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Summary. Purpose: Many studies have evaluated the role of DWI in musculoskeletal diseases but less is 
known on muscle tears. Especially for professional athletes, muscle injuries are responsible for large time lost. 
The aim of this study was to investigate on potential relationship between the muscle tear degree and the 
diffusion characteristics. Methods: In this retrospective study, patients signed a comprehensive consent form 
according to Good Clinical Practice guidelines before proceeding with all examinations. It satisfied all the re-
quirements of the Declaration of Helsinki and the Italian national law for the protection of personal data. We 
have analyzed 38 professional athletes (36 males; mean age±standard deviation 27±8 years) with a muscle tear. 
They were 26 football and 12 athletics players, with clinically suspected injuries of the lower limbs muscles. 
All of patients underwent a 1.5-T MRI with standard protocol (STIR, TSE T2, SE T1, PD T2, PD fat sat 
T2) plus the DWI sequences with 0, 400 and 800 B-values (s/mm2). Per each B value, an experienced radiolo-
gist measured the signal intensity (SI, in arbitrary units [au]) using a region of interest (ROI) placed within 
the tear on DWI images. SI drop off at the third B value was calculated referred to the first B value. Similarly, 
ADC was measured using the ADC map in a small ROI within the tear. Bivariate associations were evalu-
ated using the Student t test. Logistic regression was performed using the tear degree as dependent variable. 
Data were given as mean±standard deviation. Results: According the Muller-Wohlfarth classification, the 38 
muscle tears were classified in type 3a in 22/38 cases and 3b in 16/38 cases. At bivariate analysis, 3a-tears had 
a SI at the third B value (24±9 au) lower (P=0.003) than that of 3b-tears (34±9 au). Similarly, 3a-tears had a 
SI drop off (73±10%) lower (P=0.008) than that of 3b-tears (82±9%). ADC was not significantly associated to 
tear degree (P=0.093). At regression analysis, SI at the third B value was the only independent predictor of the 
tear degree (P=0.032), while the SI drop off was borderline significant (P=0.070). Conclusion: This preliminary 
data showed a positive correlation between the degree of muscle tears and the SI at the third B-value. Com-
pared to 3a- tears, 3b-tears tend to show higher SI and a higher SI drop off. (www.actabiomedica.it)
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O r i g i n a l  a r t i c l e

Introduction

Magnetic resonance (MR) diffusion-weighted 
imaging (DWI) is highly sensitive to tissue water dif-
fusivity. This MR sequence has been successfully used 

in several neurological and oncological conditions (1-
3).

In the field of musculoskeletal, many studies have 
evaluated the role of DWI mainly in oncological dis-
eases (4). In particular, it was used to differentiate be-
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tween benign and malignant bone tumors through a 
threshold of the apparent diffusion coefficient (ADC). 
Apart from the general evidence on a trend for a lower 
ADC in malignant lesions, data are still conflicting (5). 
Similarly, this trend appears to be true for soft-tissue 
tumors (6). Moreover, DWI appears to perform well 
in the assessment of the response to chemotherapy of 
bone and soft-tissue tumors, with an increasing ADC 
from baseline in responders (7). 

From a technical point of view, the DWI se-
quence is characterized by the so-called b values, that 
is a technical parameter to be managed during acquisi-
tion. When b=0 s/mm2 (or close to), DWI provides 
mostly a T2-weighted image. Conversely, when b is as 
high as 800 s/mm2 a genuine diffusion-weighted im-
age is obtained, generally with poorer spatial resolu-
tion and signal to noise ratio. Diffusion-weighted MR 
images must therefore be assessed visually, comparing 
images obtained with a low b value to those obtained 
with a high b value, with the difference in signal be-
tween these two images being related to water diffu-
sion. Conversely, ADC quantitative analysis is the first 
line assessment method for diffusion data.

According to the recent guidelines (8) for mus-
cle injuries, muscle tears may be evaluated using a 
fat-suppressed fluid-sensitive (e.g. short tau inversion 
recovery [STIR]) sequence, which allow for the detec-
tion of edematous changes around the myotendinous 
and myofascial junctions; and a T1-weighted spin-echo 
sequence, that are less sensitive to edematous changes 
within the muscle in acute injury but may be useful in 
the assessment of subacute hemorrhage or hematoma. 
This imaging protocol allows to defining the site, exten-
sion, and muscle retraction. Moreover, it allows to de-
fine a prognosis and a correct patient management (9).

Muscle tears are specific issues for professional 
athletes, representing a relevant source of time lost 
from competition, with strong external pressure for a 
rapid return to play (RTP). ISMuLT guidelines sug-
gest a prognosis depending on the muscle tear degree. 
In particular, for the structural 3a and 3b muscle in-
juries it is recomanded 15-18 and 25-35 days off of 
competition, respectively (10). Impotantly, an inaccu-
rate estimation of the tear degree may prompt an inap-
propriate prognosis with the risk of an early RTP and 
an increase risk of recurrent tear (11). 

To our knowledge, the role of DWI in the evalu-
ation of muscle tears has never been assessed. In our 
clinical practice, DWI is added to the standard imag-
ing protocol thanks to its capability in the evaluation 
of soft tissues. In fact, high degree tears are expected to 
involve a large part of muscle fibers and, consequently, 
a higher diffusivity of water molecules.

The aim of this preliminary study was to retrospec-
tively investigate on potential relationship between the 
muscle tear degree and the diffusion characteristics.

Materials and methods

Study design and population

In this retrospective study, patients signed a com-
prehensive consent form according to Good Clinical 
Practice guidelines before proceeding with all exami-
nations. It satisfied all the requirements of the Decla-
ration of Helsinki and the Italian national law for the 
protection of personal data. 

We analyzed consecutive 38 elite professional 
athletes (36 males; mean age±standard deviation 27±8 
years). They were 26 football and 12 athletics players 
with a clinically suspected injury of the lower limb 
muscles without a direct trauma (10).

Imaging protocol

All patients underwent a 1.5-T MR imaging be-
tween 48 and 72 hours from the indirect trauma (10) 
with the standard protocol (Avanto, Siemens Medi-
cal Solution, Erlangen, Germany; or Achieva, Philips 
Medical System, Eindhoven, Netherlands) and a body 
matrix coil phased array 16 channels. The imaging pro-
tocol included a coronal STIR, an axial T2-weighted 
turbo spin-echo (Achieva) or a proton density (Avan-
to), an axial proton density fat saturated, and an axial 
T1-weighted spin echo. Moreover, for each patient, an 
axial DWI sequence with parallel imaging (accelera-
tion factor 2) was acquired using b1=0 s/mm2, b2=400 s/
mm2, and b3=800 s/mm2. Further details are provided 
in Table 1 and 2.
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Image analysis

Muscle tears were evaluated according to the 
Muller-Wolhlfahrt classification (12). In this classifi-
cation muscle injuries are classified as non-structural 
and structural as reported in Table 3.

Per each b value, an experienced radiologist (more 
than 15 years of experience in musculoskeletal radi-
ology) measured the signal intensity (SI, in arbitrary 
units [au]) on DWI images in a point region of inter-
est (ROI) placed within the tear using T2 images to 
accurately place the ROI (Figure 1). ADC was meas-
ured using the ADC map in a ROI within the tear. 

Statistical analysis

The Shapiro-Wilks test was used to ascertain 
whether the distribution of the continuous variables 
was normal. The SI drop off at b3 was calculated respect 
to b1.

The association between the muscle tear degree 
and ADC, SI drop off, and the SI at b3 was calculated 
using the ANOVA. Bivariate correlations were esti-
mated using the Pearson correlation coefficient. Mul-
tivariate regression analysis was performed using the 
SI drop off as dependent variable and with both the 
muscle tear degree and ADC as predictors. Finally, a 

Table 1. Achieva, Philips Medical System, Eindhoven, Netherlands, MRI characteristics

Sequence	 Plane	 TR (ms)	 TE (ms)	 Matrix (mm)	 GAP (mm)	 FOV (mm)	 Thinkness (mm)

STIR1	 Coronal	 3000-6000	 50	 272x220	 0.8	 400-500	 4
T2 TSE2	 Axial	 3500-6000	 100	 448x327	 0.8	 400-500	 4
PD Fat Sat3	 Axial	 3500-6000	 80	 324x247	 0.8	 400-500	 4
SE T14	 Axial	 450-500	 18	 380x219	 0.8	 400-500	 4
DWI5	 Axial	 7000-13000	 55	 140x138	 0.8	 400-500	 4

1. short tau inversion recovery; 2. T2 turbo spin-echo; 3. proton density fat saturation; 4. spin echo T1; 5. diffusion-weighted imaging

Table 2. Avanto, Siemens Medical Solution, Erlangen, Germany, MRI characteristics

Sequence	 Plane	 TR (ms)	 TE (ms)	 Matrix (mm)	 GAP (mm)	 FOV (mm)	 Thinkness (mm)

STIR1	 Coronal	 5000-6000	 118	 320x320	 0.6	 400-500	 3
PD6	 Axial	 3000-6000	 12-123	 238x384	 0.6	 400-500	 4
PD Fat Sat3	 Axial	 3000-6000	 12-123	 238x384	 0.8	 400-500	 4
SE T14	 Axial	 636	 10	 224x320	 0.8	 400-500	 4
DWI5	 Axial	 4000-8000	 70	 160x160	 0.8	 400-500	 4

1. short tau inversion recovery; 2. T2 turbo spin-echo; 3. proton density fat saturation; 4. spin echo T1; 5. diffusion-weighted imaging; 
6. proton density

Table 3. Muller-Wolhlfahrt classification (12)

Non-structural Injury	 Type 1: Overexertion-related muscle disorder	 Type 1a: Fatigue-induced muscle disorder
		  Type 1b: Delayed-onset muscle soreness (DOMS)

	 Type 2:  Neuromuscular muscle disorder	 Type 2a: Spine-related neuromuscular Muscle disorder
		  Type 2b: Muscle-related neuromuscular Muscle disorder

Structural Injury	 Type 3: Partial muscle tear	 Type 3a: Minor partial muscle tear
		  Type 3b: Moderate partial muscle tear

	 Type 4: (Sub)total tear	 Subtotal or complete muscle tear
		  Tendinous avulsion
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receiver operator characteristic (ROC) curve was built 
for the SI drop off and the SI at b3.

Continuous data were given as mean±standard 
deviation or median and interquartile range, as appro-
priate; categorical data were given as counts and pro-
portions. A p-value <0.05 was considered as statisti-
cally significant. SPSS software (SPSS v20, IBM Inc., 
Chicago, IL) was used for calculation.

Results

According the Muller-Wohlfarth classification 
(12), the 38 muscle tears were classified as type 3a in 
22 cases (58%) and 3b in 16 cases (42%). No avul-
sion injuries and no complete tendon ruptures were 
reported. The most commonly affected muscle was 
the femoral biceps (18/38 cases), followed by the rec-
tus femoris (7/38 cases), the soleus (4/38 cases), the 

medial gastrocnemius (2/38 cases), vastus intermedius 
(2/38 cases), gluteus (1/38), medius (1/38), adductur 
longus (1/38), pectineus (1/38), vastus lateralis (1/38), 
and obturator internus (1/38). The musculotendinous 
junction was involved in 33/38 cases (87%); in four 
cases, the injury was located in the myofascial site, and 
in one other case, the tear was intramuscular.

All of the 38 patients showed a focal intramuscular 
T2 hyperintensity and this was considered to reflect a 
muscle injury (9). In 18/38 cases (47%) MRI findings 
were found as suggestive of blood products in evolution.

The mean ADC was (2.03±0.55)·10-3 mm2/s while 
the SI drop off at b3 was 77±10%. The 3a tears had a 
mean SI at b3 (24±9 au) significantly lower (p=0.003) 
than that of 3b-tears (34±9 au). In addition, the 3a-
tears had a SI drop off (73±10%) lower (p=0.008) than 
that of 3b tears (82±9%) (Figure 2). The ADC was 
borderline significantly associated to the tear degree 
(p=0.093). In particular, 3a tears had a mean ADC 

Figure 1. ROI placement on DWI sequences (b1 , b2 , b3) in 3a type (1) and 3b type (2)
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(1.91±0.49)·10-3 mm2/s lower than that of 3b tears 
(2.21±0.59)·10-3 mm2/s.

At multivariate regression analysis, both the mus-
cle tear degree (p=0.033) and the ADC (p=0.006) 
were independently associated to the SI drop off at b3. 
At ROC analysis with the muscle tear degree as de-
pendent variable, the area under the curve was 0.768 
for the SI drop off and 0.767 for the SI at b3 .

Discussion

Muscle injuries are a common issue in elite ath-
letes often occurring during competition or training. 
More than 90% of them are caused by excessive strain 

or contusion (13), causing prolonged absence from 
competition (14).

In these clinical setting, MR imaging is the pre-
ferred method of evaluation thanks to its high con-
trast resolution, reproducibility, and anatomic depic-
tion (15). Interestingly, DWI is not routinely exploited 
for the assessment of the muscle injuries, being mainly 
applied for the characterization of soft tissue tumors 
(diagnosis and follow-up) and for the assessment of 
vertebral collapse and bone marrow cellularity (16). 
Indeed, symptoms and timing of the muscle injury 
are generally enough to make an accurate diagnosis 
and the role of imaging is to better evaluate the site 
of the injury and to determine the grading (17). One 
only study, to our acknowledge, included DWI in the 
standard MR protocol for the evaluation of the rotator 
cuff tears in order to improve the diagnostic accuracy 
of MR imaging (18).

In this study, we exploited the DWI sequence so 
to measure the ADC of the muscles injuries in relation 
to its degree. Although only with borderline signifi-
cance, we demonstrated that 3a tears had a mean ADC 
lower than that of 3b tears. This reflects the fact that 3a 
tears are characterized by a lower amount of ruptured 
fibers compared to 3b tears, with a lower amount of 
free water (thus, lower ADC). This is also in line with 
the data reported by Agten et al. (19), being 1.81·10-3 
mm2/s in non-structural type-1 injuries that are char-
acterized by an even lower amount of free water. In 
practice, the higher the muscle degree, the higher the 
ADC and we may speculate on an even higher ADC 
in type-4 tears. This proportionality opens a future 
perspective where DWI-derived ADC may be used as 
a predictor of the muscle injury degree. Moreover, be-
ing ADC a continuous variable, it could be used as an 
adjunct to the Muller-Wohlfarth classification.

In the clinical practice, the DWI sequence is typi-
cally evaluated qualitatively as a subjective radiologist’s 
judgment, looking for SI modifications. Indeed, the 
ADC map is rarely calculated. As such, we have also 
assessed the role of the SI drop off and that of the SI at 
b3 itself as predictor of the muscle tear degree, showing 
an area under the curve at ROC analysis of 0.768 and 
0.767, respectively.

A limitation of this study is that the intra-observer 
evaluation was not evaluated. Another additional limit 

Figure 2. ROC curve; line green: SI drop off, line blu: SI at b3

Figure 3. SI drop-off
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is represented by the study conducted retrospectly. 
However, these results are still preliminary and 

further studies are required to validate the present data 
and to better elucidate the clinical application of DWI 
and ADC.

Conclusion

This preliminary study showed a positive associa-
tion between the degree of muscle tears and the SI at b3 
in DWI. Together to the SI drop off, it may be used to 
quantify the degree of muscle tear and could be useful 
in the better characterize the muscle injuries.

Conflict of interest: Each author declares that he or she has no 
commercial associations (e.g. consultancies, stock ownership, equity 
interest, patent/licensing arrangement etc.) that might pose a con-
flict of interest in connection with the submitted article

References

1. �Taouli B, Beer AJ, Chenevert T, Collins D, Lehman C, Ma-
tos C, et al. Diffusion-weighted imaging outside the brain: 
Consensus statement from an ISMRM-sponsored workshop. 
J Magn Reson Imaging [Internet]. 2016 Sep [cited 2017 Jun 
7]; 44(3): 521-40. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/26892827

2. �Tsuruda JS, Chew WM, Moseley ME, Norman D. Diffu-
sion-weighted MR imaging of the brain: value of differen-
tiating between extraaxial cysts and epidermoid tumors. Am 
J Roentgenol [Internet]. 1990 Nov [cited 2017 May 15]; 
155(5): 1059-65. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/2120936

3. �Uhl M, Saueressig U, Koehler G, Kontny U, Niemeyer C, 
Reichardt W, et al. Evaluation of tumour necrosis during 
chemotherapy with diffusion-weighted MR imaging: pre-
liminary results in osteosarcomas. Pediatr Radiol [Internet]. 
2006 Nov 10 [cited 2017 May 15]; 36(12): 1306-11. Avail-
able from: http://www.ncbi.nlm.nih.gov/pubmed/17031633

4. �Dallaudière B, Lecouvet F, Vande Berg B, Omoumi P, Per-
lepe V, Cerny M, et al. Diffusion-weighted MR imaging in 
musculoskeletal diseases: current concepts. Diagn Interv Im-
aging [Internet]. 2015 Apr [cited 2017 Mar 31]; 96(4): 327-
40. Available from: http://linkinghub.elsevier.com/retrieve/
pii/S2211568415000327

5. �Ginat DT, Mangla R, Yeaney G, Johnson M, Ekholm S. 
Diffusion-weighted imaging for differentiating benign from 
malignant skull lesions and correlation with cell density. AJR 
Am J Roentgenol [Internet]. 2012 Jun [cited 2017 Jun 7]; 
198(6): W597-601. Available from: http://www.ajronline.
org/doi/10.2214/AJR.11.7424

6. �Genovese E, Canì A, Rizzo S, Angeretti MG, Leonardi A, 

  �Fugazzola C. Comparison between MRI with spin-echo 
echo-planar diffusion-weighted sequence (DWI) and his-
tology in the diagnosis of soft-tissue tumours. Radiol Med 
[Internet]. 2011 Jun 19 [cited 2017 Jun 7]; 116(4): 644-56.  
Available from: http://link.springer.com/10.1007/s11547-
011-0666-9

  7. �Oka K, Yakushiji T, Sato H, Hirai T, Yamashita Y, Mizuta 
H. The value of diffusion-weighted imaging for monitoring 
the chemotherapeutic response of osteosarcoma: a compari-
son between average apparent diffusion coefficient and min-
imum apparent diffusion coefficient. Skeletal Radiol [Inter-
net]. 2010 Feb 19 [cited 2017 Jun 7]; 39(2): 141-6. Availa-
ble from: http://www.ncbi.nlm.nih.gov/pubmed/19924412

  8. �Guermazi A, Roemer FW, Robinson P, Tol JL, Regatte RR, 
Crema MD. Imaging of Muscle Injuries in Sports Medi-
cine: Sports Imaging Series. Radiology [Internet]. 2017 
Mar [cited 2017 Mar 29]; 282(3): 646-63. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/28218878

  9. �Slavotinek JP, Verrall GM, Fon GT. Hamstring injury in 
athletes: using MR imaging measurements to compare ex-
tent of muscle injury with amount of time lost from com-
petition. AJR Am J Roentgenol [Internet]. 2002 Dec [cited 
2017 Mar 31]; 179(6): 1621-8. Available from: http://www.
ajronline.org/doi/10.2214/ajr.179.6.1791621

10. �Maffulli N, Oliva F, Frizziero A, Nanni G, Barazzuol M, 
Via AG, et al. ISMuLT Guidelines for muscle injuries. 
Muscles Ligaments Tendons J [Internet]. 2013 Oct [cited 
2017 Mar 31]; 3(4): 241-9. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/24596685

11. �Ekstrand J, Hagglund M, Walden M. Injury incidence and 
injury patterns in professional football: the UEFA injury 
study. Br J Sports Med [Internet]. 2011 Jun 1 [cited 2017 
Apr 6]; 45(7): 553-8. Available from: http://www.ncbi.nlm.
nih.gov/pubmed/19553225

12. �Mueller-Wohlfahrt H-W, Haensel L, Mithoefer K, Ek-
strand J, English B, McNally S, et al. Terminology and clas-
sification of muscle injuries in sport: The Munich consen-
sus statement. Br J Sports Med [Internet]. 2013 Apr [cited 
2017 Mar 29]; 47(6): 342-50. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/23080315

13. �Järvinen TAH, Järvinen TLN, Kääriäinen M, Kalimo H, 
Järvinen M. Muscle injuries: biology and treatment. Am J 
Sports Med [Internet]. 2005 May 1 [cited 2017 May 15]; 
33(5): 745-64. Available from: http://ajs.sagepub.com/
lookup/doi/10.1177/0363546505274714

14. �Cohen SB, Towers JD, Zoga A, Irrgang JJ, Makda J, Deluca 
PF, et al. Hamstring Injuries in Professional Football Play-
ers. Sports Health [Internet]. 2011 Sep [cited 2017 Apr 5]; 
3(5): 423-30. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/23016038

15. �Armfield DR, Kim DH-M, Towers JD, Bradley JP, Rob-
ertson DD. Sports-related muscle injury in the lower ex-
tremity. Clin Sports Med [Internet]. 2006 Oct [cited 2017 
May 15]; 25(4): 803-42. Available from: http://linkinghub.
elsevier.com/retrieve/pii/S0278591906000469

16. �Herneth AM, Philipp MO, Naude J, Funovics M, Beichel 



E.A. Nocerino, A. Aliprandi, R. Tavana, et al.244

RR, Bammer R, et al. Vertebral metastases: assessment with 
apparent diffusion coefficient. Radiology [Internet]. 2002 
Dec [cited 2017 May 15]; 225(3): 889-94. Available from: 
http://pubs.rsna.org/doi/10.1148/radiol.2253011707

17. �Shelly MJ, Hodnett PA, MacMahon PJ, Moynagh MR, 
Kavanagh EC, Eustace SJ. MR Imaging of Muscle Injury. 
Magn Reson Imaging Clin N Am [Internet]. 2009 Nov 
[cited 2017 May 15]; 17(4): 757-73. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/19887301

18. �Lo H-C, Hung S-T, Kuo D-P, Chen Y-L, Lee H-M. Quan-
titative diffusion-weighted magnetic resonance imaging for 
the diagnosis of partial-thickness rotator cuff tears. J Shoul-
der Elb Surg [Internet]. 2016 Sep [cited 2017 May 15]; 
25(9): 1433-41. Available from: http://linkinghub.elsevier.
com/retrieve/pii/S1058274616000586

19. �Agten CA, Buck FM, Dyer L, Flück M, Pfirrmann CWA, 
Rosskopf AB. Delayed-Onset Muscle Soreness: Temporal 
Assessment With Quantitative MRI and Shear-Wave Ul-
trasound Elastography. AJR Am J Roentgenol [Internet]. 
2017 Feb [cited 2017 Apr 4]; 208(2): 402-12. Available 
from: http://www.ajronline.org/doi/10.2214/AJR.16.16617

Received: 3 March 2018
Accepted: 20 July 2018
Correspondence:
Elisabetta Antonia Nocerino
Radiology Unit, IRCCS Policlinico San Donato Milanese, 
Via Morandi 30 - 20097 San Donato, Italy
E-mail: elisabetta.nocerino85@gmail.com


