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Abstract
Aim To evaluate proven soft tissue musculoskeletal malignancies blinded to their Fédération Nationale des Centres de Lutte
Contre le Cancer histologic grades to identify the predictive values of conventional MR findings and best fit region of interest
(ROI) apparent diffusion coefficient (ADC) measurements.
Materials and methods Fifty-one consecutive patients with different histologic grades were evaluated by four readers (R1–
4) of different experience levels. Quantitatively, the maximum longitudinal size, tumor to muscle signal intensity ratios,
and ADC measurements and, qualitatively, the spatial location of the tumor, its signal alterations, heterogeneity,
intralesional hemorrhage or fat, and types of enhancement were assessed. Intraclass correlation, weighted kappa,
ANOVA, and Fisher exact tests were used.
Results There were 22/51 (43%)men (mean age ± SD = 52 ± 16 years) and 29/51 (57%)women (mean age ± SD = 54± 17 years),
with the majority of tumors 38/51 (75%) in the lower extremities. Histologic grades were I in 8/51 (16%), II in 17/51 (33%), and
III in 26/51 (51%), respectively. The longitudinal dimensions were different among three grades (p = 0.0015), largest with grade
I. More central enhancements and deep locations were seen in grade III tumors (p = 0.0191, 0.0246). The ADC mean was
significantly lower in grade III than in grade I or II (p < 0.0001 and p = 0.04). The ADC min was significantly lower in grade
III than in grade I (p = 0.02). Good to excellent agreements were seen for T1/T2 tumor/muscle ratios, longitudinal dimension, and
ADC (ICC = 0.60–0.98).
Conclusion Longitudinal tumor dimension, central enhancement, and ADC values differentiate histology grades in musculo-
skeletal soft tissue malignancy with good to excellent inter-reader reliability.
Key Points
• The longitudinal tumor dimension of grade III malignancy is smaller than that of grade I (p < 0.0001), and higher-grade tumors
are located deeper (p = 0.0246).

• The ADC mean is significantly lower in grade III than in grade I or grade II (p < 0.0001 and p = 0.04).
• The ADC minimum is significantly lower in grade III than in grade I (p = 0.02).
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Abbreviations
ADC Apparent diffusion coefficient
DWI Diffusion-weighted imaging
FNCLCC Fédération Nationale des Centres de Lutte Contre

le Cancer
ROI Region of interest

Introduction

Magnetic resonance (MR) imaging is the modality of choice
for characterization of musculoskeletal soft tissue masses. In
addition, MR is most helpful for evaluating the solid versus
cystic nature of a soft tissue mass and delineating the extent of
the malignancy for pre-operative planning and prognostication
[1–4]. Histology obtained from percutaneous or surgical biop-
sy serves as the reference standard for the final diagnosis of
soft tissue malignancy and its tumor grade [5]. The Fédération
Nationale des Centres de Lutte Contre le Cancer (FNCLCC)
grading system is commonly used in these patients for plan-
ning neoadjuvant chemo-radiation treatments, surgery, and
prognostication [6, 7]. Moderate accuracy of conventional
MR imaging has been shown in the differentiation of benign
versus malignant soft tissue lesions and prediction of the tumor
histology [8, 9]. Expert opinions or evaluation at a dedicated
sarcoma center is of additional value for earlier and more ac-
curate diagnosis of the malignancy as well as for facilitating
expedited patient management [10–12]. Higher-grade tumors
often require neoadjuvant radiation treatment and/or chemo-
therapy, and it can be helpful if the tumor grade can be predict-
ed prospectively on imaging. Preliminary studies have been
performed to predict the tumor histology and grading (low
grade versus high grade) using conventional MR imaging
[13, 14]. Various MR imaging findings such as infiltrating
tumor margins, peritumoral edema or enhancement, rounded
tumor margins, larger tumors, and intratumoral necrosis have
been shown to be associated with malignancy [13, 14]. To
identify higher grade of tumor, peritumoral enhancement was
shown as the best predictor by Zhao et al [14]. However, there
is a considerable overlap of these findings among various tu-
mors and their histologic grades. Even chronic expanding he-
matomas have been shown to exhibit tumor-like enhancing
nodularity on conventional MR imaging [15].

Diffusion-weighted imaging (DWI) is being used over the
last few years in the domain of musculoskeletal soft tissue
lesions to evaluate the tumor cellularity. DWI reflects the de-
gree of free water diffusion within the tissues. Tumors or tissues
with lower free water content, proteineous content, or high
cellularity tend to restrict diffusion to a greater degree and vice
versa. Thus, DWI provides functional information that can
complement the structural or anatomic information obtained
from the conventional MR imaging. The degree of diffusion
is quantitated by the apparent diffusion coefficient (ADC) using

mono-exponential or multi-exponential approaches. Simple
mono-exponential ADC evaluation has been shown to be reli-
able and useful for the differentiation of benign versus malig-
nant bone lesions [16], with the minimum ADC being reported
to be the most accurate parameter. For soft tissue sarcoma het-
erogeneity characterization and tumor grading, different ap-
proaches have been tested recently, including volumetric seg-
mentation of ADC [17] and positron emission tomography-MR
imaging to correlate ADC with standardized glucose uptake
values [18]. The selected observer-based method of ADCmea-
surement has been shown to be comparable to the whole tumor
volume measurement method and has been established as the
most practical and fast method [19]. Major pitfalls of DWI
interpretations include evaluation of such images in isolation
without correlation with conventional anatomic MR images,
and inadvertent inclusion of fatty, myxoid, and hemorrhagic
areas in the ADC calculation [20]. Ideally bright areas on
DWI and corresponding dark areas of ADCmaps or vice versa
are selected using the best-fit region of interest (ROI) for the
optimal evaluation of tumor cellularity. Thus, the fibrous, fatty,
infarcted, necrotic, myxoid, and calcified areas are avoided in
the ADC calculation to estimate the real tumor cellular density.
To our knowledge, systematic evaluation of soft tissue sarco-
mas with best-fit ADC ROI for tumor grading while avoiding
fibrous, fatty, necrotic, myxoid, and calcified areas has not yet
been performed.

The authors evaluated a consecutive series of histology-
proven soft tissue malignancies blinded to their established
different FNCLCC grades to identify the predictive values of
various conventional MR imaging findings and the best-fit
ROI ADC measurements. Inter-reader reliability analysis
was performed. Our hypothesis was that best-fit ROI mean
and minimum ADC measurements can separate the tumor
grades.

Methods

This was a cross-sectional retrospective evaluation performed
following local institutional IRB approval and regulations.
The informed consent was waived.

Patient population

An institutional electronic search was performed for musculo-
skeletal extremity contrast-enhancedMR imaging studies per-
formed for consecutive tumors over a 4-year period from 2013
to 2017 from PACS and sarcoma board records. Inclusion
criteria included both genders, age between 18 and 100 years,
upper or lower extremity malignant soft tissue tumors,
established histology on biopsy or tumor resection, complete
MR imaging protocol including conventional imaging se-
quences, contrast imaging and DWI prior to biopsy, and
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surgery or neoadjuvant treatment. Exclusion criteria included
benign tumors, metastasis, and lack of complete imaging pro-
tocol or final histology proof or tumor grading. We did not
include gynecologic or retroperitoneal sarcomas.

The patient demographics including age and gender, loca-
tion of tumor, and final histology grades were recorded. A
sarcoma specialist pathologist (HH) was consulted, and the
cases were re-reviewed to establish the missing FNCLCC
grades from the final histology reports.

MR imaging

The MR imaging was performed on various scanners in the
institute (Siemens, GE, and Philips) using a uniform protocol
established for musculoskeletal tumor imaging using a flexible
phased array body matrix coil. 27/51 scans were performed on
1.5-T scanners and 24 scans were performed on 3-T scanners.
Conventional imaging (T1W, fsT2W in multiple planes),
contrast-enhanced imaging (3D volumetric fat-suppressed iso-
tropic voxel, pre- and post-contrast imaging), and DWI were
obtained in all cases as outlined in the inclusion criteria. The
parameters were as follows: T1-weighted (repetition time (TR)/
echo time (TE), 600–715/9–17; section thickness, 4 mm; axial
and sagittal planes), fat-suppressed (fs) T2-weighted (TR/TE,
3600–6000/60; section thickness, 4 mm; axial plane),
unenhanced and gadolinium-enhanced fsT1W sequence (iso-
tropic resolution, repetition time/echo time (TR/TE), 4.6–6.3/
1.4–1.5; section thickness, 1.5 mm; modified Dixon fat sup-
pression; coronal plane with axial and sagittal reconstructions;
0.1 mmol/kg gadolinium-based contrast agent). The axial DWI
was performed before contrast administration using a single-
shot echo-planar imaging (TR/TE, 8000–11,700/70–92; sec-
tion thickness, 4 mm; b values, 50, 400, and 600–800 s/mm2;
flip angle, 90°; matrix, 128 × 128; fat suppression, spectral adi-
abatic inversion recovery; time of acquisition, 5 min 10 s). The
ADC value was calculated using all b values and the ADCmap
was automatically generated from the scanner.

Data evaluation

Using conventional MR images and DWI, both quantitative
and qualitative analyses were performed by multiple readers.

Quantitative analysis Four readers (a medical student, R1; a
radiology resident, R2; and two experienced musculoskeletal
fellowship-trained faculty, R3 and R4) evaluated the
anonymized MR imaging data sets blinded to the histology
and tumor grades as well as to each other’s measurements. R1
and R2 were pre-trained on five cases by the faculty regarding
conventionalMR imaging and DWImeasurements, following
which both R1 and R2 independently recorded the maximum
longitudinal size of the tumor on fsT2W images, tumor to
adjacent non-involved skeletal muscle signal intensity ratios

on T1W (weighted) and fat-suppressed T2W (fsT2W) images,
and ADCmeasurements (mean and minimum) using the best-
fit ROI encompassing the majority of the solid area on a single
most representative slice. The slice with the lowest (darkest)
ADC was chosen for analysis. The darkest area on ADC (at
least 10 mm2) corresponding to the brighter area on DWI and/
or enhancing area on contrast-enhanced imaging was mea-
sured excluding any areas of hemorrhage and fat as correlated
with the conventional MR images using a circular ROI tool.
After three measurements, the mean and minimumADCs rep-
resentative of that lesion were recorded. R3 and R4 also mea-
sured the ADC (mean and minimum) on separate occasions
using the same methodology. The tumor to muscle ratios were
calculated to quantitate the signal intensity alterations, which
are routinely evaluated by musculoskeletal radiology readers
while assessing the soft tissue tumors.

Qualitative analysis Faculty readers R3 and R4 recorded the
tumor signal intensity and tumor heterogeneity on T1W and
fsT2W, intralesional hemorrhage or fat (including %), non-
enhancing necrotic-cystic areas, and types of enhancement
(central or peripheral). Central enhancement was defined as
enhancement within the internal substance of the lesion in-
cluding confluent enhancement, solid nodular enhancement,
or enhancing thick (> 1 mm) septations in the central core of
the tumor. Peripheral enhancement was recorded if the en-
hancement was limited to the rim of the lesion without a cen-
tral enhancing component as above. Peritumoral edema and
peritumoral enhancement were also recorded in consensus
[14]. The tumors were considered superficial if localized to
the skin and subcutaneous tissues. The spatial location of the
tumor within the muscles, under the deep fascia, or any exten-
sion of a large mass into the deep muscle compartment or
around the bones was recorded as deep location.

Statistical analysis

Intraclass correlation (ICC) and kappa (weighted kappa if ap-
plicable) were used to assess the reader agreements for con-
tinuous and categorical variables, respectively. Agreement
was considered poor with ICC/kappa < 0.4; fair, 0.4–0.59;
good, 0.6–0.74; and excellent, 0.75–1. Log transformation
was used on continuous variables to adjust for right skewness.
Quantile-quantile plots of the residuals were checked for nor-
mality assumption. No significant violation was observed.
ANOVA were used to test the difference in the continuous
variables between tumor grades on average. If the overall
p value was significant, multiple comparisons were conducted
with Tukey adjustment. Fisher’s tests were used to test the
association between tumor grades and the categorical vari-
ables. The Cochrane-Armitage test was used to evaluate dif-
ferences of tumor grades with respect to the spatial location of
the tumor as deep versus superficial, 1.5-T and 3-T scanners,
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and the two DWI protocols with different diffusion moment
values. Receiver operating curve (ROC) analyses were per-
formed onmeasurements that were significant. The diagnostic
performance of predicting tumor grades was evaluated with
the area under the ROC curve (AUC, area under the curve)
and corresponding 95% confidence intervals. Leave-one-out
cross validation was used to reduce overfit. A p value of less
than 0.05 was considered statistically significant. All analyses
were done in SAS 9.4 (SAS Institute Inc.).

Results

Patient population

Among 83 patients with suspected soft tissue malignancies, 32
were excluded for reasons such as final pathology of non-
malignant tumor [19], lack of final pathologic diagnosis [6],
and no DWI [7]. Thus, 51 patients with 51 musculoskeletal soft
tissue malignancies were included in the final inclusion sample.

Table 1 Soft tissue malignancy
tumor types, histology grades,
and locations

Study number Tumor type Tumor grade Location

1 Angiosarcoma, epithelioid, high grade III R lower leg
2 Extraskeletal myxoid chondrosarcoma III L lower leg
3 Extraskeletal myxoid chondrosarcoma I L knee
4 Chondrosarcoma myxoid II R pelvis
5 Epithelioid sarcoma II R forearm
6 Fibromyxoid sarcoma I L thigh
7 Fibrosarcoma I R knee
8 Fibrous histiocytoma III L lower leg
9 Fibrous histiocytoma III L thigh
10 Leiomyosarcoma II R thigh
11 Leiomyosarcoma II L knee
12 Pleomorphic sarcoma undifferentiated III L knee
13 Liposarcoma III R forearm
14 Liposarcoma myxoid II R lower leg
15 Liposarcoma myxoid I R thigh
16 Liposarcoma myxoid I R lower leg
17 Liposarcoma myxoid III R lower leg
18 Liposarcoma myxoid I R thigh
19 Liposarcoma I L thigh
20 Lymphoma, B cell III L knee
21 Lymphoma, B cell III R forearm
22 Lymphoma, B cell III L shoulder
23 Malignant peripheral nerve sheath tumor II R thigh
24 Myxofibrosarcoma II L thigh
25 Myxofibrosarcoma II L thigh
26 Myxofibrosarcoma II R thigh
27 Myxofibrosarcoma II Pelvis
28 Pleomorphic sarcoma undifferentiated II L lower leg
29 Pleomorphic sarcoma undifferentiated—myxoid changes II R thigh
30 Pleomorphic sarcoma undifferentiated III R forearm
31 Pleomorphic sarcoma undifferentiated III R thigh
32 Pleomorphic sarcoma undifferentiated III L thigh
33 Pleomorphic sarcoma undifferentiated III L upper arm
34 Pleomorphic sarcoma undifferentiated III L thigh
35 Pleomorphic sarcoma undifferentiated III L thigh
36 Pleomorphic sarcoma undifferentiated III L thigh
37 Pleomorphic sarcoma undifferentiated III R lower leg
38 Pleomorphic sarcoma undifferentiated III L thigh
39 Pleomorphic sarcoma undifferentiated II L forearm
40 Pleomorphic sarcoma undifferentiated III L forearm
41 Synovial sarcoma II R thigh
42 Synovial sarcoma III R ankle
43 Synovial sarcoma II L thigh
44 Synovial sarcoma II R foot
45 Pleomorphic sarcoma undifferentiated with myxoid changes III R lower leg
46 Myxoid sarcoma II R chest wall
47 Pleomorphic sarcoma undifferentiated III R foot
48 Malignant peripheral nerve sheath tumor I R pelvis
49 Pleomorphic sarcoma undifferentiated III R arm
50 Small cell neuroendocrine tumor III R thigh
51 Pleomorphic sarcoma undifferentiated III R thigh
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The final diagnoses were established on percutaneous core biop-
sy (17/51) and surgical histopathology (34/51). All histology
results containing tumor grades were obtained within 7.5 ±
7.6 weeks (range = 1–31 weeks). All MRI scans were performed
before any neoadjuvant treatment was initiated. There were 22/
51 (43%) men (mean age ± SD = 52 ± 16 years) and 29/51
(57%) women (mean age ± SD = 54 ± 17 years) with 38/51
(75%), 9/51 (18%), 1/51 (1%), and 3/51(6%) tumors in the lower
extremities, upper extremities, chest wall, and pelvis, respective-
ly. Themost common histologies were pleomorphic sarcoma 17/
51 (33%) and liposarcoma 7/51 (14%) (Table 1). The FNCLCC
grades were I in 8/51 (16%), II in 17/51 (33%), and III in 26/51
(51%), respectively. Among the 51 malignancies, only 3/51
showed multifocal appearance, and in such cases, the largest

tumor was evaluated for the analysis purpose. The various de-
scriptive statistics of MR imaging characteristics with respect to
tumor grades are outlined in Table 2.

Table 2 Quantitative and qualitative MR imaging characteristics with
respect to tumor grades. ANOVAwere used to test the difference in the
continuous variables between tumor grades on average. Fisher’s tests
were used to test the association between tumor grades and the

categorical variables. The Cochrane-Armitage test was used to evaluate
the differences of tumor grades with respect to the spatial location of the
tumor as deep versus superficial

Feature Grade I Grade II Grade III p value (adjusted for age and gender)

T1 tumor/muscle signal ratio 1.29/0.72 (mean ± SD) 1.15/0.26 1.33/0.44 0.5264

fsT2 tumor/muscle signal ratio 4.02/1.98 3.81/1.21 4.23/2.49 0.9327

T1W

Hypointense 1 1 1 0.57571
Isointense 2 6 5

Hyperintense 5 10 20

T1W

Homogeneous 3 7 13 0.79957
Heterogeneous 5 10 13

fsT2W

Hypointense 1 0 0 0.12368
Isointense 0 0 0

Hyperintense 1 3 10

Mixed 6 14 16

fsT2W 0.09372
Homogeneous 1 0 6

Heterogeneous 7 17 20

Non-enhancing cystic areas 0.14628
Present 3 4 14

Absent 5 13 12

Peritumoral edema 7/8 17/17 25/26 0.0985

Peritumoral enhancement 2/8 8/17 15/26 0.2529

Enhancement 0.01912
Peripheral 2 0 8

Central or mixed 6 17 18

Fat % in liposarcoma 2B, 1C, 1D 1B 1A A—0–25%, B—25–50%, C—50–75%,
D—75–100% of tumor volume

Hemorrhage 2/8 7/17 8/26 1.0

Largest tumor dimension 16.36 ± 9.42 cm 10.74 ± 6.09 cm 7.05 ± 4.82 0.0015

Deep tumor location 8/8 11/17 14/26 0.0246

ADC

Mean 1.6 ± 0.59 1.2 ± 0.45 0.9 ± 0.34 0.0007

Minimum 1.21 ± 0.54 0.77 ± 0.34 0.66 ± 0.34 0.0209

Table 3 Adjusted p values for pairwise comparisons (Tukey
adjustment)

Quantitative MRI and
DWI characteristics

Tumor grade

1 vs II I vs III II vs III

ADC mean 0.16 < 0.0001 0.04

ADC min 0.17 0.02 0.45

Largest dimension (cm) 0.18 < 0.0001 0.07
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Conventional MR imaging analysis

The longitudinal tumor dimensions were different among the
three grades (p = 0.0015), with the larger lesions seen with
grade I malignancy. On adjusted pairwise comparison, the dif-
ference persisted in grade I vs grade III tumors (Table 3). The
largest dimension was significantly lower in grade III than in
grade I (p < 0.0001); however, no significant difference was
found between grade I and II or grade III and II (p = 0.18 and
p = 0.07). The tumor to skeletal muscle signal intensity ratios
were not different among the groups (p = 0.5–1.0). None of the
other conventional MRI characteristics including signal inten-
sity alterations, heterogeneity, or cystic areas were significant.
Among the 51 malignancies, 33 were located in the deep com-
partments and 18 in the superficial compartment. Higher-grade
tumors were more likely to be deep (p = 0.0246). On contrast
imaging, there was significantly more central enhancement in
grade III tumors as compared to the other grades (p = 0.0191).
Intralesional hemorrhage was seen in 17/51 (33.3%) tumors.
Intralesional fat was seen in 6/7 liposarcomas and was absent in
the grade III tumors while grade I tumors expectedly showed a
higher percentage of fat. None of the other malignancies
showed intralesional fat. There was no significant difference
in peritumoral edema and enhancement among the different
grades (p = 0.0985, 0.2529). Interestingly, one patient had a soft
tissue malignancy in the lower limb with peritumoral edema
and no peritumoral enhancement, and additional bone metasta-
sis in the same field of view (Fig. 1). It turned out to be a grade I
lesion. On further F18 FDG PET imaging, multiple additional
metastases were seen in other bones.

DWI analysis

Among the 51 scans performed with DWI (19 with b
values of 0 and 600 and 32 with b values of 50, 400, and
800), there was not enough evidence to suggest a trend in
tumor grade between the b values (p = 0.5022) or between
the scanners (p = 0.5601). The DWI images showed a mild
wrap artifact at the terminal field of views in 7/51 cases
and a mild susceptibility artifact in 6/51 cases. None of
these artifacts overlapped the tumor in question or hin-
dered its ADC calculation. The ADC mean was signifi-
cantly lower in grade III than in grade I or grade II
(p < 0.0001 and p = 0.04) on average; no significant differ-
ence was found in the ADC mean between grades I and II
on average (p = 0.16) on adjusted pairwise comparison.
The ADC min was significantly lower in grade III than in
grade I (p = 0.02) on average; on adjusted pairwise com-
parison, however, no significant difference was found in
ADC min between grades I and II or grades III and II on
average (p = 0.17 and p = 0.45) (Figs. 2 and 3). The ADC
values were different among myxoid (ADC mean = 0.92 ±
0.30, ADC min = 0.67 ± 0.30) and non-myxoid (ADC
mean = 1.57 ± 0.56, ADC min = 1.06 ± 0.52) tumors on an
average with p values of 0.0006 and 0.0141, respectively.

Diagnostic performance

The largest dimension combinedwith central enhancement pro-
vided the highest AUC but was not significantly higher than

Fig. 1 Grade 1 tumor. aSagittal fat-suppressedT2Wimage shows a 7.4-cm
heterogeneous popliteal fossa mass with mixed signal intensity and
peritumoral edema (small arrows). Also note a metastatic lesion in the distal
femur (largearrow).bAxialT1Wimageshowshomogeneoussignalwithout
hemorrhage. c 3D fat-suppressed post-contrast sagittal image shows a

peripheral nodular enhancement. d, eAxial DWI and ADC images showed
meanandminimumADCof1.2and0.8,respectively.Diagnosisonhistology
was fibrosarcoma, sclerosing epithelioid type and FNCLCC grade I. f F18
FDG image shows high glucose uptake in the popliteal mass lesion and
additional femoral lesion, ametastatic lesion

Fig. 2 Grade2 tumor.aCoronal fat-suppressedT2Wimage showsa5.1-cm
heterogeneous thighmasswithhyperintense signal intensity andperitumoral
edema (small arrows). b 3D fat-suppressed post-contrast coronal image
shows central and minimal peritumoral enhancement (small arrows). c
Axial T1W image shows homogeneous signal hyperintense to muscle

without hemorrhage. d, eAxial DWI and ADC (arrow) images showmean
andminimumADCof 0.9 and 0.6, respectively. Diagnosis on histologywas
MPNSTandFNCLCCgradeII. fF18FDGimageshowshighglucoseuptake
in the poplitealmass lesion and additional femoral lesion, ametastatic lesion
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any of the univariate models with ADC min, ADC mean, or
largest dimension or combined with central enhancement
(Table 4). With equal weights on false positives and false neg-
atives, the ADCmean cutoff was 0.88 for grade III versus grade
I and II with a sensitivity of 62% and specificity of 80%. After
excluding all myxoid and chondroid lesions, the cutoff for the
ADC mean was 0.74 with a sensitivity of 48% and specificity
of 85%.When differentiating grade I from higher grades (grade
II and III), the ADC mean cutoff was 0.98 with a sensitivity of
56% and specificity of 88% (Fig. 4). After excluding all myxoid
and chondroid lesions, a similar cutoff for the ADC mean at
0.98 showed a sensitivity of 66% and specificity of 75%.

Inter-reader analysis

The interobserver agreement between the four readers was fair
to excellent based on the kappa values as illustrated in Table 5.
The best agreements (good to excellent) were seen with re-
spect to T1 and T2 tumor/muscle ratios, the largest tumor
dimension, cystic areas, and ADC values (ICC, 0.60–0.98).

Discussion

The final diagnosis and grading of sarcoma is currently
established by histology. This study supports that DWI can
be helpful in the grading of musculoskeletal soft tissue malig-
nancies and ADC values decrease with the increasing grades
of these malignancies. The ADCmeanwas significantly lower
in grade III than in grade I or grade II. On adjusted pairwise
comparisons, however, no significant difference was found in
the ADC mean between grades I and II (p = 0.16). Though

there are likely histology differences not captured by diffusion
metrics, with a larger sample, grade I and II tumors might be
separated due to the expected larger power of the study. These
results agree with those reported for other malignancies such
as prostate cancer, glioma, and hepatocellular carcinoma,
where the ADC has been shown to be of value in predicting
the tumor grading [21–23]. Thus, DWI not only is useful for
differentiating benign frommalignant musculoskeletal lesions
as previously shown in literature [16, 24, 25] but also provides
an insight into the tumor grading. There was marginal (not
statistically significant) superiority of the combination of con-
ventional MR and contrast imaging over DWI. However,
DWI can be performed without contrast imaging and its ac-
curacy (AUC, 0.72) was fairly close to the combination of
other MRI features (AUC, 0.74). We did not assess perfusion
effects in DWI analysis as done by Rijswijk et al [26], which
may further improve the AUC of ADC calculation, but it
requires changing the protocol to many more b values and it
would be a subject of a future study. Furthermore, DWI can
add to the specificity of conventional MRI when contrast-
enhanced examination is contraindicated, for instance in preg-
nant patients, very low GFR, and contrast allergy. DWI has
already been shown to be useful for assessing treatment re-
sponse in musculoskeletal bone tumors, with successfully
treated tumors showing good response and higher minimum
ADC values and ratios compared to the non-responsive tu-
mors [27, 28]. Higher ADC values have been reported in the
myxoid lesions and cystic lesions [29–31] as also seen in our
study. The ADC numbers for myxoid and non-myxoid lesions
compared very closely to those reported by Maeda et al [29].

Among the conventional MR imaging findings, the longi-
tudinal tumor dimensions were different among the three

Fig. 3 Grade 3 tumor. a, c Sagittal and axial fat-suppressed T2W images
show a 2.9-cmmildly heterogeneous thigh mass with hyperintense signal
intensity and peritumoral edema (small arrow). b Axial T1W image
shows homogeneous signal isointense to muscle without hemorrhage. d
3D fat-suppressed post-contrast axial image shows central and peripheral

enhancement as well as minimal peritumoral enhancement. e, f Axial
DWI and ADC images show mean and minimum ADC of 1.0 and 0.8,
respectively. Diagnosis on histology was pleomorphic undifferentiated
sarcoma, FNCLCC grade 3. g The tumor consists of pleomorphic spin-
dled cells with brisk mitoses (H&E stain, × 200)

Table 4 Area under the ROC
curve (AUC) using the Delong
method (33)

Model AUC 95% confidence interval p value comparing to largest
dimension + central enhancement

ADC min 0.6246 0.4652 0.784 0.2462

ADC mean 0.7262 0.5859 0.8664 0.8906

Largest dimension (cm) 0.7046 0.5594 0.8499 0.4411

ADC min + enh 0.66 0.5061 0.8139 0.3776

ADC mean + enh 0.7185 0.5761 0.8608 0.814

Largest dimension (cm) + enh 0.74 0.5977 0.8823 –
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grades (p = 0.0015), with the larger lesions seen with grade I
malignancy. On adjusted pairwise comparison, the difference
again persisted among grade I vs grade III tumors. This find-
ing disagrees with the previous report by Zhao et al [14] where
high-grade tumors were larger than the low-grade tumors. It
might be reflective of the slow growth and late presentation
expected with such lower-grade lesions especially grade I
liposarcomas. None of the other non-contrast quantitative or
qualitative findings were, however, found to be different
among the various grades of these tumors including
peritumoral edema and enhancement (p = 0.0985, 0.2529).
On contrast imaging, there was significantly more central en-
hancement in grade III tumors compared to other grades (p =
0.0191). This result has not been reported before. Gruber et al
[13] reported the presence of heterogeneous enhancement in
malignant tumors, and Zhao et al [14] observed a trend to-
wards a higher percentage of tumor enhancement with in-
creasing tumor grade.

Good to excellent agreement was seen with ADC values
(ICC = 0.60–0.98) validating the inter-reader reliability
among four different experience levels of readers as has also
been shown in other studies using different methods of ADC
measurements [16–19]. In future, DWI or contrast images can
be used with artificial intelligence approaches to build

automated predictive models for prospective tumor grading,
which could differentiate intermediate-grade from high-grade
tumors and aid in patient management [32].

The limitations included different sample sizes of various
tumor grades; however, we included a consecutive series of
cases with all possible grades of tumors reflecting our tertiary
care practice. The tumor grades were also confirmed by an
expert sarcoma pathologist for accuracy. Since soft tissue sar-
coma occurs with less frequency, we could not assess a larger
cohort of same histology and its different grades. The imaging
was performed on different scanners; however, a uniform im-
aging protocol was used during the study period. As compared
to the previous study [14], where heterogeneous protocols
with and without fat suppression were assessed, in this study,
all patients had T2W imaging with fat suppression and T1W
imaging; therefore, the signal intensity ratios were assessed in
all lesions. Finally, as per the study design and reflecting our
current practice, the readers did not evaluate DWI in isolation
without anatomic and contrast MR imaging; however, they
were blinded to the final tumor histology and grading. DWI
in the domain of musculoskeletal imaging is currently limited
to a few centers in the country. In future, a larger prospective
or multi-institutional study can be performed using similar
MR platforms and same histologic types of sarcomas can be

Fig. 4 Box plots showing the significant differences among different tumor grades with respect to the longitudinal largest dimension (a), ADCmean (b),
and ADC minimum (c)

Table 5 Inter-reader agreements
with respect to conventional MR
and DWI interpretations

Features ICC/kappa 95% CI

T1 tumor/muscle signal 0.88 0.79 0.93

T2 FS tumor/muscle signal ratio 0.85 0.76 0.91

ADC mean 0.74 0.58 0.85

ADC min 0.60 0.38 0.75

Largest dimension (cm) 0.98 0.96 0.99

T1 signal—hypointense, isointense, hyperintense (weighted kappa) 0.30 0.15 0.45

T1—homogeneous, heterogeneous 0.46 0.23 0.69

T2 signal—hypointense, isointense, hyperintense, mixed 0.43 0.24 0.61

T2—homogeneous, heterogeneous 0.56 0.19 0.93

Non-enhancing cystic/necrotic T2 bright areas—present, absent 0.65 0.44 0.87

Enhancement—peripheral, central 0.58 0.30 0.86
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grouped with larger sample sizes for generation of more uni-
form data and better results can be generated with wider
applicability.

To conclude, diffusion-weighted imaging is helpful in tu-
mor grading of soft tissue malignancies with good to excellent
inter-reader reliability. Longitudinal tumor size, deep tumor
location, and central contrast enhancement are also useful
conventional MR imaging markers of higher-grade soft tissue
malignancies.
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