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AIM: The aim of this study was to determine whether intravoxel incoherent motion (IVIM)
and diffusion kurtosis imaging (DKI) can differentiate benign, intermediate, and malignant
soft-tissue tumours (STTs) of the extremities and trunk.
MATERIALS AND METHODS: We prospectively recruited 100 STT patients (32, 15, and 53

patients with benign, intermediate, and malignant tumours, respectively). The patients un-
derwent IVIM and DKI, and the following parameters were measured: standard apparent
diffusion coefficient (ADC), perfusion fraction (f), true diffusion coefficient (Dslow), pseudo-
diffusion coefficient (Dfast), water diffusion heterogeneity index (a), distributed diffusion co-
efficient (DDC), mean diffusivity (MD), and mean kurtosis (MK). Statistical analyses were
performed using receiver operating characteristic curves, the Kruskal-Wallis H test, and post
hoc test with Bonferroni correction.
RESULTS: Standard ADC, Dslow, DDC, and MD values gradually decreased from benign to in-

termediate andmalignant STTs. Intermediate STTs displayed a lower f value than benign tumours
(P¼0.029). The MK value was higher in malignant tumours than in intermediate and benign
tumours (P¼0.021 and <0.001, respectively). The DDC value best differentiated benign tumours
from nonbenign (intermediate and malignant) tumours (area under the curve [AUC] ¼ 0.884,
0853, and 0.892, respectively). The optimal MK cut-off value for differentiating intermediate and
malignant tumours was 0.65 (sensitivity: 73.33%, specificity: 81.13%, accuracy: 79.41%).
CONCLUSION: IVIM and DKI parameters were helpful for differentiating benign, interme-

diate, and malignant STTs and can complement conventional MRI, with DDC and MK values
showing high diagnostic efficacy.
� 2025 The Royal College of Radiologists. Published by Elsevier Ltd. All rights are reserved,
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Introduction

Soft-tissue tumours (STTs) are categorised into benign,
intermediate, and malignant lesions under the 2020 World
Health Organization (WHO) classification of STTs (5th edi-
tion).1 Intermediate STTs range from clinically benign le-
sions to highly aggressive malignancies. For patients with
STTs, good clinical outcomes rely on an early and accurate
diagnosis followed by timely and adequate treatments.2

Currently, the preoperative diagnosis of STTs is achieved
using core needle biopsy, but factors such as inexperienced
operators, high tumour heterogeneity, and limited sample
collection can lead to misdiagnosis, thus resulting in inap-
propriate treatment, especially for patients with interme-
diate and malignant tumours.3

Studies have indicated that conventional magnetic
resonance imaging (MRI) findings, such as deep tumour
location, heterogeneity, infiltrating margin, and peritu-
moral enhancement or oedema are associated with
malignant STTs.4e6 The tumour size and the ratio of
the axial and lateral diameter (Rald) of STTs can also facil-
itate the discrimination of malignant, intermediate, and
benign STTs,7 yet conventional MRI only displays
morphological data and enhancement features of tumours.
Different types of STTs have overlapping radiological
manifestations, especially intermediate tumours that lack
specific signs, making accurate differential diagnosis
challenging.

Functional MRI with multiple quantitative parameters
has been used to noninvasively identify the histological
features and metabolic characteristics of STTs.6,8e10

Apparent diffusion coefficient (ADC) values calculated us-
ing the monoexponential model of diffusion-weighted im-
aging (DWI) are insufficient for the differential diagnosis of
STTs; these values reflect both the diffusion of water mol-
ecules and the capillary microcirculation.10e14 Intravoxel
incoherent motion (IVIM), an advanced DWI technique, can
simultaneously estimate diffusion and perfusion parame-
ters via the biexponential model,15 whilst the stretched-
exponential model of IVIM quantifies tissue heterogene-
ity.16 Diffusion kurtosis imaging (DKI) assesses non-
Gaussian diffusion at ultrahigh b values to characterise
tumour complexity and heterogeneity.17

Both DKI and IVIM have been used for the diagnosis of
breast,18 parotid gland,19 pancreas,20 and ovarian tu-
mours.21 Studies on distinguishing benign STTs from ma-
lignant STTs have evaluated the biexponential model of
IVIM,22,23 but the results show evident discrepancies
across studies. Moreover, most studies ignored interme-
diate STTs, which is not conducive to the precise
treatment of patients. In addition, few studies have
explored whether the stretched-exponential model of
IVIM and DKI can differentiate amongst benign, interme-
diate, and malignant STTs.

Therefore, we comprehensively investigated the utility of
IVIM and DKI for the preoperative differentiation of benign
vs intermediate vs malignant STTs in the extremities and
trunk.
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Materials and methods

This prospective study received ethical approval from
our institutional review board. We obtained written
informed consent from all participants prior to the
commencement of this study.

Patients

Between January 2019 and March 2024, a total of 194
patients with suspected STTs underwent multiple MRI ex-
aminations, which included IVIM and DKI sequences. Of
them, 94 patients were excluded according to the following
exclusion criteria: (1) no pathological confirmation; (2)
non-neoplastic lesions; (3) bone tumours with large soft-
tissue components; (4) poor quality of images; (5) inva-
sive treatment prior to MRI; (6) simple lipoma; (7) tumour
diameter measuring <1 cm; and (8) tumours with mainly
cystic components. A flowchart of patient selection is
depicted in Figure 1.

MRI sequences

All MRI sequences were acquired using a 3.0-T device
(Discovery MR750w, GE HealthCare) equipped with variable
coils (body, knee, or surface coil). Conventional MRI se-
quences included axial T1-weighted fast spin-echo (FSE)
sequences (repetition time [TR]/echo time [TE]: 478-700/11-
18 ms; echo train length [TEL]: 3) and fat-suppressed T2-
weighted FSE sequences (TR/TE: 2900-3800/70-90 ms; TEL:
19). The following parameters were common for both se-
quences: slice thickness: 3 mm; slice gap: 1 mm; matrix,
384 � 384; field of view (FOV): 250 to 500 mm; and the
number of excitations (NEX): 2. Sagittal and coronal fat-
suppressed T1-and T2-weighted sequences were acquired
after considering the location and shape of the lesion. DWI
was performed using spin-echo echo-planar imaging (SE-
EPI) sequences before acquiring contrast-enhanced T1-
weighted sequences. The FOV, slice gap, and slice thickness
for SE-EPI were identical to those used for the conventional
MRI sequences. The IVIM parameters were as follows: TR/TE:
3000/70 ms; b values: 0, 25, 50, 75, 100, 200, 500, and 800 s/
mm2; matrix: 128 � 128; NEX: 2 to 4; and scan time: 153 s.
The DKI parameters were as follows: TR/TE: 5000/80 ms; b
values: 0,1000, and 2000 s/mm2;matrix: 128� 128; NEX: 4;
number of directions: 15; and scan time: 530 s.

Quantitative MRI analysis

DKI and IVIM scans were postprocessed using DKI and
MADC software, respectively, on an Advantage Workstation
(ADW 4.7, GE HealthCare). Quantitative parameters were
calculated using the following formulae:

For the monoexponential model, we used the equation

S(b) ¼ S0 $ exp (-b $ ADC)

where b and S(b) are the diffusion sensitivity coefficient
and the signal intensity based on the b value, respectively.
 Health and Social Security de ClinicalKey.es por Elsevier en julio 10, 2025. 
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Figure 1 Study flowchart. DKI, diffusion kurtosis imaging; IVIM, intravoxel incoherent motion; MRI, magnetic resonance imaging.
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For the biexponential model, we used the equation

S(b) ¼ S0 $ [f $ exp (b $ Dfast) þ (1 - f) $ exp (-b $ Dslow)]

where Dslow, Dfast, and f are the true diffusion coefficient,
pseudo-diffusion coefficient, and perfusion fraction,
respectively.15

For the stretched-exponential model, we used the
equation

S(b) ¼ S0 $ exp [-(b $ DDC) a]

where DDC is the distributed diffusion coefficient rep-
resenting the continuous distribution of diffusion co-
efficients within voxels and a is the water diffusion
heterogeneity index representing the deviation of water-
molecule diffusion from the monoexponential model.16

The a value is bound between 0 and 1.
For DKI, we used the equation

S(b) ¼ S0 $ exp. (-b $ Dapp þ b2 $ Dapp
2 $ Kapp/6)

where Kapp and Dapp represent distribution kurtosis- and
the ADC-corrected values for non-Gaussian diffusion,
respectively. We calculated the mean kurtosis (MK) and
mean diffusivity (MD) for 15 directions.17

Regions of interest (ROIs) were placed on the ADC maps
by 2 radiologists (with 7 and 17 years of experience) who
were blinded to the clinicopathological data. T1-weighted,
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T2-weighted, and contrast-enhanced images served as ref-
erences for ROI placement. Each ROI contained the largest
solid portion of each tumour and avoided areas of haemor-
rhage, necrosis, cystic changes, and oedema as well as
tumour margins and gross artifacts. The 2 examiners’ mea-
surements were averaged and used for statistical analysis.

Qualitative MRI analysis

The 2 radiologists independently recorded the subse-
quent conventional MRI signs for each tumour: tumour size,
Rald, tissue layer, margin characteristics, necrosis, tumour
heterogeneity on T2-weighted images, peritumoral oedema
and enhancement, and invasion of the bones, vessels, or
nerves. The precise definitions of the above features are
provided in Supplementary Material S1.

Histopathological evaluation

Histopathological diagnoses were independently per-
formed by 2 pathologists (with 5 and 15 years of experi-
ence) in a blinded manner. Any disagreements between the
2 pathologists were resolved by consultation with a third
pathologist with 20 years of experience. On histological
examination, all STTs were divided into benign, intermedi-
ate, or malignant lesions according to the 2020 WHO
classification.
alth and Social Security de ClinicalKey.es por Elsevier en julio 10, 2025. 
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Statistical analysis

Statistical analyses were conducted using MedCalc v15.8
(Mariakerke, Belgium) and SPSS v25.0 (Chicago, USA) soft-
ware. The normality of data and homogeneity of variance
were assessed using the Kolmogorov-Smirnov and Levene
tests, respectively. All normally distributed data were
expressed as mean � standard deviation; data that did not
conform to a normal distribution were expressed as median
(interquartile range). Categorical and quantitative variables
were compared amongst the 3 STT types by using the chi-
squared test and Kruskal-Wallis H test, respectively. Post
hoc analysis was performed using the Dunn’s test with the
Bonferroni correction for pairwise comparisons. Interexa-
miner agreement was assessed using intraclass correlation
coefficients (ICCs), with ICCs >0.75 indicating good agree-
ment. The receiver operating characteristic (ROC) curve and
area under the curve (AUC) were used to determine the
diagnostic performance of quantitative parameters, and
their optimal cut-off values, sensitivity, specificity, and ac-
curacy were calculated using the Youden’s index. Multivar-
iable logistic regression analysis was performed to evaluate
diffusion parameters. AUCs were evaluated using the
DeLong test. Differences were deemed significant at a P
value <0.05.
Results

General information

The study involved 100 patients, of whom 5 patients
were unable to undergo contrast-enhanced examinations
due to contraindications. According to the pathological re-
sults of surgical resection, 100 patients were divided into 3
groups: benign STTs (n¼32), intermediate STTs (n¼15), and
malignant STTs (n¼53). The tumour type was not related to
Table 1
Demographic data and tumour characteristics.

Benign (n¼32) Intermediate (n¼15)

Age (year) 48.73 � 15.52 49.07 � 15.21
Gender F:M ¼ 18:14 F:M ¼ 11:4
Histological

diagnosis
Neurofibroma (n¼6) Dermatofibrosarcoma
Schwannoma (n¼7) Atypical lipomatous tu
GCTTS (n¼7) Inflammatory myofibr

(n¼1)
Intramuscular myxoma (n¼1) Desmoid-type fibroma
Nodular fasciitis (n¼1) Solitary fibrous tumou
Haemangioma (n¼7)
Benign fibrous histiocytoma
(n¼2)
Pilomatricoma (n¼1)

F, female; GCTTS, giant cell tumour of tendon sheath; M, male; MGCTS, maligna
sheath tumour; UPS, undifferentiated pleomorphic sarcoma.
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gender; however, the degree of malignancy was found to
increase with increasing age, which is consistent with the
epidemiological characteristics of STTs (Table 1). The study
consisted of 48 male patients and 52 female patients. The
mean age of the patients was 55 years (range: 12-85 years).
The most frequently involved anatomical location was the
thigh (n¼32), followed by the trunk (n¼18), distal lower
limb (n¼17), upper limb (n¼17), hip (n¼8), shoulder (n¼7),
and hand (n¼1).
Conventional MRI findings

The conventional MRI features examined are presented
in Table 2 and Supplementary Material Table 1. We found
that tumour size, necrosis, T2-weighted heterogeneity, and
peritumoral oedema all significantly differed amongst
benign, intermediate, and malignant STTs. Pairwise com-
parisons revealed that compared to benign STTs, malignant
STTs were significantly larger (mean: 7.15 vs 4.33 cm;
P¼0.001) and more frequently associated with necrosis
(P¼0.012), heterogeneity (P¼0.017), and peritumoral
oedema (P¼0.006). The AUCs of tumour size, necrosis, T2-
weighted heterogeneity, and peritumoral oedema for dis-
tinguishing between benign and malignant STTs were
0.752, 0.629, 0.597, and 0.676, respectively. However, in-
termediate STTs did not differ from benign and malignant
tumours in terms of the 4 aforementioned parameters
(P>0.05).
Interexaminer agreement

Good interexaminer agreement was observed for all
parameters (ICCs: 0.788-0.974), except for Dfast
(ICC ¼ 0.660) and f (ICC ¼ 0.604; Table 3).
Malignant (n¼53) P valve

59.79 � 18.77 0.004
F:M ¼ 23:30 0.103

protuberans (n¼6) Dedifferentiated liposarcoma (n¼2)
mour (n¼3) Pleomorphic liposarcoma (n¼4)
oblastic tumour Myxoid liposarcoma (n¼6)

tosis (n¼4) Fibrosarcoma (n¼4)
r (n¼1) Synovial sarcoma (n¼7)

Leiomyosarcoma (n¼10)
UPS (n¼6)

MPNST (n¼4)
MGCTS (n¼1)
Angiosarcoma (n¼2)
Alveolar soft part sarcoma (n¼1)
Rhabdomyosarcoma (n¼2)
Extraskeletal myxoid chondrosarcoma
(n¼1)
Lymphoma (n¼3)

nt giant cell tumour of tendon sheath; MPNST, malignant peripheral nerve
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Table 2
Conventional MRI features of soft-tissue tumours.

Parameters Benign (n¼29) Intermediate (n¼15) Malignant (n¼51) P value

Tumour size (cm) 4.33 � 2.68 5.29 � 1.84 7.15 � 4.04 0.002
Rald 0.634 � 0.142 0.644 � 0.142 0.615 � 0.140 0.624
Tissue layer 0.603
Deep 17/29 (58.7) 8/15 (53.3) 24/51 (47.1)
Superficial 12/29 (41.3) 7/15 (46.7) 27/51 (52.9)
Margin 0.367
Poorly defined 10/29 (34.4) 4/15 (26.7) 23/51 (45.1)
Well defined 19/29 (65.6) 11/15 (73.3) 28/51 (54.9)
Necrosis 0.026
Present 8/29 (27.6) 5/15 (33.3) 29/51 (56.9)
Absent 21/29 (72.4) 10/15 (66.7) 22/51 (43.1)
T2WI heterogeneity 0.042
Present 12/29 (41.4) 7/15 (46.7) 35/51 (68.6)
Absent 17/29 (58.6) 8/15 (53.3) 16/51 (31.4)
Peritumoral oedema 0.018
Present 9/29 (31.0) 6/15 (40.0) 32/51 (62.7)
Absent 20/29 (67.0) 9/15 (60.0) 19/51 (37.3)
Peritumoral enhancement 0.155
Present 7/29 (24.1) 8/15 (53.3) 18/51 (35.3)
Absent 22/29 (75.9) 7/15 (46.7) 33/51 (64.7)
Bone invasion 0.439
Present 2/29 (6.9) 0/15 (0.0) 5/51 (11.8)
Absent 27/29 (93.1) 15/15 (100.0) 46/51 (80.4)
Vessel and/or nerve invasion 0.096
Present 3/29 (10.3) 2/15 (13.3) 15/51 (29.4)
Absent 26/29 (89.7) 13/15 (86.7) 36/51 (70.6)

MRI, magnetic resonance imaging; Rald, ratio of the axial and lateral diameter; T2WI, T2-weighted imaging.

Table 3
Interexaminer agreement for measurements of diffusion parameters.

Parameters ICC 95% CI

Standard ADC (� 10�3mm2/s) 0.900 0.855e0.931
Dslow (� 10�3mm2/s) 0.927 0.893e0.950
Dfast (� 10�3mm2/s) 0.660 0.753e0.758
f 0.604 0.463e0.715
DDC (� 10�3mm2/s) 0.914 0.874e0.941
a 0.788 0.701e0.852
MK 0.974 0.961e0.982
MD (� 10�3mm2/s) 0.958 0.938e0.972

a, water diffusion heterogeneity index; ADC, apparent diffusion coefficient;
CI, confidence interval; DDC, distributed diffusion coefficient; Dfast, pseudo-
diffusion coefficient; Dslow, true diffusion coefficient; f, perfusion fraction;
ICC, Intraclass correlation coefficient; MD, mean diffusivity; MK, mean
kurtosis.

Table 4
Diffusion parameters of soft-tissue tumours.

Parameters Benign (n¼32) Intermediate (n¼15) Malig

Standard ADC
(� 10�3mm2/s)

1.67 (1.50-1.73) 1.47 (1.37-1.55) 1.29

Dslow (� 10�3mm2/s) 1.46 (1.38-1.58) 1.26 (1.11-1.34) 1.09
Dfast (� 10�3mm2/s) 16.64 (10.37-35.70) 34.20 (15.10-49.95) 26.45
f 24.65 (17.74-30.59) 20.30 (11.85-25.25) 19.15
DDC (� 10�3mm2/s) 1.74 (1.57-1.91) 1.44 (1.29-1.54) 1.18
a 0.92 (0.82-0.96) 0.85 (0.75-0.91) 0.88
MK 0.53 (0.42-0.66) 0.60 (0.56-0.73) 0.78
MD (� 10�3mm2/s) 2.15 (1.95-2.24) 1.82 (1.63-1.92) 1.42

a, water diffusion heterogeneity index; ADC, apparent diffusion coefficient; DDC, d
diffusion coefficient; f, perfusion fraction; MD mean diffusivity; MK, mean kurto
calculated from the Kruskal-Wallis H test. P valuesb are adjusted for pairwise co
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Quantitative diffusion parameter analysis

As shown in Table 4 and Supplementary Material
Table 2, the quantitative parameters standard ADC, Dslow,
f, DDC, MK, and MD values significantly differed amongst
benign, intermediate, and malignant STTs (f value:
P¼0.017, other parameters: P<0.001, Kruskal-Wallis H
test). Standard ADC, Dslow, DDC, and MD values were lower
in the malignant tumour group than in the benign tumour
group (P<0.001 for all). DDC, Dslow, f, and MD values were
lower in the intermediate group than in the benign group
(P¼0.006, 0.023, 0.029, and 0.038, respectively). The MK
value was significantly higher in malignant STTs than in
intermediate STTs (P¼0.021) and benign STTs (P<0.001).
nant (n¼53) P valuea P valueb

Benign vs
intermediate

Intermediate
vs malignant

Benign vs
malignant

(1.15-1.49) <0.001 0.120 0.173 <0.001

(0.94-1.21) <0.001 0.023 0.340 <0.001
(17.05-32.46) 0.096
(14.25-25.58) 0.017 0.029 0.867 0.076
(1.08-1.41) <0.001 0.006 0.383 <0.001
(0.82-0.92) 0.079
(0.70-0.83) <0.001 0.604 0.021 <0.001
(1.25-1.87) <0.001 0.038 0.098 <0.001

istributed diffusion coefficient; Dfast, pseudo-diffusion coefficient; Dslow, true
sis. Data are medians with interquartile ranges in parentheses. P valuesa are
mparisons by using the Dunn’s test with the Bonferroni correction.
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Figure 2 A 55-year-old patient with leiomyosarcoma of the left thigh. (a) Axial T2-weighted image showing a hyperintense mass with multiple
cystic regions. The standard ADC (b), Dslow (c), f (d), DDC (e), MK (f), and MD (g) values are 1.27 � 10�3 mm2/s, 1.11 � 10�3 mm2/s, 11.90,
1.10 � 10�3 mm2/s, 0.77, and 1.58 � 10�3 mm2/s, respectively. (h) On microscopy, the tumour cells show a spindle-shaped or oval appearance,
and are arranged in a parallel pattern with variable amounts of eosinophilic cytoplasm and vesicular nuclei (haematoxylin and eosin, � 200
original magnification). ADC, apparent diffusion coefficient; DDC, distributed diffusion coefficient; Dslow, true diffusion coefficient; f, perfusion
fraction; MD, mean diffusivity; MK, mean kurtosis.
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The conventional MRI and diffusion characteristics of his-
tologically confirmed cases of leiomyosarcoma, dermato-
fibrosarcoma protuberans, and neurofibroma are shown in
Figure 2, Supplementary Material Figure S1, and Figure S2,
respectively.
Table 5
Performance of quantitative imaging parameters for diagnosing soft-tissue tumo

Parameters AUC 95% CI Cut-off value

Benign vs intermediate
Dslow (� 10�3mm2/s) 0.820 0.680e0.917 >1.34
f 0.725 0.575e0.845 >26.05
DDC (� 10�3mm2/s) 0.853 0.719e0.939 >1.63
MD (� 10�3mm2/s) 0.803 0.661e0.905 >2.07
Combination of 4 parameters 0.900 0.777e0.968 /
Benign vs malignant
Standard ADC (� 10�3mm2/s) 0.829 0.732e0.902 >1.49
Dslow (� 10�3mm2/s) 0.855 0.762e0.922 >1.21
DDC (� 10�3mm2/s) 0.892 0.806e0.949 >1.51
MK 0.822 0.724e0.897 &0.67
MD (� 10�3mm2/s) 0.886 0.798e0.944 >2.01
Combination of 5 parameters 0.920 0.841e0.968 /
Intermediate vs malignant
MK 0.778 0.661e0.870 &0.65
Benign vs nonbenign (intermediate D malignant)
Dslow (� 10�3mm2/s) 0.847 0.761e0.911 >1.34
DDC (� 10�3mm2/s) 0.884 0.804e0.939 >1.52
MD (� 10�3mm2/s) 0.867 0.785e0.927 >2.01
Combination of 3 parameters 0.916 0.843e0.962 /

ADC, apparent diffusion coefficient; AUC, area under the curve; CI, confidence inte
perfusion fraction; MD, mean diffusivity; MK, mean kurtosis.
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Diagnostic performance

The diagnostic performance of quantitative diffusion
parameters is illustrated in Table 5 and Figure 3.

For differentiating benign tumours from intermediate
tumours, DDC value showed the highest AUC (0.853);
urs.

Youden’s index Sensitivity (%) Specificity (%) Accuracy (%)

0.581 78.1 (25/32) 80.0 (12/15) 78.7 (37/47)
0.406 40.6 (13/32) 100.0 (15/15) 59.6 (28/47)
0.621 68.8 (22/32) 93.3 (14/15) 76.6 (36/47)
0.590 65.6 (21/32) 93.3 (14/15) 74.5 (35/47)
0.777 84.4 (27/32) 93.3 (14/15) 83.0 (39/47)

0.586 81.3 (26/32) 77.4 (41/53) 78.8 (67/85)
0.680 90.6 (30/32) 77.4 (41/53) 83.5 (71/85)
0.712 84.4 (27/32) 86.8 (46/53) 85.9 (73/85)
0.624 81.3 (26/32) 81.1 (43/53) 81.2 (69/85)
0.656 75.0 (24/32) 90.6 (48/53) 84.7 (72/85)
0.793 90.6 (29/32) 88.7 (47/53) 87.1 (74/85)

0.545 73.3 (11/15) 81.1 (43/53) 79.4 (54/68)

0.634 78.1 (25/32) 85.3 (58/68) 83.0 (83/100)
0.682 84.4 (27/32) 85.3 (58/68) 85.0 (85/100)
0.632 75.0 (24/32) 88.2 (60/68) 84.0 (84/100)
0.790 93.8 (30/32) 85.3 (58/68) 88.0 (88/100)

rval; DDC, distributed diffusion coefficient; Dslow, true diffusion coefficient; f,
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Figure 3 ROC curves showing the diagnostic performance of quantitative imaging parameters for differentiating soft-tissue tumours. DDC,
distributed diffusion coefficient; MD, mean diffusivity; MK, mean kurtosis.
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however, the AUC for DDC value did not significantly differ
from those for Dslow, f, and MD values (P¼0.522, 0.146, and
0.494, respectively). A combination of Dslow, f, DDC, and MD
yielded to an AUC of 0.900 with a sensitivity of 84.37% and a
specificity of 93.33%. The AUC of the combined model was
higher than those of the f and MD values (0.900 vs 0.725
and 0.803, P¼0.011 and 0.047, respectively) but did not
significantly differ from those of the Dslow and DDC values
(P¼0.122 and 0.147, respectively).

For discriminating between benign and malignant STTs,
the AUC of DDC value was higher than that of tumour size
(0.892 vs 0.725, P¼0.027), but the AUC of DDC value did not
significantly differ from those of standard ADC, Dslow, MK,
and MD values (P¼0.060, 0.232, 0.112, and 0.866,
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respectively). The combination of standard ADC, Dslow, DDC,
MK, and MD values yielded an AUC of 0.920, a sensitivity of
90.62%, and a specificity of 88.68%. The AUC of this com-
bined model was higher than those of the standard ADC,
Dslow, and MK values (0.920 vs 0.829, 0.855, and 0.822,
P¼0.017, 0.028, and 0.007, respectively) but did not differ
from those of the DDC and MD values (P¼0.190 and 0.188,
respectively).

For the discrimination of intermediate vsmalignant STTs,
the optimal cut-off MK value was 0.65 (sensitivity: 73.33%,
specificity: 81.13%, and accuracy: 79.41%).

The Dslow, DDC, and MD values of benign tumours
significantly differed from those of intermediate and ma-
lignant tumours; hence, the latter 2 groups were combined
alth and Social Security de ClinicalKey.es por Elsevier en julio 10, 2025. 
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as the nonbenign group for further analysis. The Dslow, DDC,
and MD values helped discriminate benign STTs from
nonbenign STTs (Table 5), with DDC value showing the
highest AUC (0.884). However, the AUC of DDC value did not
significantly differ from those of Dslow and MD values
(P¼0.261 and 0.689, respectively). A combination of Dslow,
DDC, andMD yielded to an AUC of 0.916 with a sensitivity of
93.75% and a specificity of 85.29%. The AUC of the combined
model was higher than that of the Dslow value (0.916 vs
0.847, P¼0.018) but did not differ from those of the DDC and
MD values (P¼0.143 and 0.077, respectively).
Discussion

The findings of our study indicated that IVIM- and DKI-
derived quantitative parameters can reveal the diffusion
and perfusion characteristics of STTs. We then developed a
preliminary stepwise diagnostic diagram to distinguish
between benign, intermediate, and malignant STTs.

Conventional MRI is commonly used to diagnose STTs,
and malignant STTs usually demonstrate a more aggressive
growth pattern on MRI. We found that tumour size, ne-
crosis, T2-weighted heterogeneity, and peritumoral oedema
could differentiate benign STTs frommalignant STTs, which
is in agreement with published findings.5,12,24 However,
these features could not distinguish intermediate tumours
from benign or malignant tumours. Peritumoral enhance-
ment is associated with malignant tumours due to their
increased vascularity4; however, we found no significant
difference in peritumoral enhancement amongst the 3
types of STTs. In addition, unlike the findings of Gruber
et al.,7 we found no significant difference in Rald, which may
be related to the multiple anatomical locations of the
included tumours. These results highlight the limitations of
conventional MRI in the differentiation of STT types.

Standard ADC, Dslow, DDC, and MD values all reflect
restricted water diffusion in tissues and are primarily
affected by cell density.25,26 Consistent with previous
studies,27e29 our study showed that all 4 types of ADC
values gradually declined from benign to nonbenign (in-
termediate and malignant) tumours. Dslow, DDC, and MD
values could distinguish benign tumours from intermedi-
ate andmalignant tumours. Malignant tumour cells tend to
exhibit abundant growth and a dense distribution, which
reduces the extracellular space and thereby decreases the
ADC. The DDC value is a composite of individual ADC
values across different distributions and directions, and
theoretically reflects water-molecule diffusion more
accurately than ADC.16 Few studies have examined the
usefulness of DDC in the diagnosis of STTs. In the present
study, the DDC value showed the best diagnostic perfor-
mance in differentiating benign STTs from non-benign
STTs, which is inconsistent with the findings obtained in
endometrial lesions.25 This difference may be attributable
to the difference in tumour types.

We found that the Dfast value was higher in intermediate
STTs than in benign and malignant STTs, although the
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differences were not significant. In contrast, the f value was
significantly lower in intermediate STTs than in benign STTs,
which is consistent with a previous report.22 This finding
suggests that benign STTs have more intact capillaries than
intermediate STTs. As important perfusion parameters
reflecting capillary microcirculation, the repeatability of
Dfast and f has always been controversial.30 Wu et al.22 re-
ported a higher Dfast value and a similar f value in malignant
STTs as compared to those in benign STTs, and Lim et al.31

reported the opposite results. The discrepancy may be
attributable to the fact that the combination of b values
used is critical for IVIM-derived parameters as too few b
values measuring below 100 to 200 s/mm2 (range for
perfusion sensitivity) will reduce the performance of
perfusion parameters.32 Another explanation may be that
different tumour subtypes have varying degrees of vascu-
larisation and cell density.

During the malignant transformation of tumours, the
tumourmicrostructure becomesmore complex and diverse,
potentially altering the motion of water molecules. Both a
and MK values can indicate the intravoxel heterogeneity of
water diffusion; increased tumour heterogeneity is associ-
ated with reduced a values and increased MK. In a pro-
spective study by Ogawa et al. that assessed the value of MK
in the differential diagnosis of musculoskeletal tumours, a
significant difference was found between the MK values of
benign and malignant tumours.33 In our study, we similarly
found a significant difference in MK values between benign
and malignant STTs. Malignant tumours exhibit cellular
pleomorphism, necrosis, haemorrhage, and tortuous
vascular hyperplasia, all of which influence MK values.
Malignant and benign STTs did not differ in terms of a
values, which is consistent with studies of endometrial25

and liver lesions.34 These results indicate that the MK
value from the DKImodel is more suitable for evaluating the
tumour microenvironment than the a value from the
stretched-exponential model.

Intermediate STTs are a special tumour type with diverse
biological behaviours that are oftenmisdiagnosed as benign
or malignant STTs. Most studies on STTs classified the tu-
mours into the benign and malignant categories.5,11,12,23,24

With the deepening of the concept of precision medicine,
intermediate tumours are receiving increasing attention
from clinicians, imaging physicians, and pathologists,3,35

and distinguishing intermediate from benign and malig-
nant tumours is related to improving patient management
and adjusting treatment decisions. The present results
confirmed that conventional MRI is insufficient to distin-
guish intermediate tumours from benign and malignant
tumours. IVIM- and DKI-derived parameters provide
diversified information. In the present study, the DDC value
displayed the best diagnostic performance amongst all the
other parameters examined. Logistic regression models
including multiple parameters and their combinations did
not show significantly higher diagnostic performance than
DDC values. Additionally, only MK value could distinguish
between intermediate and malignant tumours. Therefore,
we consider incorporating DDC and MK values into the
 Health and Social Security de ClinicalKey.es por Elsevier en julio 10, 2025. 
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differential diagnosis of STTs. In the future, we need larger
sample sizes and more advanced analytical methods to
optimise and validate the results of this preliminary study.

Our study has some limitations. First, the sample size
was small, especially for the intermediate STT group.
Therefore, our study only provided a preliminary explor-
atory result. Second, we used ROIs that were manually
drawn in the solid tumour component rather than the
whole tumour. This method may produce measurement
errors in highly heterogeneous tumours. In addition, no
uniform standard was available for the selection and
number of b values in diffusion sequences. For the
stretched-exponential model and DKI, using higher b values
may result in more accurate calculation of quantitative
parameters. Therefore, we need to increase the sample size,
further optimise the combination of b values, and analyse
the whole tumour volume to more accurately reflect the
microscopic changes in STTs.

In summary, the results of the present study showed that
quantitative parameters derived using IVIM and DKI
perform better in the differential diagnosis of benign, in-
termediate, and malignant STTs than conventional MRI. The
DDC values from the stretched-exponential model best
differentiated benign tumours from nonbenign (interme-
diate/malignant) tumours. The MK values from DKI were
useful for differentiating intermediate and malignant STTs.
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