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Abstract

Purpose The aim is to investigate whether contrast medium can improve accuracy in the assessment of healing muscle injury
in high-level professional athletes.

Materials and methods Our series is a retrospective study including the records of 22 players (mean age 28 +5 SD) with
lower limbs muscle injuries type 3a (Mueller-Wohlfarth). All athletes received two MRIs: the day after the injury and before
resuming heavy effort activities. Contrast medium uptake was measured in the second MRI by comparing the mean enhance-
ment at the lesion site (ME) with that of the healthy contralateral muscle (HM). The result is a percentage referred to as
muscular contrast index (MC index). The difference between the mean MC index value between athletes with and without
re-injury was assessed with both the Mann—Whitney and the Kruskal-Wallis test.

Results Twenty-nine muscle injuries matched the inclusion criteria. The mean MC index values, adjusted for the variable
of time elapsed between the last contrast examination and return to the field, were significantly different in the two study
groups (p <.001).

Conclusion The contrast medium in the follow-up of muscle injuries may be useful in determining the degree of scar stability
in a healing injury. Injuries with a high MC index were found to be ‘unstable’, with a higher rate of recurrence than those
with a low MC index. Resumption of competitive activity after achieving not only clinical resolution but also a satisfactory
MC index value may increase the safety of return to the field and reduce the recurrence rate.
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Abbreviation
RTS Return to sport.

Introduction

e The paramagnetic contrast medium is useful in differen-
tiating mature from unstable scar tissue.

e The clinician can use the MC index as an extra tool in
planning the athlete's return to sport.

e Clinical impact in elite athletes results in optimised
recovery times.

e Diagnosing ‘unstable’ lesions would result in a lower
recurrence rate.

Key points

Muscle tears are a common issue for professional athletes,
being more than 30% of all injuries in elite football, bur-
dened by prolonged periods of rest from competition associ-
ated with strong external pressure for a rapid return to sport
(RTS) [1, 2]. Inaccurate estimation of injury grade and, so,
incorrect prognosis, may lead to premature RTS with an
increased risk of re-injury [3, 4].

The purpose of a correct assessment of the extent of the
muscle injury correlates with the possibility of a safe and
prompt return thus missing as few matches as possible.

Over time, many classifications have been proposed with
the aim of supplying a prognostic tool in the management
of muscle injuries. The first were based on clinical criteria
(i.e. the American Medical Association (AMA) classifica-
tion) [2], followed later by classifications based on imaging
criteria. The latter include, for example, the Peetrons’ clas-
sification [5], based on ultrasound findings and the Chan
[6] and Cohen’s [4] classifications based on magnetic reso-
nance imaging [2]. MRI-based classifications have evaluated

Table 1 Mueller-Wohlfahrt classification

several variables including correlation with time of injury to
provide a prognostic tool that could aid the clinician in the
management of an athlete [2]. However, the results obtained
were sometimes contradictory and many conclusions still
need true clinical validation [2, 5, 7, 8].

These grading systems had the problem of grouping of
injuries into broad categories thereby impeding the corre-
lation of the degree of the lesions with its different aetiol-
ogy, treatment pathway and prognostic relevance [9—-11].
In 2012, Mueller-Wohlfarth et al. designed a classification
to standardise the many different classifications and to ease
diagnostic, therapeutic and scientific communication [12].

This comprehensive and practical classification system
was introduced to classify the broad spectrum of muscle
injuries more precisely (Table 1).

Based on this classification, before the resumption of
sport activity we introduced the paramagnetic contrast
medium in the imaging control protocol of ‘minor partial
muscle tear’ (3a according to the Munich classification
system) [12]. During post-processing, we analysed the dif-
ference in enhancement between the muscle injury and the
contralateral healthy area trying to predict the remaining
injury time.

The aim of our study is to evaluate the utility of para-
magnetic contrast medium in monitoring a healing muscle
injury to discriminate stable from unstable scars to reduce
the risk of re-injury and to define the prognosis more accu-
rately for RTS (371/400).

Materials and methods

Patient and public involvement statement

This is a retrospective study based on existing clinical
data. Patients were not directly involved, provided that

written informed consent for contrast-enhanced MRI was
obtained from each of them.

A. Indirect muscle
disorder/injury Muscle
disorder

disorder

Type 2: Neuromuscular muscle disorder

Structural muscle injury

Type 4: (Sub)total tear

B. Direct muscle injury

Functional muscle disorder Type 1: Overexertion-related muscle

Type 3: Partial muscle tear

Type 1A: Fatigue-induced muscle disorder

Type 1B: Delayed-onset muscle soreness
(DOMS)

Type 2A: Spine-related neuromuscular
Muscle disorder

Type 2B: Muscle-related neuromuscular

Type 3A: Minor partial muscle tear Type
3B: Moderate partial muscle tear

Subtotal or complete muscle tear
Tendinous avulsion

Contusion/Laceration

Mueller-Wohlfahrt classification summary [12]
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Patients also signed a comprehensive consent form
which satisfied all the requirements of the Declaration of
Helsinki and the Italian national law for the protection of
personal data.

Participants

Between February 2012 and February 2021, 260 MRI stud-
ies of high-level professional athletes with clinically sus-
pected lower limb muscles injuries were selected. Each ath-
lete complained of acute pain in the lower limb with indirect
trauma during physical activity; the clinical suspicion of a
muscle lesion was confirmed by the club physician.

From the initial sample, we selected the athletes who
received at least two MRIs with the following characteris-
tics: the first MRI performed immediately after the injury;
the second one before resuming heavy effort activities after
complete resolution of symptoms. MRIs specific protocols
will be discussed in the following sections.

In some cases, paramagnetic contrast medium was used
to assess the healing status of the lesions. Only athletes who
had at least one contrast-enhanced MRI scan before resum-
ing training were included in the study. Finally, only type 3a
injury according to Mueller-Wohlfarth’s classification was
included [12].

Regarding injuries occurring at the end of the season,
sometimes it happened that no real return to sport date was
available. In this study, only injuries with complete data
were included, leaving out those occurring at season's end.

Examinations of athletes with chronic or recurrent pain or
with contraindications to MRI or contrast medium adminis-
tration use were excluded.

Urgent need for surgery, complete avulsion injuries, pres-
ence of concomitant fracture or presence of double lesions
were considered exclusion criteria.

Images’ evaluation

A radiologist (EAG), with more than 20 years of experience
in musculoskeletal radiology, interpreted each MRI study
classifying the abnormal findings according to the Mueller-
Wohlfarth’s classification [12]. The same radiologist retro-
spectively evaluated all the studies, blinded to the original
report, providing a second score. If signs of a higher-grade
injury were present, the injury was classified according to
the highest grade. During the second evaluation, a simple
and reproducible method for measuring enhancement in
contrast medium MRIs was introduced.

We used the Cohen test to measure the degree of intra-
operator diagnostic reliability between the first and second
evaluation.

Muscle contrast index (MC index)

The measurement method required the use of contrast-
enhanced T1 axial sequences and consisted of drawing two
approximately circular ROI (about 10 mm? +2mm? depend-
ing on the lesion size and location), the first in the region
of maximum visual enhancement (ME) where a lesion was
detected, the second in the contralateral healthy muscle
(HM) (both the ROIs were placed in the same section).

Each measurement was taken on the last contrast-
enhanced MRI before resuming training, choosing the
most representative anatomical region where the lesion was
mostly clear on the first MRI after the injury. The anatomical
region was chosen using axial DWI and DP fat-sat-weighted
sequences.

Measurements were performed taking care not to include
vessels, fluid collections or fat tissue in the measurement
area.

The average value of the signal intensity at the point of
maximum enhancement was then subtracted from the aver-
age intensity value of the healthy muscle. The resulting
value was then divided by the HM.

The result was expressed as a percentage rise in
enhancement of the injured tissue compared to the
healthy muscle and was called muscle contrast index (MC
index) =(ME — HM)/HM * 100.

MRI parameters

All images were obtained using a 1.5-Tesla magnet system
(Philips Ingenia Ambition/Elition, Philips Medical System,
Eindhoven, Netherlands) with a phased array 16 channels
body matrix coil.

The first MRI after the injury was performed according
to the protocol illustrated in Table 2(a).

The technical protocol of follow-up requires contrast
medium injections (from 10 to 15 ml of Dotarem—Guerbet,
France—according to the athlete's weight, 0.2 ml/kg) and
was performed as illustrated in Table 2(b). T1 axial images
acquisition started immediately after contrast medium
administration.

Treatment and time to return to sport (RTS)

Athletes included in the prospective case series received
either a similar rehabilitation programme or individualised
rehabilitation at the club or federation.

Time to RTS was defined as the number of days from
injury until the athlete was cleared to resume unrestricted
training by the treating physician or physiotherapist at the
club or federation. The treating physician or physiothera-
pist making the RTS decision was not blinded to the MRI
findings.
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Table2 MRI technique

(a) First study without contrast medium

(b) Contrast-enhanced studies

Coronal STIR TSE (TR 2700-6000, TE 90, TI 140 ms, FOV 400—
450x 400, Slice thickness 4 mm, Matrix 328 x 310, ETL 6, TURBO
FACTOR 20, NSA 2, SENSE reduction factor 2)

Axial TSE dual proton density-weighted SPAIR and without fat sup-
pression (TR 30004000, TE-1 5.7 ms, TE-2 80 ms, FOV 400X300,
Slice thickness 4 mm, Matrix 400 x 250, TURBO FACTOR 18, NSA
2, SENSE reduction factor 2)

Axial T1 TSE (TR 520, TE 18, FOV 400X300, Slice thickness 4 mm,
Matrix 400 x 250, TURBO FACTOR 5, NSA 2, SENSE reduction
factor 2); Axial DWI (b=0-450-900) (TR 1759, TE 80-90, FOV
450X400, Slice thickness 4 mm, Matrix 152 % 133, NSA 4, SENSE
reduction factor 2)

Axial DWI (b=0-450-900)(TR 1759, TE 80-90, FOV 450X400,

Slice thickness 4 mm, Matrix 152 X 133, NSA 4, SENSE reduction
factor 2)

Coronal STIR TSE (TR 2700-6000, TE 90, TI 140 ms, FOV 400-
450x 400, Slice thickness 4 mm, Matrix 328 x 310, ETL 6, TURBO
FACTOR 20, NSA 2, SENSE reduction factor 2)

Axial TSE dual proton density-weighted SPAIR (TR 30004000, TE1
5.7 ms, TE2 80 ms, FOV 400X300, Slice thickness 4 mm, Matrix
400x 250, TURBO FACTOR 18, NSA 2, SENSE reduction factor 2)

Axial contrast-enhanced T1 TSE (TR 520, TE 18, FOV 400X300, Slice
thickness 4 mm, Matrix 400 x 250, TURBO FACTOR 5, NSA 2,
SENSE reduction factor 2)

Axial DWI (b=0-450-900)(TR 1759, TE 80-90, FOV 450X400, Slice
thickness 4 mm, Matrix 152 % 133, NSA 4, SENSE reduction factor 2)

The number of days until RTS was provided by the club
medical staff. After the resumption of sporting activity, a
period of one month was considered to detect any re-injury.

The term re-injury refers to the occurrence of a new
injury where the old injury was forming reparative tissue
that would eventually evolve into a stable scar.

The athletes were divided into two groups according to
the presence of a re-injury and, for each of them, the total
injury time and the time between the last contrast medium
examination and return to the field were calculated.

Statistical analyses

The difference between the average MC index in patients
without and with re-injury was calculated. Both data sets
were tested for normality and presented as mean (+ stand-
ard deviation; SD). The Student's ¢ test was applied in
cases where all criteria were met. In all other cases, the
Mann—Whitney and the Kruskal-Wallis tests were applied.

Categorical data were presented as frequency (%). The
results were accepted as significant at p <0.01.

The value of each MC index was adjusted to the time
between the date of the last examination and the actual return
to the field. The rationale for this choice was to eliminate the
variable of time between the last contrast examination and
the actual return to the field.

The data analysis for this paper was generated using the
Real Statistics Resource Pack software (Release 7.2); Copy-
right (2013-2020) Charles Zaiontz. www.real-statistics.com.

This paper is consistent with the STROBE cohort report-
ing guidelines [13].

@ Springer

Results
Patient characteristics

Of the initial 260 MRI studies, 58 fulfilled the inclusion
criteria (Fig. 1). We examined the records of nineteen high-
level professional football players and three high-level pro-
fessional basketball players, some of the athletes had dif-
ferent lesions in various muscles at multiple points in time.
Twenty-nine lesions were finally evaluated. The average
age of the selected sample was 27 years (SD + 5 years; range
20-39). The involved muscles are summarised in Table 3,
79% of the lesions were located at the myotendinous junc-
tion while 21% were at the myofascial junction.
Lesions’ characteristics

We obtained an excellent intra-reader reliability with a k
score of 0.97. In 19 cases collections were found in the
intrafascial area, along the longitudinal axis of the involved
muscles. In the second MRI 13 collections resolved while 6
cystic collections remained (Fig. 2).

The average enhancement value in the lesion areas was
796.6 (SD 257 RANGE 360-1446), while in the healthy
muscle areas it was 482 (SD 143.5 RANGE 233-984). The
average time from the last contrast-enhanced MRI to return
to the field was 11.5 days (SD 8 RANGE 0-31).

In the month following re-entry, 6 athletes (20.6%) devel-
oped a re-injury while 23 (79.4%) without re-injury had a
return to sport activity.

Players with re-injury resumed high-effort activity after
an average of 5.8 days (SD 6.3 RANGE 0-17) from the
date of injury; those without re-injury after 13 days (SD 8
RANGE 4-31).

The average MC index value was 47.24 (SD 6.9 RANGE
39.4-54.8) in the group with re-injury (Fig. 3) and 30.1
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MRI studies assessed for
elegibility (n=260)

Ao

Excluded (n=202)

« Lesions other than 3a or not meeting the
inclusion criteria (n=52)

Y

Athletes finally
included in the study

£ (n=22)

-

h 4

« Incomplete clinical data (n=36)
« Last study without contrast administration
(n=114)

MRI studies acquired
immediately after the
trauma without contrast
medium administration
(n=29)

MRI studies acquired
after complete clinical
rehabilitation with
contrast medium
administration (n=29)

| )
!

Lesions included in the study
(n=29; 58 MRI studies)

|
v v

No re-injury after 1
month
(n=23)

Re-injury after 1
month
(n=6)

Fig. 1 Flowchart showing the selection of records that satisfied the necessary conditions to be included in the study

Table 3 Muscles involved in the injuries

Long adductor, n (%) 1(3.45)
Biceps femoris, n (%) 10 (34.48)
Lateral gastrocnemius, n (%) 1(3.45)
Medial gastrocnemius, n (%) 3(10.34)
Tliopsoas, n (%) 1(3.45)
Rectus femoris, n (%) 3(10.34)
Semimembranosus, n (%) 5(17.24)
Soleus, n (%) 4(13.79)
Vastus intermedius, n (%) 1(3.45)

(SD 16.5 RANGE 0.8-58.1) in the group without re-injury
(Fig. 4).

The adjusted values of the MC index in relation to the
time elapsed between the last MRI and the actual return to
the field were 24.5 (SD 19.4 RANGE 4.4-50.1) in the group

with re-injury and 3 (SD 2 RANGE 0.2-8.3) in the group
without re-injury, respectively.

The descriptive statistical analysis revealed three MC
index values significantly different from the averages of the
two samples: one in the group of patients with re-injury, with
much lower score (7.08), and two in the group of patients
without re-injury, with negative scores (—2.22; —25.95).
These three measurements were considered as outliers. The
sample size was insufficient to obtain a normal distribution.
For this reason, data were analysed using the Mann—Whit-
ney and Kruskal-Wallis tests. In both cases, the differ-
ence between the mean values of the adjusted MC index in
the two groups was considered statistically significant (Z
score=—3.239; H (1, N=28)=10.6876; p of 0.0012 and
0.00108, respectively).
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Area: 0.25 cm?
Perim: 1.76 cm
Min: 614
Media: 660
Max: 707

|Std dev:27.38

Fig.2 Athlete with a type 3a injury at the myoaponeurotic junction of
the rectus femoris muscle. The image was taken several weeks after
the injury and shows the persistence of a small intramuscular col-

Discussion

Muscle injuries represent one of the most frequent and most
relevant injuries in professional football which is one of the
major causes of absence from competition [4, 8, 14-16].
The Union of European Football Associations (UEFA) has
expressed its concern over the physical and mental load on
modern professional footballers and the possible risk of
injury as a result of such loads [1]. Muscle injuries are also
common in rugby union [17, 18], Australian Rules foot-
ball, [19] basketball [20] and other Olympic sports [1, 21].
Muscle injury is not only a problem for the athlete's health
but also impacts on the club's performance, the value of the
athlete in the sports trade and, indirectly, the value of the
whole team. The longer the player's downtime, the greater
the economic implications for the sports organisation. For
this reason, it is essential to minimise the injury time by
finding prognostic factors that can help the clinician to plan
the return to the field [22].

Our study, although retrospective, has the advantage of
being a single-centre study in which all examinations were
read by the same radiologist, resulting in a high degree of
reproducibility. An additional strengthening factor in the
results' reproducibility was the use of the same sequence
and equipment in all studies on which the MC index was
then calculated.

@ Springer

Area: 0.26 cm?
Perim: 1.83 cm
Min: 749
Media: 1042
Max: 1175

Std dev: 88.70

lection. The scar is not stabilised yet and the use of contrast medium
shows a considerable enhancement (MC index =57.8%)

In addition, the collected data covers at least ten sporting
seasons minimising fluctuations in a club's performance due
to external, economic or political factors. Only few pub-
lished studies have included data from two or more seasons
[18-21], and thus, little is known about the natural varia-
tions between seasons [7]. In our study, we decided to use
the Mueller-Wohlfahrt classification. Several classification
systems have been proposed over the years, such as Peetrons,
Cohen and O’Donoghue [12]. The Mueller-Wohlfahrt classi-
fication, however, is supported by a considerable amount of
data and studies have proved its validity for prognostic pur-
poses and its applicability in the clinical-sports context [8].

Furthermore, as our study relies on MRI, the use of clas-
sification specifically designed for MRI was deemed to be
a thoughtful choice.

In Wangensteen's et al. study [5] it is shown that muscle
injuries classified as mild, moderate and severe have quite
different healing times. The study shows that mild injuries
have a rapid prognosis, while severe injuries have a long lay-
off time. The challenge is the grey area in between, where
injuries classified as ‘intermediate’ have a very wide range
of recovery times, even though they are within the same
category [5].

In our study, we decided to include only lesions classi-
fied as 3A to reduce the already high degree of variability
without focusing on a specific muscle group as in previous
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Arca: 10.4 nmun? "
Perk | Perioe 12.2 mm
Minc Minc 306

Medi o Media: 323

Mac 742
Std dev: 45.57

Fig.3 a Image obtained with DP TSE sequence with fat suppression
shows 3A lesion (white arrow). b Symptom resolution check with DP
TSE fat suppression sequence, shows effusion and interstitial haemor-
rhage resorption, residual small area of hyperintense reparative tissue

studies of Askling et al., Cohen et al. and Ekstrand et al. [4,
16, 23].

The area of injury to be then evaluated with contrast was
selected using DWI sequences [3]. A positive association
exists between the extent of muscle injury and the average
water molecule diffusivity measure in the DWI study [3].
The greater the number of injured fibres, the greater the pro-
portion of free water. All the lesions included in this study
showed signal hyperintensity in the long b-value sequences
(450; 900), indicating the presence of a sufficient proportion
of injured fibres to classify them as type 3a (Fig. 5).

The region of altered DWI signal corresponds to the site
of major structural alteration of the muscle fibres and, so,
to the site where to assess the cicatricial processes in the
healing phase.

Regarding the results obtained, the distribution of injuries
recorded is in line with the literature [24].

The distribution of injuries in the muscles themselves was
also consistent with other studies in the literature, as was
the age distribution of the athletes at the time of injury [25].

(white arrow). ¢ During the same examination in the SE T1 image
after contrast medium administration shows MC index 51%. d Exami-
nation performed after competitive activity recovery; DP TSE fat sup-
pression sequence shows re-injury (white arrow)

The recorded re-injury rate was also only slightly lower
(12%) than the average value reported in the literature (16%)
but in line with the results reported by Ekstrand et al. [7, 25].

All the athletes underwent contrast-enhanced MRI only
after the resolution of symptoms or when clinical evalua-
tion alone was no longer able to discriminate the effective
healing status of the injured muscle. An early study would
have been of limited use as the individual treatment plan was
clinically guided.

As shown in Jdrvinen's and Dong’s study [26, 27], muscle
injuries progress through several healing stages until stiff
fibrous scar forms and then stabilises.

The paramagnetic contrast agent accumulates, by defini-
tion, in the interstitial space between the cells and, in our
case, allows its paramagnetic effect to be evident nearby the
forming scar tissue [28].

Based on our results, we believe that the greater the
‘enhancement’ measured with the MC index, the greater the
interstitial space not occupied by tissue and, so, the greater
the accumulation of contrast medium. This would directly
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Area: 15.2 mm?
Perim: 14.5 mm
in: 500

Area: 10.4 mm?
Perim: 11.5 mm
72

Max: 1133
Std dev: 65.76

Fig.4 a Image obtained after contrast medium administration shows
MC index 43%. The image was acquired 14 days after the injury. d
Magnification of image A at the injury site (white arrow). b In the
same patient, another image was obtained with the same parameters
after contrast medium administration showing MC index reduction to
32%. This image was acquired 21 days after the injury. e Magnifica-

reflect on the maturation phase of the scar, which would
assume less and less contrast until it is completely formed
and ‘stable’.

Based on the results obtained by comparing athletes with
and without re-injury in the month following their return
to the field, we can say that an MC index of less than 30%
is indicative of good maturation of the scar tissue, while
for values above 50% it is prudent not to perform activities
with a high functional demand. This assumption, thus, is
still empirical and needs to be validated with a prospectively
designed study.

The MC index values obtained in the group of athletes
with re-injury were significantly higher compared to the
control group. The MC index values presented in the results
were adjusted to the time elapsed between the last examina-
tion and the actual return to the field. The use of an adjusted
index allowed more consistent data to be obtained, even if
the study was conducted retrospectively.

Being able to discriminate between a ‘stable’ and an
‘unstable’ injury is of fundamental importance in the
management of the elite athlete as it would allow precise

@ Springer

Min:
Media: 777

Max: 840 Max: 747
Std dev: 31.16

Std dev: 38.85

tion of image B at the injury site (white arrow). ¢ The same image
acquired at the same level after 38 days showed MC index—12% due
to fibrous scar formation. f Magnification of image C at the injury
site (white arrow). Images C and F were obtained two weeks after the
player's return to the field, and he did not report any reinjuries

modulation of recovery times, while reducing the rate of
re-injury with enormous tactical and economic advantages
for the whole team [29, 30].

In conclusion, we would say that contrast medium in the
follow-up of muscular injuries in high-level athletes is cer-
tainly a useful tool. The use of the MC index could help the
sports physician to guide the rehabilitation of an athlete by
adapting the recovery time to the scar stabilisation status as
well as to the clinic.

Limitations and future perspectives

The current study has some limitations. First, it is a retro-
spective study based on already existent MRI studies, and
the RTS time was not directly measured but calculated
from the clinical records. Many factors go into an athlete’s
return, such as pain threshold, motivation, timing of the
season, political/financial factors and, of course, sever-
ity of injury. Return to play can be a subjective outcome.
Our analysis does not consider any subjective factors
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Fig.5 aImage obtained with
DP TSE sequence with fat
suppression shows 3A lesion
(white arrow). b At the same
anatomical region in the DWI
study (b=450), a clear signal
hyperintensity is recognisable
at the point where the greatest
number of muscle fibres were
interrupted (white arrow)

associated with the player’s time away from sports. In
professional football, where there are a limited number of
games and the salaries are high, missed playing time can
be costly. There were several circumstances where inju-
ries occurred in preseason and veteran players were rested
longer to confirm complete recovery. Conversely, younger,
less established players may have returned to play quicker
with the aim of achieving a promotion.

Another limitation of the study is the use of contrast
agent, which may lead to long-term accumulation in the
brain in the case of repeated lesions.

It would be desirable to explore alternative methods that
do not involve the use of contrast medium, although, at
present, the barrier damage that makes it possible to estab-
lish the presence of a mature scar can only be assessed
using contrast medium.

The MC index needs to be validated with prospective
studies aimed at assessing the rate of recurrence and a
possible reduction in the recovery time of athletes. It is in

fact possible that, with a greater degree of certainty given
by the knowledge of the scar's maturation status, in some
cases an early return to play can be achieved. Ideally, a
prospective study would predict the RTS time and deter-
mine the accuracy of our model.
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