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Abstract
Imaging evaluation of soft tissue tumors is important for the diagnosis, staging, and follow-up. Magnetic resonance imaging 
(MRI) is the preferred imaging modality due to its multiplanarity and optimal tissue contrast resolution. However, standard 
morphological sequences are often not sufficient to characterize the exact nature of the lesion, addressing the patient to 
an invasive bioptic examination for the definitive diagnosis. The recent technological advances with the development of 
functional MRI modalities such as diffusion-weighted imaging, dynamic contrast-enhanced perfusion imaging, magnetic 
resonance spectroscopy, and diffusion tensor imaging with tractography have implemented the multiparametricity of MR to 
evaluate in a noninvasive manner the biochemical, structural, and metabolic features of tumor tissues. The purpose of this arti-
cle is to review the state of the art of these advanced MRI techniques, with focus on their technique and clinical application.
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Introduction

Soft tissue tumors (STT) that include a large variety of 
benign and malignant lesions are of a diverse histologi-
cal nature. Incidence increases with age and is higher in 
males: Benign lesions have an incidence of approximately 
300/100,000, while malignant ones (that account for 1% of 
all malignant tumors) about 5/10,000 per year. The progno-
sis of these diseases depends on a correct and early diag-
nosis, the efficacy of treatment, and accurate follow-up for 
monitoring of recurrence [1]. Beyond the clinical evaluation, 
imaging plays a fundamental role in the initial assessment 
of soft tissue tumors for a cost-effective patient manage-
ment, and MR imaging is considered the modality of choice 
due to its intrinsic high tissue contrast and multiplanarity, 
as in the study of other pathologies in the musculoskeletal 
field [1–10]. With the use of standard pulse sequences, it 
is possible to evaluate the signal intensity, growth pattern, 
degree of enhancement, and relationship with neighboring 

anatomical structures [11]. Standard protocols should 
include T1- and T2-weighted sequences, with and without 
fat saturation, gradient echo sequences (detection of hemor-
rhage), and post-contrast acquisitions, in at least two orthog-
onal planes [12, 13]. However, using standard morphological 
sequences alone, few soft tissue lesions have specific and 
pathognomonic MR characteristics (e.g., simple lipoma/cyst, 
hemangioma), and the differential diagnosis remains very 
wide for most cases; another problem is to differentiate a 
benign histotype from a malignant, also often not immediate 
with standard imaging as some overlap exists [14–17]. The 
literature data report conflicting results on the diagnostic 
accuracy of MRI in identifying the lesion histotype, with 
results varying from 25% to 90% [18]. However, the gold 
standard to assess tumor type and grade is histopathology, 
which requires an invasive bioptic approach [19]. Many limi-
tations of the standard MR sequences are also encountered 
in the follow-up, both in assessing the response to radio-
chemotherapy treatment and in identifying possible residual 
and recurrent tumor after surgery [13]. In recent years, there 
has been an increased technical advancement in functional 
MR sequences, such as proton (1H) magnetic resonance 
spectroscopy (MRS), diffusion-weighted MRI (DWI), and 
dynamic contrast-enhanced (DCE) MRI. These sequences 
provide detailed structural and metabolic information about 
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tumor tissue, allowing to formulate a diagnostic hypothesis 
as close as possible to histological diagnosis in a noninvasive 
way [13, 20–23].

The purpose of this article is to review technical aspects 
of each of these advanced MR imaging techniques, with a 
particular focus on their clinical application in the character-
ization, differentiation of benign from malignant lesions and 
the assessment of response to treatment in soft tissue tumors.

Diffusion‑weighted imaging (DWI)

DWI is a functional MRI technique that provides informa-
tion about tissue cellularity and cell membrane integrity, 
evaluating the diffusivity of water molecules (Brownian 
motion) [24–27].

Technique

The DWI signal is given by the degree of movement of 
water molecules in cellular spaces (extracellular, intracel-
lular, transcellular, and intravascular), in an inversely pro-
portional manner [28]. The movement of water molecules is 
restricted in high-cellularity tissues, intact cell membranes, 
and reduced extracellular spaces. On the contrary, in tissues 
with low cellularity and considerable extracellular spaces, 
the movement of the water molecules is facilitated [11]. It is 
important to take into account the contribution to the DWI 
signal of the intravascular movement of water molecules 
since in very vascularized lesions it can be significant [1, 
11, 19].

There are several DWI sequences, including spin-echo 
DWI, echo-planar imaging (EPI), and steady-state free pre-
cession sequences [11]. The most used is the single or mul-
tishot EPI, less sensitive to movie artifact and with shorter 
acquisition times. The acquisition must provide at least two b 
values to calculate the apparent diffusion coefficient (ADC). 
Generally, values of 50, 400, and 1000 s/mm2 are used, but 
the parameters are variable in the various institutions [15]. 
The ADC is expressed as a parametric map and can be evalu-
ated qualitatively or quantitatively through the positioning 
of region of interest (ROI). There is no standardization on 
the number and size of the ROI to be placed, nor on the 
evaluation of the mean, minimum or maximum ADC. Some 
authors suggest that the evaluation of the minimum ADC 
may be more accurate as it would represent the area of the 
greatest cellularity of the lesion [11, 29]. As mentioned ear-
lier, it is important to take into account tissue perfusion and 
intravascular water component, as ADC values increase in 
vascularized tumors, leading to overlapping in ADC values 
between benign and malignant tumors. To avoid this, it is 
possible to use perfusion-insensitive ADC values (PIADC) 
[13, 29]. The main limits of DWI are represented by the 

inherent low signal-to-noise ratio and by the low spatial 
resolution, the artifacts from susceptibility (artifacts in cor-
respondence of tissues with blood products or air). For these 
reasons, DWI must always be interpreted in conjunction with 
anatomical sequences [15, 19, 29, 30].

Applications

The DWI signal and the ADC values reflect the cellularity of 
the tissues, so even if there are no normal cutoff values, DWI 
can characterize the biological activity of the tissues. In the 
study of musculoskeletal soft tissue tumors, this means 
that, as a general rule, benign tumors with a low degree of 
biological activity will have a loss of ADC signal as the b 
values increase, while malignant tumors (in which the water 
has greater restriction in movement) will show high intensity 
at high b values. The results of the use of DWI in the char-
acterization of the nature of the lesions are numerous in the 
literature. Pekcevik et al. [31] found that the mean ADC val-
ues of benign and malignant soft tissue tumors were statisti-
cally different, with values of 2.31 ± 1.29 and 0.90 ± 0.70, 
respectively. The authors found the highest values in benign 
cystic tumors and the lowest values in giant cell tumors of 
tendon sheaths (maybe due to their spindle-shaped stromal 
cells’ and multinucleated giant cells’ histological composi-
tion). Joung et al. [30], using conventional MRI and DWI 
sequences together, obtained values of sensitivity, specific-
ity, and accuracy of 96%, 85.7%, and 90%, respectively. The 
authors confirmed the persistence of high signal intensity 
with increasing b values in all malignant lesions (muscu-
lar metastases, myxoid liposarcoma, etc.) on the qualitative 
evaluation, with low ADC values on quantitative analysis 
with increasing b values, although with differences among 
the various histological types. They also found that higher b 
values (more than 800 s/mm2) are useful to increase the con-
trast between benign and malignant lesions and thus reduce 
the number of equivocal cases. All benign myxoid lesions 
showed loss of high signal intensity with increasing b values 
(e.g., schwannoma).

Some authors [11, 19] suggested that in highly necrotic 
lesions the surrounding edema may contaminate tumor tis-
sue and increase the diffusion coefficient.

Demehri et al. [32] reported the role of DWI in the dis-
tinction between benign and malignant peripheral nerve 
sheath tumors; in particular, their results showed that the 
minimum ADC value is a better indicator of malignancy 
than the average ADC value, due to the heterogeneity in 
cellularity of both benign and malignant PNSTs. Moreo-
ver, in the planning of image-guided biopsies, targeting 
areas with the lowest ADC values can improve the diag-
nostic yield [23]. In their study, the same authors found 
that benign neurofibromas showed high minimum apparent 
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diffusion coefficient (ADC) values (> 1.1 × 10−3 mm2/s), as 
well as schwannomas (> 1.1 to 1.2 × 10−3 mm2/s).

DWI is also particularly useful to distinguish cystic 
from solid lesions without the use of contrast administra-
tion, with high negative predictive value for ruling out a 
tumor, being an ADC value greater than 2.5 × 10−3 mm2/s 
suggestive of a benign cystic lesion (sensitivity of 80% and 
a specificity of 100%) [15] (Fig. 1).

The evaluation of myxoid tumors with DWI must be 
performed with particular attention; this is because myxoid 
tumors due to their high mucin and low collagen contents 
have higher diffusion coefficients than nonmyxoid tumors.

According to the results of Young et al. [33], ADC 
value is less useful for discriminating between benign 
and malignant lesions in case of myxoid lesions, as the 
difference in ADC values was not statistically significant 
[15, 22, 23].

Similarly, both benign and aggressive fatty tumors have 
very low ADC values, and ADC values of these lesions are 
not comparable with those of nonfatty tumors [13].

In vascular tumors, DWI is influenced by tumor perfu-
sion, and the value of ADC analysis in these lesions is still 
to be determined [13].

Oka et al. [34] evaluated the feasibility of DWI in differ-
entiating chronic expanding hematomas (CEH) from hemor-
rhagic soft tissue tumors. They found that the mean ADC 
value of CEH was significantly higher than that of malignant 
soft tissue tumors.

Gasparetto et al. [11] found that also myositis ossificans 
shows facilitated diffusion on DWI and high ADC values, 
findings consistent with a benign tumor. So evaluating the 
clinical history and implementing imaging with DWI, they 
suggested a follow-up examination after 2–4 weeks to con-
firm the diagnosis, so avoiding unnecessary biopsy.

Fig. 1  Coronal and axial MR images of a cystic soft tissue lesion at 
the level of the proximal leg. The lesion shows homogeneous inter-
nal fluid signal intensity with peripheral contrast enhancement, fea-
tures suggestive for a perineural ganglion cyst of the common pero-

neal nerve. DWI sequences show values of 2.75 × 10−3  mm2/s (b 
value = 1000) on ADC map, confirming the benign cystic nature of 
the lesion
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In another study [28], mean ADC of desmoid tumors was 
found to be significantly higher than that of malignant soft 
tissue tumors without overlap in the minimum ADC values.

DWI has proved very useful also in the assessment of 
treatment response to chemotherapy in soft tissue tumors. In 
fact, changes in tumor size with standard MRI imaging are 
not a useful criterion as in other solid tumors [15]. Similarly, 
the evaluation of enhancement patterns can be challenging, 
as both granulation and scar tissues (aspecific tissue changes 
after chemo/radiotherapy) are enhancing after contrast 
administration, and the differentiation from the viable tumor 
is not always direct [15]. DWI demonstrated to improve this 
discrimination earlier than conventional imaging, as solid 
tumors are characterized by high cellularity with intact cell 
membranes, while tissues after cytotoxic treatment show 
lower cellularity and membrane damage [15, 22]. DWI 
implements standard morphological sequences also in the 
evaluation of postsurgical follow-up [6, 35, 36], aiding to 
detect residual/recurrent tumor tissue.

Dynamic perfusion MRI

Dynamic perfusion MRI is a functional imaging technique 
often used to evaluate musculoskeletal tumors, mainly to 
depict early intravascular and interstitial distribution of 
gadolinium [22, 29, 37].

Technique

DCE-MRI is typically performed with multiple repeated 
rapid, volumetric, and gradient echo sequences acquired 
immediately after intravenous administration of gadolin-
ium. At our institution, routine dynamic contrast enhance-
ment is performed using T1 3 double fast spin-echo (DFSE) 
sequences with fat saturation [29]. After an initial baseline 
scan identifying the best plane for lesion visualization and 
performing, we administer a bolus of gadolinium (0.1 mmol/
kg). We then perform eight 19-s scans in fast succession, 
with a scan delay variable on the region to be studied but 
that never exceeding 20 s, to ensure proper arterial-phase 
perfusion. Then, a last scan is performed 5 min after con-
trast administration. Similar to DWI, DCE-MRI can also be 
analyzed qualitatively or quantitatively [13, 29]. Qualita-
tive analysis is performed comparing tumor enhancement 
with arterial enhancement. Although widely available, this 
method is somewhat subjective hampering data compari-
son and the establishment of general diagnostic criteria. It 
provides a fairly reliable method for the identification of 
early tumor enhancement, which tends to be associated with 
malignancy [13]. Semiquantitative methods of postprocess-
ing involve the postprocessing of time–intensity curves using 
three identical ROIs positioned at a site of marked early 

tumor enhancement, in an artery, and in a healthy muscle, 
respectively [22, 37, 38]. The resulting time–intensity curves 
provide a graphic representation of contrast perfusion, from 
which quantitative information (time to enhancement, wash 
in, peak enhancement, and washout) can be obtained [37].

The curves can be classified into five types [22]:

• type 1, no enhancement (e.g., lipoma);
• type 2, weak and gradual enhancement (e.g., benign 

tumors or schwannoma);
• type 3, rapid early enhancement followed by a pla-

teau (e.g., benign vascular tumors, desmoid tumors, 
abscesses, and some malignant tumors, but with limited 
specificity);

• type 4, rapid early enhancement followed washout 
(highly vascular tumors with small interstitial compart-
ment such as malignant histiocytofibroma, synovial sar-
coma, and leiomyosarcoma and several benign tumors 
such as giant cell tumor);

• type 5, rapid early enhancement followed by slow, grad-
ual enhancement (tumors with large interstitial compart-
ments such as myxoid tumors).

However, even if malignant lesions typically demon-
strate rapid early arterial enhancement and higher slopes 
of enhancement compared with benign lesions, the patterns 
may show some degree of overlap secondary to highly vas-
cularized benign lesions and poorly vascularized or necrotic 
malignant lesions [29].

Applications

The main applications in the imaging of soft tissue tumors 
of dynamic perfusion MRI are in the characterization of the 
lesions, identification of viable tumor areas to target biopsy, 
monitoring of chemotherapy treatment outcome, and differ-
entiation of residual tumor from scarring [11, 22, 39]. DCE-
MRI differentiates benign and malignant lesions on the base 
of the different enhancement rates, an index of lesion vas-
cularity, and perfusion. Van Rijswijk et al. [40] determined 
that dynamic contrast-enhanced imaging was significantly 
superior to both unenhanced imaging and static contrast-
enhanced imaging in the prediction of malignancy. In the 
authors’ previous experience, we identified different curves 
between lesions with the different biological aggressiveness 
in both bone and soft tissue tumors [37]. Regarding soft tis-
sue lesions, whereas perfusion MRI enabled differentiation 
between lesions with low and high biological aggressive-
ness, we could never obtain typical time–intensity curves 
for the various histological tumor types [37]. Analysis of 
the slope of the time–intensity curves proved to be a sensible 
and specific indicator (64–58%) in determining the biologi-
cal aggressiveness of soft tissue lesions [37] (Fig. 2).
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On dynamic contrast-enhanced MR imaging, malignant 
peripheral nerve sheath tumors (MPNSTs) usually show 
early arterial enhancement that is much rarer in their benign 
counterpart (BPNSTs) [23].

The application of dynamic perfusion MRI in guiding 
bioptic procedures is particularly useful in soft tissue tumors 
that have a significant “cystic” or hemorrhagic component 
[1, 41], as purely fluid areas without contrast enhancement 
should be avoided during biopsy, to prefer the more solid, 
enhanced portions. Dynamic contrast-enhanced MRI is 
also helpful in delineating tumor margins; in fact, tumor 
enhancement is precocious and faster than that of peritu-
moral edema and the initial slopes of tumor and nontumor 
tissues differ significantly [11].

Perfusion MRI is also useful for distinguishing cysts from 
myxoid tumors and to characterize the benign or malignant 
nature of myxoid lesions: Cysts show no enhancement, while 
the myxoid component of sarcomas exhibits early and avid 
enhancement [11]. Matching the findings of morphological 
sequences, DWI/ADC values, perfusion, and spectroscopy 
improve the diagnostic accuracy in myxoid tumors [22].

Ohgiya et al. [42] evaluated the role of dynamic contrast-
enhanced MR imaging in the diagnosis of vascular mal-
formations (VMs) with high specificity [43]. They showed 
that low-flow vascular malformations, mainly VMs, had a 
contrast rise time ranging between 50 and 100 s with a mean 
of 88.4 s. This was significantly higher than the “contrast 
rise time” results of high-flow vascular malformations (less 

Fig. 2  MRI axial images of three different lesions with dynamic per-
fusion study. Pictures a1–4: lipoma of the elbow showing homogene-
ous hyperintense signal intensity on a T1-weighted sequence (a1) and 
no enhancement on qualitative evaluation after gadolinium adminis-
tration (a2). Evaluation of time–intensity curves with ROI positioning 
(a3, a4) shows a type 1 curve, conforming the benign nature of the 
lesion. The second subcutaneous lesion (b1–4) shows inhomogeneous 
internal structure with areas of adipose signal intensity, intralesional 

septa, and prevalent peripheral enhancement after gadolinium injec-
tion (b3), with evidence of a type 2 signal intensity curve. Cases c1–4 
show a subcutaneous polilobulated lesion of the leg strictly adherent 
to the superficial fascia, with inhomogeneous internal structure and 
intense contrast enhancement after gadolinium injection (c4), with 
evidence of time–intensity curves types 3 and 4 (arrow). The MRI 
features of the lesion are consistent with a myxoid liposarcoma
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than 20 s in all lesions with a mean of 5.8 s). The authors 
postulated that whether differentiation of low-flow from 
high-flow vascular malformations can be made with nearly 
100% sensitivity and specificity setting a 30-s threshold for 
the “contrast rise time” [43].

Dynamic enhancement is also showing utility in monitor-
ing chemotherapy response, evaluating the degree of tumor 
necrosis and distinguishing postoperative tissue changes 
(e.g., fibrosis) from recurrent tumor [1]. Direct visual (quali-
tative) inspection of MRI images allows simple recognition 
of perfused viable tumor tissue with less intense (slower 
enhancing) areas of peritumoral edema, normal tissue, 
and tumor necrosis [11]. The presence of more than 10% 
of viable tumor tissue indicates a poor response to treat-
ment. In these patients, early enhancement images are use-
ful for guiding a new biopsy or for suggesting histological 
confirmation of a particular area in the resected specimen. 
Quantitatively, an at least 60% decrease in the time–intensity 
curve slope value indicates more than 90% of tumor necrosis 
and good treatment outcome [11, 22]. The reported diag-
nostic accuracy for differentiating good and poor treatment 
response in the literature ranges from 85.7 to 100%. Optimal 
follow-up requires three dynamic perfusion MRI studies: 
preoperatively (before the biopsy and before surgery) and 
postoperatively (during chemotherapy) [11]. In soft tissue 
sarcomas, strongly enhancing foci represent residual or 
recurrent tumor, while the absence of early enhancement 
indicates good treatment response. Follow-up examinations 
(after 3–6 months) are necessary when evaluating the treat-
ment response after radiotherapy, as radiotherapy may lead 
to granulation tissue with increased perfusion that cannot be 
distinguished by residual tumor early [22].

Magnetic resonance spectroscopy (MRS)

MRS is a functional noninvasive imaging technique that 
requires no intravenous contrast administration and charac-
terizes lesions based on their metabolic constituents [1, 11, 
13, 29, 44]. Different metabolites can be observed depending 
on the MRS technique. Phosphorus-31 (31P) MRS evaluates 
metabolites containing phosphorus such as phosphocreatine, 
inorganic phosphate, and ATP. Tough MRS with 31 P has 
demonstrated potential for the evaluation of musculoskeletal 
masses, and it requires specialized MRI hardware, which 
limits its clinical feasibility. Proton (1H) MRS is more easily 
integrated into clinical practice as it requires no specialized 
equipment.

Technique

Clinical MRS can be performed either at 1.5T or at 3T. 
Higher field strengths provide a greater signal-to-noise ratio 

(SNR), with improved spectral resolution; the main draw-
backs are the increased field inhomogeneity and the conse-
quently increased metabolite line widths [44]. Single-voxel 
technique or a multi-voxel technique can be used for proton 
MRS. The single-voxel technique is a simple, time-effective 
approach that provides good magnetic field homogeneity 
within the volume of interest. Using the multi-voxel tech-
nique, it is possible to obtain information over a wider field 
of view, analyzing entire large lesions and surrounding tissue 
or multiple lesions with a single acquisition. Multi-voxel 
images, on the other hand, take longer scan times and are 
more technically challenging. However, most authors pre-
fer mono-voxel spectroscopy over multi-voxel technique in 
MSK spectroscopy [7]. MRS evaluation may be either quali-
tative or quantitative. The qualitative analysis evaluates the 
presence or absence of a specific metabolite peak, but may 
be burdened by false positive results. Quantitative evaluation 
is thus generally preferred. Values can be obtained measur-
ing the peak ratio between metabolites or between a metabo-
lite and the background noise level (SNR). The positioning 
of ROIs is critical to avoid areas containing bony structures, 
necrotic or hemorrhagic foci (underestimation of the cho-
line peak), calcifications (increased field inhomogeneity), fat 
(can obscure the choline peaks), or muscle (overestimation 
of the choline peak). The enhancing portion of the tumor 
is targeted in ROI positioning; for tumors exhibiting weak/
slow enhancement or no enhancement after 5 min, the voxel 
is positioned at sites of delayed enhancement [44].

Applications

Already widely used in neuroradiology, magnetic resonance 
spectroscopy (MRS) has recently gained also a role in the 
musculoskeletal field. One of the main applications is the 
assessment of malignancy in musculoskeletal tumors since 
specific metabolites (trimethylamine/choline-containing 
compounds including phosphocholine, glycerophosphocho-
line, and free choline) are distinctively increased in malig-
nant lesions, and they are considered as a marker of malig-
nancy [45]. To date, the literature results in musculoskeletal 
MRS investigated the qualitative analysis of the choline or 
trimethylamine peak as a marker for malignancy [21, 44]. 
Doganay et al. [4] obtained a sensitivity of 72.2%, specificity 
of 83.3%, and an accuracy of 76.6% in detecting malignant 
bone and soft tissue tumors. In another group [5], sensitivity 
and specificity were 95% and 83%, respectively. They con-
cluded that the absence of choline peak is highly predictive 
of benign tumors and that 1H-MRS is a feasible approach 
to differentiate malignant from benign tumors (Fig. 3). In a 
series of Russo et al., all tumors with a mitotic index greater 
than 2/10 HPF had a positive choline peak and were malig-
nant and correlation between 1H-MRS findings and mitotic 
index was high [16]. However, some benign tumors show a 



249La radiologia medica (2019) 124:243–252 

1 3

positive choline peak, and also a large number of inflamma-
tory lesions may produce a high choline peak [16].

For example, benign peripheral nerve sheath tumors typi-
cally have detectable choline content by MRS. In a recent 
study that used MR spectroscopy to evaluate BPNSTs and 
MPNSTs, trimethylamine concentrations and the trimeth-
ylamine fraction were found to be relatively lower in the 
benign neoplasms, and a trimethylamine fraction threshold 
of 50% resulted in 100% sensitivity and 72.2% specificity 
[45].

The presence of a lipid peak can be detected in the wall 
of abscesses, in the solid part of highly malignant lesions, 
and in tumors during treatment response, probably related 
to cell membrane turnover. Lipid peak, however, has to be 
analyzed carefully, due to the possibility of lipid contamina-
tion caused by surrounding tissue [11, 16].

MRS evaluation of choline may be used not only for 
tumor characterization but also to assess treatment response, 
showing a choline peak reduction after chemotherapy in 
malignant musculoskeletal lesions [11].

The limitation of the literature choline MRS studies 
up to date is that they are mostly qualitative rather than 

quantitative, making the distinction of metabolically active 
benign soft tissue tumors from malignant masses difficult. 
So, currently, the utility of MRS is limited to its high nega-
tive predictive value [29].

Diffusion tensor imaging and tractography

Diffusion tensor imaging (DTI) and tractography are feasi-
ble techniques to visualize the spatial anatomy of peripheral 
nerves in the presence of STT, especially in cases where 
the course and the involvement of major peripheral nerves 
are difficult to assess with standard morphological MR 
sequences [20, 23, 42, 46].

Technique

DTI evaluates the three-dimensional (3D) motion of pro-
tons in tissues providing quantitative data on the amount 
and directionality of random movement of water molecules 
[46]. Different tissues show specific structural properties that 
facilitate molecules diffusion in a particular direction while 

Fig. 3  MRI axial images of a solid lesion at the level of the flexor 
tendons of the wrist showing a low signal intensity on T1- and 
T2-weighted sequences (a, b) and intense contrast enhancement after 

gadolinium injection (c). The MR spectroscopy analysis after ROI 
positioning shows a choline peak (d). The imaging features are con-
sistent with a giant cell tumor of the tendon sheaths (GCTTS)
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limiting it in another, the so-called anisotropy. In peripheral 
nerves, due to the presence of nerve fiber fascicles, water 
molecules tend to move in the direction of the axons (“ani-
sotropic diffusion”). The differences in anisotropic charac-
teristics of different tissues allow DTI to image nerve tracts 
and surrounding tissues [20]. At our institution, we perform 
DTT using a 3 Tesla MRI scanner (EPI sequence, three dif-
fusion directions, b value of 1000 s/mm2). The diffusion 
is quantified by the apparent diffusion coefficient (ADC), 
and fractional anisotropy maps with diffusion directions are 
color coded. High-resolution images are also acquired using 
morphological sequences. Images are evaluated for image 
quality, ADC of the lesion, tractography, and fractional ani-
sotropy of nerves.

Applications

In musculoskeletal imaging clinical practice, DTI and 
tractography are mainly used to evaluate peripheral nerve 
tumors and soft tissue tumors arising around nerve structures 
[20]. This approach is of paramount importance not only for 
the diagnosis when there is often great difficulty in correctly 
delineating the tumor from healthy nerve structures, but also 
for the preoperative planning, as the preservation of unaf-
fected nerve fascicles is important to maintain neuromuscu-
lar function after surgery [20]. The assessment of peripheral 
nerve involvement by STTs, based on conventional structural 
MR sequences alone, is limited by subjective interpretation. 
Moreover, correlation of “d” sectional images with surgical 
findings, particularly in anatomically complex regions, can 

Fig. 4  Axial (a) an coronal (b) MR images of a rounded fusiform 
lesion at the level of the posterior compartment of the leg (within the 
soleus muscle) showing intense, homogeneous contrast enhancement. 
Axial DTI sequence (c) with fiber track reconstruction (d) demon-

strates the growth of the lesion within the nerve fibers and its rela-
tionship to them. The imaging features are consistent with the diagno-
sis of schwannoma
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be challenging [46]. DTI and tractography have radically 
changed the ability to visualize tissue anatomy in a three-
dimensional, noninvasive manner. Using tractography, the 
topographical relationship between the peripheral nerve and 
the tumor can be clearly depicted, even in the presence of 
regional anatomy derangement. In schwannomas, in which 
the tumor originates from the sheath of a single fascicle, 
leaving the main trunk of the peripheral nerve attached to 
the mass, DTI and tractography imaging are helpful in the 
differential diagnosis with neurofibromas, clearly depict-
ing the eccentric and separate tumor growth relative to the 
involved nerve. Moreover, in addition to the morphological 
T2 sequence, discontinuity and abrupt thinning are signs 
that may indicate nerve invasion. Also, the literature results 
report a tendency toward lower FA and higher ADC val-
ues for adjacent nerve segments in malignant STTs than in 
benign STTs. These findings could be explained by the pres-
ence of greater regional nerve edema associated with aggres-
sive tumor behavior or by true tumoral infiltration [23, 46]. 
In our experience, DTT was found to be capable of properly 
visualizing intact nerve fascicles and correctly delineating 
healthy nerve tissue and tumors across the vast majority of 
PNST patients with good intraoperative correlation between 
the DTT scans and surgical anatomy with 95.8% sensitivity, 
66.8% specificity, and 89% positive predictive value (Fig. 4).

Conclusions

Functional and metabolic MRI techniques have expanded 
the role of MRI in the evaluation of soft tissue tumors. The 
added information obtained from these sequences, either 
alone or integrated, may improve multiparametric evalua-
tions of soft tissue tumors that result in more accurate diag-
nosis, appropriate treatment planning, and monitoring of 
treatment efficacy. It is important to further implement these 
techniques to be able to use them on a routine clinical basis 
and to standardize furtherly acquisition protocols.
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