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Background: Low-cycle fatigue damage accumulating to the point of structural failure has been recently reported at the origin of
the human anterior cruciate ligament under strenuous repetitive loading. If this can occur in a ligament, low-cycle fatigue damage
may also occur in the connective tissue of muscle-tendon units. To this end, we reviewed what is known about how, when, and
where injuries of muscle-tendon units occur throughout the body.

Purpose: To systematically review injuries in the muscle-tendon-bone complex; assess the site of injury (muscle belly, mus-
culotendinous junction [MTJ], tendon/aponeurosis, tendon/aponeurosis–bone junction, and tendon/aponeurosis avulsion),
incidence, muscles and tendons involved, mechanism of injury, and main symptoms; and consider the hypothesis that injury
may often be consistent with the accumulation of multiscale material fatigue damage during repetitive submaximal loading
regimens.

Methods: PubMed, Web of Science, Scopus, and ProQuest were searched on July 24, 2019. Quality assessment was undertaken
using ARRIVE, STROBE, and CARE (Animal Research: Reporting In Vivo Experiments, Strengthening the Reporting of Observa-
tional Studies in Epidemiology, and the Case Report Statement and Checklist, respectively).

Results: Overall, 131 studies met the inclusion criteria, including 799 specimens and 2,823 patients who sustained 3,246 injuries.
Laboratory studies showed a preponderance of failures at the MTJ, a viscoelastic behavior of muscle-tendon units, and damage
accumulation at the MTJ with repetitive loading. Observational studies showed that 35% of injuries occurred in the tendon
midsubstance; 28%, at the MTJ; 18%, at the tendon-bone junction; 13%, within the muscle belly and that 6% were tendon
avulsions including a bone fragment. The biceps femoris was the most injured muscle (25%), followed by the supraspinatus (12%)
and the Achilles tendon (9%). The most common symptoms were hematoma and/or swelling, tenderness, edema and muscle/
tendon retraction. The onset of injury was consistent with tissue fatigue at all injury sites except for tendon avulsions, where 63% of
the injuries were caused by an evident trauma.

Conclusion: Excluding traumatic tendon avulsions, most injuries were consistent with the hypothesis that material fatigue damage
accumulated during repetitive submaximal loading regimens. If supported by data from better imaging modalities, this has
implications for improving injury detection, prevention, and training regimens.
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The archetypical construction of muscle-tendon-bone units
includes a muscle that has an origin and an insertion; a
tendon or an aponeurosis that interdigitates with muscle
via a musculotendinous junction (MTJ); and an enthesis,
where the tendon/aponeurosis inserts into the bone.140,153

Injuries to muscle-tendon/aponeurosis-bone units are com-
mon115,138 and have 2 anatomic sites where failure is most
likely to occur. These include junctions between tissues

with substantially different mechanical properties, such
as the tendon/aponeurosis-bone junction and the MTJ.140

Engineers recognize junctions between dissimilar materials
as being locations where mechanical stress concentrates,
meaning that these junctions have to sustain higher stresses
even when the muscle-tendon/aponeurosis-bone unit is uni-
formly loaded.153 When mechanical stress concentrates, it
can reach values that lead to failure on a nanoscale. When
the loading cycle is repeated, the damage can spread to the
microscale and, under certain conditions, result in partial
tears on the ultrastructural scale or even in a complete
rupture on the macroscopic scale. Such a failure has been
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reported in muscle near the MTJ153 as well as in the tendon/
aponeurosis midsubstance.8

Chen et al recently found molecular, cellular, and ultra-
structural evidence of low-cycle fatigue damage accumulation
in type I collagen at the origin of the anterior cruciate ligament
at its femoral enthesis after repeated submaximal loading.23

This multiscale finding is significant since this entheseal
location is also where the preponderance of anterior cruciate
ligament ruptures occurs clinically166 as well as experimen-
tally under certain forms of large repeated knee loading.83

Any structure can fail in tension under a single supramax-
imal loading cycle that exceeds its so-called ultimate tensile
strength. However, a characteristic of low-cycle fatigue fail-
ure is that the structure can fail under 2 or more tensile
loading cycles, each less than the ultimate tensile strength
that by itself would not cause failure. In other words, multi-
scale damage can accumulate in substructures to weaken
the structure to the point that it fails upon the next submax-
imal loading cycle, often without warning. This is the engi-
neering concept of fatigue, also termed material fatigue,
which provides an underlying mechanism for describing how
damage can accumulate and be driven to propagate across
length scales, from the molecular to the ultrastructural,
under repetitive submaximal loading exceeding a certain
magnitude. This is the mechanistic hypothesis that we con-
sider in this article as underlying many overuse injuries.

The purpose of this work was to systematically review
injuries in the muscle-tendon-bone complex to assess the
site of injury (muscle belly, MTJ, tendon/aponeurosis, ten-
don/aponeurosis–bone junction, and tendon/aponeurosis
avulsion), incidence, muscles and tendons involved, mech-
anism of injury, and main symptoms. Hopefully, this work
will provide the necessary framework to evaluate our
hypothesis that injury may often be consistent with the
accumulation of multiscale material fatigue damage during
repetitive submaximal loading regimens.

For simplicity, we generalize the term “tendon/
aponeurosis” to “tendon” throughout the Methods and
Results sections.

METHODS

Search Strategy

A systematic literature search was performed following the
PRISMA guidelines98 (Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses) on July 24, 2019. The

PubMed, Web of Science, Scopus, and ProQuest databases
were searched. Only peer-reviewed studies published in
full English text between January 1960 and May 2019 were
included. The search strings that we employed are listed in
Appendix A.

Data Extraction

The results from the initial search (citations including title
and abstract) were exported to Mendeley Desktop (Version
1.19.4; Elsevier). After removing duplicates, M.V.P.
screened all titles and abstracts and excluded records if the
title and/or abstract was irrelevant. A full article review
was performed for the final inclusion. The references of
eligible articles were then screened for relevant studies.
Review articles were excluded.

In our definition of injury, we included partial or com-
plete tears, whether of the tendon, the MTJ, the tendon-
bone junction, or the muscle belly; tendinopathy, whether
in the tendon-bone junction or tendon midsubstance; and
tendon avulsions (defined as a complete detachment of the
tendon from the bone while containing a small fragment of
bone) and MTJ strains if verified using magnetic resonance
imaging, computed tomography scans, or surgery. To clar-
ify the term, if a patient sustained bilateral tendon avulsion
(or a muscle belly and a tendon tear), the patient was con-
sidered to have sustained 2 injuries.

The injury site locations within the muscle-tendon-bone
unit were labeled as follows: muscle (M) to refer to midsub-
stance muscle belly injury, musculotendinous (MTJ) to refer to
injuries within the musculotendinous (or myotendinous junc-
tion), tendon (T) to refer to intratendinous injuries (within the
tendon midsubstance), tendon-bone (TB) to refer to injuries
within the tendon-bone interface, and avulsion (AV) to refer
to a complete detachment of the tendon that includes a bony
fragment. Although tendon-bone injuries and avulsions can
occur at the same interface, the failure mechanism is distinct
because avulsion failures involve failure within the bone.

The classification of the muscle/tendons was mostly per-
formed using groups of muscle-tendon units—for example,
injuries within the proximal or distal tendon of the biceps
femoris are classified as a biceps femoris tendon injury.
Some exceptions were made. For instance, injuries in the
Achilles tendon are so prominent that we decided to sepa-
rate them from the proximal injuries of the gastrocnemius
unit, so they have their own category. We based our classi-
fication according to Netter.100
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To evaluate the possibility of injuries being caused by
submaximal repetitive loading (material fatigue), the onset
of injury was divided into 2 categories: “evident trauma”
and “possible contribution of material fatigue.” Evident
trauma was chosen in cases of falls, work accidents (eg,
crushed shoulders, hands caught in machines), car acci-
dents, recreational sports activities (first-time or casual
players; eg, skiing and bowling), and professional sports
(if the mechanism of injury was a twisting motion of the
knee, a tackle in American football, or a forceful hit). Pos-
sible contribution of material fatigue was chosen for high
school, collegiate, or professional well-trained athletes;
avid weightlifters; and people who were actively or previ-
ously engaged in sports activities or the military. As such,
this category included injuries sustained by those active
in sports, whatever their age, where no evident trauma
was reported. Particularly in older patients, other factors
might be at play, such as degenerative changes attributed
to aging. However, in older adults active in sports, age-
related changes and material fatigue can be present
together. Thus, although we cannot state that the injuries
in this category are exclusively caused by material
fatigue, we argue that it can play a role.

Baseline data extraction for laboratory studies included
number of specimens, type of model, tested muscle, site of
injury, and major relevant findings. For observational stud-
ies, data included number of participants, country where
the study was performed, age of the patients, relevant med-
ical conditions, methods of diagnosis, muscle or tendon
injured, site of injury, onset of injury, and main symptoms.

Quality Assessment

To access quality and risk of bias, 3 checklists were followed.
ARRIVE (Animal Research: Reporting In Vivo Experi-
ments)77 was used for the laboratory studies. It consists of
a 20-item checklist that describes the minimum information
that all scientific publications reporting research with ani-
mals should include. The observational studies were case
reports and cohort studies. The STROBE (Strengthening the
Reporting of Observational Studies in Epidemiology)152

checklist was chosen to evaluate the cohort studies. It con-
sists of 22 items that highlight the essential information to
include in observational studies. Eighteen items are common
to cohort studies, case-control studies, and cross-sectional
studies, and 4 are specific to each of the 3 study designs.
CARE (Case Report Statement and Checklist)46 was fol-
lowed for case reports. It consists of a 13-item checklist that
provides a framework to satisfy the need for completeness
and transparency for published case reports.

With the ARRIVE, STROBE, and CARE checklists, a
number of points was attributed to each item, depending
on how many topics the item covered. For instance, if the
item regarding the abstract recommended that the study
provide a summary of the background, research objectives,
methods, results, and conclusions, 5 points were attributed
to this item. Each study was reviewed, and the items were
scored from 0 to the maximum number of points attributed.
The points were added for each study and recorded as a
percentage. Nonapplicable items were deducted from the

maximum possible score in that study. Study quality was
assessed via percentage: �80%, very good; 50%-80%, good;
30%-50%, fair; and �30%, poor. A more extensive descrip-
tion and a table with the score of each study are presented
in Appendix B.

Statistical Analysis

Statistical analysis was performed using MATLAB (Ver-
sion R2018a; MathWorks) for injury site and age compari-
son. One-way analysis of variance was used, and P ¼ .001
was the threshold for significance.

Quantitative values are presented as the mean and stan-
dard error of the mean unless stated otherwise.

RESULTS

Search Results

The combined search terms yielded 10,686 results: 1,736
from PubMed, 1,592 from Web of Science, 3,999 from Sco-
pus, and 3,359 from ProQuest. Ten additional records were
added from other sources. A primary review of titles and
abstracts resulted in 258 documents. Of these, 131 studies
met the inclusion criteria (Figure 1).

In total, 131 studies were included in the final analysis:
11 laboratory studiesk and 120 observational studies,{ of
which there were 50 cohort studies and 70 case reports or
case series. Of the laboratory studies, 10 were rated as good
quality (50%-80%), and 1 was rated as fair (30%-50%). Of
the observational cohort studies, 9 were rated as very good
quality (80%-100%); 39, good; and 2, fair. Of the case
reports or case series, 4 were rated as very good quality;
60, good; and 6, fair. None of the studies was rated as poor
quality (�30%). Details can be found in Appendix B.

Of the laboratory studies (n ¼ 11), 8 used New Zealand
White rabbits as a model,# whereas each of the remaining 3
studies used mice,79 mongrel dogs,54 and cadaveric human
specimens.121 Atotal of 799specimensweretested toevaluate
muscle-tendon-bone units of different muscle complexes. The
musculotendinous units included the extensor digitorum
longus, the tibialis anterior, the rectus femoris, the gastroc-
nemius, the soleus, and the supraspinatus tendon and mus-
cle. Histologic features were noted in 5 articles.54,59,104,121,143

The laboratory studies are summarized in Appendix C.
In the observational studies (n ¼ 120), the population

was injury specific in 107 studies (analyzed patients with
specific injuries or pain in specific sites) and injury/popula-
tion specific in 13 studies (analyzed athletes with specific
injuries). A total of 2,823 patients with injuries in muscle-
tendon-bone units were observed: 2,047 from the injury-
specific studies and 776 from injury/population–specific
studies.

kReferences 47, 48, 54, 59, 79, 88, 104, 121, 139, 143, 149
{References 1, 3, 5-7, 9-11, 14-19, 21, 24-36, 38-45, 49-53, 55-58, 62-

69, 71-76, 78, 80, 81, 84-87, 89-93, 96, 97, 99, 102, 103, 105-111, 113,
116, 117, 119, 122-124, 126-135, 137, 141, 142, 144, 146, 147, 150, 151,
154-165

#References 47, 48, 59, 88, 104, 139, 143, 149
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The injured muscle and tendon units are listed in Table
1, and the number of studies per country is shown in Table
2. From the studies with age data,** the patients were 41.4

± 13.5 years old (mean ± standard deviation). Observational
studies are summarized in Appendix D.

Laboratory Studies Employing Mechanical Failure
Tests

Ten studies used animal models, 7 in vivo47,48,88,104,139,143,149

and 3 in vitro,54,59,79 and 1 used cadaveric human
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Records identified through 
database searching: N=10686

PubMed: N=1736
Web of Science: N=1592
Scopus: N=3999
Pro-Quest: 3359

Additional records identified
through other sources: N=10

Records after duplicates removed:
N=6733

Records screened: N=6733 Records excluded: N=6475

Full-text articles accessed
for eligibility: N=258

Records excluded with reasons: N=127
Full-text unavailable: N=27
Site of failure not specified: N=27
Reviews: N=36
Non-English: N=1
Different Scope (e.g. surgery 
techniques, cellular studies, muscular
tumours, imaging techniques): N=35
Innapropriate testing system
(failure at the grips): N=1

Studies included in the
systematic review: N=131

Figure 1. PRISMA flowchart detailing study identification and record-screening process.98 PRISMA, Preferred Reporting Items for
Systematic Reviews and Meta-Analyses.

**References 1, 3, 5-7, 9-11, 14-19, 21, 24-31, 33-36, 38-40, 42, 44,
45, 49-53, 55-58, 62-69, 71-76, 78, 80, 81, 84-87, 89-93, 96, 97, 99, 102,
103, 105-110, 113, 116, 119, 122-124, 126-135, 137, 141, 142, 144, 146,
147, 150, 151, 154-165
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specimens.121 Eight studies used an Instron Testing Instru-
ment (Instron Corp),†† and 3 used an MTS systems instru-
ment (MTS Bionix 858 Test System; MTS Corp).54,139,149

Different muscle groups were tested at different strain
rates, but when pulled to failure, the site of injury was at
the MTJ in 8 studies (73%),‡‡ independent of the strain
rate. This behavior was verified for muscles with different
architectures (extensor digitorum longus, tibialis anterior,
rectus femoris, gastrocnemius, the 4 peroneus muscles, and
the supraspinatus), whether the muscles were tested pas-
sively or actively using electrical stimulation. Failure was
seen at the distal MTJ in all specimens in 6 stud-
ies48,59,104,139,143,149 and in 95% of the cases in 1 study.47

One article indicated that most failures occurred at the
proximal MTJ,79 although the number of specimens was
not specified. Failure was confirmed when histologic
assessment was performed54,59,104,143 by areas of fiber rup-
ture, hemorrhage, edema, and acute inflammatory cells
being found at the MTJ. One study121 (9%) in cadaveric
human specimens (mean age, 62 years; range, 39-83 years)
focused on the supraspinatus tendon, without including the
muscle and the MTJ. In that study, failure was seen at the
tendon-bone interface in 65% of the cases and at the tendon
midsubstance in 35%. Histology showed thinning of tendon
fibers and granulation of the tissue more frequently in the
insertion group than in the midsubstance group. One

article (9%) did not state the specific injury site.88 Visco-
elastic effects were also demonstrated,139 with a larger ulti-
mate tensile force (peak force at failure) being found at
higher strain rates. Material fatigue (damage accumulation
that can lead to failure attributed to a submaximal cyclic
load) was analyzed in 4 studies.88,104,143,149 Based on the
ultimate tensile properties of control specimens (whether
tested via controlled force or displacement), nondisruptive
injuries were mechanically caused at a percentage of the
failure force or displacement. Nondisruptive injuries at
20% ultimate tensile force did not influence the failure
parameters, and the histology showed no differences as
compared with the controls. At 30% ultimate tensile force,
histology showed areas of fiber rupture and hemorrhage
near the MTJ, although the failure parameters were not
affected. After a nondisruptive injury at a stretch just
before failure, the ultimate tensile force was decreased by
37%; the ultimate tensile displacement, by 21%. Histology
then showed incomplete disruption at the MTJ.

Observational Studies

From the observational studies, 1 did not specify the injured
muscles, referring only to the lower extremities43; 2 did not
cite the age of the patients41,43; and 3 reported just the age
range.32,111,117 Fifteen did not specify the activities at the
time of injury,§§ although 2 of those studies85,156 did differ-
entiate between progressive and traumatic onset. In the
2,823 patients, a total of 3,246 injuries were observed. Age
was specified in 2,106 injuries; onset of injury, in 1,772. The
activity at the time of injury was sports in 66% of the
patients when the onset of injury was indicated. Among
other events were falls, working accidents, car accidents,
and moving heavy objects. Hematoma and/or swelling were

TABLE 1
Injured Muscles and Tendons Reported by the Included

Observational Studies and the Abbreviations Used

ACT: Achilles tendon PL: peroneus longus
ADL: adductor longus PM and PMT: pectoralis major

muscle and tendon
BB: biceps brachii POP: popliteus tendon
BCH: brachialis PT: patellar tendon
BF: bicep femoris QF: quadratus femoris
DLT: deltoid QT: quadriceps tendon
ED: extensor digitorum RF: rectus femoris
EDM: extensor digiti minimi SC and SCT: subscapularis

muscle and tendon
EHL: extensor hallucis longus SM: semimembranosus
EIP: extensor indicis proprius SP and SPT: supraspinatus

muscle and tendon
EPL: extensor pollicis longus ST: semitendinosus
FPL: flexor pollicis longus TFL: tensor fascia lata
FPT: flexor profundus tendon TMIN: teres minor
GMEDT: gluteus medius

tendon
TMJ: teres major

GMINT: gluteus minimus
tendon

TR and TT: triceps muscle and
tendon

GRC: gracilis TS: triceps surae
GST: gastrocnemius TT: tibial tendon
IP and IPT: infraspinatus

muscle and tendon
VI: vastus intermedius tendon

LDT: latissimus dorsi tendon VL: vastus lateralis
PB and PBT: peroneus brevis

muscle and tendon
VM: vastus medialis

TABLE 2
Distribution of the Observational Studies by Country

Country No. of Studies

United States 55
Japan 10
United Kingdom 10
Australia 7
France 7
Finland 5
Italy 5
Switzerland 4
India 3
Netherlands 3
Turkey 3
Brazil 1
Canada 1
Croatia 1
Denmark 1
Serbia 1
Taiwan 1

††References 47, 48, 59, 79, 88, 104, 121, 143
‡‡References 47, 48, 54, 59, 79, 104, 139, 143, 149

§§References 33, 38, 45, 49, 56, 66, 85, 87, 89, 97, 102, 135, 150, 156,
162
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described in 49 (41%) of the studieskk; retraction of either the
muscle or the tendon in 34 (28%){{; tenderness in 33 (28%)##;
edema in 32 (27%)a; ecchymosis in 16 (13%)b; a mass of soft
tissue in 14 (12%)c; and hemorrhage in 10 (8%).d

Injury Site

Of the 3,246 injuries, 1,130 (35%) were within the tendon,
918 (28%) were in the MTJ, 584 (18%) were at the tendon-
bone junction, 434 (13%) were within the muscle belly, and
180 (6%) were tendon avulsions (Figure 2).

Patient age was reported for 2,106 injuries. The mean
age was 28.5 ± 2.1 years for muscle belly injuries, 32.5 ±
0.8 years for tendon avulsions, 33.7 ± 0.5 years for MTJ
injuries, 47.4 ± 0.4 years for tendon injuries, and 51.4 ±
0.5 years for tendon-bone junction injuries. The age of the

patients by injury site is displayed in a box-and-whisker
plot in Figure 3. With the exception of age comparisons for
MTJ versus avulsions, MTJ versus muscle belly injuries,
and avulsions versus muscle belly injuries, all the mean
ages were significantly different between injury sites (P <
.001, 1-way analysis of variance).

T
n=1130

35%

MTJ
n=918
28%

TB
n=584
18%

M
n=434
13%

AV
n=180

6%

Figure 2. Injury site distribution among the patient cohort (n¼
3,246). AV, tendon avulsion; M, muscle belly; MTJ, musculo-
tendinous junction; T, tendon; TB, tendon-bone junction.

Figure 3. Box-and-whisker plot (median, 25th percentile;
range, 75th percentile) of patient age by injury site (n ¼
2,106). *P< .001. One-way analysis of variance. Dots appear-
ing outside the whisker are outliers (observations numerically
distant from the rest of data). AV, tendon avulsion; M, muscle
belly; MTJ, musculotendinous junction; T, tendon; TB,
tendon-bone junction.

Figure 4. Distribution of proximal and distal locations within
each muscle by injury site (n ¼ 2,328). AV, tendon avulsion;
MTJ, musculotendinous junction; T, tendon; TB, tendon-bone
junction.

kkReferences 6, 11, 14-16, 18, 19, 21, 25, 31, 32, 34, 39, 44, 51, 52, 56-
58, 62, 65, 68, 71, 74, 76, 80, 81, 87, 99, 103, 105, 108, 109, 113, 116, 122-
124, 126, 127, 132, 147, 151, 154, 157-159, 163, 164

{{References 5, 14, 18, 19, 35, 38, 44, 56-58, 62-64,66, 67, 69, 75, 80,
85, 89, 97, 105, 108, 124, 126, 135, 137, 144, 146, 151, 156, 157, 159, 164

##References 3, 6, 10, 11, 14, 21, 24, 27, 29, 40, 41, 62, 65, 68, 72, 74,
81, 86, 87, 97, 109, 113, 116, 119, 122, 124, 130, 141, 142, 146, 147, 158,
161

aReferences 11, 19, 25-29, 32, 34, 35, 43, 52, 56, 58, 65, 66, 72, 73, 81,
85, 92, 97, 110, 111, 116, 135, 144, 146, 156, 162, 163, 165

bReferences 16-18, 33, 44, 58, 68, 81, 92, 105, 107, 123, 141, 147,
158, 164

cReferences 5, 6, 17, 21, 24, 62, 64, 69, 74, 81, 96, 144, 155, 158
dReferences 14, 25, 26, 29, 43, 52, 111, 135, 146, 165
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Musculoskeletal injuries (with the exception of muscle
belly injuries) occur where the muscle originates from the
bone (proximal location) and where the muscle inserts into
the bone (distal location). In Figure 4, we differentiate the
injury site (tendon avulsion, tendon, tendon-bone, and
MTJ) into proximal and distal locations within each
“muscle.” Muscle belly injuries were assumed to be in mid-
substance, and so they were not included in this analysis,
which comprised 2,328 injuries. The primary site of injury
was at the distal attachment for all injury sites. Overall,
74% of the injuries occurred at the distal location, and 26%
occurred at the proximal location. This was especially
marked for tendon injuries, 40% of which occurred at the
distal attachment as opposed to 5% at the proximal
attachment.

The analysis of onset of injury, divided in the 2 categories
(evident trauma and possible contribution of material
fatigue), comprised 1,772 injuries. Every one of the injuries
categorized into the “possible contribution of material
fatigue” group was associated with exercise/sports activity
practiced on a regular basis. These sports/exercise injuries
(after those with known trauma were excluded) were the
ones that we could comfortably include in this category

Evident Trauma Possible Contribution of Material Fatigue

92%

38%

98% 97%
85%

8%

63%

2% 3% 15%

MTJ AV TB M T

n=667 n=168 n=227 n=434 n=1130

Figure 5. Comparison of onset of injury category by injury
sites (n ¼ 1,772). AV, tendon avulsion; M, muscle belly;
MTJ, musculotendinous junction; T, tendon; TB, tendon-
bone junction.

Figure 6. Injury distribution by muscle/tendon and injury site (n ¼ 2,832) and mean ± SEM age by muscle/tendon (n ¼ 2,106).
Patient age was not reported for ADL, TMIN, and QF injuries. ACT, Achilles tendon; ADL, adductor longus; AV, tendon avulsion; BB,
biceps brachii; BCH, brachialis; BF, biceps femoris; DLT, deltoid; ED, extensor digitorum; EDM, extensor digiti minimi; EHL,
extensor hallucis longus; EIP, extensor indicis proprius; EPL, extensor pollicis longus; FPL, flexor pollicis longus; FPT, flexor
profundus tendon; GMED, gluteus medius; GMIN, gluteus minimus; GRC, gracilis; GST, gastrocnemius; IAB, internal abdominal;
IP, infraspinatus; LD, latissimus dorsi; M, muscle belly; MTJ, musculotendinous junction; PAT, patellar tendon; PB, peroneus
brevis; PL, peroneus longus; PM, pectoralis major; POP, popliteus; QF, quadratus femoris; QT, quadriceps tendon; RF, rectus
femoris; SC, subscapularis; SM, semimembranosus; SP, supraspinatus; ST, semitendinosus; T, tendon; TB, tendon-bone junction;
TBL, tibialis posterior; TFL, tensor fasciae latae; TMIN, teres minor; TMJ, teres major; TR, triceps brachii; VI, vastus intermedius;
VL, vastus lateralis; VM, vastus medialis.
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since these activities typically involve repetitive loading.
The results by injury site are shown in Figure 5. Material
fatigue could be involved in the cause of injury at all sites,
with the exception of tendon avulsions, where evident
trauma was the primary cause of injury.

Injured Muscle/Tendon Groups

The distribution of injuries by muscle/tendon and injury
site is illustrated in Figure 6 and included 2,832 injuries.
As described in the Methods section, the injuries in this
category were primarily grouped by muscle-tendon units,
with tendon injuries grouped as proximal and distal inju-
ries. A few exceptions were made for certain tendons, which
were assigned their own category (eg, Achilles tendon).

The biceps femoris was the most commonly injured mus-
culotendinous unit, representing 25.1% of the injuries. Of

those, 14.4% were in the MTJ, and 9.7% were in the muscle
belly. The highest incidence of MTJ injuries was in the
biceps femoris (14.4%); that of tendon midsubstance inju-
ries was in the supraspinatus (11.4%); that of tendon-bone
junction injuries was in the patellar tendon (5.0%); that of
muscle belly was once again in the biceps femoris (9.7%);
and complete tendon avulsions occurred more frequently in
the pectoralis major and triceps brachii (1.1%). There were
3 muscle groups more predominantly involved: the ham-
string, the quadriceps, and the rotator cuff. From the ham-
string group, the biceps femoris was the most frequently
injured (25.1%); from the quadriceps group, the rectus
femoris was the most injured unit (3.1%); and from the
rotator cuff, the supraspinatus was the most prone to injury
(11.7%).

The age of the patients at the time of injury was verified
for the different muscle/tendon units. This information was
not always reported, especially in studies involving injuries

Figure 7. Distribution of injuries by musculotendinous group
and proximal and distal locations (n ¼ 2,328). ACT, Achilles
tendon; BB, biceps brachii; BCH, brachialis; BF, biceps
femoris; DLT, deltoid; ED, extensor digitorum; EDM, extensor
digiti minimi; EHL, extensor hallucis longus; EIP, extensor
indicis proprius; EPL, extensor pollicis longus; FPL, flexor
pollicis longus; FPT, flexor profundus tendon; GMED, gluteus
medius; GMIN, gluteus minimus; GRC, gracilis; GST, gastroc-
nemius; IAB, internal abdominal; IP, infraspinatus; LD, latissi-
mus dorsi; PAT, patellar tendon; PB, peroneus brevis; PM,
pectoralis major; POP, popliteus; QF, quadratus femoris;
QT, quadriceps tendon; RF, rectus femoris; SC, subscap-
ularis; SM, semimembranosus; SP, supraspinatus; ST, semi-
tendinosus; TBL, tibialis posterior; TFL, tensor fasciae latae;
TMIN, teres minor; TMJ, teres major; TR, triceps brachii; VI,
vastus intermedius; VM, vastus medialis.

Figure 8. Comparison of onset of injury category (in percent-
ages) by injured muscle/tendon (n ¼ 1,415). ACT, Achilles
tendon; BB, biceps brachii; BCH, brachialis; BF, biceps
femoris; ED, extensor digitorum; EDM, extensor digiti minimi;
EHL, extensor hallucis longus; EIP, extensor indicis proprius;
EPL, extensor pollicis longus; FPL, flexor pollicis longus; FPT,
flexor profundus tendon; GRC, gracilis; GST, gastrocnemius;
IAB, internal abdominal; IP, infraspinatus; LD, latissimus
dorsi; PAT, patellar tendon; PB, peroneus brevis; PL, pero-
neus longus; PM, pectoralis major; POP, popliteus; QF, quad-
ratus femoris; QT, quadriceps tendon; RF, rectus femoris; SC,
subscapularis; SM, semimembranosus; SP, supraspinatus;
ST, semitendinosus; TBL, tibialis posterior; TFL, tensor fas-
ciae latae; TMJ, teres major; TR, triceps brachii; VI, vastus
intermedius; VL, vastus lateralis; VM, vastus medialis.
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in different muscle/tendon groups, since the norm is to pro-
vide the mean age of the entire cohort. Nevertheless, of the
3,246 injuries, it was possible to associate age with the
muscle-tendon unit in 1,681. Mean and standard error of
the mean are presented as well in Figure 6. Injuries in the
biceps femoris, which was the most commonly injured unit,
occurred frequently in young adults (26.3 ± 0.5 years). The
muscle units associated with older patients were the deltoid
(73.0 ± 1.2 years) and the gluteus medius (68.0 ± 0.7 years),
while the popliteus (15.5 ± 4.3 years) and the extensor hal-
lucis longus (16.0 ± 6.1 years) were seen in the younger
patients of the cohort. Between muscle groups, hamstring
injuries occurred more frequently in younger adults, as did
quadriceps injuries, while rotator cuff injuries were more
typical in middle-aged patients.

Information regarding injury of the proximal or distal
attachments was reported in 2,328 injuries and is shown
in Figure 7. Regarding specific musculotendinous units, the
biceps femoris showed a balanced distribution, with 9.7% at
the distal location and 8.6% at the proximal location. How-
ever, injury of the other hamstring muscles occurred more
frequently at proximal locations. The rotator cuff injuries
all occurred at distal locations, as did injuries in the pector-
alis major muscle, while in the quadriceps group, they
occurred more frequently at proximal locations.

The onset of injury in musculotendinous units was
reported in 1,415 injuries analyzed in the categories of evi-
dent trauma and possible contribution of material fatigue.
The results are shown in Figure 8.

DISCUSSION

This review included data from 131 studies, with 799 speci-
mens in laboratory studies and 2,823 patients in observa-
tional studies. To the best of our knowledge, this is the
largest series of muscle and tendon injuries analyzed since
the report of 1,014 cases by Anzel et al4 in 1959. In the
ensuing 60 years, participation in sports has burgeoned,
with increased female participation, a broader age range,
and many more types of sports. Since sports are now the
main cause of musculoskeletal injuries, it is natural that
the patterns of these type of injuries may have changed
with time. As such, we believe that the present review pro-
vides an update on current trends in musculoskeletal
injuries.

In the laboratory studies, failure and disruption occurred
mainly at the MTJ, independent of strain rate and muscle
architecture. Moreover, the site of failure was more com-
monly the distal attachment, independent of whether the
soft tissues of the specimen were gripped via a clamp at
the proximal or distal end of the muscle. This supports the
muscle-tendon junction being the weakest link of the
muscle-tendon unit because tensile-testing machine grips
can often induce local failures of their own, owing to arti-
factual stress concentrations.101

The behavior of the muscle-tendon unit has been
described as viscoelastic.140 Viscoelasticity has an impor-
tant functional significance for biological soft tissues
because it allows them to stretch more at a constant load

(known as creep behavior) as well as to decrease mechani-
cal stresses over time when held at a constant length
(known as relaxation behavior). These behaviors help soft
tissues withstand larger deformations without injury.2

Four studies analyzed the influence of repetitive
loading.88,104,143,149 Small nondisruptive injuries caused
by a single tensile loading cycle to 30% of failure force were
evidenced by microdamage in the MTJ detectable histolog-
ically. For larger nondisruptive injuries, the mechanical
properties were more severely affected. This implies that
repeated activities are a risk factor for musculotendinous
tears. Moreover, it suggests that if the movement requires
large enough muscle forces, a small number of loading
cycles can suffice to disrupt the tissue in a way that partial
or even complete failure occurs without warning in an oth-
erwise normal movement.

The observational studies showed that the most common
injury site was the tendon substance (35%), followed by the
MTJ. These results are not in accordance with the animal
studies, which showed a preponderance for failure at the
MTJ. This is interesting since midsubstance tendon inju-
ries are mostly described as rare in normal tendons, espe-
cially considering that they can withstand higher loads
than those the muscle can generate or the bone can sus-
tain.140,148 However, since tendinopathy was also consid-
ered an injury in the tendon midsubstance, this could
explain the discrepancy with the laboratory tests, which
used tissue from mostly younger/healthier individuals
where tissue degeneration and aging effects were not a
variable.

Of the reported injuries, 28% were at MTJs, and patients
were significantly younger (P < .001) than were those with
tendon and tendon-bone junction injuries. Only 8% of these
injuries were associated with evident trauma, which means
that 92% were instigated by a noncontact event and
occurred in well-trained athletes. This information, with
the fact that in laboratory studies the MTJ showed signs
of disruption at submaximal loads,88,104,143,149 strongly sug-
gests that material fatigue damage can play a role in MTJ
injuries.

The patients with tendon-bone junction injuries were
significantly older (P < .001) than were patients with inju-
ries at all the other analyzed sites. This could be indicative
that aging and the associated degenerative changes involve
the tendon-bone junction besides the tendon itself, weaken-
ing the tissue. However, tendon-bone junction injuries, par-
ticularly insertional tendinopathies or enthesopathies,
have been associated with overuse injury,12,13,22,37,125

which, as we hypothesized, may be related to material
fatigue. Since just 2% of the cases were caused by evident
trauma, the degenerative changes can be also be a result of
damage accumulation attributed to overuse.

Tendon avulsion was the least common injury, and
although it is usually considered the most typical in chil-
dren and adolescents,94,140 the mean age of these patients
was actually 32.5 ± 0.8 years. As such, it should not be
exclusively associated with children and adolescents. When
the onset of injury was analyzed, 63% of tendon avulsions
occurred because of an evident trauma. Moreover, it was
the only injury site at which evident trauma was the

The Orthopaedic Journal of Sports Medicine Injuries in Muscle-Tendon-Bone Units: Systematic Review 9



primary cause of damage, which could explain the older
patients with this type of injury. It seems that in cases of
traumatic fall, vehicle accidents, and work-related acci-
dents, avulsion fractures can occur independent of age. It
is interesting to observe that although tendon-bone junc-
tion injuries and tendon avulsions occur in the same inter-
face—with the distinction that in tendon avulsions there is
a complete detachment of the tendon with a bony frag-
ment—they seem to have different mechanisms. Not only
was the age of the patients significantly different (P< .001),
but tendon-bone injuries had a low rate of “evident trauma”
injuries, although they were the primary cause of tendon
avulsions.

When patient results were analyzed by muscle/tendon
groups, the hamstring and rotator cuff groups stood out,
as did the gastrocnemius, the rectus femoris, and the Achil-
les and patellar tendon groups. It was confirmed, as
described in the literature,28,29,117,134,135,150 that the biceps
femoris is the most prone to injury in the hamstring group;
the supraspinatus, in the rotator cuff; the Achilles tendon,
in the triceps surae; and the rectus femoris, in the quadri-
ceps. It was surprising that the triceps brachii musculoten-
dinous unit represented 1.59% of the injuries. Although not
a large proportion, it was not the least injured unit.

It is not clear why certain musculotendinous units are
more susceptible to injury at a specific site, the underlying
causes being likely multifactorial. Many factors are known
to affect the stresses at myofascial junctions, including the
relative lengths and widths of the muscle’s proximal and
distal MTJ114; however, it seems that MTJ and muscle belly
injuries might be more common in the lower extremities. A
wonderfully illustrative example of a hamstring material
fatigue injury is the one recorded in real time at the prox-
imal MTJ of the long head of the biceps femoris in a profes-
sional athlete running at 5.4 m/s (or about 80% of an
average sprinter speed but less than half Usain Bolt’s max-
imum sprinting speed) up a 15% incline on a treadmill.60

After appropriately warming up, the athlete had just com-
pleted several trials on the treadmill at the same and
steeper inclines. The motion capture data showed that the
injury occurred during an eccentric contraction of the mus-
cle (when stresses are known to be higher than are isomet-
ric values) at the end of a stride, as the muscle decelerated
the limb for the next heel contact. Clearly, in this example
of constant submaximal speed running, even though the
muscle forces were likely substantial, (1) they were still
submaximal, (2) they had already been repeated many
times within the past hour, and (3) evidently sufficient
microdamage had accumulated at the biceps femoris MTJ
to weaken it to the point of a partial failure under the sub-
maximal loading. Although the exact anatomic and physi-
ological reason for the failure remains unknown, material
fatigue was certainly involved because of the many preced-
ing loading cycles that did not cause injury.

An anatomic feature that makes muscle-tendon units
more prone to injury at the tendon is the ratio between the
tendon and the muscle cross-sectional area (CSA). For
instance, a study reported that in the anterior portion of
the supraspinatus, the physiological CSA was measured as
140 ± 44 mm2 and the tendon CSA was measured as 26.4 ±

11.3 mm2.118 This is equivalent to a tendon/muscle CSA
ratio of 0.19. In the posterior portion of the supraspinatus,
which is much less prone to injury,118 the tendon/muscle
ratio was 0.5, meaning that the difference in CSAs was not
so accentuated. Since the mechanical stress is defined in
terms of force per unit area, a smaller tendon CSA, com-
bined with a large muscle CSA, will increase the stresses in
the tendon above those at the muscle or the MTJ for the
same force. The higher the mechanical stress, generally the
higher the risk for incurring fatigue damage under repeti-
tive submaximal loading.

Aside from the injuries attributed to trauma via a single
overload in muscle, tendon, or bone, the results of the pre-
sent review are consistent with the idea that fatigue dam-
age accumulation may play an important role in
musculoskeletal injuries. Although we cannot prove that
the observed injuries were caused by material fatigue, we
can prove that most of them were not caused by evident
trauma. This information, with the fact that sports and
exercise activity were the main cause of injury in all of the
cases, indicates that material fatigue can be one of the
mechanisms of injury, which is supported by the experi-
mental studies. The widely used expression “overuse
injury” implicitly acknowledges this damage mechanism
but is often associated with specific type of injuries, such
as tendinopathies.20,82,95

In the case of the tendon injuries, where “overuse” is
linked clinically to the development of tendinopathy, micro-
damage has been noted in the form of collagen fibril disrup-
tion at 6% strain.136 Moreover, fatigue resistance decreases
with age in the interfascicular matrix and in the fasci-
cules.145 If the loading is repeated at a high-enough inten-
sity, this damage accumulation can become severe since
tendon and tendon-bone injuries naturally have limited
healing potential70 and there is almost no tissue renewal
after complete formation of the tendon.61 Moreover, the
tendon-bone interface is a distinctive and specialized struc-
ture that almost never recovers completely to its undam-
aged state, even after surgical treatment.120

In the case of muscle injuries, several experimen-
tal88,104,143,149 and even some observational studies85,156

have presented the idea of repetitive loading causing severe
damage in muscle near the MTJ. Since muscles are well
known to have an intrinsic capacity to adapt and minor
injuries heal spontaneously in healthy adults,112 we believe
that the concept of “overuse” is not clinically recognized
when associated with muscle or MTJ injuries. However,
beyond a certain injury threshold, natural muscle repair
can prove insufficient, leading to loss of contractile tissue,
fatty degeneration, and fibrotic scar tissue.120 If the injury
occurs near the MTJ, the tips of the regenerating muscle
cells begin to penetrate into the scar tissue. This penetra-
tion is soon halted by the formation of new mini-
myotendinous junctions with the scar. Although the scar
diminishes with time, it is possible that some connective
tissue remains.70

The ability to heal is what distinguishes these tissues
from engineering materials, and it can make the difference
when dealing with this injury mechanism. Each tissue in
the muscle-tendon-bone unit needs its own time to heal, so
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after the injured tissue type is identified, allowing adequate
time to heal is a reasonable prevention strategy. Also, given
the cumulative feature of this damage mechanism, it is a
possibility that earlier symptoms occur, which happens, for
example, with tendinopathies. In the future, this could be
used to aid preventive measures by allowing more time to
heal. Therefore, it is important to recognize this damage
mechanism helps with prevention. We do not exclude other
damage mechanisms and factors at play (nutrition, aging,
type of training, intensity of training, recovery, etc).
Rather, we point out that fatigue damage accumulation is
yet another damage mechanism of which to be aware, par-
ticularly regarding sports or exercise activity.

Therefore, more research is needed, aided by improved
noninvasive imaging methods, to answer the question of
how many musculoskeletal structures can accumulate
damage owing to too many submaximal loads of a certain
intensity being imposed within a given time frame.
Although material fatigue failure plays a role in many
fields of research,23,153 recognition of this type of mecha-
nism of failure in musculoskeletal injuries should prove
beneficial by improving the diagnosis and prevention of
such injuries.

Strengths

To our knowledge, this is the only systematic review to
focus on all structures composing the muscle-tendon-bone
unit and then to assess injury incidence by site and muscu-
lar group, age, attachment location, and onset of injury.
Four databases were searched using broad search criteria
to allow the capture of a wide range of articles. We included
laboratory and observational studies, which helped to cor-
roborate trends found in each and together strengthen the
conclusions. The large numbers of studies (n ¼ 131), speci-
mens in laboratory studies (n ¼ 799), and injuries reported
in the observational studies (n ¼ 3,246) increase the reli-
ability of the results.

Limitations

Limitations include the screening and evaluation phase
being performed by a single person (M.V.P.). However, to
provide complete transparency of how the quality of each
study was evaluated, an extensive description is presented
in Appendix B, which includes the score assigned to each
article. Last, while there was an inherent risk of selection
bias, we tried to counteract this by including broad search
terms and searching in 4 databases.

CONCLUSION

While midsubstance tendon injuries were the most common
injury, mainly affecting middle-aged patients, MTJ inju-
ries, the second-most frequent injury, affected younger
adults. Tendon-bone junction injuries occurred in signifi-
cantly older patients when compared with all other sites
of injury. Tendon avulsion, the least common injury,
occurred in young adults. The biceps femoris was the most

frequently injured structure, usually at its proximal MTJ,
while the second-most injured structure was the midsub-
stance of the supraspinatus tendon.

With the exception of tendon avulsions, which were pri-
marily linked with evident trauma, most injuries did not
seem to be caused by a single traumatic event. This is con-
sistent with our hypothesis that fatigue damage accumula-
tion may play a role, particularly in well-trained athletes,
although we recognize that many other factors can be at
play. If material fatigue is indeed involved, this has impli-
cations for improving injury detection, prevention, and
training regimens.
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