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Abstract
Body movement relies on skeletal muscles generating power to move limbs effectively. Power is defined as force 
multiplied by velocity: a muscle produces force at a specific velocity (the speed of muscle shortening) and this 
results in power. In diseases like Duchenne Muscular Dystrophy (DMD), the absence of dystrophin weakens 
muscles and impairs their shortening velocity, leading to decreased power and consequently, impaired movement. 
Additionally, the diaphragm and heart muscles are also affected in DMD, causing difficulty breathing and impaired 
cardiac function. Compromised cardiorespiratory function can ultimately lead to death. Given the complex etiology 
of DMD and the essential role of power in all affected muscles, it is crucial to assess potential treatments for their 
effectiveness in improving muscle function. This review focuses on fundamental physiological assays used to 
evaluate muscle function in skeletal and diaphragm muscles. Common assays include force-frequency, force-
velocity, power, and eccentric protocols, which are conducted ex vivo, in situ, and in vivo in small rodents (such as 
mice and rats) and larger intermediate animal models such as the Golden Retriever Muscular Dystrophy dog. 
Existing data support the use of skeletal muscle contractile assays as objective tools for assessing the efficacy of 
treatments.
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INTRODUCTION
Duchenne Muscular Dystrophy (DMD) is a severe and fatal muscle wasting disease characterized by the 
absence of dystrophin due to mutations in the dystrophin gene that lead to the production of a non-
functional protein. Because dystrophin is absent, the proteins in the dystrophin glycoprotein complex 
(DGC), also known as the Dystrophin Associated Protein Complex (DAPC), are also missing. The loss of 
the DGC/DAPC from the sarcolemma membrane disrupts mechanical stability and signaling, contributing 
to DMD[1,2]. In addition to heightened muscle vulnerability and poor regenerative capacity, which severely 
impair muscle function[2], individuals with DMD experience life-limiting complications, including disrupted 
lung function and progressive cardiomyopathy. As a result, DMD individuals often succumb to cardiac or 
respiratory failure[3,2]. A defining feature of DMD is the progressive loss of functional muscle tissue, which 
severely impacts contractile function[4]. While there is currently no known cure for DMD, several potential 
therapies, including micro-dystrophins and exon skipping using antisense oligonucleotides, are under 
investigation in clinical trials. Other promising treatments such as cell therapy, gene editing, and 
combination therapies have been extensively reviewed[1,2,5,6]. Regardless of the therapy, a critical goal of 
treatment is to improve contractile function.

In this review, we briefly describe contractile function, including the organization of skeletal muscle for 
force production and shortening (i.e., contraction), discuss the physiological methods used to assess 
contractile force and length change, highlight practical considerations for contractile assessments, and 
emphasize the importance of evaluating muscle function both preclinically and clinically to effectively assess 
a DMD treatment.

SKELETAL MUSCLE
Skeletal muscle organization
Motor units
Skeletal muscle is comprised of muscle fibers organized into motor units. A motor unit is defined as an 
alpha motor neuron and all the muscle fibers it innervates[7] [Figure 1]. The force produced by a muscle is 
dependent on the activation frequency or the rate at which action potentials are delivered to each of the 
motor units (i.e., rate coding), the number of motor units active at one time (i.e., recruitment), the number 
of fibers innervated by a single alpha motor neuron (i.e., the innervation ratio), and the contractile 
characteristics of the fibers in the motor units[7].

Muscle fibers
Muscle fibers are composed of myofibrils, which contain the sarcomere, the functional unit of contraction. 
Sarcomeres are bounded by Z-lines. Attached to the Z-lines are the thin or actin filaments. To produce force 
and shorten the sarcomeres, the actin filaments are moved by thick myosin filaments [Figure 1]. Myosin 
filaments consist of myosin molecules, which are hexameric - composed of two myosin heavy chains and 
four light chains (not discussed). Each myosin heavy chain functions as a myosin motor, with heads that 
contain binding sites for Adenosine triphosphate (ATP). ATP is subsequently hydrolyzed to provide energy 
for the myosin head to physically move the actin filament. Thus, myosin heads exhibit ATPase activity. 
When the ATPase reaction is complete [Adenosine diphosphate (ADP) and inorganic phosphate, the 
hydrolysis products of ATP], the myosin head binds to the actin filament, pulling it toward the center of the 
sarcomere, known as the M line (i.e., sarcomere shortening; Figure 1). Sarcomeres are arranged in series in 
the myofibril, like the cars of a train linked together. When all the sarcomeres contract, the myofibril 
shortens. Myofibrils are aligned in parallel in a muscle fiber, so when the myofibrils shorten, the muscle 
fiber itself also shortens. All the fibers within a motor unit contract simultaneously (All-or-None Principle). 
When multiple motor units within a muscle contract simultaneously, the muscle produces force and 
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Figure 1. (A) Motor unit: an alpha motor neuron and all the fibers it innervates; (B) Anatomical structure of a skeletal muscle: muscle, 
fascicle, fiber, myofibril, sarcomere; (C) Sarcomere structure showing Z-lines, actin (thin) filaments and myosin (thick) filaments, and 
the M line (center of the sarcomere); (D) Actin thin filament segment showing the troponin-tropomyosin complex, which blocks the 
myosin heads from the actin-binding sites in the absence of Ca2+; a segment of a myosin thick filament, with myosin heads that interact 
with actin-binding sites; a cross-section of a myofibril showing actin thin filaments surrounding the myosin thick filaments.

shortens[8].

Contractile regulation
Muscle contraction is regulated by the thin filament because the regulatory proteins are located on the actin 
filament. In brief, when the myosin binding sites on actin are unavailable, myosin cannot enter the strong-
binding state. However, when these binding sites become available, myosin can enter the strong-binding 
state, and contraction can occur, provided that both calcium and ATP are present. Calcium is essential for 
binding to a protein called Troponin C (specific for calcium) on the actin filament. When calcium binds to 
Troponin C, it causes the troponin-tropomyosin complex, which normally blocks the myosin binding sites 
on actin, to be removed [Figure 1]. This allows myosin to bind to actin and use the energy from ATP 
hydrolysis to move the actin filament, generating force and shortening the muscle. When calcium is absent, 
contraction stops, i.e., the muscle relaxes[8]. Although the main regulatory mechanism is the availability of 
myosin binding sites on actin in response to Ca2+ binding to troponin C (i.e., thin-filament regulation), a 
thick-filament-based regulatory mechanism has also been proposed, which is thought to match the load 
experienced by the sarcomeres with the addition of myosin heads, independent of thin-filament 
regulation[9].

In a healthy muscle, assuming adequate oxygen and substrate availability, fiber ATP concentration is near 
constant below exhaustion levels of contraction because ATP production is well supported by intermediary 
metabolism[10]. The availability of calcium to bind to actin depends on action potentials from the alpha 
motor neuron arriving at the neuromuscular junction. The release of acetylcholine from the axon terminal 
generates an action potential along the muscle fiber’s sarcolemma. This action potential then travels 
through the T-tubules, triggering the release of calcium from the sarcoplasmic reticulum. The calcium then 
diffuses through the myoplasm to bind to Troponin C. When the action potentials cease, calcium is released 
from Troponin C and resequestered into the sarcoplasmic reticulum, and contraction stops, leading to 
relaxation. Therefore, calcium is tightly regulated in a healthy muscle to ensure that contraction only occurs 
in response to an action potential. This regulation is especially important for the diaphragm, ensuring 
rhythmic contraction-relaxation for breathing, but also critical for body movements[8].
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Dystrophic muscle
In the 1970s and 1980s, the Neural hypothesis proposed that muscle changes in DMD were a result of 
abnormal trophic influences from motor neurons (e.g., in DMD individuals[11] and dystrophic mice[12]). 
However, the main influence identified for the decline in muscle function in DMD was a reduction in the 
number of functional motor units[11]. To the authors’ knowledge, the Neural hypothesis has not been 
extensively pursued. Current studies are focusing on the role of dystrophin in brain development and its 
potential implications in Duchenne and Becker muscular dystrophies[13]. The interaction between the axon 
of the motor neuron and each fiber it innervates occurs at the neuromuscular junction (NMJ). Defects in 
the NMJ of DMD muscle fibers have been reported[14,15], possibly due to the potential role of dystrophin in 
satellite cell function[16]. In addition to the dysfunction at the NMJ, the brunt of DMD appears to be most 
evident in the muscle fibers, and therefore in DMD muscle.

At the muscle fiber level, the absence of dystrophin and the DGC results in poor muscle function. When 
muscle function is compromised, muscle power is compromised, and therefore body movement is 
compromised. Several mechanistic hypotheses have been proposed to explain the progressive and 
debilitating dystrophic processes that ultimately affect muscle function, including dysfunctional contractile 
regulation at the fiber level (e.g., abnormal calcium handling[17] and metabolic dysfunction[18]), impaired 
muscle regeneration, and the loss of functional muscle tissue, which is replaced by fatty and fibrotic 
infiltration, among others[4]. Thus, there are numerous mechanisms thought to contribute to the 
pathogenesis of DMD, and each represents a potential target for therapy[1]. For example, microdystrophins 
can be delivered with Adeno-associated Virus (AAV) vectors to replace the absent full-length dystrophin. 
Specific biochemical and molecular assays (e.g., Western blot, immunostaining[19]) can confirm the presence 
of the microdystrophin protein. However, the most reliable assessment of treatment efficacy is the overall 
benefit to muscle function.

Movement
Skeletal muscles are arranged in agonist and antagonist pairs on either side of a joint, such as the ankle. To 
ambulate, movement at the ankle joint requires the rhythmic contraction of the agonists (e.g., plantar 
flexors) paired with the relaxation of the antagonists (e.g., dorsiflexors), and then this sequence reverses to 
enable walking. These coordinated movements at joints facilitate body movement[20]. Broadly, for any 
movement to occur, the agonist muscles involved must produce force and shorten while the antagonists 
relax. When either the agonist or antagonist muscles contract, they generate force and shorten; the product 
of force and shortening speed is referred to as power[21]. Therefore, rhythmic muscle power production in 
agonists and antagonists is essential to movement[20]. The interaction between agonists and antagonists 
highlights the importance of measuring the function of both, as imbalances in the forces produced across a 
joint can lead to debilitating contractures, as seen in DMD. One reason for such imbalances could be true 
hypertrophy (i.e., increased muscle mass) that may occur early in disease development, or 
pseudohypertrophy (i.e., the deposition of fat and connective tissue) that follows. Both types of muscle 
enlargement are commonly observed in the calves of boys with DMD and can be detected through 
ultrasonography and magnetic resonance imaging (MRI) imaging. The imbalance between stronger ankle 
extensors and weaker ankle flexors can lead to equinus contracture, which results in toe walking among 
individuals with DMD[22]. For additional discussion on postural instability and contractures in individuals 
with DMD and DMD animal models, see Kornegay et al., 2012[22].

Individuals with DMD experience difficulty walking[23], adapt their gait patterns to maintain support, 
propulsion, and balance[24], and gradually lose the ability to ambulate[4,25,26]. To assess the loss of muscle 
function related to ambulation, several timed functional assays have been developed. These tests are 
designed to measure the time it takes for individuals with DMD to complete typical daily activities. For 
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example, the 6-Minute Walk Test (6MWT) is often used to assess clinical status in individuals with 
DMD[27], including the evaluation of treatment efficacy[28]. Other timed functional assays include the North 
Star Ambulatory Assessment (NSAA), time to stand velocity (TTSTAND), time to run 10 m (TTRW), and 
time to climb four stairs (TTCLIMB)[28,29]. Data from these tests, collected over time, can provide an indirect 
measure of disease progression in an individual, as longer completion times may indicate worsening 
function, while improvements may suggest a positive treatment response.

Eccentric contractions
The absence of dystrophin in skeletal muscle is widely recognized to disrupt the mechanical integrity of 
dystrophic muscle fibers, making them more susceptive to injury from lengthening or eccentric 
contractions[30]. This relationship has been demonstrated in dystrophic animal models, such as the mdx 
mouse[31] and Golder Retriever Muscular Dystrophy (GRMD) dog[32]. Based on these and numerous other 
published findings in dystrophic animal models, and given the ethical limitations to directly test the 
response of DMD muscles, it can be logically inferred that DMD muscles are also vulnerable to injury from 
eccentric contractions.

Eccentric contractions occur during daily activities such as level walking, uphill/downhill walking, and 
ascending/descending stairs[33]. The loss of ambulation in boys with DMD is positively correlated with a 
decline in muscle quality, as measured by MRI, and with decreased step activity. Thus, step activity serves as 
a reliable predictor of ambulation loss in DMD boys[26]. A decrease in step activity may be due to injuries 
caused by eccentric contractions. Musculoskeletal simulations suggest that, depending on the type of 
movement, individual muscles experience varying degrees of eccentric contraction, which could lead to 
selective degeneration in the dystrophic muscles of the lower limb[34]. For example, simulations of healthy 
individuals walking downhill revealed greater eccentric contraction in the lower limb muscles, while uphill 
walking showed similar contraction levels to level walking[33]. These findings support the recommendation 
for individuals with DMD to avoid activities that emphasize eccentric contractions (such as walking 
downstairs or walking downhill). To counteract ambulation loss, exercise may be beneficial. Boys with 
DMD have shown positive responses to a moderate resistance training program, which improved muscle 
strength and functional ability in activities like descending stairs[25]. A typical method for evaluating the loss 
of strength in dystrophin-deficient muscles is through eccentric contraction protocols (see below).

ASSESSMENT OF MUSCLE FUNCTION BY CONTRACTILE ASSAYS
Although muscles are composed of motor units, it is difficult to activate individual or multiple motor units 
in whole muscle preparations, either in the lab or in the anesthetized animals. In physiological assays, the 
muscle is electrically activated, including all motor units; ideally, this means the entire muscle is activated. 
Electrical stimulation mimics action potentials generated by alpha motor neurons, and this is achieved using 
an electrical stimulator[35].

Types of contractile assessments
Typical assays include ex vivo (also known as in vitro[35]), in situ, and in vivo approaches, used in small 
rodents such as mice and rats, and larger intermediate animal models like the GRMD dog[36,37].

Ex vivo (in vitro)
This approach involves an isolated mouse skeletal muscle preparation (for details, see[35]). Briefly, muscles 
such as the extensor digitorum longus (EDL), soleus, or diaphragm are isolated from deeply anesthetized 
mice. The muscle is then mounted in a temperature-controlled organ bath with an appropriate salt solution 
to mimic the animal’s physiological conditions. Electrical stimulation is delivered via closely flanking 
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platinum electrodes to elicit muscle contractions. Static or dynamic force is measured using a transducer [
Figure 2][35].

In situ
This approach uses an intact muscle preparation, preserving both innervation and vasculature. Typically, 
muscles such as the tibialis anterior (TA), gastrocnemius, plantaris, or soleus are evaluated in animals 
(mouse, rat, or dog). The overlying skin is incised, and the muscle is kept moist and warmed using paraffin 
or a heat lamp. A suture is tied to the distal tendon and to a transducer, after which the tendon is severed 
distal to the suture knot. Electrical stimulation is applied via electrodes to induce muscle contractions 
through the appropriate nerve (e.g., the radial nerve for the extensor carpi ulnaris[38]. Static or dynamic force 
is measured using a transducer [Figure 2]).

In vivo
This approach assesses the contractile function of muscle groups in the forelimbs or hindlimbs of intact 
animals (mouse[19], rat, dog[39,40]). In this method, muscle groups are electrically stimulated using needle 
electrodes, activating contractions via the appropriate nerve (e.g., the tibial nerve for plantar flexors[19]). 
Isometric (static) or dynamic force can then be measured with a force transducer. In in vivo analysis, torque 
is often calculated. Torque is the product of a force and its moment arm (MA), where MA is the distance 
from the axis of rotation to the applied force [Figure 2]. Torque is commonly expressed relative to animal 
body mass (e.g., mN•m/g for mice[19]).

Eccentric
A common method for evaluating the strength loss in dystrophin-deficient muscle in the DMD field, or 
assessing the potential for a given therapy to reduce force loss is the use of eccentric contraction protocols 
ex vivo, in situ, or in vivo. Typically, in contractile assessments, the muscle group (in vivo) or individual 
muscle (ex vivo, in situ) is electrically stimulated to induce an isometric tetanus. During the plateau phase of 
tetanus, the muscle group or muscle is stretched at a specific shortening speed to a predetermined 
percentage of its optimal length (Lo). Eccentric contractions can be repeated multiple times with a set rest 
period between each stretch. The loss of isometric force is then plotted as a function of the number of 
stretches. The extent of force loss is dependent on several extrinsic and intrinsic factors. For a 
comprehensive review of eccentric contractions, refer to Kiriaev et al., 2023[41], and consult the references in 
Table 1, which assessed eccentric contractions in mdx mice or dystrophin-deficient dogs.

Twitch kinetics
Typical analysis of skeletal muscle contractile responses includes the characteristics of the twitch. Twitch 
contractile responses are those in response to a single electrical activation pulse. Analysis can reveal 
potential differences between wild type and mdx skeletal muscles for the peak force produced, and 
alterations in the kinetics such as the time to peak force and half-relaxation time,  among others. These 
characteristics are described for ex vivo contractile assessments in Sperringer and Grange, 2016[35], but are 
equally relevant to in situ or in vivo contractile assessments.

Selection of assessment approach
The choice of assessment approach(es) is determined by the specific needs of the investigator(s). All 
approaches can distinguish differences in skeletal muscle performance between control and mdx mice, or 
between control and dystrophin-deficient dogs. In general, the in vivo approach is suitable for tracking the 
same animals over time without the need for sacrifice until the study concludes (advantage: time-course 
data; intact internal milieu; disadvantage: only groups of muscles assessed). The in situ approach is 
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Table 1. Representative references (2019-2024) in DMD research that used Ex vivo, In situ or In vivo contractile assays on muscles 

from dystrophic mice and dogs

Authors Assay Model Age Muscle(s) Contractile 
Properties

Treatment/ 
manipulation

Significant change in 
muscle performance

Maxwell et al.[42
] Ex vivo Male mdx mice 1-4 

mo
Dia Isom F-F NAC N

Russell et al.[43] Ex vivo Male mdx mice 10-16 
wks

EDL, Sol, Lumb Isom Tet & Ecc EDG5506 Y

Hamm et al.[44] Ex vivo Male mdx mice 7-61 
wks

Sol & Dia Isom F-F, F-V, 
Power, Ecc

Ex & µDys Y

García-Castañ
eda et al.[45]

Ex vivo Male  mdx-Orai1-
KO mice

13-16 
wks

EDL and Sol Isom Fat and Ecc Orai1 Y

Hamm et al.[19] Ex vivo Male mdx mice 7-28 
wks

EDL and Dia Isom T-F, T-V, 
Power, Ecc 

Ex & µDys Y

Lindsay et al.[46] Ex vivo Male mdx mice 7 mo EDL Isom F-F Isom RT Y

Addinsall et al.[47] Ex vivo Male mdx mice 4-7 
wks

EDL & Sol Isom F-F & Fat ADAMTS-5 antibody EDL-Y; Sol-N

Ramos et al.[48] Ex vivo Male mdx4cv 
mice

2-25 
wks 

Dia Isom Tet & Ecc Several µDys Y

Monceau et al.[49] In situ Female D2-mdx 
mice

5-6 
mo

TA Isom Tet Ex & Exon skipping 
(AAV-U7 snRNA)

N

Ramos et al.[48] In situ Male mdx4cv 
mice

2-25 
wks

Gastroc Isom Tet & Ecc Several µDys Y

Russell et al.[43] In situ Male mdx mice 8-14 
wks

TA Isom Tet & Ecc EDG5506 Y

Kodippili et al.[38
] In situ Male dystrophin-

/- dogs 
5-36 
mo

ECU Tw/Tet & Ecc SERCA overexpression Y

Hakim et al.[50] In situ Male 
dystrophin-/- 
dogs 

36 mo ECU Tw/Tet & Ecc N/A; compare to 
normal dogs

Y

Lindsay et al.[46] In vivo Male mdx mice 6 mo Ant Crural 
muscles

Isom T-F & Ecc Isom RT Y

Hamm et al.[44] In vivo Male mdx mice 7-54 
wks

Plantar flexors Isom T-F, T-V, 
Power, Ecc

Ex & µDys Y

Hamm et al.[19] In vivo Male mdx mice 7-28 
wks

Plantar flexors Isom T-F, T-V, 
Power, Ecc 

Ex & µDys Y

Birch et al.[37] In vivo Male and Female 
GRMD 

3 mo TTJ Flex/Ext TTJ Flex/Ext 
torque

µDys Flx-Y; Ext-N

Riddel et al.[51] In vivo Male DE50-MD 3-18 
mo

TTJ Flex/Ext Isom T-F & Ecc N/A; compare to 
normal dogs

Y

Model. Dystrophic mice: as noted; dystrophin-/- dogs: dystrophin-deficient dogs of various breeds; DE50-MD: dystrophin-deficient dogs due to 

deletion of exon 50 of dystrophin gene; GRMD: golden retriever muscular dystrophy; Age. mo: months; wk: weeks; includes treatment age and 

assessment age if reported; Muscle(s). Ant: anterior crural muscles (dorsiflexors): TA, EDL, Extensor Hallucis Longus (EHL); Dia: diaphragm; 

ECU: extensor carpi ulnaris; EDL: extensor digitorum longus; Ext: extensors; Flex: flexors; Gastroc: gastrocnemius; Lumb: lumbrical; Plantar flexors: 
gastroc, sol, plantaris, flexor digitorum longus, tibialis posterior; TA: tibialis anterior; Sol: soleus; TTJ: tibioTarsal joint muscles: Dorsiflexors, 

Plantar flexors; Contractile properties. Ecc: eccentric contractions; Fat: fatigue; F-F: force-frequency; F-V: force-velocity; Isom: isometric; Tet: 

tetanus; T-F: torque-frequency; T-V: torque-velocity: Tw: twitch; Treatment. ex: running wheel exercise; Isom RT: isometric resistance training; 

N/A: treatment not applicable; NAC: N-acetyl cysteine; EDG5506: fast muscle myosin ATPase inhibitor; SERCA: sarco endoplasmic reticulum 
calcium ATPase pump; µDys: microdystrophin. DMD: Duchenne muscular dystrophy.

appropriate when evaluating a specific muscle (e.g., the TA or gastrocnemius) rather than a group of 
muscles (e.g., plantar flexors), with the blood supply and nervous system remaining intact (advantage: single 
muscle assessed; intact internal milieu; disadvantage: animal must be sacrificed). The ex vivo approach is 
suited for evaluating the contractile properties of a specific muscle, excluding the potential influence of the 
internal milieu (advantage: single muscle assessed; disadvantage: may not fully represent in vivo or in situ 
function). For additional guidance, please see Practical considerations for assessing muscle function, 
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Figure 2. Contractile assay methods. (A) Ex vivo (e.g., isolated mouse soleus); (B) In situ (e.g., mouse gastrocnemius); (C) In vivo (e.g., 
mouse plantar flexors) contractile assessment methods. For In vivo, the arrow indicates the direction of force; (D) Torque is the product 
of force and the moment arm (MA), where MA is the distance from the axis of rotation to the point where the force is applied. Torque 
is expressed in millinewtons multiplied by meters (mN·m).

General Considerations below.

Muscle contractile performance
Types of muscle contraction
Muscle contractions can be broadly described as either static or dynamic. A static contraction occurs when 
the muscle length remains unchanged (i.e., isometric contraction). Assays to assess static muscle contractile 
performance include the isometric twitch, isometric tetanus, the isometric force-frequency relationship, and 
fatigue test. Descriptions and examples of ex vivo contractile profiles for the isometric twitch, maximal 
tetanus, force-frequency relationship, and fatigue response are provided in[35].

A dynamic contraction involves the muscle generating force while shortening (i.e., concentric contraction) 
or lengthening (i.e., eccentric contraction). Assays to evaluate dynamic muscle contractile performance 
include force-velocity and eccentric injury contractions. Descriptions and examples of contractile profiles 
for the force-velocity relationship, determination of Vmax (i.e., maximal muscle shortening velocity), and 
power calculations can be found in[35], and for eccentric contractions[32,41].

Both static and dynamic assays can be conducted in ex vivo, in situ and in vivo experimental models 
[Figure 2]. Additionally, a novel method designed to mimic human gait using isolated soleus muscles ex 
vivo has been reported[51].

Figure 3 illustrates examples of in vivo mouse isometric torque contractions (profiles), the torque-frequency 
relationship, the torque-velocity relationship, and power output. Table 1 provides recent references on 
various contractile assessment methods used in dystrophic mice and dystrophin-null and GRMD dogs.

Practical considerations for assessing muscle function
There are numerous potential pitfalls in obtaining good contractile data from any of the available contractile 
assessment methods. Experts in specific methods will have a detailed Standard Operating Procedure (SOP) 
to obtain consistent contractile data. Below are some key suggestions; note that the list is not exhaustive.
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Figure 3. In vivo contractile responses of mouse plantar flexors. (A) Torque contractile profiles at individual electrical stimulation 
frequencies. Note that the response to a single stimulation (the twitch) is presented separately; (B) Torque-Frequency relationship, 
showing the maximum torque at each electrical stimulation frequency; (C) Torque-Velocity relationship, depicting normalized torque 
(each torque value divided by the mouse’s body mass) at specific shortening velocities (in degrees per second); (D) Normalized Power 
derived from the torque-velocity relationship. Power is calculated as the product of force and the velocity, expressed in milliwatts/gram 
body mass. Data from wild-type (WT) and mdx mice aged 33 weeks (for in vivo methods, see Hamm et al., 2023[43]).

General considerations
a. Determine the contractile assessment method that best suits the goals of the study.

b. Collaborate with an expert familiar with the chosen contractile assessment method either to conduct the 
assays or to train lab personnel, as well as guide data analysis and interpretation.

c. Understand the equipment specifications and ensure appropriate settings [consult the manual(s)].

d. Compare contractile values to those reported in the literature, especially for control animals. Ensure the 
contractile values are consistent with those for the same animal genotype, age, mass, and sex. If the values 
deviate by more than 5%-10% from those reported in the literature, troubleshoot the methods.

Common steps for all contractile assessment types
a. Ensure all equipment is properly connected, with all connections securely fastened.

b. Use the correct transducer range to capture the expected range of muscle contractile values.

c. Verify that the settings on the electrical stimulator are correct.
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d. Use the correct electrodes (typically platinum), ensuring they are the appropriate length for the 
assessment.

e. Set and maintain the appropriate muscle resting length throughout the experiment for data collection.

f. Test different voltages or currents as needed to produce the maximum twitch or tetanus to determine 
resting length before collecting experimental data.

Ex vivo considerations
a. Ensure the animal is deeply anesthetized during muscle dissection.

b. Handle the muscle with care during dissection and when positioning it in the bath and attaching it to the 
transducer. For example, an EDL muscle from a 25 g mouse has a length of ~12-14 mm and a mass of ~12-
14 mg. Even minor handling errors can impair or completely prevent its contractile ability.

c. Ensure proper vertical alignment between the muscle and the transducer.

d. Ensure that the suture used to attach the muscle to the transducer is tightly knotted and does not slip 
during contractions, either at the tendon or where it connects to the transducer.

e. Ensure the platinum electrodes are closely flanking the muscle (within 2-5 mm).

In situ considerations
a. Ensure the animal is deeply anesthetized.

b. Maintain the animal and muscle at the appropriate temperature.

c. Ensure good mechanical alignment between the muscle and the transducer, and ensure the animal 
remains stable (i.e., does not move during data collection).

d. Ensure the suture or other material used to connect the muscle to the transducer is knotted tightly and 
not slipping during contractions.

e. Ensure the stimulating electrodes are secure in their position prior to and during the contractions; 
electrode movement can affect the magnitude of the contractile response.

f. Replace electrodes regularly (after 6-10 uses).

In vivo considerations
a. Ensure the animal is deeply anesthetized.

b. Keep the animal warm throughout the procedure.

c. Ensure good mechanical alignment between the animal and equipment.
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d. Position the animal’s foot correctly on the foot pedal and secure it properly.

e. Ensure the knee is stabilized.

f. Ensure the electrodes are secure in their position prior to and during the contractions; electrode 
movement can affect the magnitude of the contractile response.

g. Replace electrodes regularly (after 6-10 uses).

Primary vs. secondary endpoints; other outcome measures
a. The goal of this review is to encourage the use of direct measures as primary endpoints for assessing 
skeletal muscle function, especially in preclinical models of DMD (e.g.,[19,44]).

b. In preclinical models of DMD (e.g., mdx mice, GRMD), additional outcomes or secondary endpoints 
such as gait, joint angles, ultrasound, MRI, and respiratory testing, among others, have proven valuable for 
providing a comprehensive assessment of the disease progression (e.g.,[22,51]).

c. In clinical trials, the direct measurement of skeletal muscle contractile function is more difficult, making 
secondary endpoints essential. For a recent discussion on the challenges of outcome measures in clinical 
trials for DMD, see Benemei et al., 2024[53].

CONCLUSION
Skeletal muscles produce force and shorten to enable breathing (e.g., diaphragm) and movement (e.g., 
walking). Skeletal muscle power is the product of force and the speed of muscle shortening. DMD muscles 
produce less power due to reduced force generation and slower shortening speeds, leading to significant 
impairments in breathing and movement. Several hypotheses have been proposed to explain the loss of 
muscle function in DMD, and several potential therapeutic approaches are being explored to rescue muscle 
function, force, and power. The most reliable measure of a treatment’s effectiveness in preclinical studies is 
the assessment of skeletal muscle contractile performance. Several studies [Table 1] have used various 
animal models and contractile assessment methods to evaluate potential improvements in muscle function. 
These studies support the use of skeletal muscle contractile assays to objectively assess treatment efficacy. 
Researchers in the DMD field are strongly encouraged to incorporate muscle function assessments in their 
preclinical studies, either through collaboration with experts in the chosen assessment method or by using 
well-trained and experienced personnel. If improving muscle function is a primary goal of preclinical 
treatments for DMD, it is essential to include muscle function assessments in the study design. This 
approach is equally important for clinical studies[53].
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