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Introduction: The accuracy of musculoskeletal models and simulations as methods for predicting muscle functional outputs is always improving. However, even the most complex models contain various assumptions and simplifications in how muscle force generation is simulated. One common example is the application of a generalised (“generic”) force-velocity relationship, derived from a limited data set to each muscle within a model, uniformly across all muscles irrespective of whether those muscles have “fast” or “slow” contractile properties.
Methods: Using a previously built and validated musculoskeletal model and simulation of trotting in the mouse hindlimb, this work examines the predicted functional impact of applying muscle-specific force-velocity properties to typically fast (extensor digitorum longus; EDL) and slow-contracting (soleus; SOL) muscles.
Results: Using “real” data led to EDL producing more positive work and acting significantly more spring-like, and soleus producing more negative work and acting more brake-like in function compared to muscles modelled using “generic” force-velocity data. Extrapolating these force-velocity properties to other muscles considered “fast” or “slow” also substantially impacted their predicted function. Importantly, this also further impacted EDL and SOL function beyond that seen when changing only their properties alone, to a point where they show an improved match to ex vivo experimental data.
Discussion: These data suggest that further improvements to how musculoskeletal models and simulations predict muscle function should include the use of different values defining their force-velocity relationship depending on their fibre-type composition.
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INTRODUCTION
Computational musculotendon models, such as the commonly used Hill-type model (Hill, 1938), are widely used methods to predict muscle functional outputs (Zajac, 1989). These models are often incorporated into biomechanical models of a vertebrate musculoskeletal system. They provide invaluable insights into healthy and pathological muscle dynamics where it is typically not possible to quantify performance using traditional experimental methods (Seth et al., 2018; Rajagopal et al., 2016; Hutchinson et al., 2015; Arnold et al., 2010; Falisse et al., 2019; Charles et al., 2016b; O’Neill et al., 2013; Steele et al., 2012). However, it is accepted that such models are merely approximations of in situ muscle contractile behaviour and carry several inherent assumptions including, among others, the use of standardised “generic” values to characterise their force-generating properties (Ward et al., 2009; Rajagopal et al., 2016).
The impacts of these assumptions have been explored in an effort to improve how models predict individual muscle function, with improved predictions of muscle output generated by tuning muscle parameters to match the dimensions of individuals (Modenese et al., 2016) or the inclusion of subject-specific muscle architecture data, such as fibre lengths and physiological cross-sectional area (Charles et al., 2020). However, little attention has been given towards inter-muscle variations in muscle fibre phenotype, and thus differences in the force-velocity relationship, and its impact on model outputs (Millard et al., 2013).
The force-velocity relationship describes the complex force-generating capacity of a muscle as it undergoes active shortening or lengthening. Muscles that undergo active shortening (i.e., concentric contraction) present with a reduction in force-generating capacity as shortening velocity increases (Hill, 1938). While muscles that undergo active muscle lengthening (i.e., eccentric contractions) display an enhancement in force-generating capacity as lengthening velocity increases (Katz, 1939), which is greater than the maximum isometric force capability of the muscle (Joyce et al., 1969). It has been comprehensively established that muscles with differing fibre phenotype present with distinctly different shortening force-velocity relationships (Askew and Marsh, 1997). For instance, slower muscles typically present with force-velocity relationships with greater curvature and lower maximum speeds of muscle shortening when compared to faster phenotype muscles (Askew and Marsh, 1997). Contrastingly, the influence of muscle fibre phenotype on the lengthening force-velocity relationship has been comparably less well investigated. There is however a growing body of evidence that suggests that the rate of force development during eccentric muscle contractions (Linari et al., 2004) and the plateau height of the eccentric force-velocity relationship differs between slower and faster muscles (Kissane and Askew, 2024). It is clear that across the dynamic force-velocity relationship, muscle fibre phenotype appears to have a significant bearing on force estimates for a given velocity of lengthening and shortening. However, due to a lack of relevant data needed to scale individual muscle force-velocity curves and a common need to reduce model complexity, these phenotypic variations are rarely accounted for within computational muscle models. Instead, this relationship, in models of species ranging from humans (Rajagopal et al., 2016) to mice (Charles et al., 2016b), has traditionally been informed in all muscles by a hybrid of “generic vertebrate” force-velocity data (Joyce et al., 1969; Mashima, 1984; Millard et al., 2013), which is unlikely to represent either phenotypically fast or slow muscles in certain species. Therefore, the exact impact that the use of these data has on musculoskeletal model estimates warrants in-depth investigation, in order to improve how the functions of muscles of varying morphologies and fibres phenotypes are predicted via computational models.
Here, the aim was to incorporate force-velocity data from 2 mouse muscles, the extensor digitorum longus muscle (EDL; a typical fast muscle) and the soleus muscle (SOL; a typical slow muscle) into a previously developed musculoskeletal model of the mouse hindlimb and pelvis, to explore the implications of force-velocity variations in muscles of differing fibre phenotype on predictions of muscle force, work and function during trotting locomotion.
MATERIALS AND METHODS
Musculoskeletal models and simulations
A previously published musculoskeletal model of the mouse hindlimb and pelvis (Charles et al., 2016b) was used as the basis of the model used here. That model was modified to include the opposite hindlimb as well as whole-body cranial-caudal and dorsal-ventral translations, the “Millardequilibrium 2012” musculotendon model to predict activation dynamics of each musculotendon unit (Millard et al., 2013), and was updated to be compatible with the latest version of Opensim [v4.5 (Seth et al., 2018)]. Opensim’s Scale tool was then used to scale the size and mass and inertial properties of this model to match the body mass of eleven male C57BL/6 mice (Body mass- 25.3 ± 2.1 g, Age- 10–12 weeks old; Supplementary Tables S1, S2; see “ex vivo validation” for further use of these mice). The optimal fibre length (Lf’) and maximum isometric force (Fmax) values for EDL and SOL were amended in each model based on muscle architecture data measured from the same mice through dissections (Supplementary Table S2), where Fmax was calculated from physiological cross-sectional area as per Charles et al. (2016a). To investigate the impacts of applying muscle-specific force-velocity properties to each mouse model, two model variants of each individual mouse were created.
- Generic-default, or generic, force-velocity properties for each muscle as described by Millard (Millard et al., 2013).
- Real- Force-velocity data derived from Kissane and Askew (2024) used to modify force-velocity curves in the EDL and soleus (see Figure 1; Supplementary Figure S1; Table 1 for the specific properties amended in each model)
[image: Figure 1]FIGURE 1 | Within a musculoskeletal model of the mouse hindlimb and pelvis (A), several factors of the force-velocity curve (B) in the extensor digitorum longus (EDL) and soleus (SOL) muscle were amended from the generic curve (Millard et al., 2013) to new values based on muscle-specific data (Kissane et al., 2024).
TABLE 1 | Force-velocity properties of the Millard muscle model amended here with “fast” and “slow” phenotype-specific data, from Kissane and Askew (2024).
[image: Table 1]To investigate the impacts of applying these experimentally derived force-velocity properties to other muscles of similar phenotypes, an “extrapolated” model variant of each mouse was created. Here, each muscle in the model was classed as either “fast”, “slow” or “intermediate” based on their relative proportions of Type IIb fibres, as reported by Burkholder et al. (1994) (Supplementary Figure S2). The EDL-derived “fast” force-velocity properties were applied to each “fast” muscle, while the SOL-derived “slow” force-velocity properties were applied to each “slow” muscle. Muscles with relatively equal slow and fast fibre proportions were classified as “intermediate” and were left unchanged in this model.
In each of these model variants, motion data and external forces (i.e., ground reaction forces) from Charles et al. (2018) were used to generate simulations of a single gait cycle of trotting locomotion. In this previous work, hindlimb joint kinematics were measured from high-speed videos of 5 mice trotting along a clear walkway (average velocity- 0.59 ms-1), with an embedded six-axis (3-force axes, 3-moment axes) custom-built strain gauge-based acrylic force plate (7.5 cm × 7.5 cm, recording rate 2500 Hz) measuring ground reaction forces. The gait cycle (toe-off to toe-off) which closely matched the average from the 5 mice in terms of hindlimb joint angles was chosen to produce the trotting simulation in each mouse model, with the measured ground reaction forces scaled to each mouse’s body weight. With these data, the Static Optimisation tool within OpenSim (with the objective function to minimise squared muscle activations) was used to predict the muscle forces and activations necessary to satisfy the external forces during this motion in each model variant.
From the outputs of each of these simulations, individual muscle instantaneous power was calculated by multiplying instantaneous force by instantaneous contraction velocity, with positive and negative work calculated by integrating these power curves during the shortening and lengthening phases, respectively. Individual muscle function was then quantified through the calculation of dimensionless functional indices (Lai et al., 2019), which, based on the timing of force and work production throughout a gait cycle (see Supplementary Material), class muscles as functioning as either motors (predominantly positive work generation), brakes (predominantly negative work generation), springs (equal negative and positive work generation) or struts (little work generation), with each function expressed as a percentage (see Supplementary Material for more information on the calculation of these indices). A muscle’s “primary” function was assigned depending on its largest index. All muscle data presented are for muscles from the right hindlimb.
Ex vivo validation
All ex vivo experimental procedures described here were performed in accordance with the United Kingdom Animal Scientific Procedures Act (1986) and approved by the University of Leeds Animal Welfare and Ethical Review Committee. This work conforms to the ethical requirements outlined by the journal and is presented in accordance with guidelines for animal work (Percie du Sert et al., 2020). Eleven male C57BL/6 mice (Body mass- 25.3 ± 2.1 g, Age- 10–12 weeks old; Supplementary Table S2) were used in this aspect of the study. Animals were housed under a 12-hour light:dark cycle at 21°C and had ad libitum access to food and water.
An ex vivo work loop approach was used to validate the muscle forces, power and work predicted by each musculoskeletal model. Here, the eleven mice described above were culled using approved schedule 1 methods, after which both hindlimbs were transferred to chilled (4°C), oxygenated (95% O2, 5% CO2) Krebs-Henseleit solution [117 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgSO4, 24.8 NaHCO3, 1.2 KH2PO4 and 11.1 glucose; concentrations in mmol L-1] (Burton, 1975). The SOL and EDL were dissected free and aluminium foil clips were attached to small portions of the proximal and distal tendons, leaving no free tendon in series between the clip and the muscle belly (Askew and Marsh, 1997). The muscles were suspended vertically in a Perspex flow-through chamber filled with circulating, oxygenated Krebs–Henseleit solution at 37°C ± 0.5°C. Muscles were attached to an ergometer (series 300B-LR; Aurora Scientific Inc., London, Ontario, Canada) via a lightweight stainless-steel rod; the position of the ergometer and therefore the length of the muscle could be controlled using a digital height gauge (Mitutoyo Corporation, Kanagawa, Japan). Muscles were left for 30 min to thermoequilibrate. Parallel platinum electrodes were placed inside the chamber on either side of and parallel to the muscle.
All muscles were subjected to a series of supramaximal isometric twitches (0.2 ms pulse width) and incrementally lengthened to find the optimal length for maximum twitch force generation, which was used as the length about which the muscle was oscillated throughout the experiments. Using a modified work loop approach the SOL and EDL were subjected to strain trajectories and activation patterns derived from the Extrapolated musculoskeletal mouse model (Supplementary Figure S3). The strain trajectories were imposed on the muscles using the ergometer and muscle activation patterns were delivered via a custom-built stimulator (modified 701C stimulator, Aurora Scientific, Aurora, Ontario, Canada) (Bukovec et al., 2020) with both devices being controlled using custom-written protocols (Dynamic Muscle Control software, Aurora Scientific, Aurora, Ontario, Canada). Muscle activation levels (Supplementary Figure S2A) were calculated using a current-recruitment curve, where the threshold currents required to maximally activate (upper threshold) and to minimally activate (lower threshold) the muscle were determined. Subsequently, the activation curves were calculated for each individual muscle for the muscle work loop experiments. As with the model outputs, instantaneous power was calculated by multiplying instantaneous force by instantaneous contraction velocity, with positive and negative work calculated by integrating these power curves during the shortening and lengthening phases, respectively. Net power was also calculated as the average of instantaneous power over the cycle.
The experimentally derived force, power and work outputs of the EDL and SOL muscle bellies were used to quantify ex vivo functions using the same functional indices calculations used above. The fibre (i.e., non-tendinous portions of the whole musculotendon unit models, therefore analogous to an ex vivo muscle minus an external tendon) power outputs and functions of these same muscles predicted by the “extrapolated” models were compared to these ex vivo outputs. As Static Optimisation does not strictly predict fibre force in isolation from whole musculotendon unit force, these “fibres” were modelled by creating analogous actuators for EDL and SOL of the same length as their optimal fibre length (with the same proximal origin point), with their tendon slack length reduced to a value which produced the same normalised fibre lengths as their whole muscle-tendon unit counterparts throughout the trotting gait cycle.
A summary of this experimental workflow is shown in Supplementary Figure S4.
Statistical analyses
One-way analyses of variance (ANOVA) were used to test for differences in muscle work outputs functional indices between the Generic and Real models. The root mean squared (RMS) errors of the power outputs of the EDL and SOL fibres were calculated for the Generic and Extrapolated models relative to the ex vivo data. 1D statistical parametric mapping [SPM; (Pataky, 2010)] was used to test for significant differences in EDL and SOL force and power outputs between the Generic and Real models throughout the gait cycle and was performed in MATLAB (v. 2023b; MathWorks, Natick, MA, United States). The SPM and RMSE calculations were carried out in MATLAB, while the ANOVAs were performed using OriginLab software (OriginLab Corporation, Northampton, MA, United States).
RESULTS
Generic vs. real
Table 1 shows the newly defined force-velocity relationship characteristics (“Real”) derived from Kissane and Askew (2024) for both fast and slow muscles, compared to the generic properties often used to define this relationship in computational musculotendon models.
The simulations informed by the generic data (“Generic” simulations), predicted peak forces of 0.067 N in EDL and 0.049 N in SOL, when averaged over each mouse, while the Real simulations predicted average peak forces of 0.062 N in EDL and 0.055 N in SOL (Figures 2A, B). In EDL there was a decrease in peak negative power during the stance phase (first half of the gait cycle) in the Real models compared to the Generic (from −0.030 W kg-1 to −0.028 W kg-1), but an increase in peak instantaneous positive power during the swing phase (from 0.007 W kg-1 to 0.012 W kg-1; Figure 2C). The opposite occurred in SOL, with an increase in peak negative instantaneous power from −0.019 W kg-1 to −0.024 W kg-1 in the Real model, and a decrease in peak positive power from 0.040 W kg-1 to 0.031 W kg-1, both during the stance phase (Figure 2D). These differences in peak force and peak instantaneous power values were not statistically significant (Supplementary Figure S5), with SPM only finding slight statistically significant differences after (∼60–65% gait cycle) periods of activation and force generation in EDL. These changes in instantaneous power did however translate to significant differences in mechanical work generation (Figure 2E), with a significant increase in positive work in EDL (from 0.13 ± 0.03 J kg-1 to 0.21 ± 0.05 J kg-1, p =< 0.01), and a significant decrease in positive work in SOL (from 0.49 ± 0.09 J kg-1 to 0.38 ± 0.10 J kg-1, p = 0.04). There were also slight decreases in negative work in EDL (−0.37 ± 0.08 J kg-1 to −0.34 ± 0.08 J kg-1) and increases in negative work in SOL (from −0.42 ± 0.07 J kg-1 to −0.36 ± 0.05 J kg-1), although these differences were not statistically significant (p = 0.48 and p = 0.06 respectively).
[image: Figure 2]FIGURE 2 | Mean ± standard error musculotendon unit force (A and B), instantaneous power (C and D), work (E) and functional indices (F) from the simulations of trotting locomotion in each mouse model using generic and real force-velocity properties in the extensor digitorum longus (EDL) and Soleus (SOL). Both work and inferred function were significantly impacted in EDL and SOL by using experimentally derived force-velocity properties. * indicates a statistically significant difference (p < 0.05).
Functional indices significantly changed in both EDL and SOL between the Generic and Real models (Figure 2F), with a significant shift towards a spring-like function in EDL (from 54% ± 0.69% to 76% ± 0.66%; p = < 0.001) and a significantly higher braking function in SOL (from 0.07% ± 0.005% to 6.97% ± 4.87%; p = < 0.001).
Extrapolated model
The musculotendon functions predicted by the Extrapolated models differed substantially in numerous instances relative to the Generic model (Figure 3), particularly in the “fast” muscles (Figure 3A). For instance, the adductor longus (AL) and adductor magnus (AM) muscles became more motor-like in function relative to the equivalent Generic model (AL- 53% spring to 84% motor; AM- 61%–90% motor), while semimembranosus (SM), biceps femoris posterior (BFP) cranial and mid muscles all changed from functioning as brakes to springs (SM- 64% brake to 76% spring; BFP cranial- 54% brake to 90% spring; BFP mid- 94% brake to 55% spring). The functional changes in the more distal “fast” muscles were less substantial than the proximal muscles, however there were large changes in the spring index of EDL (from 51% to 84%) and LG (from 80% to 65%). There were also less notable functional changes in most of the “slow” muscles within the Extrapolated models (Figure 3B), with SOL showing the largest change with a change from a spring function (82%) to a predominantly braking function (50%), and TA showing an increase in spring-like function (from 71% to 94%).
[image: Figure 3]FIGURE 3 | Functional indices of each fast (A) and slow (B) musculotendon unit with both generic force-velocity data and real force-velocity data extrapolated from extensor digitorum longus and soleus to these muscles. Muscles were classed as fast or slow based on their fibre type profiles (see Supplementary Figure S1). The fast muscles within the Extrapolated models showed more widespread and larger differences in function compared to the Default models, relative to the slow muscles where soleus (SOL) showed the largest functional discrepancies. Muscle definitions: AL-adductor longus, AM-adductor magnus, SM-semimembranosus, BFA-biceps femoris (anterior), BFP- Biceps femoris (posterior), RF- rectus femoris, VM-vastus medialis, VL-vastus lateralis, EDL-extensor digitorum longus, LG-lateral gastrocnemius, FDL-flexor digitorum longus, TP- tibialis posterior, PT-peroneus tertius, PB- peroneus brevis, GA-gracilis anterior, GP- gracilis posterior, VI- vastus intermedius, TA-tibialis anterior, SOL-soleus.
Ex vivo validation
Using the musculoskeletal model-derived fibre length trajectories and activation patterns (Figures 4A, B; Supplementary Figure S3), the ex vivo work loop protocol showed that during gait, EDL produced significantly greater net fibre power (4.50 ± 3.19 W kg-1) compared to SOL (−7.60 ± 6.68 W kg-1, p =< 0.001; Figure 4C), as a consequence of generating significantly less negative work (EDL = −0.004 ± 0.001 J kg-1; SOL = −0.012 ± 0.004 J kg-1, p =< 0.001; Figure 4D) and more positive work (EDL = 0.011 ± 0.005 J kg-1; SOL = 0.004 ± 0.004 J kg-1, p =< 0.001; Figure 4D).
[image: Figure 4]FIGURE 4 | Ex vivo muscle mechanical properties. Muscle work loops for the extensor digitorum longus (EDL) (A) and soleus (SOL) muscles (B), and corresponding net fibre power (C) and positive and negative work per cycle (D).
The predicted instantaneous fibre power generated by the EDL in the Extrapolated models showed a closer match to the ex vivo data than the Generic model of the same mouse (RMSE- Generic = 10.2%, Real = 5.89%; Figure 5A). The RMS errors in SOL instantaneous power were much larger in both the Extrapolated and Generic models (Figure 5B) due to a large degree of negative work during the swing phase measured ex vivo, which was not captured in the model predictions, although errors were lower in the Extrapolated model due to a close match during the stance phase (Generic = 64.1%, Real = 52.5%). As a result, the fibre functions in the Extrapolated models showed closer matches to the ex vivo data in both EDL (Generic = 68% spring, 31% motor; Extrapolated = 40% spring, 60% motor; ex vivo = 51% spring, 49% motor) and SOL (Generic = 92% spring, 7% motor; Extrapolated = 52% spring, 47% brake; ex vivo = 25% spring, 75% brake; Figure 5C).
[image: Figure 5]FIGURE 5 | Instantaneous fibre power (A and B) and function (C) in EDL and SOL as predicted by the Generic and Extrapolated models, as well as those experimentally determined through ex vivo methods. RMS errors in fibre instantaneous power were lower in both muscles in the Extrapolated model, and there were less discrepancies in inferred function compared to the Generic model.
DISCUSSION
In the context of computational musculotendon models, the most in-depth representation of the force-velocity relationship (Millard et al., 2013) was informed by limited data sets obtained from cat (Joyce et al., 1969) and frog (Mashima, 1984) muscles, thus creating a “generic vertebrate” data set which is traditionally applied to all muscles. By applying newly derived muscle-specific force-velocity curves into these established models of musculotendon force generation via a musculoskeletal model and simulation of trotting locomotion in the mouse hindlimb, this study (see also Supplementary Material) found a high level of sensitivity of muscle functional outputs to changes in this relationship. Specifically, significant differences in both muscle net work and overall function of the EDL and SOL were found in response to the application of these muscle-specific data rather than “generic vertebrate” force-velocity curves. Furthermore, applying these values to multiple muscles produced model outputs with closer matches to in vivo muscle physiology and thus may be needed to accurately infer vertebrate muscle function using computational models.
While the majority of musculoskeletal modelling and simulation research has been performed on the human musculoskeletal system, thus providing the most in-depth knowledge of individual muscle functions during dynamic movements, a model of the mouse hindlimb and pelvis was chosen as the platform for this work for two reasons: 1) mice are commonly used models for several human neuromuscular diseases (Willmann et al., 2009; Henriques et al., 2010; Malerba et al., 2011; Sharp et al., 2011; Partridge, 2013), meaning that an increase in the accuracy of muscle functional predictions could be crucial in informing patient treatments, and 2) mice hindlimb muscles, particularly EDL and SOL, are often used in ex vivo muscle physiology preparations due to their morphology and distinct muscle fibre phenotypes (EDL- 100% Type II “fast” fibres, SOL- 58% Type I “slow” fibres). These muscles are therefore an ideal platform on which to generate a more accurate picture of the mammalian force-velocity relationship.
It has long been established that concentric force-velocity properties differ between of fast- and slow-phenotype muscles (Luff, 1981; Askew and Marsh, 1997), yet conflicting data exist on the eccentric force-velocity properties between fast and slow muscles. Some studies (Rijkelijkhuizen et al., 2003) have suggested no difference exists among phenotypically different muscles, while others have reported subtle velocity-specific differences (Stienen et al., 1992; Ramsey et al., 2010). It has been recently shown that the “fast” EDL and “slow” SOL have significantly different eccentric and concentric force-velocity profiles (Kissane and Askew, 2024), with the SOL attaining a greater plateau height and more curved force-velocity profile compared to EDL during the eccentric force-velocity relationship. These observations are similar to those seen in phenotypically distinct isolated muscle fibres from humans (Linari et al., 2004). The mechanisms behind any difference in eccentric contractile properties, are however, still debated (Alcazar et al., 2019). The difficulty in ascertaining a singular mechanism for fibre type differences in the eccentric force-velocity relationship is in part because of the dynamic bi-phasic force response to active muscle lengthening (Katz, 1939). Muscles undergoing eccentric activation comprise an initial (phase-1) rapid increase in force, which is thought to be in response to elevated strain of attached cross-bridges. This is followed by the detachment of myosin heads, which leads to the transition into a shallower phase-2 force response (Katz, 1939). This phase-2 force response is thought to be linked to an increased strain of non-cross-bridge parallel elastic elements (e.g., titin) (Tomalka et al., 2017; Tomalka et al., 2020; Weidner et al., 2022; Tomalka, 2023). The phase-2 portion is the region that is sampled (for the P/P0 at any given velocity of lengthening) to derive the classical force-velocity relationship (Figure 1B) and this phase is dependent on normal titin function (Kissane and Askew, 2024). Further, it is known that phenotypically distinct muscles may be comprised of different isoforms of titin (Hettige et al., 2020; Hettige et al., 2022), meaning differences that exist in the hyperbolic force-velocity relationship could be attributed to differences in titin. To date, no attempt has been made to incorporate the dynamic velocity-dependent phase-1 and phase-2 behaviour into computational muscle modelling, meaning that such models are reliant upon the classical double hyperbolic concentric and eccentric force-velocity relationship in order to predict muscle dynamics and functions.
The force-velocity properties extracted from both the fast phenotypic and slow phenotypic concentric and eccentric contraction curves outlined by Kissane and Askew (2024) produced values that were, in some cases, substantially different to those from the current default force–velocity relationship (Millard et al., 2013). Perhaps most importantly, the “generic vertebrate” data has a normalised force value at the maximum normalised eccentric contraction velocity of 1.4, which underestimates the height of this plateau in “fast” muscles by 7.2% and “slow” muscles by 9%. Critically, this “generic vertebrate” value has been derived from muscles of cats at body temperature and frog muscles at 10°C, which when compared to a mammalian muscle only data set (Kissane and Askew, 2024), results in a normalised force value at the maximum normalised eccentric contraction velocity of 1.65 (18% higher). While these may be considered small differences, the model outputs were most sensitive to this parameter (see ESM, Supplementary Tables S3 and S4) and this sensitivity translated to larger changes in outputs from the EDL and SOL muscles, with a 61% increase in positive work and a 41% increase in the spring-like function in the EDL and a 22% decrease in positive work output from SOL.
The calculation of dimensionless muscle functional indices (Charles et al., 2018) allows for an investigation of individual mouse muscle function beyond what has been previously inferred from muscle anatomy alone (Burkholder et al., 1994; Charles et al., 2016a) or previous simulations (Charles et al., 2018). While classifying a complex and heterogeneous structure like skeletal muscle as acting primarily as one of only four functional roles could be seen as crude, with a further possibility of misclassification due to the cyclic nature of trotting accentuating spring-indices (Lai et al., 2019), their use here has crucially allowed for the sensitivity in model outputs to the force-velocity relationship to be placed into an important functional context. With these indices, it was found that despite large differences in some areas of the EDL and SOL force-velocity curves from a previously used generic curve (Figure 1B), the overall functional inferences of these muscles remained similar between the Generic and Real models (EDL-spring/brake, SOL-spring) when only the properties of these muscles were changed (Figure 2F). This is not entirely unexpected, given the large non-contractile tendinous proportion of EDL (57% - Charles et al. (2016a)) and the relatively low activations and force productions of both muscles, thus low functional importance, during these trotting simulations (Charles et al., 2016b). However, extrapolating these phenotype-specific properties other muscles of similar fibre type compositions but differing morphologies (i.e., larger proportion of muscle contractile fibres) and larger functional importance during dynamic movements such as trotting revealed larger changes in inferred function (Figure 3). This “extrapolated” model predicted total changes in inferred function in several muscles including adductor longus (AL-from spring to motor), semimembranosus (SM-from brake to spring) and biceps femoris posterior (BFP- from brake to spring), and in general an increase in the motor function (i.e., positive work generation) of the powerful proximal hindlimb muscles (as well as a larger relative metabolic output; Supplementary Figure S4). While trotting is the most common movement used by freely moving mice (Mendes et al., 2015), different results will likely be generated by simulating different movements. In slower movements requiring more fatigue resistance or stability, such as walking or incline locomotion (Sasaki and Neptune, 2006; Franz and Kram, 2012), larger changes in the Extrapolated models may be seen in the muscles with larger proportions of slower fibre types, which would be more active and functionally important during these gaits. Investigating these differences could be an interesting area for future work, particularly when attempting to critique the relevance of mice as models for various human neuromuscular conditions, such as Duchenne Muscular Dystrophy (Willmann et al., 2009; Partridge, 2013; Aartsma-Rus and van Putten, 2014) or sarcopenia (Xie et al., 2021).
It may also be seen as a gross simplification to represent certain muscles with only one set of force-velocity characteristics. For instance, it is known that, across mammals, muscles such as the tibialis anterior and extensor digitorum longus are particularly heterogeneous in their fibre type composition, leading to significant inter-compartment differences in power generation (Kissane et al., 2018). It is therefore possible that a more accurate method of incorporating muscle-specific fibre-type properties into musculoskeletal models would be to represent demonstrably heterogeneous muscles such as these with multiple musculotendon unit actuators with distinct force-velocity characteristics, which is worthy of further in-depth analysis.
Ultimately, the lower RMS errors in EDL and SOL muscle power and more similar muscle functions to those measured from the ex vivo preparation, highlight the increased accuracy of simulations including muscle-specific force-velocity properties compared to those using generic properties. There were, however, discrepancies in predictions of instantaneous negative power in SOL within the Extrapolated model relative to the ex vivo data, especially during the swing phase. It is possible these arose from the high passive forces generated by SOL ex vivo due to its force-length relationship (Kissane and Askew, 2024), and the use of Static Optimisation to predict muscle activations and forces in the model, which ignores passive fibre force generation (Rankin et al., 2016). It is therefore possible that with further improvements to the model (i.e., better representations of body segments other than the hindlimb) and its input data used to generate simulations (i.e., more accurate kinematics or forces applied to the forelimbs), more sophisticated techniques to predict muscle dynamics which do not ignore these passive forces, such as Computed Muscle Control (CMC) (Thelen et al., 2003) or complex predictive optimal control simulations (Falisse et al., 2019; Bishop et al., 2021), will generate predictions of muscle function closer to ex vivo data compared to those presented here. It is also likely that these predictive methods will produce more realistic limb kinematics when supplemented with muscle or phenotype-specific force-velocity properties, which would benefit further work into predictions of functional improvements in response to neuromuscular disease treatments and interventions using this model. Despite these differences, the improvements in model output accuracy presented here highlight the potential need to change the properties of multiple muscles to accurately predict single muscle function. In fact, it is possible that using these different methods of predicting muscle functions, which also incorporate muscle excitation-activation dynamics and more complex calculations of tendon dynamics, will even further highlight the benefits of including muscle or phenotype-specific force-velocity characteristics within musculoskeletal models.
Overall, this work has highlighted the high sensitivity of muscle force, power and work outputs from computational models and simulations to changes in the force-velocity relationship. It also heavily supports the inclusion of muscle-specific, or at least phenotype-specific, force-velocity properties in muscle models of force generation when inferring individual muscle function. Of course, this work did not consider all aspects of muscle physiology, with the functional impacts of changes to the active and passive force-length relationships of the fibres or tendons out of the scope of this study. However, it is possible that applying muscle-specific force-length data to muscle models, if available, may further improve the accuracy of their output beyond what has been shown here. Further work will also seek to investigate the impacts of applying these force-velocity properties to models of other vertebrates, such as humans, where more accurate predictions of individual muscle function could have significant impacts in clinical, sports science or robotics research (Li et al., 2018; Ceccarelli et al., 2020; Ficht and Behnke, 2021).
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation. The musculoskeletal model of the mouse hindlimb is available to download here: https://simtk.org/projects/mousehindlimb.
ETHICS STATEMENT
The animal study was approved by University of Leeds Animal Welfare and Ethical Review Committee. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
JC: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Validation, Writing–original draft, Writing–review and editing. RK: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Validation, Writing–original draft, Writing–review and editing. GA: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was supported by a BBSRC Project Grant (BB/R016917/1) to GA. This work was also supported by an internal funding scheme funded by the Wellcome Trust Institutional Strategic Support Fund grant (204822/Z/16/Z) and awarded to RWPK by the Faculty of Health and Life Sciences, University of Liverpool.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2024.1436004/full#supplementary-material
REFERENCES
 Aartsma-Rus, A., and van Putten, M. (2014). Assessing functional performance in the mdx mouse model. J. Vis. Exp. 51303. doi:10.3791/51303
 Alcazar, J., Csapo, R., Ara, I., and Alegre, L. M. (2019). On the shape of the force-velocity relationship in skeletal muscles: the linear, the hyperbolic, and the double-hyperbolic. Front. Physiol. 10, 769. doi:10.3389/fphys.2019.00769
 Arnold, E. M., Ward, S. R., Lieber, R. L., and Delp, S. L. (2010). A model of the lower limb for analysis of human movement. Ann. Biomed. Eng. 38, 269–279. doi:10.1007/s10439-009-9852-5
 Askew, G. N., and Marsh, R. L. (1997). The effects of length trajectory on the mechanical power output of mouse skeletal muscles. J. Exp. Biol. 200, 3119–3131. doi:10.1242/jeb.200.24.3119
 Bishop, P. J., Falisse, A., de Groote, F., and Hutchinson, J. R. (2021). Predictive simulations of musculoskeletal function and jumping performance in a generalized bird. Integr. Org. Biol. 3, obab006. doi:10.1093/iob/obab006
 Bukovec, K. E., Hu, X., Borkowski, M., Jeffery, D., Blemker, S. S., and Grange, R. W.2020. A novel ex vivo protocol to mimic human walking gait: implications for Duchenne muscular dystrophy. J. Appl. Physiol. 129, 779–791. doi:10.1152/japplphysiol.00002.2020
 Burkholder, T. J., Fingado, B., Baron, S., and Lieber, R. L. (1994). Relationship between muscle fiber types and sizes and muscle architectural properties in the mouse hindlimb. J. Morphol. 221, 177–190. doi:10.1002/jmor.1052210207
 Burton, R. F. (1975). Ringer Solutions and Physiological Salines. Berwick, PA: Wright-Scientechnica. 
 Ceccarelli, M., Russo, M., and Morales-Cruz, C. (2020). Parallel architectures for humanoid robots. Robotics 9, 75. doi:10.3390/robotics9040075
 Charles, J. P., Cappellari, O., and Hutchinson, J. R. (2018). A dynamic simulation of musculoskeletal function in the mouse hindlimb during trotting locomotion. Front. Bioeng. Biotechnol. 6, 61. doi:10.3389/fbioe.2018.00061
 Charles, J. P., Cappellari, O., Spence, A. J., Hutchinson, J. R., and Wells, D. J. (2016a). Musculoskeletal geometry, muscle architecture and functional specialisations of the mouse hindlimb. PLoS One 11, e0147669. doi:10.1371/journal.pone.0147669
 Charles, J. P., Cappellari, O., Spence, A. J., Wells, D. J., and Hutchinson, J. R. (2016b). Muscle moment arms and sensitivity analysis of a mouse hindlimb musculoskeletal model. J. Anat. 229, 514–535. doi:10.1111/joa.12461
 Charles, J. P., Grant, B., D’Aout, K., and Bates, K. T. (2020). Subject-specific muscle properties from diffusion tensor imaging significantly improve the accuracy of musculoskeletal models. J. Anat. 237, 941–959. doi:10.1111/joa.13261
 Falisse, A., Serrancoli, G., Dembia, C. L., Gillis, J., Jonkers, I., and de Groote, F. (2019). Rapid predictive simulations with complex musculoskeletal models suggest that diverse healthy and pathological human gaits can emerge from similar control strategies. J. R. Soc. Inter. 16, 20190402. doi:10.1098/rsif.2019.0402
 Ficht, G., and Behnke, S. (2021). Bipedal humanoid hardware design: a technology review. Curr. Robot. Rep. 2, 201–210. doi:10.1007/s43154-021-00050-9
 Franz, J. R., and Kram, R. (2012). The effects of grade and speed on leg muscle activations during walking. Gait Posture 35, 143–147. doi:10.1016/j.gaitpost.2011.08.025
 Henriques, A., Pitzer, C., and Schneider, A. (2010). Characterization of a novel SOD-1(G93A) transgenic mouse line with very decelerated disease development. PLoS One 5, e15445. doi:10.1371/journal.pone.0015445
 Hettige, P., Mishra, D., Granzier, H., Nishikawa, K., and Gage, M. J. (2022). Contributions of titin and collagen to passive stress in muscles from mdm mice with a small deletion in titin’s molecular spring. Int. J. Mol. Sci. 23, 8858. doi:10.3390/ijms23168858
 Hettige, P., Tahir, U., Nishikawa, K. C., and Gage, M. J. (2020). Comparative analysis of the transcriptomes of EDL, psoas, and soleus muscles from mice. BMC Geno. 21, 808. doi:10.1186/s12864-020-07225-2
 Hill, A. V. (1938). The heat of shortening and the dynamic constants of muscle. Proc. R. Soc. Ser. B-Biological Sci. 126, 136–195. 
 Hutchinson, J. R., Rankin, J., Rubenson, J., Rosenbluth, K., Siston, R., and Delp, S. (2015). Musculoskeletal modelling of an ostrich (Struthio camelus) pelvic limb: influence of limb orientation on muscular capacity during locomotion. PeerJ 3, e1001. doi:10.7717/peerj.1001
 Joyce, G. C., Rack, P. M., and Westbury, D. R. (1969). The mechanical properties of cat soleus muscle during controlled lengthening and shortening movements. J. Physiol. 204, 461–474. doi:10.1113/jphysiol.1969.sp008924
 Katz, B. (1939). The relation between force and speed in muscular contraction. J. Physiology 96, 45–64. doi:10.1113/jphysiol.1939.sp003756
 Kissane, R. W. P., and Askew, G. N. (2024). Conserved mammalian muscle mechanics during eccentric contractions. J. Physiol. 602, 1105–1126. doi:10.1113/jp285549
 Kissane, R. W. P., Egginton, S., and Askew, G. N. (2018). Regional variation in the mechanical properties and fibre-type composition of the rat extensor digitorum longus muscle. Exp. Physiol. 103, 111–124. doi:10.1113/ep086483
 Lai, A. K. M., Biewener, A. A., and Wakeling, J. M. (2019). Muscle-specific indices to characterise the functional behaviour of human lower-limb muscles during locomotion. J. Biomechanics 89, 134–138. doi:10.1016/j.jbiomech.2019.04.027
 Li, N., Yang, T., Yu, P., Chang, J., Zhao, L., Zhao, X., et al. (2018). Bio-inspired upper limb soft exoskeleton to reduce stroke-induced complications. Bioinspir Biomim. 13, 066001. doi:10.1088/1748-3190/aad8d4
 Linari, M., Bottinelli, R., Pellegrino, M. A., Reconditi, M., Reggiani, C., and Lombardi, V. (2004). The mechanism of the force response to stretch in human skinned muscle fibres with different myosin isoforms. J. Physiol. 554, 335–352. doi:10.1113/jphysiol.2003.051748
 Luff, A. R. (1981). Dynamic properties of the inferior rectus, extensor digitorum longus, diaphragm and soleus muscles of the mouse. J. Physiol. 313, 161–171. doi:10.1113/jphysiol.1981.sp013656
 Malerba, A., Sharp, P. S., Graham, I. R., Arechavala-Gomeza, V., Foster, K., Muntoni, F., et al. (2011). Chronic systemic therapy with low-dose morpholino oligomers ameliorates the pathology and normalizes locomotor behavior in mdx mice. Mol. Ther. 19, 345–354. doi:10.1038/mt.2010.261
 Mashima, H. (1984). Force-velocity relation and contractility in striated muscles. Jpn. J. Physiol. 34, 1–17. doi:10.2170/jjphysiol.34.1
 Mendes, C. S., Bartos, I., Marka, Z., Akay, T., Marka, S., and Mann, R. S. (2015). Quantification of gait parameters in freely walking rodents. BMC Biol. 13, 50. doi:10.1186/s12915-015-0154-0
 Millard, M., Uchida, T., Seth, A., and Delp, S. L. (2013). Flexing computational muscle: modeling and simulation of musculotendon dynamics. J. Biomech. Eng. 135, 021005. doi:10.1115/1.4023390
 Modenese, L., Ceseracciu, E., Reggiani, M., and Lloyd, D. G. (2016). Estimation of musculotendon parameters for scaled and subject specific musculoskeletal models using an optimization technique. J. Biomech. 49, 141–148. doi:10.1016/j.jbiomech.2015.11.006
 O’Neill, M. C., Lee, L. F., Larson, S. G., Demes, B., Stern, J. T., and Umberger, B. R. (2013). A three-dimensional musculoskeletal model of the chimpanzee (Pan troglodytes) pelvis and hind limb. J. Exp. Biol. 216, 3709–3723. doi:10.1242/jeb.079665
 Partridge, T. A. (2013). The mdx mouse model as a surrogate for Duchenne muscular dystrophy. FEBS J. 280, 4177–4186. doi:10.1111/febs.12267
 Pataky, T. C. (2010). Generalized n-dimensional biomechanical field analysis using statistical parametric mapping. J. Biomech. 43, 1976–1982. doi:10.1016/j.jbiomech.2010.03.008
 Percie Du Sert, N., Hurst, V., Ahluwalia, A., Alam, S., Avey, M. T., Baker, M., et al. (2020). The ARRIVE guidelines 2.0: updated guidelines for reporting animal research. J. Cereb. Blood Flow Metabol. 40, 1769–1777. doi:10.1177/0271678x20943823
 Rajagopal, A., Dembia, C. L., Demers, M. S., Delp, D. D., Hicks, J. L., and Delp, S. L. (2016). Full-body musculoskeletal model for muscle-driven simulation of human gait. IEEE Trans. Biomed. Eng. 63, 2068–2079. doi:10.1109/tbme.2016.2586891
 Ramsey, K. A., Bakker, A. J., and Pinniger, G. J. (2010). Fiber-type dependence of stretch-induced force enhancement in rat skeletal muscle. Muscle Nerve 42, 769–777. doi:10.1002/mus.21744
 Rankin, J., Rubenson, J., and Hutchinson, J. (2016). Inferring muscle functional roles of the ostrich pelvic limb during walking and running using computer optimization. J. R. Soc. Interface 13, 20160035. doi:10.1098/rsif.2016.0035
 Rijkelijkhuizen, J. M., de Ruiter, C. J., Huijing, P. A., and de Haan, A. (2003). Force/velocity curves of fast oxidative and fast glycolytic parts of rat medial gastrocnemius muscle vary for concentric but not eccentric activity. Pflugers Arch. 446, 497–503. doi:10.1007/s00424-003-1052-9
 Sasaki, K., and Neptune, R. R. (2006). Differences in muscle function during walking and running at the same speed. J. Biomech. 39, 2005–2013. doi:10.1016/j.jbiomech.2005.06.019
 Seth, A., Hicks, J. L., Uchida, T. K., Habib, A., Dembia, C. L., Dunne, J. J., et al. (2018). OpenSim: simulating musculoskeletal dynamics and neuromuscular control to study human and animal movement. PLoS Comput. Biol. 14, e1006223. doi:10.1371/journal.pcbi.1006223
 Sharp, P. S., Bye-A-Jee, H., and Wells, D. J. (2011). Physiological characterization of muscle strength with variable levels of dystrophin restoration in mdx mice following local antisense therapy. Mol. Ther. 19, 165–171. doi:10.1038/mt.2010.213
 Steele, K. M., van Der Krogt, M. M., Schwartz, M. H., and Delp, S. L. (2012). How much muscle strength is required to walk in a crouch gait?J. Biomech. 45, 2564–2569. doi:10.1016/j.jbiomech.2012.07.028
 Stienen, G. J., Versteeg, P. G., Papp, Z., and Elzinga, G. (1992). Mechanical properties of skinned rabbit psoas and soleus muscle fibres during lengthening: effects of phosphate and Ca2+. J. Physiol. 451, 503–523. doi:10.1113/jphysiol.1992.sp019176
 Thelen, D. G., Anderson, F. C., and Delp, S. L. (2003). Generating dynamic simulations of movement using computed muscle control. J. Biomech. 36, 321–328. doi:10.1016/s0021-9290(02)00432-3
 Tomalka, A. (2023). Eccentric muscle contractions: from single muscle fibre to whole muscle mechanics. Pflugers Arch. 475, 421–435. doi:10.1007/s00424-023-02794-z
 Tomalka, A., Rode, C., Schumacher, J., and Siebert, T. (2017). The active force-length relationship is invisible during extensive eccentric contractions in skinned skeletal muscle fibres. Proc. Biol. Sci. 284, 20162497. doi:10.1098/rspb.2016.2497
 Tomalka, A., Weidner, S., Hahn, D., Seiberl, W., and Siebert, T. (2020). Cross-bridges and sarcomeric non-cross-bridge structures contribute to increased work in stretch-shortening cycles. Front. Physiol. 11, 921. doi:10.3389/fphys.2020.00921
 Ward, S. R., Eng, C. M., Smallwood, L. H., and Lieber, R. L. (2009). Are current measurements of lower extremity muscle architecture accurate?Clin. Orthop. Relat. Res. 467, 1074–1082. doi:10.1007/s11999-008-0594-8
 Weidner, S., Tomalka, A., Rode, C., and Siebert, T. (2022). How velocity impacts eccentric force generation of fully activated skinned skeletal muscle fibers in long stretches. J. Appl. Physiol. 133, 223–233. doi:10.1152/japplphysiol.00735.2021
 Willmann, R., Possekel, S., Dubach-Powell, J., Meier, T., and Ruegg, M. A. (2009). Mammalian animal models for Duchenne muscular dystrophy. Neuromuscul. Disord. 19, 241–249. doi:10.1016/j.nmd.2008.11.015
 Xie, W. Q., He, M., Yu, D. J., Wu, Y. X., Wang, X. H., Lv, S., et al. (2021). Mouse models of sarcopenia: classification and evaluation. J. Cachexia Sarcopenia Muscle 12, 538–554. doi:10.1002/jcsm.12709
 Zajac, F. E. (1989). Muscle and tendon: properties, models, scaling, and application to biomechanics and motor control. Crit. Rev. Biomed. Eng. 17, 359–411.
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Charles, Kissane and Askew. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-12-1436004-g005.gif
e pung
s g
s spng

e e






OPS/images/fbioe-12-1436004-t001.jpg
Generi EDL (“fas
Maximum contraction velocity (L’ 10 1413

Activation time constant 001 0,008 0017
Deactivation time constant 004 0,032 0063
Curve slope at maximum normalised concentric (shortening) velocity 0125 0.382 023
Curve slope just before reaching concentric slope at maximum normalised concentric (shortening) velocity 025 0.585 0381
Curve slope at isometric (normalised velocity of 0) 5 287 397
Curve slope at maximum normalised eccentric (lengthening) velocity 01 0,038 0021
Curve slope just before reaching eccentric slope at maximum normalised eccentric (lengthening) velocity 015 0.067 0038
Force value at the maximum normalised eccentric contraction velocity 14 151 154






OPS/images/fbioe-12-1436004-g003.gif
sz se

e

s ke

oo ke






OPS/images/fbioe-12-1436004-g004.gif
— _EDL-  SOL





OPS/xhtml/nav.xhtml
Contents

		Cover

		The impacts of muscle-specific force-velocity properties on predictions of mouse muscle function during locomotion		Introduction

		Materials and methods		Musculoskeletal models and simulations

		Ex vivo validation

		Statistical analyses





		Results		Generic vs. real

		Extrapolated model

		Ex vivo validation





		Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Bioengineering and Biotechnology

The impacts of muscle-specific
force-velocity properties on
predictions of mouse muscle
function during locomotion





OPS/images/fbioe-12-1436004-g001.gif





OPS/images/fbioe-12-1436004-g002.gif
A

S Speng e e

et 1 1]









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





