compared to DWI of the 

brain is desirable although this limits the maximum 

possible b-value. Our maximum b-value of 

750 s/mm2 was in the same range as in comparable 

earlier studies that used diffusion weightings up to 

701 s/mm2 [21], 1000 s/mm2 [20], or 600 s/mm2 [22]. 

To avoid the influence of perfusion effects we used a 

minimum b-value of 50 s/mm2, thus achieving a simi-

lar effect as van Rijswijk et al. by calculating the 

“true diffusion coefficient” [21]. Spending the time 

for the acquisition of 4 different diffusion weightings 
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(50, 250, 500, and 750 s/mm2) instead of increasing 

the number of averages of the highest b-value slight-

ly reduces the accuracy of the ADC determination 

[38], but has the advantage that the measurement 

error can be estimated by comparing the signal at-

tenuation to the expected mono-exponential decay. 

The sequence parameters of the compared se-

quences, in particular TE, TR, bandwidth, and num-

ber of averages differ considerably. The choice of 

parameters was required by the different sequence 

techniques; e.g., the TR of the SE sequence had to 

be chosen shorter to reduce the total measurement 

time, and the bandwidth of the EPI sequence had to 

be increased to reduce susceptibility artifacts and 

T2* decay during the echo train. The TE of the 

mRARE sequence could not be further reduced due 

to the desired b-value of 750 s/mm² and the re-

quired dummy scans; in order to compensate for the 

long TE and the lower SNR the number of averages 

had to be increased. However, these parameters do 

not influence directly the ADC determination that 

depends only on the signal differences of images 

acquired with varying b-values but with identical 

imaging parameters as was demonstrated in our 

phantom measurements. 

The three studies referenced above use single-

shot EPI [20], multi-shot EPI [22], and conventional 

pulse-triggered SE [21] pulse sequences. Historical-

ly, the diffusion-weighting SE sequence was one of 

the first used for DWI measurements in vivo [39]. 

However, diffusion-weighting SE sequences suffer 

from long acquisition times and are very sensitive to 

motion artifacts even in liquid phantoms as we ob-

served in this study and even more so in vivo. There-

fore, today the most commonly used sequences for 

DWI are diffusion-weighting spin-echo single-shot 

EPI sequences, which are especially useful for DWI 

and DTI of the brain. Advantages of the EPI ap-

proach are very fast imaging (about 100 ms per 

slice) and low motion sensitivity. Unfortunately, EPI 

sequences are very sensitive to chemical shift and 

susceptibility artifacts and thus require a very homo-

geneous B0 field, good fat saturation, and little local 

field variations that typically occur at transitions e.g. 

between soft tissue and bone or between tissue and 

air. Therefore, EPI sequences are much better suited 

for DWI of the brain than for DWI of musculoskeletal 

structures which typically show larger variations in 

susceptibility and less efficient fat suppression. Be-

cause of the increased technical difficulty and the 

occurrence of gross image artifacts, considerably 

fewer studies about DWI outside the brain have been 

published than about DWI of the brain. 

Multi-shot EPI sequences are a compromise be-

tween the EPI and the SE approach. On the one hand 

they are less sensitive to susceptibility variations 

than single-shot EPI, but on the other hand they re-

quire longer acquisition times and are much more 

sensitive to motion and therefore, they are usually 

combined with navigator motion correction, i.e., an 

additional step in post-processing that reduces the 

robustness of these sequence type. 

The single-shot mRARE approach analyzed in this 

article combines the advantages of single-shot imag-

ing (short acquisition time, low motion sensitivity) 

with the good geometric image quality (absence of 

distortions) of conventional SE and TSE sequences 

as we demonstrated in phantom measurements. 

However, due to both the longer duration of the echo 

train compared to single-shot EPI and additional 

signal loss because of imperfect refocusing RF puls-

es, mRARE images are affected by increased blur-

ring. A second disadvantage is the relative low SNR 

caused by the repeated application of refocusing RF 

pulses (required for diffusion preparation and dum-

my readouts) before the central k-space line is ac-

quired, and by the suppression of all echoes of odd 

parity [33]. To overcome the low SNR, we repeated 

the measurements 10 times and averaged the result-

ing magnitude images; this approach increased the 

SNR above the level of the SE and EPI sequence 

used in this study. Future improvements of the 

mRARE approach should include the application of 

parallel imaging [40, 41] to reduce the echo train 

length and, thereby, blurring of the sequence. De-

pending on the transversal relaxation times, single-

shot parallel imaging might affect the SNR as well; in 

this case a part of the time gained by imaging accel-

eration might be spent to acquire an increased num-

ber of averages. 

Other techniques like Line Scan Imaging [42] or 

PROPELLER imaging [43] have been suggested for 

robust DWI; however, these methods have not yet 

been evaluated for diffusion measurements of mus-

culoskeletal tumors. A disadvantage of these newer 

techniques is their very limited availability since they 

have not yet been added to the set of product pulse 

sequences by most manufacturers. SSFP pulse se-

quences as a further alternative technique have the 

disadvantage that the ADC cannot be easily deter-

mined. 

In conclusion, we have demonstrated that the de-

scribed diffusion-weighting multiple spin echo pulse 

sequence, a variant of a centric-reordered RARE 

sequence, is feasible for the acquisition of diffusion-
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weighted images of musculoskeletal soft-tissue tu-

mors and for the quantification of the apparent diffu-

sion coefficient in tumors. Diffusion-weighted imag-

es were less distorted than those acquired with a 

single-shot EPI sequence and provided more ana-

tomic information since muscle and fat signals were 

considerably higher. ADCs determined with both 

methods agreed well. These properties recommend 

the mRARE diffusion sequence for further studies in 

larger patient groups with musculoskeletal tumors 

aimed e.g. on differentiation of benign and malig-

nant lesions or of tumor recurrences and post-

therapeutic soft-tissue changes. 
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