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ZUSAMMENFASSUNG

Die Delayed Onset Muscle Soreness (DOMS) oder auch „verzö-

gert einsetzender Muskelkater" wird zu den ultrastrukturellen

Muskelschädigungen gezählt. Ursächlich werden vorausgegan-

gene exzentrische Kontraktionsformen oder ungewohnte

Muskelbelastungen angesehen. Klinische Symptome imponie-

ren in Form einer reduzierten Kraftentfaltung, schmerzhafter

Bewegungseinschränkungen, einer Erhöhung des Muskeltonus,

Schwellungen sowie Funktionseinschränkungen angrenzender

Gelenke. Obwohl die DOMS den milden Schädigungsformen zu-

geordnet wird, hat sie aufgrund der leistungseinschränkenden

Auswirkungen eine große Bedeutung – insbesondere für den

Leistungssport. In den letzten Jahrzehnten sind viele Hypothe-

sen zur Ursache und Pathophysiologie beschrieben worden.

Auch, wenn der genaue pathophysiologische Signalweg bis

heute nicht vollständig geklärt ist, gilt als primärer Schädi-

gungsmechanismus eine mechanische, ultrastrukturelle Schädi-

gung des Muskelparenchyms, die zu einer weiteren Proteinde-

gradation, Autophagie und einer lokalen Entzündungsantwort

führt. Klinische Symptome manifestieren sich typischerweise

verzögert (Hauptmanifestation zwischen 24 und 72h nach der

Belastung), als Folge einer komplexen lokalen und systemischen

Inflammationsphase. Die vorliegende Arbeit hat das Ziel, eine

Übersicht über diese Schädigungsentität zu liefern und dabei

Grundlagen der schädigenden Mechanismen, der Pathophysio-

logie und der Diagnostik aufzuzeigen.

ABSTRACT

Delayed-onset muscle soreness (DOMS) is a type of ultrastruc-

tural muscle injury. The manifestation of DOMS is caused by

eccentric or unfamiliar forms of exercise. Clinical signs include

reduced force capacities, increased painful restriction of

movement, stiffness, swelling, and dysfunction of adjacent

joints. Although DOMS is considered a mild type of injury, it

is one of the most common reasons for compromised sportive

performance. In the past few decades, many hypotheses have

been developed to explain the aetiology of DOMS. Although

the exact pathophysiological pathway remains unknown, the

primary mechanism is currently considered to be the ultra-

structural damage of muscle cells due to unfamiliar sporting

activities or eccentric exercise, which leads to further protein

degradation, apoptosis and local inflammatory response. The

development of clinical symptoms is typically delayed (peak
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soreness at 48 – 72 h post-exercise) as a result of complex se-

quences of local and systemic physiological responses. The

following narrative review was conducted to present an over-

view of the current findings regarding the damaging mecha-

nisms as well as the pathophysiology of DOMS and its diag-

nostic evaluation.

Introduction
Injuries and overload to the skeletal muscle in sport are common
sports injuries, presenting an overall incidence of 10 – 55% of all
sports injuries [1 – 4]. In competitive sports, muscle injuries and
overload are responsible for a loss of training or competition
days. Delayed onset muscle soreness (DOMS) describes an entity
of ultrastructural muscle damage. According to the “Munich Con-
sensus Statement”, DOMS is classified as an overexertion-func-
tional muscle disorder type Ib [5]. The progression of DOMS can
be caused by eccentric muscle contractions or unfamiliar forms of
exercise [6]. Biopsy analyses of muscles have revealed ultrastruc-
tural lesions, including Z-band streaming and broadening, which
destroys the sarcomeres in the myofibrils [7], a leading cause of
further apoptosis and inflammation [8, 9]. Although DOMS is con-
sidered as a mild type of muscle damage, it is one of the most
common reasons for compromised sportive performances. Pre-
cise epidemiological data on DOMS are lacking due to a high num-
ber of unassessed cases. Furthermore, there is still no clear-cut
definition for the diagnosis of DOMS; there are shifting overlaps
between muscle overload, muscle damage, and muscle injury
[5]. In recent years, DOMS has received increased scientific atten-
tion, particularly, concerning the pathophysiological process, ima-
ging modalities or recovery interventions [10]. DOMS is associat-
ed with impaired muscular force capacities and increased
soreness, pain, stiffness, and swelling, and also with some altered
biomechanics to the adjacent joints [11 – 13]. Clinical signs are
highly variable. They range from mild forms of muscle soreness,
that subside with moderate activity, to pain and the inability to
perform certain movements [13]. Thereby, in elite sports, recov-
ery interventions may play a key role in professional sports.
Prevention and treatment of DOMS, implying the recovery from
exercise induced muscle damage (EIMD), is an integral part of re-
gaining muscular force capacities and performance levels. Under-
standing the benefits of treatment requires knowledge of muscle
damaging mechanisms, pathophysiological basics and diagnosis.
Thus, the aim of this review is to provide an overview of the cur-
rent findings on the pathophysiology and diagnostics of DOMS.

Mechanisms and pathogenesis
In the field of structural muscle injuries (according to grade 2a-3b
[5]), signs and symptoms usually begin at the time point of the in-
jury mechanism or develop during continued exercise. In DOMS,
the earliest clinical manifestations begin at 6 –12 h post exercise
that is caused by the ultrastructural damage (i. e., exercise in-
duced muscle damage (EIMD)) and increase progressively until
reaching a peak pain level at 48 – 72 h after the EIMD. Then, the
symptoms decrease until they disappear 5 – 7 days later [14]. The
manifestation of DOMS based on a complex sequence of local

and systemic physiological responses, as described by Böning or
Hoppeler at al. [15, 16].

Injury mechanisms – the role of eccentric contraction
forms

During the last decade, many hypotheses have been developed to
explain the etiology of DOMS [17]. Although the exact causes of
DOMS remain unknown [9], it is accepted that the main mecha-
nisms is related to mechanical damage of skeletal muscle tissue
due to eccentric exercise or/and not familiarized sporting activ-
ities [18, 19]. In fact, biopsy analysis of eccentric strained muscle
tissue has proved a loss of myofibrillar integrity with Z-band
streaming and a disruption of sarcomeres in the myofibrils [7, 8,
20] (▶ Fig. 1), which leads to further protein degradation, autop-
hagy and a local inflammatory response [9]. To explain, during
eccentric exercise, the external load is – under some conditions –
greater than the force generated by the muscles fibres under con-
centric conditions; the muscles fibres are actively lengthened
[21]. Thereby, and as shown by the force-velocity relationship,
the muscles produce more force at the same angular velocity
than during active shortening (i. e., concentric exercise) [22].
While the detailed reasons for this phenomenon are beyond the
scope of this review, the higher muscular force is caused by
“active-muscle” (i. e., more number of active cross-bridges) [23]
and, in particular, by “passive-elastic” factors (i. e., Ca2+ triggered
increased stiffness of titin and its winding on actin) [24], which
cause elastic energy to be stored and released [21], as described
in the three-filament model and winding filament hypothesis
elsewhere [25]. However, during eccentric exercise, and mainly
due to spinal inhibition [26], less [27] and predominantly fast
twitch motor units are recruited [28], consisting of type II muscle
fibres that are more damageable than type I fibres [29]. Overall,
the potential injury mechanism inducted by eccentric exercise
leading to DOMS is due to the higher muscular forces produced
by less active and more damageable muscle fibers. However,
during external valid conditions in sports, there are no isolated
eccentric contractions that induce a “pure eccentric overload” as
applied in numerous DOMS models. Instead, during sportive
activities as running, change of directions, and jumps, eccentric
contractions are shorter and part of the entire stretch-shortening
cycle [30], also involving, and per time more, concentric contrac-
tions [31]. The previous points do not explain sufficiently the fact,
that DOMS could also be develop under submaximal, moderate
load conditions, particularly after not familiarized and not well co-
ordinated sporting activities. Possibly there is no sufficient intra-
and intermuscular coordination between the muscle fibres with
an overstressing and damaging of single muscle fibers. Moreover,
disorders of the lower spine should to be considered as contribut-
ing factors that may reinforce the development of EIMD and
DOMS. Although there is a lack of scientific evidence, altered neu-

244 Hotfiel T et al. Advances in Delayed-Onset… Sportverl Sportschad 2018; 32: 243–250

Übersicht

D
ow

nl
oa

de
d 

by
: T

he
 U

ni
ve

rs
ity

 o
f B

rit
is

h 
C

ol
um

bi
a 

Li
br

ar
y.

 C
op

yr
ig

ht
ed

 m
at

er
ia

l.



romuscular innervation due to spine related disorders have been
described as risk factors for the development of muscle injuries
[32 – 34]. Thus, more research to understand the relationships
between DOMS and sportive activities involving the entire
stretch-shortening cycle are needed.

Inflammatory and healing responses

DOMS is associated with electrolyte imbalances, leukocyte accu-
mulation and infiltration in the exercised muscle as well as an
upregulation of circulating pro-inflammatory cytokines. However,
the cellular sources of these cytokines remain unclear [9, 18].
Additionally, the released cytokines lead to a higher vascular per-
meability and microcirculation disturbances as they act as inflam-
matory mediators [35]. A recent study investigating intramuscu-
lar tissue perfusion by quantifiable contrast-enhanced ultrasound
in DOMS demonstrated statistically significant increases in intra-
muscular perfusion 60 hours after exhausting eccentric exercise
of the gastrocnemius muscle [36]. Affected muscle tissue is inva-
ded by neutrophils several hours after eccentric exercise and
replaced by macrophages [18, 37]. Another study reported that
skeletal muscle damage is related to the production of reactive
oxygen species (ROS), resulting in further inflammation and
oxidative stress [17, 38 – 40]. Ultrastructural muscle damage has
been estimated to be associated with increased cytosolic calcium
concentrations, which are considered to activate proteolytic
enzymes and increase cell membrane and vascular permeability,
although its exact role remains unclear [18]. However, the accu-
mulation of interstitial fluid accompanied by intramuscular edema
and compartment swelling as well as the presence of diverse
proinflammatory substances such as nerve growth factor (NGF),
histamine, bradykinins and prostaglandins are described to be
responsible for nociceptor activation and pain sensation [17, 41].
Satellite cells, which are located beneath the basal lamina in adult
skeletal muscles fibres, act as muscle precursor cells and are con-
sidered to play a key role in the healing of particularly structurally

damaged muscle tissue [1, 42 – 44]. However, their role in ultra-
structural injuries such as EIMD is not fully understood. Intrinsic
signals (sphingosine-1-phosphate) and extrinsic signals (mechan-
ical pathway by nitrite oxide and activating promyogenic growth
factors and cytokines) are thought to activate satellite cells after
muscle damages through eccentric exercising and after muscle
injuries [9, 44]. An upregulation of satellite cell populations has
been found in the context of exhausting eccentric training by
stimulated extracellular matrix. However, further maturation and
differentiation of the satellite cells into myoblasts has not
previously been ascertained [45].

Clinical Diagnostics
In general, a careful anamnesis and clinical examination with
inspection, palpation, and functional testing of the affected
muscle groups with and without resistance can provide important
information about the extent and severity of a muscle injury,
including in cases of DOMS [46]. DOMS is often accompanied by
awareness of muscle contraction and with inhibition of contrac-
tion or reduced force capacities upon manual testing [11 – 13].
The clinician may be able to palpate a local or even global area of
increased muscle tone [5, 47]. DOMS causes local muscle sore-
ness and reduced range of motion of the adjacent joints [11 – 13,
48]. The signs and symptoms of DOMS begin 6 – 12 h after exer-
cise, increase progressively until they reach peak pain at 48 –
72 h, and decrease until they disappear 5 – 7 days later [13, 14].

Laboratory-chemical examinations

DOMS is associated with increased creatine kinase (CK) activity
levels, which can be seen as an indirect marker of muscle damage,
as CK is almost expressed in muscle tissues and is released into the
circulation according to a loss of sarcolemmal integrity (i. e., due
to an increased damage or permeability of the plasmamem-
brane). These processes are due to the mechanical stress of
eccentric exercise or metabolic causes like glycogen depletion
[8, 11, 35, 49]. In addition to CK, a wide range of diverse biomar-
kers can be assessed. Interleukin 6 (IL-6) and C-reactive protein
(CRP) are the most commonly assayed markers [50], which are
upregulated during inflammation within damaged tissue. How-
ever, markers are thought to influence multiple physiological pro-
cesses, even in the absence of inflammation [51]. Anti-inflamma-
tory Pentraxin-3 (PTX-3) has been found to be upregulated after
an acute bout of maximal aerobic and resistance exercise [52].
Lactate dehydrogenase (LDH) catalyzes the reversible process of
pyruvate to lactate under anaerobic conditions. As an enzyme
mainly occurring in the cytoplasm, LDH can be seen as a marker
indicating cell damage. However, elevated levels of CK, CRP, IL-6,
PTX-3 and LDH have be considered as non-specific. Thus, its clini-
cal determination should be reserved in context of monitoring
over a course of time or even in the context of scientific issues
[53].

▶ Fig. 1 Z-disk disintegration and myofilament disarrangement as
sign of ultrastructural damage was evaluated by electron micro-
scopy of biopsies of human vastus lateralis 24 h after strenuous re-
sistance exercise for 70 s time under tension leading to DOMS.
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Imaging

Magnetic Resonance imaging (MRI)

Imaging of muscle tissue is essential for providing a correct
assessment of the severity of muscle damage or muscle injury
[54, 55]. In diagnostic imaging of DOMS, several imaging modal-
ities are described in the literature, but so far, MRI has been
reported as the preferred modality providing detailed image anal-
ysis and characterization of this kind of muscular lesion [55– 58]
(▶ Fig. 2, 3). MRI may be performed on either a 1.5 or 3 T system,
ideally with skin markers at the site of the athlete’s maximum pain
prior to imaging [47]. The MRI study should include a combina-
tion of acquisitions in three orthogonal planes (i. e., axial, coronal,
sagittal) [47, 59]. A typical protocol would include at least one
plane of a T1-weighted sequence and at least two planes of short
tau inversion recovery (STIR)/T2-weighted fat suppressed/proton
density-weighted fat suppressed sequences [14, 35, 47, 60]. In
clinical practice examination protocols often contain a large
examination volume and an expanded slice thickness. This
circumstance limits the spatial resolution and interpretation of
MRI data in context of ultrastructural lesions. Hence, the slice
thickness of MRI imaging should allow precise definition of small
injuries, often necessitating a slice thickness of 4mm or less [47].
The exact choice of sequences will depend on the location of the
damaged tissue or muscle injury and, to some extent, on the indi-
vidual radiologist’s preference [47]. DOMS can be detected on

MRI as intramuscular edema with generalized, patchy high signal
changes affecting one or several muscles [35, 47]. Increased
T2-weighted signal intensity does not only indicate intramuscular
fluid accumulation; it also shows strong correlation to the degree
of ultrastructural damage in the context of DOMS [35, 61]. For re-
search purposes, MRI T2 mapping sequences can also be applied
to quantify intramuscular edema [59, 62, 63]. However, in case of
EIMD, MRI performed directly after exhausting exercises may re-
veal negative results as the signal intensity of edema commonly
begin to increase during the inflammatory response. Otherwise,
an examination performed at peak level may lead to an overesti-
mation of this kind of lesion. Further, intra-individual differences
in DOMS expression have to be respected and an ideal point of
time cannot be generally given. However, we prefer MR imaging
between 24 and 72 hours after exercise as previous studies have
reported changes in T2-weighted signal intensity peak after
approximately 3 days post–eccentric exercise [35, 56, 59]
(▶ Fig. 2). Partial or complete tears to either the muscle or tendon
are not detectable in DOMS. According to the British Athletics
Classification system, it is rated as 0b muscle injury in MRI.

Ultrasound

Conventional ultrasound has been utilized for approximately
3 decades to diagnose muscle damages and muscle injuries [54,
64 – 66]. In low-grade muscle damage such as DOMS, convention-
al ultrasound imaging of the concerned muscle tissue often

▶ Fig. 2 T1-weighted (A, D), T2-weighted fat-suppressed (B, E) and T2-mapping images (C, F) of the lower leg before (A–C) and after eccentric
exercise (D–F) in the same participant. The increased signal intensity (E) and T2 time value (F) reflect a rising fluid content in the gastrocnemius
medialis muscle as equivalent of DOMS.
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appears normal or shows small hyperechoic areas regarding its
echogenicity [54, 63, 64]. Focusing on indirect signs, damaged
muscles exhibit mechanical property changes, which are closely
related to changes in their internal structure, including fascicle
length, pennation angle, and muscle thickness [48]. The penna-
tion angle and muscle thickness has been shown to be increased
after DOMS induction [48]. A comparison to the contralateral leg
or follow-up examinations may reveal relevant information con-
cerning these indirect signs (▶ Fig. 4). But generally, the sensitiv-
ity of gray-scale ultrasound imaging in DOMS is severely limited
[67, 68]. However, this lack of sensitivity can be improved with
the use of contrast media. Contrast-enhanced ultrasound (CEUS)
is a modality that has been successfully established and validated
in the field of internal medicine to evaluate pathologies of the
abdominal organs, such as tumors or inflammatory processes
[69 – 72]. Changes in dynamic blood perfusion can be visualized
through signal changes from the gas-filled microbubble contrast
media, which will be eliminated as gas (sulfur hexafluoride) via
the lungs. CEUS has been shown to be superior to conventional
ultrasound in the diagnostic workup of low-grade muscle damage
(lesions) and in identifying intramuscular edema as hypoenhance-
ment [63, 73].

Another ultrasound-based technology for tissue characteriza-
tion is Acoustic Radiation Force Impulse (ARFI) imaging, which
has been widely validated and established in different medical
disciplines, providing tissue characterization without the need
for invasive biopsy [74, 75]. The tissue displacement and the
resulting deformation response of the tissue depend on the
tissue’s viscoelastic properties. Commonly, it is observed and con-
firmed by histopathological findings that shear wave velocities
(SWVs) are correlated with the stiffness of a tissue, and conse-
quently, a stiffer tissue leads to increasing SWV [76 – 79]. Altera-
tions in muscle tissue stiffness associated with DOMS have been
reported in previous studies, which may be related to inflamma-
tory responses following microtrauma [62, 80]. ARFI SWV could
represent an additional functional imaging marker for the acquisi-
tion and monitoring of ultrastructural muscle damages and
injuries.

▶ Fig. 3 MRI of DOMS in the triceps brachii muscle of a 41 years old
recreational crossfit athlete four days after exhausting training. In
addition to an intramuscular edema, an edema in the subcutaneous
tissue is evident.

▶ Fig. 4 Transversal ultrasound scan of a dorsal calf (S 2000, linear probe 9L4, Siemens Healthineers, Erlangen, Germany). Physiological conditions
(A), and DOMS conditions with indirect signs of ultrastructural muscle damage, 48 hours after exhausting exercises (B). Triangles: demonstrating a
diffuse hyperechoic area, located at the center of pain; GM: gastrocnemius medialis muscle, SM: Soleus muscle.
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Conclusions
The present work provides an overview of the damaging mecha-
nisms, pathogenesis and diagnostics of DOMS. Currently, the ex-
act trigger mechanism of the muscle damages and and related
cellular mechanisms in DOMS are not fully understood, but many
hypotheses exist to explain these phenomena. The primary
mechanism of DOMS is currently thought to be a mechanical
damage of skeletal muscle tissue due to eccentric exercise and
not familiarized and not well coordinated sporting activities,
which lead to further protein degradation, autophagy and a local
inflammatory response. The predominant significance of preced-
ing eccentric contraction may be explained by passive force gen-
erating factors including titin and an altered motor unit activa-
tion, which have both to be researched in future studies. To date,
magnetic resonance imaging (MRI) has been reported as the pre-
ferred modality, providing detailed image analysis and character-
ization of DOMS and muscle lesions. However, newly emerging
ultrasound modalities demonstrate promising results in a non-
invasive functional approach.

Conflict of Interest

The authors declare that they have no conflict of interest.

References

[1] Jarvinen TA, Jarvinen TL, Kaariainen M et al. Muscle injuries: biology and
treatment. The American journal of sports medicine 2005; 33: 745–764

[2] Huard J, Li Y, Fu FH. Muscle injuries and repair: current trends in re-
search. The Journal of bone and joint surgery American volume 2002;
84-A: 822–832

[3] Best TM, Hunter KD. Muscle injury and repair. Phys Med Rehabil Clin N
Am 2000; 11: 251–266

[4] Hotfiel T, Seil R, Bily W et al. Nonoperative treatment of muscle injuries –
recommendations from the GOTS expert meeting. Journal of Experi-
mental Orthopaedics 2018; 5: 24

[5] Mueller-Wohlfahrt HW, Haensel L, Mithoefer K et al. Terminology and
classification of muscle injuries in sport: the Munich consensus state-
ment. Br J Sports Med 2013; 47: 342–350

[6] Armstrong RB. Initial events in exercise-induced muscular injury.
Medicine and science in sports and exercise 1990; 22: 429–435

[7] Friden J, Sjostrom M, Ekblom B. Myofibrillar damage following intense
eccentric exercise in man. International journal of sports medicine 1983;
4: 170–176

[8] Ulbricht A, Gehlert S, Leciejewski B et al. Induction and adaptation of
chaperone-assisted selective autophagy CASA in response to resistance
exercise in human skeletal muscle. Autophagy 2015; 11: 538–546

[9] Paulsen G, Mikkelsen UR, Raastad T et al. Leucocytes, cytokines and sa-
tellite cells: what role do they play in muscle damage and regeneration
following eccentric exercise? Exerc Immunol Rev 2012; 18: 42–97

[10] Hotfiel T, Bily W, Bloch W et al. Konservative Therapie von Muskelverlet-
zungen. In: Engelhardt M, Mauch F, Hrsg. Muskel- und Sehnenverlet-
zungen. Rolle-Verlag; 2017: 145–153

[11] Kim SK, Kim MC. The affect on delayed onset muscle soreness recovery
for ultrasound with bee venom. Journal of physical therapy science
2014; 26: 1419–1421

[12] Mizuno S, Morii I, Tsuchiya Y et al. Wearing Compression Garment after
Endurance Exercise Promotes Recovery of Exercise Performance. Int J
Sports Med 2016; 37: 870–877

[13] Pearcey GE, Bradbury-Squires DJ, Kawamoto JE et al. Foam rolling for
delayed-onset muscle soreness and recovery of dynamic performance
measures. Journal of athletic training 2015; 50: 5–13

[14] Valle X, Til L, Drobnic F et al. Compression garments to prevent delayed
onset muscle soreness in soccer players. Muscles, ligaments and ten-
dons journal 2013; 3: 295–302

[15] Hoppeler H. Eccentric Exercise. Physiology and Application in Sport and
Rehabilitation. Vol. 8) London: Routledge; 2015

[16] Böning D. Muskelkater. Dtsch Z Sportmed 2000; 51 (2): 63–64

[17] Kim J, Lee J. A review of nutritional intervention on delayed onset muscle
soreness. Part I. J Exerc Rehabil 2014; 10: 349–356

[18] Peake J, Nosaka K, Suzuki K. Characterization of inflammatory responses
to eccentric exercise in humans. Exerc Immunol Rev 2005; 11: 64–85

[19] Lewis PB, Ruby D, Bush-Joseph CA. Muscle soreness and delayed-onset
muscle soreness. Clinics in sports medicine 2012; 31: 255–262

[20] Beaton LJ, Tarnopolsky MA, Phillips SM. Contraction-induced muscle
damage in humans following calcium channel blocker administration.
The Journal of physiology 2002; 544: 849–859

[21] Douglas J, Pearson S, Ross A et al. Eccentric Exercise: Physiological Char-
acteristics and Acute Responses. Sports medicine (Auckland, NZ) 2017;
47: 663–675

[22] Hoppeler H. Moderate Load Eccentric Exercise; A Distinct Novel Training
Modality. Front Physiol 2016; 7: 483

[23] Linari M, Lucii L, Reconditi M et al. A combined mechanical and X-ray
diffraction study of stretch potentiation in single frog muscle fibres. The
Journal of physiology 2000; 526 Pt 3: 589–596

[24] Nishikawa KC, Monroy JA, Uyeno TE et al. Is titin a “winding filament”? A
new twist on muscle contraction. Proceedings Biological sciences 2012;
279: 981–990

[25] Herzog W. Mechanisms of enhanced force production in lengthening
(eccentric) muscle contractions. Journal of applied physiology (Bethes-
da, Md: 1985) 2014; 116: 1407–1417

[26] Duchateau J, Baudry S. Insights into the neural control of eccentric con-
tractions. Journal of applied physiology (Bethesda, Md: 1985) 2014; 116:
1418–1425

[27] Kellis E, Baltzopoulos V. Muscle activation differences between eccentric
and concentric isokinetic exercise. Medicine and science in sports and
exercise 1998; 30: 1616–1623

[28] Hedayatpour N, Falla D. Physiological and Neural Adaptations to Eccen-
tric Exercise: Mechanisms and Considerations for Training. Biomed Res
Int 2015; 2015: 193741

[29] Proske U, Morgan DL. Muscle damage from eccentric exercise: mecha-
nism, mechanical signs, adaptation and clinical applications. The Journal
of physiology 2001; 537: 333–345

[30] Nicol C, Avela J, Komi PV. The stretch-shortening cycle: a model to study
naturally occurring neuromuscular fatigue. Sports medicine (Auckland,
NZ) 2006; 36: 977–999

[31] Tesch PA, Fernandez-Gonzalo R, Lundberg TR. Clinical Applications of
Iso-Inertial, Eccentric-Overload (YoYo) Resistance Exercise. Front Physiol
2017; 8: 241

[32] Verrall GM, Slavotinek JP, Barnes PG et al. Clinical risk factors for ham-
string muscle strain injury: a prospective study with correlation of injury
by magnetic resonance imaging. Br J Sports Med 2001; 35: 435–439;
discussion 440

[33] Orchard JW, Farhart P, Leopold C. Lumbar spine region pathology and
hamstring and calf injuries in athletes: is there a connection? Br J Sports
Med 2004; 38: 502–504; discussion 502–504

[34] Mueller-Wohlfahrt HW, Ueblacker P, Haensel L. Muskelverletzungen im
Sprt; Thieme; 2010

248 Hotfiel T et al. Advances in Delayed-Onset… Sportverl Sportschad 2018; 32: 243–250

Übersicht

D
ow

nl
oa

de
d 

by
: T

he
 U

ni
ve

rs
ity

 o
f B

rit
is

h 
C

ol
um

bi
a 

Li
br

ar
y.

 C
op

yr
ig

ht
ed

 m
at

er
ia

l.



[35] Yanagisawa O, Sakuma J, Kawakami Y et al. Effect of exercise-induced
muscle damage on muscle hardness evaluated by ultrasound real-time
tissue elastography. SpringerPlus 2015; 4: 308

[36] Kellermann MHM, Swoboda B, Gelse K et al. Intramuscular Perfusion
Response in Delayed Onset Muscle Soreness (DOMS): A Quantitative
Analysis with Contrast-Enhanced Ultrasound (CEUS). Int J Sports Med
2017. ahead of print

[37] Armstrong RB. Mechanisms of exercise-induced delayed onset muscular
soreness: a brief review. Medicine and science in sports and exercise
1984; 16: 529–538

[38] Aoi W, Naito Y, Takanami Y et al. Oxidative stress and delayed-onset
muscle damage after exercise. Free radical biology & medicine 2004; 37:
480–487

[39] Drobnic F, Riera J, Appendino G et al. Reduction of delayed onset muscle
soreness by a novel curcumin delivery system (Meriva(R)): a randomised,
placebo-controlled trial. Journal of the International Society of Sports
Nutrition 2014; 11: 31

[40] Close GL, Ashton T, McArdle A et al. The emerging role of free radicals in
delayed onset muscle soreness and contraction-induced muscle injury.
Comp Biochem Physiol A Mol Integr Physiol 2005; 142: 257–266

[41] Nie H, Madeleine P, Arendt-Nielsen L et al. Temporal summation of
pressure pain during muscle hyperalgesia evoked by nerve growth factor
and eccentric contractions. Eur J Pain 2009; 13: 704–710

[42] Hurme T, Kalimo H, Lehto M et al. Healing of skeletal muscle injury: an
ultrastructural and immunohistochemical study. Medicine and science
in sports and exercise 1991; 23: 801–810

[43] Sciorati C, Rigamonti E, Manfredi AA et al. Cell death, clearance and
immunity in the skeletal muscle. Cell Death Differ 2016; 23: 927–937

[44] Ceafalan LC, Popescu BO, Hinescu ME. Cellular players in skeletal muscle
regeneration. Biomed Res Int 2014; 2014: 957014

[45] Jarvinen TA, Jarvinen M, Kalimo H. Regeneration of injured skeletal
muscle after the injury. Muscles Ligaments Tendons J 2013; 3: 337–345

[46] Hotfiel T, Carl HD, Swoboda B et al. Current Conservative Treatment and
Management Strategies of Skeletal Muscle Injuries. Z Orthop Unfall
2016; 154: 245–253

[47] Pollock N, James SLJ, Lee JC et al. British athletics muscle injury classifi-
cation: a new grading system. British journal of sports medicine 2014;
48: 1347

[48] Yu JY, Jeong JG, Lee BH. Evaluation of muscle damage using ultrasound
imaging. J Phys Ther Sci 2015; 27: 531–534

[49] Kraemer WJ, Bush JA, Wickham RB et al. Influence of compression
therapy on symptoms following soft tissue injury from maximal eccen-
tric exercise. The Journal of orthopaedic and sports physical therapy
2001; 31: 282–290

[50] Deme D, Telekes A. Prognostic importance of lactate dehydrogenase
(LDH) in oncology. Orvosi hetilap 2017; 158: 1977–1988

[51] Del GiudiceM, Gangestad SW. Rethinking IL-6 and CRP: Why They Are
More Than Inflammatory Biomarkers, and Why It Matters. Brain, behav-
ior, and immunity 2018. doi:10.1016/j.bbi.2018.02.013

[52] Miyaki A, Maeda S, Choi Y et al. Habitual aerobic exercise increases plas-
ma pentraxin 3 levels in middle-aged and elderly women. Applied phys-
iology, nutrition, and metabolism = Physiologie appliquee, nutrition et
metabolisme 2012; 37: 907–911

[53] Tunc-Ata M, Turgut G, Mergen-Dalyanoglu M et al. Examination of levels
pentraxin-3, interleukin-6, and C-reactive protein in rat model acute and
chronic exercise. J Exerc Rehabil 2017; 13: 279–283

[54] Draghi F, Zacchino M, Canepari M et al. Muscle injuries: ultrasound
evaluation in the acute phase. J Ultrasound 2013; 16: 209–214

[55] Ekstrand J, Lee JC, Healy JC. MRI findings and return to play in football: a
prospective analysis of 255 hamstring injuries in the UEFA Elite Club
Injury Study. British journal of sports medicine 2016; 50: 738–743

[56] Fulford J, Eston RG, Rowlands AV et al. Assessment of magnetic reso-
nance techniques to measure muscle damage 24h after eccentric exer-
cise. Scand J Med Sci Sports 2015; 25: e28–e39

[57] Slavotinek JP. Muscle injury: the role of imaging in prognostic assign-
ment and monitoring of muscle repair. Seminars in musculoskeletal
radiology 2010; 14: 194–200

[58] Balius R, Rodas G, Pedret C et al. Soleus muscle injury: sensitivity of
ultrasound patterns. Skeletal radiology 2014; 43: 805–812

[59] Heiss R, Kellermann M, Swoboda B et al. Effect of Compression Gar-
ments on the Development of Delayed-Onset Muscle Soreness: A Multi-
modal Approach Using Contrast-Enhanced Ultrasound and Acoustic
Radiation Force Impulse Elastography. The Journal of orthopaedic and
sports physical therapy 2018. doi:10.2519/jospt.2018.8038:1-24

[60] Nosaka K, Clarkson PM. Variability in serum creatine kinase response
after eccentric exercise of the elbow flexors. International journal of
sports medicine 1996; 17: 120–127

[61] Nurenberg P, Giddings CJ, Stray-Gundersen J et al. MR imaging-guided
muscle biopsy for correlation of increased signal intensity with ultra-
structural change and delayed-onset muscle soreness after exercise.
Radiology 1992; 184: 865–869

[62] Hotfiel T, Kellermann M, Swoboda B et al. Application of Acoustic Radia-
tion Force Impulse (ARFI) Elastography in Imaging of Delayed Onset
Muscle Soreness (DOMS): A Comparative Analysis With 3T MRI. Journal
of sport rehabilitation 2017. doi:10.1123/jsr.2017-0003:1-21

[63] Hotfiel T, Heiss R, Swoboda B et al. Contrast-Enhanced Ultrasound as a
New Investigative Tool in Diagnostic Imaging of Muscle Injuries-A Pilot
Study Evaluating Conventional Ultrasound, CEUS, and Findings in MRI.
Clinical journal of sport medicine: official journal of the Canadian Acad-
emy of Sport Medicine 2017. doi:10.1097/JSM.0000000000000470

[64] Lee JC, Healy J. Sonography of lower limbmuscle injury. Am J Roentgenol
2004; 182: 341–351

[65] Peetrons P. Ultrasound of muscles. Eur Radiol 2002; 12: 35–43

[66] Kellermann M, Lutter C, Hotfiel T. Healing Response of a Structural
Hamstring Injury – Perfusion Imaging 8 Weeks Follow-Up. J Sport
Rehabil 2017. doi:10.1123/jsr.2017-0123:1-13

[67] Kim HJ, Ryu KN, Sung DW et al. Correlation between sonographic and
pathologic findings in muscle injury: experimental study in the rabbit.
Journal of ultrasound in medicine: official journal of the American Insti-
tute of Ultrasound in Medicine 2002; 21: 1113–1119

[68] Serafin-Krol M, Krol R, Jedrzejczyk M et al. Potential value of contrast-
enhanced gray-scale ultrasonography in diagnosis of acute muscle in-
jury–preliminary results. Ortop Traumatol Rehabil 2008; 10: 131–136

[69] Chung YE, Kim KW. Contrast-enhanced ultrasonography: advance and
current status in abdominal imaging. Ultrasonography 2015; 34: 3–18

[70] Sporea I, Sirli R. Is Contrast Enhanced Ultrasound (CEUS) ready for use in
daily practice for evaluation of focal liver lesions? Med Ultrason 2014;
16: 37–40

[71] Frohlich E, Muller R, Cui XW et al. Dynamic contrast-enhanced ultra-
sound for quantification of tissue perfusion. Journal of ultrasound in
medicine: official journal of the American Institute of Ultrasound in
Medicine 2015; 34: 179–196

[72] Gulati M, King KG, Gill IS et al. Contrast-enhanced ultrasound (CEUS) of
cystic and solid renal lesions: a review. Abdom Imaging 2015; 40:
1982–1996

[73] Hotfiel T, Carl HD, Swoboda B et al. Contrast-enhanced Ultrasound in
Diagnostic Imaging of Muscle Injuries: Perfusion Imaging in the Early
Arterial Phase. Sportverletzung Sportschaden: Organ der Gesellschaft
fur Orthopadisch-Traumatologische Sportmedizin 2016; 30: 54–57

[74] Guo LH, Wang SJ, Xu HX et al. Differentiation of benign and malignant
focal liver lesions: value of virtual touch tissue quantification of acoustic
radiation force impulse elastography. Med Oncol 2015; 32: 68

249Hotfiel T et al. Advances in Delayed-Onset… Sportverl Sportschad 2018; 32: 243–250

D
ow

nl
oa

de
d 

by
: T

he
 U

ni
ve

rs
ity

 o
f B

rit
is

h 
C

ol
um

bi
a 

Li
br

ar
y.

 C
op

yr
ig

ht
ed

 m
at

er
ia

l.



[75] Li DD, Guo LH, Xu HX et al. Acoustic radiation force impulse elastography
for differentiation of malignant and benign breast lesions: a meta-
analysis. Int J Clin Exp Med 2015; 8: 4753–4761

[76] Pfeifer L, Zopf S, Siebler J et al. Prospective Evaluation of Acoustic Radia-
tion Force Impulse (ARFI) Elastography and High-Frequency B-Mode Ul-
trasound in Compensated Patients for the Diagnosis of Liver Fibrosis/
Cirrhosis in Comparison to Mini-Laparoscopic Biopsy. Ultraschall in Med
2015; 36: 581–589

[77] Bota S, Sporea I, Sirli R et al. How useful are ARFI elastography cut-off
values proposed by meta-analysis for predicting the significant fibrosis
and compensated liver cirrhosis? Med Ultrason 2015; 17: 200–205

[78] Cho KH, Nam JH. Evaluation of Stiffness of the Spastic Lower Extremity
Muscles in Early Spinal Cord Injury by Acoustic Radiation Force Impulse
Imaging. Annals of rehabilitation medicine 2015; 39: 393–400

[79] D’Onofrio M, Crosara S, Canestrini S et al. Virtual analysis of pancreatic
cystic lesion fluid content by ultrasound acoustic radiation force impulse
quantification. Journal of ultrasound in medicine: official journal of the
American Institute of Ultrasound in Medicine 2013; 32: 647–651

[80] Agten CA, Buck FM, Dyer L et al. Delayed-Onset Muscle Soreness: Tem-
poral Assessment With Quantitative MRI and Shear-Wave Ultrasound
Elastography. Am J Roentgenol 2017; 208: 402–412

250 Hotfiel T et al. Advances in Delayed-Onset… Sportverl Sportschad 2018; 32: 243–250

Übersicht

D
ow

nl
oa

de
d 

by
: T

he
 U

ni
ve

rs
ity

 o
f B

rit
is

h 
C

ol
um

bi
a 

Li
br

ar
y.

 C
op

yr
ig

ht
ed

 m
at

er
ia

l.


