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Abstract

This review examines literature that used physiological cross-sectional area (PCSA) as

a representative measure of an individual muscles maximal isometric force produc-

tion. PCSA is used to understand the muscle architecture and how a trade-off

between muscle force and muscle contractile velocity reflect adaptations of the mus-

culoskeletal system depending of functional demands. Over the decades, differing

methods have been developed to measure muscle volume, fascicle lengths, and pen-

nation angle to calculate PCSA. The advantages and limitations of these methods

(especially the inclusion/elimination of pennation angle) are discussed frequently;

however, these are scattered throughout the literature. Here, we reviewed and sum-

marized the different methods of collecting and recording muscle architectural prop-

erties to subsequently calculate PCSA. By critically discussing the advantages and

limitations of each methodology, we aim to provide readers with an overview of

methods to assess muscle architecture. The review may serve as a guide to facilitate

readers searching for the appropriate techniques to calculate PCSA and measure

muscle architecture to be applied in ecomorphology research.

RESEARCH HIGHLIGHTS

Discuss the theories behind PCSA in a synthesised review that researchers 32 can

reference to make their own decisions on PCSA methodology.

K E YWORD S

fascicle length, muscle force, muscle mass, pennation angle

1 | INTRODUCTION

Movement powered by muscles is one of the characteristic fea-

tures of animals. In vertebrates, the action of skeletal muscles on

the (principally) bony endoskeleton accomplishes movement of

body segments and the body as a whole, as an animal interacts with

the environment. As would be expected, the muscle properties

(physiology and anatomy) throughout an animal's body vary

according to the functional demands of the animal's behaviours

(Bergmann & Hare-Drubka, 2015). Together, the muscle properties

with the arrangement of the skeleton will then determine the

nature of locomotion and other movements such as food manipula-

tion and processing, and thus will reflect animal ecology (i.e., if prey

or predator; Higham, Korchari, & McBrayer, 2011).

Muscle function and performance are correlated with muscle

anatomy. Striated muscle consists of long and slender muscle

fibres, which are bundled together into fascicles and subsequently

muscle bellies (Bergmann & Hare-Drubka, 2015). Muscle contrac-

tions occur when there is an activation of the tension-generating

sites within the muscle fibre. Repeating units of interdigitating thick

myosin and thin actin protein filaments, called sarcomeres, are the

site of muscle contraction. Shortening of each sarcomere occurs via
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the formation of cross-bridges between myosin heads and actin

molecules. The cycle of cross-bridge formation, contraction,

detachment and reattachment is powered by the energy release of

ATP (Hildebrand, Bramble, Liem, & Wake, 1985; McNeill, 2003). A

muscle's contractile property is determined by the number of fasci-

cles, the fascicle length, the angle of the fascicles relative to the

axis of force production (pennation angle), and the size and types

of muscle fibres. Longer fascicles have more sarcomeres in a series,

which results in a greater contractile velocity, and thus a greater

potential for speed and movement (Hildebrand et al., 1985; Lieber &

Fridén, 2000; Sacks & Roy, 1982). Force production capacity is

then a function of how many sarcomeres are within a muscle

(i.e., number of fibres within a muscle), which will determine the

number of cross-bridges that are formed and, in-turn, increases the

force that the muscles can exert (Gans & de Vree, 1987;

Wickiewicz, Roy, Powell, & Edgerton, 1983). The cross-sectional

area of the muscle therefore reflects capacity for force production

(Gans & de Vree, 1987). Physiological cross-sectional areas (PCSAs)

is a representative measure of “muscle force” while fascicle length

reflects the “length excursion” of the muscle; both measures are

used to determine how much work (force x distance) can be done

by an individual muscle and how much power (work/time) can be

produced (Allen et al., 2014; Allen, Elsey, Jones, Wright, &

Hutchinson, 2010; Payne, Hutchinson, Robilliard, Smith, &

Wilson, 2005). For a given muscle volume, both muscle force and

working range cannot be maximised at the same time (due to

force–velocity relationship); therefore, specialisation in accordance

with functional demands will occur (Rosin & Nyakatura, 2017).

PCSA is applied extensively in ecological research. As PCSA is

proportional to maximum isometric force production, and is used to

compare muscle force production between species, as well as to

investigate the trade-off between force generation (PCSA) and

capacity for shortening length changes. Various aspects of animal

biology, including bite force (Becerra, Echeverría, Casinos, &

Vassallo, 2014), running (Leischner et al., 2018; Michilsens,

Vereecke, D'Août, & Aerts, 2009), digging (Lagaria &

Youlatos, 2006; Martin, Warburton, Travouillon, & Fleming, 2019;

Moore, Budny, Russell, & Butcher, 2013), diet (Taylor &

Vinyard, 2004), and flight (Maniakas & Youlatos, 2012; Yang,

Wang, & Zhang, 2015), have been investigated by applying PCSA as

a quantitative estimate of muscle force. In the discipline of anthro-

pology, comparative PCSA has been applied to questions of homi-

noid evolution, to assess bite force in relation to diet (Strait

et al., 2009; Strait et al., 2010), and hindlimb adaptation in the evo-

lution of bipedal locomotion (Payne et al., 2006; Thorpe, Crompton,

Gunther, Ker, & McNeill, 1999). The calculation of PCSA appears

incongruous with the interpretation of fossils; however, modelling

of muscle fibre arrangement and volume has been facilitated

through comparative approaches between living and extinct spe-

cies (Perry, 2018; Perry, St Clair, & Hartstone-Rose, 2015). This

review explores and summarises different methods used to calcu-

late PCSA to assist researchers to make a logical and informed deci-

sion on applications of PCSA for their research.

2 | ISSUES OF TISSUE PRESERVATION:
FRESH OR FIXED SPECIMEN'S

Before determining methods with which to measure muscle architec-

ture and calculate PCSA, the preservation of specimen tissue needs to

be considered. Preservation of specimens influences the decisions of

later methods, particularly muscle mass. The decision to fix specimens

in formaldehyde (here after formalin) will depend where the specimen

was sourced and its condition.

Formalin is a reliable chemical fixative; however, it is known to

cause morphological changes in the tissue (Fox, Johnson, Whiting, &

Roller, 1985) that are relevant to the calculation of PCSA. Mass is

known to decrease (Cheng & Scott, 2000) and fascicles shrink

(shorten) as part of the fixation process. Some studies have shown the

decrease in muscle mass to be insignificant (Cutts, 1988), while other

studies found up to a 7% decrease in mass (Cheng & Scott, 2000;

Schremmer, 1967). Correction factors are available to counteract the

shrinkage and produce a PCSA score from fixed material. Kikuchi and

Kuraoka (2014) suggest that muscle mass should be adjusted to com-

pensate for a decrease of 14%, while fascicle length should be

adjusted for a decrease in length of 9–13% after formalin fixation. An

alternative to formalin, and a fixative often used in histology or in

preparation for digital imaging is Bouin's fluid as it minimises shrink-

age of the specimens (Metscher, 2009; Schenk et al., 2013; Siebert

et al., 2015; Sombke, Lipke, Michalik, Uhl, & Harzsch, 2015).

The benefit of fixing species is to preserve specimens that may be

too damaged to dissect fresh (e.g., roadkill in Martin, Warburton,

et al., 2019). Often specimens have been used for other studies and

may already be embalmed in formalin; therefore, for consistency, all

specimens used within the study should be preserved in the same

manner. For comparative studies, if all specimens are preserved in the

same manner, then the decrease in mass and length will be similar

across all muscles, although fixation caused shrinkage needs to be

considered when functional interpretations are made on the basis of

PCSA values in comparison to results in the literature.

Another factor to be aware of when using cadavers is the influence

of rigor mortis on joint angles (Kawakami, Ichinose, & Fukunaga, 1998).

Rigor mortis causes slow contractions in muscle fascicles which is not

released due to a lack of ATP to break the binding (Bendall, 1951;

Davies, 1963), and thus depending on the timing of embalming/dissec-

tion, muscles may be fixed in a state of partial muscle contraction

(Martin et al., 2001). Rigor mortis may be difficult to control, unless the

specimen is fresh frozen immediately after death, and therefore needs to

be taken into account when measuring fascicle length (i.e., freezing speci-

mens in a consistent position immediately after death) or the potential

removal of pennation angle in the calculation.

3 | THE THREE COMPONENTS USED TO
CALCULATE PCSA

PCSA as a representative measure for muscle force was established in

quantitative muscle architecture studies by Gans and Bock (1965) and
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Gans and de Vree (1987). The measures used: (a) muscle volume,

(b) fibre length, and (b) pennation angle.

PCSA cm2
� �

=
Muscle mass gð Þ xPennation angle cosθð Þ
Muscle density g

cm
3

� �
x fascicle length cmð Þ

To estimate the maximum isometric force (Fmax) and instanta-

neous power of a muscle (both are key indicators of muscle functional

performance), PCSA is multiplied by the maximum isometric stress.

Two alternative maximum tetanic tensions for mammalian muscle are

available; 22.5 N/cm2 (Lieber & Fridén, 2000; Powell, Roy, Kanim,

Bello, & Edgerton, 1984) calculated from guinea pig hindlimbs

(Rodentia) or 30 N/cm2 (Medler, 2002; Wells, 1965; Woledge, Cur-

tin, & Homsher, 1985) calculated from rats (Rodentia).

Measuring these variables differs according to specimen type and

researcher preferences, as well as the time and facilities available.

Below, we discuss the differing methods and present the advantages

and limitations for the different methodology (summarised in TableT1 1).

3.1 | Muscle volume (derived from muscle mass)

As the potential force production of a muscle is dependent on the

number of fascicles working together in parallel, the total muscle vol-

ume will be a reflection of muscle force production, to the extent that

large muscles will generally have a larger number of muscle fascicles.

Muscle volume is usually calculated from the mass of muscles, which

is easier to measure. The muscle density constant (1.0597 g/cm3)

determined by Mendez and Keys (1960) for fresh dog and rabbit skel-

etal muscle or the density constant (1.0564 g/cm3) by Murphy and

Beardsley (1974) using cat skeletal muscle, has been used extensively

throughout the literature to convert muscle mass to muscle volume.

The density constant is often simplified to 1.06 g/cm3 in the literature Q4

(Figure F11).

Either dry muscle mass or wet muscle mass is sufficient when cal-

culating PCSA, providing a consistent approach is undertaken

throughout the study to avoid variation due to the state of hydration.

Consistency is vital to ensure comparisons between muscle groups or

between individual animals are valid.

TABLE 1 Summary of alternative methods that can be utilised to calculate PCSA

Component

of PCSA Alternative methods Advantages Limitations Examples

Preservation of

specimen

Fresh - Time efficient

- No shrinkage of architecture

- Potential for dehydration

- Freezer burn?

- Fresh muscles fragile

1, 2

Formalin - Preserves damage to specimens

- Use of museum preserved specimens

- Shrinkage of muscle mass and fibre

length

- Expense of formalin and ethanol

3, 4

Muscle mass (mm) Wet muscle mass - Minimal equipment needed

- Most common therefore more

comparable in literature

- Extra requirements of spraying

throughout dissection

- Potential variation in hydration

5, 6

Dry muscle mass - Accuracy: no effect of hydration - Time consuming

- Require extra equipment (oven)

7, 8

FL Muscle belly length - Time efficient

- Minimal equipment required

- Inaccurate for majority of muscles

- Too simplified

8

Incision along plane of

fibres

- Time efficient

- Minimal equipment required

- Potential damage to muscle

- Difficult to see the whole FL

- Bias of “random selection”

9, 10

Acid to digest

connective tissue

- Loosen fibre connection to visualise

whole fascicle

- Random selection of fascicles

- Expenses of acid

- Time consuming

11, 12

Digital dissection - Accurate measure of FL

- Non destructive

- Expensive

- Time consuming

13

Pennation angle

(θ)
Pennation angle - Significant effect on PCSA if angle

above 30 degrees

- Bias of “random selection”
- Potential in introduce error

14, 15

Angle set to zero - Time efficient

- Generally <30θ thus cosθ approx. 1
- Minimal effect on PCSA

- Under-estimating PCSA 16, 17

Note: 1: (Cuff et al. 2016), 2: (Dick & Clemente, 2016), 3: (Böhmer, Fabre, Herbin, Peigné, & Herrel, 2018), 4: (Martin, Warburton, et al., 2019), 5: (Marchi

et al. 2018), 6: (Olson et al. 2017), 7: (Lagaria & Youlatos, 2006), 8: (Langenbach & Weijs, 1990), 9: (Lamas, Main, & Hutchinson, 2014), 10: (Rose et al.

2016), 11: (Hartstone-Rose, Perry, & Morrow, 2012), 12: (Leischner et al., 2018), 13: (Dickinson, Basham, Rana, & Hartstone-Rose, 2019), 14: (Allen

et al., 2010), 15: (Böhmer et al., 2018), 16: (Myatt et al. 2012), 17Q3 : (Thorpe et al., 1999).

Abbreviations: FL, fibre length; PCSA, physiological cross-sectional area.
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The dry muscle mass technique involves drying isolated muscles

in a low temperature oven to remove all the moisture content

(Lagaria & Youlatos, 2006; Langenbach & Weijs, 1990). This method

has the benefit of ensuring that the moisture content of all muscles is

consistent and is beneficial when specimens are at varying levels of

hydration (i.e., older specimens may have dried out over time). The

drying period often takes between 24 and 48 hr (Warburton,

Grégoire, Jacques, & Flandrin, 2013), and requires an air-drying oven

that can maintain a constant temperature over a long period of time.

Using dry muscle mass also limits the comparisons that can be made

with PCSA scores calculated with wet muscle mass, as dry mass is

lighter than wet mass.

Wet weights, however, seem to be preferred and the most com-

mon method in the literature. The measurement of wet muscle mass

requires periodically moistening of the specimen (either phosphate

buffered saline [PBS] or water) during dissection to avoid desiccation

that would lead to inconsistent results and the immediate weighing of

each muscle after removal to avoid dehydration (Cheng &

Scott, 2000; Moore et al., 2013; Olson, Womble, Thomas, Glenn, &

Butcher, 2016). The wet method can lead to inconsistencies in muscle

masses, especially when using specimens of varying states of preser-

vation and dehydration. An alternative is to fully rehydrate muscles

before weighing by soaking them in PBS then gently blotting dry with

paper towel before weighing (Burkholder, Fingado, Baron, &

Lieber, 1994; Eng et al., 2008), or storing muscles in 70% ethanol

immediately after dissection (Böhmer et al., 2018). Using wet mass

does allow for a wider comparison of the literature compared to

dried mass.

3.2 | Fascicle length

In the calculation of PCSA, fascicle length is used to represent the

number of sarcomeres in a series within the muscle fibres (Michilsens

et al., 2009). If comparing two muscles of equal mass, but different

length fascicles, the muscle with longer fascicles will have a faster

shortening velocity as there are more sarcomeres in series, and there-

fore a greater contractile velocity (Partial chemical digestion of the

muscle belly is by far the most 1; Azizi, Brainerd, & Roberts, 2008;

Kikuchi, 2010; Lieber & Fridén, 2000).

Five methods are used to measure fascicle and fibre length in the

literature: (a) measuring the muscle belly length (origin to insertion),

(b) making an incision down the muscles line of action/fascicle plane

(depending on fascicle architecture) to measure individual fascicles,

(c) layer-wise fascicle dissection, (d) using partial chemical digestion to

allow the fibres to separate for measurement, and (e) digital dis-

section to measure fascicles without destroying the specimen.

(a) Historically, total muscle belly length was used as the estimate

of fascicle length. This is unlikely to be a true representation of fasci-

cle length, especially for larger muscles, as few fascicles run the entire

length of the muscle (Lagaria & Youlatos, 2006; Moore et al., 2013;

Pasi & Carrier, 2003). Several architectural investigations on human

upper and lower limb muscles have shown that even the most parallel

orientated muscles (muscle composed of fascicles extending parallel

to the muscle force generating axis) have fibres that only extend

around 60% of the muscle length (Lieber & Fridén, 2000). The use of

total muscle belly length is therefore a significant over-estimation of

fascicle length. While this method provides a quick measure of muscle

length, it is not recommended for measuring fascicle length due this

over-estimation.

(b) Direct measurement of fascicle length via an incision along the

plane of the fascicles within a muscle belly provides a relatively quick

method of collection and reasonably accurate measure of fascicle

length (Bribiesca-Contreras, Parslew, & Sellers, 2019; Lamas

et al., 2014; Moore et al., 2013; Oishi, Ogihara, Endo, & Asari, 2008;

Rose, Sandefur, Huskey, Demler, & Butcher, 2013; Rupert, Rose,

Organ, & Butcher, 2015). A limitation of this method is that making

incisions in the muscle belly ultimately destroys fascicles, and there-

fore it can be difficult to measure intact fascicles. This method

requires precision dissecting skills to ensure fascicles are not des-

troyed and accurate fascicle lengths can be measured. For strap mus-

cles, careful incision from the origin to insertion along the muscle

belly can reveal complete muscle fascicles, which then are measured

using callipers, ruler or digitally using photography. For pennate-fibred

muscles, the incision must be made along the plane of the fascicles to

expose the internal fascicle lengths (Figure F22a). An incision from origin

to insertion of a pennate muscle would result in bisecting the fasci-

cles, resulting in much shorter fascicle length measurements.

(c) Layer-wise fascicle dissection involves digitising the paths of

individual muscle fascicles using a Microscribe (handheld 3D-digitiser)

to produce a 3D-muscle model. Individual fascicles are removed care-

fully, then the groove that remains after fascicle removal is digitised

F IGURE 1 Simplified representation depicting the difference
between (a) parallel architecture with fewer fascicles; however, longer
fascicles and (b) pennate architecture with more fascicles; however,

shorter fascicles
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for the length and orientation (Nyakatura & Stark, 2015; Rosin &

Nyakatura, 2017; Stark, Fröber, & Schilling, 2013; Sullivan, McGechie,

Middleton, & Holliday, 2019). To monitor potential bone movement

throughout the dissection process, screws are placed in palpable bony

landmarks as a reference for the 3D-reconstruction (Nyakatura &

Stark, 2015; Stark et al., 2013), or the specimen is pinned to a surface

with metal pins which are digitised for reference (Rosin &

Nyakatura, 2017). This method of fascicle measurement produces a

high-quality 3D-model of the muscle without the use of micro-CT or

diceCT; however, this method requires a substantial amount of time

(especially for larger muscles) and dissection skills (especially for the

small muscles).

(d) Partial chemical digestion of the muscle belly is by far the most

commonly used method in the literature for the measurement of fas-

cicle length (e.g., Fabre, Herrel, Fitriana, Meslin, & Hautier, 2017; Her-

rel, De Smet, Aguirre, & Aerts, 2008; Leonard et al., 2019; Lowie

et al., 2019; Lowie, Herrel, Abdala, Manzano, & Fabre, 2018); how-

ever, it must be noted this method provides a measurement of fibre

length rather than fascicle length. Isolated muscle bellies are placed in

nitric or sulphuric acid (10–30%) or acetic acid (when the other acids

are unavailable; Leischner et al., 2018), which dissolves the interven-

ing collagenous connective tissue and facilitates the separation of

individual muscle fibres (Hartstone-Rose et al., 2012; Hermanson &

Cobb, 1992; Hermanson & Hurley, 1990). The typical digestion period

is 24–48 hr (Santana, Dumont, & Davis, 2010) with a minimum of

45 min to 12 hr (Bergmann & Hare-Drubka, 2015; Dickinson

et al., 2019) or maximum 3–10 days (de Souza Junior et al., 2018;

Law, Young, & Mehta, 2016). Digestion time is variable due to the

concentration of acid used and the size and thickness of the muscles.

Digesting muscles requires close attention to ensure muscles are not

over-digested and therefore become too soft to use. Digestion is

commonly left at room temperature (often an assumption, as many

studies do not state temperature), although a few studies have stated

they heat the muscles and acid at 60–70�C (Deutsch et al., 2019;

Hartstone-Rose, Hertzig, & Dickinson, 2019). Following digestion,

muscles are rinsed and placed in 50% aqueous glycerine solution for

1–2 hr before the muscle can be teased apart and individual muscle

fascicles measured (Herrel et al., 2008). The disadvantages of using

chemical digestion to measure fascicle lengths is that digestion can be

a time-consuming process and that nitric/sulphuric acid is an expense

to the study.

(e) Digital dissection using high-resolution diffusible iodine-based

contrast enhanced computer tomography (DiceCT) or high-resolution

micro-CT techniques can also be used to measure fibre lengths. While

dissection or partial chemical digestion is destructive and irreversible,

digital imaging technologies provide a method of non-destructively

visualising the reconstructing fascicle architecture (Dickinson

et al., 2019; Nyakatura, Baumgarten, Baum, Stark, & Youlatos, 2019).

Specimens are first soaked in 10% sucrose dissolved in distilled water

to minimise deformation, then immersed in a low concentration iodine

solution (<1.0–10%) (Dickinson et al., 2019; Gignac et al., 2016; Sulli-

van et al., 2019), which increases the density of the muscular tissues

and increases the contrast between the muscles and the connective

tissues. Soaking times can be extensive and vary substantially,

depending on specimen size and the concentration of the staining

solution. Invertebrates and vertebrate embryos with a low staining

concentration could exhibit excellent contrast overnight (<24 hr), in

comparison to larger vertebrates which take several weeks to months

to stain with a low concentration of stain solution (Gignac

et al., 2016), with the average soaking time between 4 and 7 weeks.

After soaking specimens are CT scanned (Dickinson et al., 2019; Dick-

inson, Stark, & Kupczik, 2018; Fahn-Lai, Biewener, & Pierce, 2019).

There are numerous programs that can be used to segment, visualise

and quantify digital scans; free software such as 3Dslicer, ParaView,

Trackvis, Cloud2, or licenced software such as Amira or Avizo. Soft-

ware programs are available that digitally discriminate between indi-

vidual fascicles (e.g., Amira, VGMax, BitPlane) and calculate fascicle

lengths. Studies comparing gross dissection and digitally dissected fas-

cicle lengths have found comparable results, with some muscles

(e.g., more complex muscles such as temporalis) showing more vari-

ability than others (Dickinson et al., 2018; Kupczik et al., 2015). Free

software tools are available for segmentation and visualisation; how-

ever, digital imaging still requires access to specialised equipment, can

be expensive (access to machines and high-quality software) and is

potentially time-consuming for large specimens due to the preparation

process in comparison to other methods of collecting fascicle length

via dissection. Digital scans are beneficial as the muscle topology is

kept intact and the specimens are able to be returned to a wet collec-

tion and used for further research.

For methods b–e, typically a minimum of 5 to 10 fascicles/fibres

are measured from different sites throughout the muscles to account

for variation (Allen et al., 2014; Cox & Baverstock, 2016; Lamas

et al., 2014; McGowan, Skinner, & Biewener, 2008; Moore

et al., 2013; Payne et al., 2006; Rose et al., 2013; Williams, Wilson,
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2 Photographs of methods of measuring fascicle length
and pennation angle. (a) Modified from Cheng and Scott (2000);
measurement of internal fascicles lengths (dotted lines) of Macca
mulatta triceps long head. (b) flexor carpi ulnaris of the Quenda
(Isoodon fusciventer). Thick line representing the line of action, and
small line is the orientation of the fascicle. Pennation angle is
measured between the two intersecting lines
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Rhodes, Andrews, & Payne, 2008). Ideally, superficial fascicles/fibres

can be avoided as they tend to be longer than the deeper fascicles

(Cheng & Scott, 2000; Kikuchi, 2010). Once fascicles are removed, the

lengths are measured using a ruler or callipers (Martin, Travouillon,

Sherratt, Fleming, & Warburton, 2019), or digitally measured after

photography using programs such as ImageJ (Boettcher et al., 2019;

Cox & Baverstock, 2016).

Arguably, either fascicle length by making an incision to expose

deep fascicles, or by partial digestion to measure fibre lengths, are

acceptable methods of collecting fascicle/fibre length. Large muscles

are time consuming to digest and require large amounts of acid; there-

fore, dissection along the plane of the fascicles may be more economi-

cal. Layer-wise fascicle dissection is an extremely time-consuming

method, therefore may only be suited to studies focussing few spe-

cific muscles, in comparison to an entire limb of muscles. Smaller mus-

cles are easily digested and results in less damaged fibres, therefore

digestion may be the best option for fibre length collection. Digital

dissection is an excellent method to calculate PCSA without

destroying specimens utilising iodine staining and micro-CT/ DiceCT,

however, is remains expensive at this point in time and the soaking

times for visualisation can be extensive, especially for larger

specimens.

3.3 | Pennation angle

Pennation describes the arrangement of muscle fascicles attaching

obliquely to the muscle tendon, compared to strap muscles where fas-

cicles are arranged in parallel to the long axis of the muscle belly. The

advantage of a pennate arrangement is increased numbers of fascicles

within a muscle of a given volume (Azizi et al., 2008; Lee et al., 2015;

McNeill, 1968). “Pennation angle” refers to the angle at which the

muscle fascicles lies relative to the axis of force production, or “force-

generating axis” (Gans & Bock, 1965) (see Figure 2b). Pennation angle

has two main physiological effects on the relationship between force

production and shortening velocity. An increase in the pennation

angle results in greater PCSA by accommodating a greater cross-

sectional area of muscle fascicles attaching to a tendon (i.e., more fas-

cicles packed into an area). At the same time, more obtuse pennation

angles will result in shorter fascicles (due to the arrangement of mus-

cle origins and insertions) and consequently the muscle will have a

slower maximum shortening velocity (Gans & Bock, 1965; Lieber &

Fridén, 2000; Lorenz & Campello, 2012).

Measuring pennation angle once the muscles has been dissected

involves measuring the angles from either high quality photographs

(Channon, Günther, Crompton, & Vereecke, 2009; Martin, Warburton,

et al., 2019; Olson et al., 2016), or using a protractor over the surface

of the muscle belly (Allen et al., 2014; Butcher et al., 2019; de Souza

Junior et al., 2018; McGowan et al., 2008; Rupert et al., 2015). This

method of collecting pennation angle reduces the pennation angles to

one plane. Multiple individual measures of angle are required to

account for the internal variation of the muscle and therefore mini-

mise measurement error (Scott & Winter, 1991). Measuring pennation

angle from photographs has the advantages that it can be measured

at a later date (i.e., it is not time dependent), and that it may utilise

computer programs such as Image J (RRID:SCR_003070; freeware;

Rueden et al., 2017), to measure from a high-quality photograph. Tak-

ing photographs that distinctly show the angles can be difficult, and

also requires the muscle belly to be fully exposed and all covering fas-

cia removed. The protractor on the surface of the muscle allows for

quick measurement of the angle but may be less precise.

Many authors choose to exclude pennation angle from their

PCSA calculation (e.g., Fabre et al., 2017; Furuuchi, Koyabu, Mori, &

Endo, 2013; Goh et al., 2017; Hartstone-Rose et al., 2019; Hartstone-

Rose, Deutsch, Leischner, & Pastor, 2018; Lowie et al., 2018). First,

excluding pennation was justified as an angle below 30� has little

effect on the calculation potential force as the cosine of the angle is

typically close to 1: cos(10�) = 0.98, cos(20�) = 0.94, cos(30�) = 0.87

(Payne et al., 2006; Thorpe et al., 1999). However, Channon

et al. (2009) recorded a maximum of 39� pennation in gibbon hindlimb

muscles, and exclusion of pennation angle would therefore have

resulted in a reduction of approximately 22% in the PCSA.

Second, measurements of pennation angle only capture the angle

at a fixed time (i.e., resting pennation angle). As such, the cosine of

the angle only captures the component of force that is acting in the

direction of the principle line of action, as some force is not transmit-

ted along the muscle axis (Blanco & Patek, 2014). This is dependent

on the position the muscle was fixed in when measured.

Third, multipennate muscles present complex pennation measure-

ments, and some authors have stated the musculature is too complex

to accurately measure pennation (Furuuchi et al., 2013). For example,

muscles change pennation angle dramatically across different gape

angles, and this is also true for other complex muscles (Anapol &

Barry, 1996). This causes a complicated variation imparted in the rota-

tional complex which is difficult to resolve in comparison to a simpler

linear contractile muscle found in other areas of the body. Therefore,

to calculate the pennation angle in one plane is not an adequate mea-

sure for masticatory muscles, and it has been argued to be more accu-

rate to calculate PCSA without pennation angle (Hartstone-Rose

et al., 2018; Hartstone-Rose et al., 2019). Scott and Winter (1991)

suggested the importance of a dynamic pennation angle (measuring

pennation on moving muscle), which encompasses the angle of pen-

nation through the range of movement of the muscle. This would be

the most accurate measure of pennation, and therefore force produc-

tion. in vivo recordings of the pennation angle at specific joint angles

(muscle tensions and lengths) are now available via ultrasound sonog-

raphy (Aagaard et al., 2001), although incorporation of these measure-

ments is complex, and this approach is unavailable for cadaver or

fixed samples.

The decision to include a measure of pennation angle in the calcu-

lation of PSCA is largely dependent on the specific muscle and the

applications of the data. For muscles with a high pennation angle

(i.e., greater than 30�), omission is likely to introduce relatively large

error into the calculation and therefore pennation angle is an impor-

tant component of the PCSA calculation. Complex muscles

(e.g., masticatory muscles) should also have pennation omitted from
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the PCSA calculation as the three dimensionalities of the system can-

not be accounted for.

4 | PCSA IN MODELS VERSUS IN VIVO
MEASURES OF FORCE

Though PCSA is widely used, few studies that have directly compared

PCSA values calculated from cadaver specimens with in vivo measures

of muscle force. This is partly because in vivo forces are difficult to

measure, especially in live non-human specimens. Bite force is the

most commonly reported in vivo force measures, but assumes that

the animal is exerting the maximum force possible. Wild-caught speci-

mens often aggressively snap at an object approaching them; how-

ever, this may not be the case in all species (Becerra, Echeverría,

Vassallo, & Casinos, 2011; Davis, Santana, Dumont, & Grosse, 2010).

Gape angle is the other limiting factor with in vivo bite forces, with

wider gape angles expecting to generate lower bite forces in mammals

(Santana, 2016).

Studies comparing PCSA via dissection and in vivo bite forces

commonly find that PCSA is a good predictor of in vivo bite force

(e.g., Davis et al., 2010; Ginot, Herrel, Claude, & Hautier, 2018; Herrel

et al., 2008; Huber, Dean, & Summers, 2008; Kolmann, Huber,

Motta, & Grubbs, 2015; Mara, Motta, & Huber, 2010; Meyers,

Nishikawa, & Herrel, 2018; Santana et al., 2010; Van Daele, Herrel, &

Adriaens, 2009), although a few studies obtained greater values for

PCSA via dissection than in vivo measurements (Becerra et al., 2011;

Becerra et al., 2014). To mimic the in vivo bite data, three-dimensional

bite models or static bite force models are used to calculate the bite

force from the PCSA via dissection. These models use 3D coordinates

of the origin and insertion of the muscles, their PCSA, and the 3D

coordinates of the point of application of the bite (Davis et al., 2010;

Herrel, Aerts, & De Vree, 1998; Santana et al., 2010). These types of

models allow for many iterations to be run to generate the optimum

bite force, similar to when in vivo bite forces are measured at varied

gape angles (Santana, 2016).

Limb systems are also commonly modelled in the literature to

integrate the musculature and skeleton. These models can be muscu-

loskeletal models which use muscle moment arms to investigate the

effectiveness of a muscle(s) to contribute to a particular motion over a

range of configurations, that is, muscle effectiveness in different

movements of locomotion (Sherman, Seth, & Delp, 2013). These

models can be built using PCSA values collected by physical dis-

section (Charles, Cappellari, Spence, Wells, & Hutchinson, 2016; Goh

et al., 2017), or via digital dissection from micro-CT, CT, or magnetic

resonance imaging (Blemker & Delp, 2005), or more commonly they

are built using 3D scans or from published descriptions of the origins

and insertions of muscles, and then estimated muscle forces are gen-

erated from the computer models (Regnault & Pierce, 2018). Finite

element analysis predicts the performance of bone (and other struc-

tures) by quantifying the distribution of stresses and strains within a

morphological structure (i.e., within the limb) that are caused by exter-

nal forces (muscles; Dumont, Grosse, & Slater, 2009). The benefits of

such modelling techniques can then be applied to skeletal remains of

extinct species, and further, that these can be integrated with func-

tional studies of extant species to provide a deeper understanding of

the mechanical basis of their locomotion (Orr, 2016).

5 | PCSA BETWEEN SPECIES

The benefit of PCSA is that it can be used for intraspecific or interspe-

cific studies to investigate variation, functional morphology, or

ecomorphology. PCSA calculated using the same methodology means

that direct comparisons between species can be made. As PCSA cal-

culations are dependent on size (as muscle volume is a large compo-

nent of the PCSA calculation) animals with a larger body masses and

absolute larger muscles will have greater PCSAs. Implementing a cor-

rection for body mass can remove the effect of body mass and allow

direct comparison of the relative distribution of musculature forces

between species to investigate functional adaptation to their environ-

ment or ecology. A few methods of body mass correction are used in

the literature. First is the use of residual values from a regression

between the muscle properties (i.e., muscle mass, fascicle length or

PCSA) and total body mass (Böhmer et al., 2019; Leischner

et al., 2018). Second, data can be normalised to geometric similarity

(i.e., lack of change in muscle properties with ontogenetic increase in

body mass) by scaling the muscle properties by body mass (mb); mus-

cle mass by mb
1.0, fascicle length by mb

0.33, and PCSA by mb
0.67 (Allen

et al., 2010; Butcher et al., 2019; Dick & Clemente, 2016; Nyakatura

et al., 2019; Olson, Glenn, Cliffe, & Butcher, 2018; Rupert

et al., 2015). PCSA can also be used to produce a functional space

plot, which is PCSA plotted against fascicle length (Allen et al., 2010;

Böhmer et al., 2018; Butcher et al., 2019; Dick & Clemente, 2016;

Olson et al., 2018; Payne et al., 2005). This will separate out the mus-

cles that are specialised for different actions (i.e., force specialised:

large PCSA and short fascicles; displacement specialists: small PCSA

and long fascicles; powerful: large PCSA and long fascicles; and gener-

alists: small PCSA and short fascicles) and is used to investigate the

structure–function trade-off between PCSA and fascicle length for a

muscle with a given volume (Böhmer et al., 2018). These functional

space plots can be used to compare the function trade-offs between

species of differing postures or locomotor behaviour.

6 | CONCLUSIONS AND
RECOMMENDATIONS

This review summarises methods used to calculate PCSA. The method

chosen to calculate PCSA is likely to depend on the preservation of

the specimen (which will influence whether dry or wet mass is able to

be measured) and the size of the target muscles (which will dictate the

necessity to digest the intramuscular connective tissue or more simply

to incise along the plane of the fascicles to expose the fascicles). Pen-

nation angle is entirely dependent on the area of the body the muscle

is taken from and therefore inclusion of pennation angle in PCSA
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calculations should be considered; pennation angles should be

included for muscles with simple linear contractile properties, but pen-

nation angles below 30� make little difference to force estimates.

Reviewing PCSA methods will help ensure researchers understand

benefits and limitations of different approaches and can make

informed decisions about their methods. This will ensure that PCSA

calculations are comparable between studies and with as little error

possible. If not using standard methods, sufficient detail needs to give

in methodology to ensure researches can repeat your methods and be

aware of the assumptions that have been made.

AUTHOR CONTRIBUTIONS

Meg L. Martin performed the literature search and led the writing of

the manuscript. All authorsQ5 conceived the idea of the review and con-

tributed critically to the drafts and gave final approval for publication.

DATA AVAILABILITY STATEMENT

Data sharing is not applicable to this article as no new data were cre-

ated or analyzed in this study.

ORCID

Meg L. Martin https://orcid.org/0000-0003-4924-309X

Patricia A. Fleming https://orcid.org/0000-0002-0626-3851

REFERENCES

Aagaard, P., Andersen, J. L., Dyhre-Poulsen, P., Leffers, A. M.,

Wagner, A., Magnusson, S. P., … Simonsen, E. B. (2001). A mecha-

nism for increased contractile strength of human pennate muscle in

response to strength training: Changes in muscle architecture. Jour-

nal of Physiology, 534(2), 613–623. https://doi.org/10.1111/j.1469-
7793.2001.t01-1-00613.x

Allen, V., Elsey, R. M., Jones, N., Wright, J., & Hutchinson, J. R. (2010).

Functional specialization and ontogenetic scaling of limb anatomy in

Alligator mississippiensis. Journal of Anatomy, 216(4), 423–445. https://
doi.org/10.1111/j.1469-7580.2009.01202.x

Allen, V., Molnar, J., Parker, W., Pollard, A., Nolan, G., & Hutchinson, J. R.

(2014). Comparative architectural properties of limb muscles in

Crocodylidae and Alligatoridae and their relevance to divergent use of

asymmetrical gaits in extant Crocodylia. Journal of Anatomy, 225(6),

569–582. https://doi.org/10.1111/joa.12245
Anapol, F., & Barry, K. (1996). Fiber architecture of the extensors of the

hindlimb in semiterrestrial and arboreal guenons. American Journal of

Physical Anthropology, 99, 429–447. https://doi.org/10.1002/(SICI)

1096-8644(199603)99:3<429::AID-AJPA5>3.0.CO;2-R

Azizi, E., Brainerd, E. L., & Roberts, T. J. (2008). Variable gearing in pennate

muscles. Proceedings of the National Academy of Sciences of the United

States of America, 105(5), 1745–1750. https://doi.org/10.1073/pnas.
0709212105

Becerra, F., Echeverría, A., Vassallo, A. I., & Casinos, A. (2011). Bite force

and jaw biomechanics in the subterranean rodent Talas tuco-tuco

(Ctenomys talarum) (Caviomorpha: Octodontoidea). Canadian Journal of

Zoology, 89(4), 334–342. https://doi.org/10.1139/z11-007
Becerra, F., Echeverría, A. I., Casinos, A., & Vassallo, A. I. (2014). Another

one bites the dust: Bite force and ecology in three caviomorph rodents

(Rodentia, Hystricognathi). Journal of Experimental Zoology Part A: Eco-

logical Genetics and Physiology, 321(4), 220–232. https://doi.org/10.
1002/jez.1853

Bendall, J. R. (1951). The shortening of rabbit muscles during rigor mortis:

Its relation to the breakdown of adenosine triphosphate and creatine

phosphate and to muscular contraction. The Journal of Physiology, 114,

71–88. https://doi.org/10.1113/jphysiol.1951.sp004604
Bergmann, P. J., & Hare-Drubka, M. (2015). Hindlimb muscle anatomical

mechanical advantage differs among joints and stride phases in basilisk

lizards. Zoology, 118(4), 291–298. https://doi.org/10.1016/j.zool.

2015.03.002

Blanco, M. M., & Patek, S. N. (2014). Muscle trade-offs in a power-

amplified prey capture system. Evolution, 68(5), 1399–1414. https://
doi.org/10.1111/evo.12365

Blemker, S. S., & Delp, S. L. (2005). Three-dimensional representation of

complex muscle architectures and geometries. Annals of Biomedical

Engineering, 33(5), 661–673. https://doi.org/10.1007/s10439-005-

1433-7

Boettcher, M. L., Leonard, K. C., Dickinson, E., Aujard, F., Herrel, A., &

Hartstone-Rose, A. (2019). The forearm musculature of the grey

mouse lemur (Microcebus murinus): An ontogenetic study. The Anatomi-

cal Record, 303, 1354–1363. https://doi.org/10.1002/ar.24258
Böhmer, C., Fabre, A.-C., Herbin, M., Peigné, S., & Herrel, A. (2018). Ana-

tomical basis of differences in locomotor behaviour in martens: A com-

parison of the forelimb musculature between two sympatric species of

Martes. The Anatomical Record, 301(3), 449–472. https://doi.org/10.
1002/ar.23742

Böhmer, C., Fabre, A.-C., Taverne, M., Herbin, M., Peigné, S., & Herrel, A.

(2019). Functional relationship between myology and ecology in carni-

vores: Do forelimb muscles reflect adaptations to prehension? Biologi-

cal Journal of the Linnean Society, 127(3), 661–680. https://doi.org/10.
1093/biolinnean/blz036

Bribiesca-Contreras, F., Parslew, B., & Sellers, W. I. (2019). A quantitative

and comparative analysis of the muscle architecture of the forelimb

myology of diurnal birds of prey (order Accipitriformes and Fal-

coniformes). The Anatomical Record, 32, 1808–1823. https://doi.org/
10.1002/ar.24195

Burkholder, T. J., Fingado, B., Baron, S., & Lieber, R. L. (1994). Relationship

between muscle fiber types and sizes and muscle architectural proper-

ties in the mouse hindlimb. Journal of Morphology, 221(2), 177–190.
https://doi.org/10.1002/jmor.1052210207

Butcher, M. T., Rose, J. A., Glenn, Z. D., Tatomirovich, N. M., Russo, G. A.,

Foster, A. D., … Young, J. W. (2019). Ontogenetic allometry and archi-

tectural properties of the paravertebral and hindlimb musculature in

eastern cottontail rabbits (Sylvilagus floridanus): Functional implications

for developmental changes in locomotor performance. Journal of Anat-

omy, 235(1), 106–123. https://doi.org/10.1111/joa.12991
Channon, A. J., Günther, M. M., Crompton, R. H., & Vereecke, E. E. (2009).

Mechanical constraints on the functional morphology of the gibbon

hind limb. Journal of Anatomy, 215(4), 383–400. https://doi.org/10.
1111/j.1469-7580.2009.01123.x

Charles, J. P., Cappellari, O., Spence, A. J., Wells, D. J., & Hutchinson, J. R.

(2016). Muscle moment arms and sensitivity analysis of a mouse

hindlimb musculoskeletal model. Journal of Anatomy, 229, 514–535.
Cheng, E. J., & Scott, S. H. (2000). Morphometry of Macaca mulatta fore-

limb. I. shoulder and elbow muscles and segment inertial parameters.

Journal of Morphology, 245(3), 206–224. https://doi.org/10.1002/

1097-4687(200009)245:3<206::AID-JMOR3>3.0.CO;2-U

Cox, P. G., & Baverstock, H. (2016). Masticatory muscle anatomy and feed-

ing efficiency of the American beaver, Castor canadensis (Rodentia,

Castoridae). Journal of Mammalian Evolution, 23(2), 191–200. https://
doi.org/10.1007/s10914-015-9306-9

Cutts, A. (1988). Shrinkage of muscle fibres during the fixation of cadaveric

tissue. Journal of Anatomy, 160, 75–78.
Davies, R. E. (1963). A molecular theory of muscle contraction: Calcium-

dependent contractions with hydrogen bond formation plus ATP-

dependent extensions of part of the myosin-actin cross-bridges.

Nature, 199(4898), 1068–1074. https://doi.org/10.1038/1991068a0
Davis, J. L., Santana, S. E., Dumont, E. R., & Grosse, I. R. (2010). Predicting

bite force in mammals: Two-dimensional versus three-dimensional

8 MARTIN ET AL.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

https://orcid.org/0000-0003-4924-309X
https://orcid.org/0000-0003-4924-309X
https://orcid.org/0000-0002-0626-3851
https://orcid.org/0000-0002-0626-3851
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00613.x
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00613.x
https://doi.org/10.1111/j.1469-7580.2009.01202.x
https://doi.org/10.1111/j.1469-7580.2009.01202.x
https://doi.org/10.1111/joa.12245
https://doi.org/10.1002/(SICI)1096-8644(199603)99:3%3C429::AID-AJPA5%3E3.0.CO;2-R
https://doi.org/10.1002/(SICI)1096-8644(199603)99:3%3C429::AID-AJPA5%3E3.0.CO;2-R
https://doi.org/10.1073/pnas.0709212105
https://doi.org/10.1073/pnas.0709212105
https://doi.org/10.1139/z11-007
https://doi.org/10.1002/jez.1853
https://doi.org/10.1002/jez.1853
https://doi.org/10.1113/jphysiol.1951.sp004604
https://doi.org/10.1016/j.zool.2015.03.002
https://doi.org/10.1016/j.zool.2015.03.002
https://doi.org/10.1111/evo.12365
https://doi.org/10.1111/evo.12365
https://doi.org/10.1007/s10439-005-1433-7
https://doi.org/10.1007/s10439-005-1433-7
https://doi.org/10.1002/ar.24258
https://doi.org/10.1002/ar.23742
https://doi.org/10.1002/ar.23742
https://doi.org/10.1093/biolinnean/blz036
https://doi.org/10.1093/biolinnean/blz036
https://doi.org/10.1002/ar.24195
https://doi.org/10.1002/ar.24195
https://doi.org/10.1002/jmor.1052210207
https://doi.org/10.1111/joa.12991
https://doi.org/10.1111/j.1469-7580.2009.01123.x
https://doi.org/10.1111/j.1469-7580.2009.01123.x
https://doi.org/10.1002/1097-4687(200009)245:3%3C206::AID-JMOR3%3E3.0.CO;2-U
https://doi.org/10.1002/1097-4687(200009)245:3%3C206::AID-JMOR3%3E3.0.CO;2-U
https://doi.org/10.1007/s10914-015-9306-9
https://doi.org/10.1007/s10914-015-9306-9
https://doi.org/10.1038/1991068a0


lever models. The Journal of Experimental Biology, 213(11), 1844–1851.
https://doi.org/10.1242/jeb.041129

de Souza Junior, P., dos Santos, L. M. R. P., Viotto-Souza, W., da Cruz de

Carvalho, N., Souza, E. C., Kasper, C. B., … Santos, A. L. Q. (2018).

Functional myology of the thoracic limb in pampas fox (Lycalopex

gymnocercus): A descriptive and comparative analysis. Journal of Anat-

omy, 233(6), 783–806. https://doi.org/10.1111/joa.12892
Q6 Deutsch, A. R., Dickinson, E., Leonard, K. C., Pastor, F.,

Muchlinski, M. N., & Hartstone-Rose, A. (2019). Scaling of anatomi-

cally derived maximal bite force in primates. The Anatomical Record.

https://doi.org/10.1002/ar.24284

Dick, T. J. M., & Clemente, C. J. (2016). How to build your dragon: Scaling

of muscle architecture from the world's smallest to the world's largest

monitor lizard. Frontiers in Zoology, 13(1), 8. https://doi.org/10.1186/

s12983-016-0141-5

Dickinson, E., Basham, C., Rana, A., & Hartstone-Rose, A. (2019). Visualiza-

tion and quantification of digitally dissected muscle fascicles in the

masticatory muscles of Callithrix jacchus using nondestructive diceCT.

The Anatomical Record, 302(11), 1891–1900. https://doi.org/10.1002/
ar.24212

Dickinson, E., Stark, H., & Kupczik, K. (2018). Non-destructive determina-

tion of muscle architectural variables through the use of DiceCT. The

Anatomical Record, 301(2), 363–377. https://doi.org/10.1002/ar.

23716

Dumont, E. R., Grosse, I. R., & Slater, G. J. (2009). Requirements for com-

paring the performance of finite element models of biological struc-

tures. Journal of Theoretical Biology, 256(1), 96–103. https://doi.org/
10.1016/j.jtbi.2008.08.017

Eng, C. M., Smallwood, L. H., Rainiero, M. P., Lahey, M., Ward, S. R., &

Lieber, R. L. (2008). Scaling of muscle architecture and fiber types in

the rat hindlimb. Journal of Experimental Biology, 211(14), 2336–2345.
https://doi.org/10.1242/jeb.017640

Fabre, P.-H., Herrel, A., Fitriana, Y., Meslin, L., & Hautier, L. (2017). Masti-

catory muscle architecture in a water-rat from Australasia (Murinae,

Hydromys) and its implication for the evolution of carnivory in rodents.

Journal of Anatomy, 231(3), 380–397. https://doi.org/10.1111/joa.

12639

Fahn-Lai, P., Biewener, A. A., & Pierce, S. E. (2019). Broad similarities in

shoulder muscle architecture and organization across two amniotes:

Implications for reconstructing non-mammalian synapsids. PeerJ Pre-

prints, 7, e27950v27951.

Fox, C. H., Johnson, F. B., Whiting, J., & Roller, P. P. (1985). Formaldehyde

fixation. The Journal of Histochemistry and Cytochemistry, 33(8),

845–853.
Furuuchi, K., Koyabu, D., Mori, K., & Endo, H. (2013). Physiological cross-

sectional area of the masticatory muscles in the giraffe (Giraffa camelo-

pardalis). Mammal Study, 38, 67–71. https://doi.org/10.3106/041.038.
0109

Gans, C., & Bock, W. J. (1965). The functional significance of muscle

architecture-a theoretical analysis. Ergebnisse der Anatomie und

Entwicklungsgeschichte, 38, 115.

Gans, C., & de Vree, F. (1987). Functional bases of fiber length and angula-

tion in muscle. Journal of Morphology, 192(1), 63–85. https://doi.org/
10.1002/jmor.1051920106

Gignac, P. M., Kley, N. J., Clarke, J. A., Colbert, M. W., Morhardt, A. C.,

Cerio, D., … Witmer, L. M. (2016). Diffusible iodine-based contrast-

enhanced computed tomography (diceCT): An emerging tool for rapid,

high-resolution, 3-D imaging of metazoan soft tissues. Journal of Anat-

omy, 228(6), 889–909. https://doi.org/10.1111/joa.12449
Ginot, S., Herrel, A., Claude, J., & Hautier, L. (2018). Skull size and biome-

chanics are good estimators of in vivo bite force in Murid rodents. The

Anatomical Record, 301(2), 256–266. https://doi.org/10.1002/ar.

23711

Goh, C., Blanchard, M. L., Crompton, R. H., Gunther, M. M.,

Macaulay, S., & Bates, K. T. (2017). A 3D musculoskeletal model of the

western lowland gorilla hind limb: Moment arms and torque of the hip,

knee and ankle. Journal of Anatomy, 231, 568–584. https://doi.org/10.
1111/joa.12651

Hartstone-Rose, A., Deutsch, A. R., Leischner, C. L., & Pastor, F. (2018).

Dietary correlates of primate masticatory muscle fiber architecture.

The Anatomical Record, 301(2), 311–324. https://doi.org/10.1002/ar.
23715

Hartstone-Rose, A., Hertzig, I., & Dickinson, E. (2019). Bite force and mas-

ticatory muscle architecture adaptations in the dietarily diverse Mus-

teloidea (Carnivora). The Anatomical Record, 302, 2287–2299. https://
doi.org/10.1002/ar.24233

Hartstone-Rose, A., Perry, J. M. G., & Morrow, C. J. (2012). Bite force esti-

mation and the fiber architecture of felid masticatory muscles. The

Anatomical Record, 295(8), 1336–1351. https://doi.org/10.1002/ar.

22518

Hermanson, J. W., & Cobb, M. A. (1992). Four forearm flexor muscles of

the horse, Equus caballus: Anatomy and histochemistry. Journal of Mor-

phology, 212(3), 269–280. https://doi.org/10.1002/jmor.1052120306

Hermanson, J. W., & Hurley, K. J. (1990). Architectural and histochemical

analysis of the biceps brachii muscle of the horse. Cells, Tissues, Organs,

137(2), 146–156.
Herrel, A., Aerts, P., & de Vree, F. (1998). Ecomorphology of the lizard

feeding apparatus: A medelling approach. Netherlands Journal of Zool-

ogy, 48(1), 1–25. https://doi.org/10.1163/156854298X00183
Herrel, A., de Smet, A., Aguirre, L. F., & Aerts, P. (2008). Morphological and

mechanical determinants of bite force in bats: Do muscles matter?

Journal of Experimental Biology, 211(1), 86–91. https://doi.org/10.

1242/jeb.012211

Higham, T. E., Korchari, P. G., & McBrayer, L. D. (2011). How muscles

define maximum running performance in lizards: An analysis using

swing- and stance-phase muscles. Journal of Experimental Biology, 214

(10), 1685–1691. https://doi.org/10.1242/jeb.051045
Hildebrand, M., Bramble, D. M., Liem, K. F., & Wake, B. D. (1985). Func-

tional vertebrate morphology. Cambridge, MA: The Belknap Press of

Harvard University Press.

Huber, D. R., Dean, M. N., & Summers, A. P. (2008). Hard prey, soft jaws

and the ontogeny of feeding mechanics in the spotted ratfish

Hydrolagus colliei. Journal of the Royal Society Interface, 5(25),

941–953. https://doi.org/10.1098/rsif.2007.1325
Kawakami, Y., Ichinose, Y., & Fukunaga, T. (1998). Architectural and func-

tional features of human triceps surae muscles during contraction.

Journal of Applied Physiology, 85(2), 398–404. https://doi.org/10.

1152/jappl.1998.85.2.398

Kikuchi, Y. (2010). Comparative analysis of muscle architecture in primate

arm and forearm. Anatomia, Histologia, Embryologia, 39(2), 93–106.
https://doi.org/10.1111/j.1439-0264.2009.00986.x

Kikuchi, Y., & Kuraoka, A. (2014). Differences in muscle dimensional

parameters between non-formalin-fixed (freeze-thawed) and formalin-

fixed specimen in gorilla (Gorilla gorilla). Mammal Study, 39(1), 65–72.
http://doi.org/10.3106/041.039.0101

Kolmann, M. A., Huber, D. R., Motta, P. J., & Grubbs, R. D. (2015). Feeding

biomechanics of the cownose ray, Rhinoptera bonasus, over ontogeny.

Journal of Anatomy, 227(3), 341–351. https://doi.org/10.1111/joa.

12342

Kupczik, K., Stark, H., Mundry, R., Neininger, F. T., Heidlauf, T., &

Röhrle, O. (2015). Reconstruction of muscle fascicle architecture from

iodine-enhanced microCT images: A combined texture mapping and

streamline approach. Journal of Theoretical Biology, 382, 34–43.
https://doi.org/10.1016/j.jtbi.2015.06.034

Lagaria, A., & Youlatos, D. (2006). Anatomical correlates to scratch digging

in the forelimb of European ground squirrels (Spermophilus citellus).

Journal of Mammalogy, 87(3), 563–570. https://doi.org/10.2307/

4094514

Lamas, L. P., Main, R. P., & Hutchinson, J. R. (2014). Ontogenetic scaling

patterns and functional anatomy of the pelvic limb musculature in

MARTIN ET AL. 9

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

https://doi.org/10.1242/jeb.041129
https://doi.org/10.1111/joa.12892
https://doi.org/10.1002/ar.24284
https://doi.org/10.1186/s12983-016-0141-5
https://doi.org/10.1186/s12983-016-0141-5
https://doi.org/10.1002/ar.24212
https://doi.org/10.1002/ar.24212
https://doi.org/10.1002/ar.23716
https://doi.org/10.1002/ar.23716
https://doi.org/10.1016/j.jtbi.2008.08.017
https://doi.org/10.1016/j.jtbi.2008.08.017
https://doi.org/10.1242/jeb.017640
https://doi.org/10.1111/joa.12639
https://doi.org/10.1111/joa.12639
https://doi.org/10.3106/041.038.0109
https://doi.org/10.3106/041.038.0109
https://doi.org/10.1002/jmor.1051920106
https://doi.org/10.1002/jmor.1051920106
https://doi.org/10.1111/joa.12449
https://doi.org/10.1002/ar.23711
https://doi.org/10.1002/ar.23711
https://doi.org/10.1111/joa.12651
https://doi.org/10.1111/joa.12651
https://doi.org/10.1002/ar.23715
https://doi.org/10.1002/ar.23715
https://doi.org/10.1002/ar.24233
https://doi.org/10.1002/ar.24233
https://doi.org/10.1002/ar.22518
https://doi.org/10.1002/ar.22518
https://doi.org/10.1002/jmor.1052120306
https://doi.org/10.1163/156854298X00183
https://doi.org/10.1242/jeb.012211
https://doi.org/10.1242/jeb.012211
https://doi.org/10.1242/jeb.051045
https://doi.org/10.1098/rsif.2007.1325
https://doi.org/10.1152/jappl.1998.85.2.398
https://doi.org/10.1152/jappl.1998.85.2.398
https://doi.org/10.1111/j.1439-0264.2009.00986.x
http://doi.org/10.3106/041.039.0101
https://doi.org/10.1111/joa.12342
https://doi.org/10.1111/joa.12342
https://doi.org/10.1016/j.jtbi.2015.06.034
https://doi.org/10.2307/4094514
https://doi.org/10.2307/4094514


emus (Dromaius novaehollandiae). PeerJ, 2, e716. https://doi.org/10.

7717/peerj.716

Langenbach, G. E. J., & Weijs, W. A. (1990). Growth patterns of the rabbit

masticatory muscles. Journal of Dental Research, 69(1), 20–25. https://
doi.org/10.1177/00220345900690010201

Law, C. J., Young, C., & Mehta, R. S. (2016). Ontogenetic scaling of theo-

retical bite force in southern sea otters (Enhydra lutris nereis). Physio-

logical and Biochemical Zoology, 89(5), 347–363. https://doi.org/10.
1086/688313

Lee, D., Li, Z., Sohail, Q. Z., Jackson, K., Fiume, E., & Agur, A. (2015). A

three-dimensional approach to pennation angle estimation for human

skeletal muscle. Computer Methods in Biomechanics and Biomedical

Engineering, 18(13), 1474–1484. https://doi.org/10.1080/10255842.
2014.917294

Leischner, C. L., Crouch, M., Allen, K. L., Marchi, D., Pastor, F., &

Hartstone-Rose, A. (2018). Scaling of primate forearm muscle architec-

ture as it relates to locomotion and posture. The Anatomical Record,

301(3), 484–495. https://doi.org/10.1002/ar.23747
Leonard, K. C., Boettcher, M. L., Dickinson, E., Malhotra, N., Aujard, F.,

Herrel, A., & Hartstone-Rose, A. (2019). The ontogeny of masticatory

muscle architecture in Microcebus murinus. The Anatomical Record, 303

(5), 1364–1373. https://doi.org/10.1002/ar.24259
Lieber, R. L., & Fridén, J. (2000). Functional and clinical significance of skel-

etal muscle architecture. Muscle & Nerve, 23(11), 1647–1666. https://
doi.org/10.1002/1097-4598(200011)23:11<1647::AID-MUS1>3.0.

CO;2-M

Lorenz, T., & Campello, M. (2012). Biomechanics of skeletal muscle. In

M. Nordin & V. H. Frankel (Eds.), Basic biomechanics of the musculoskel-

etal system (4th ed., pp. 150–179). Philadelphia, PA: Lippincott Wil-

liams & Wilkins.

Lowie, A., Gillet, E., Vanhooydonck, B., Irschick, D. J., Losos, J. B., &

Herrel, A. (2019). Do the relationships between hind limb anatomy

and sprint speed variation differ between sexes in Anolis lizards? The

Journal of Experimental Biology, 222, 1–10. https://doi.org/10.1242/
jeb.188805

Lowie, A., Herrel, A., Abdala, V., Manzano, A. S., & Fabre, A.-C. (2018).

Does the morphology of the forelimb flexor muscles differ between

lizards using different habitats? The Anatomical Record, 301(3),

424–433. https://doi.org/10.1002/ar.23739
Maniakas, I., & Youlatos, D. (2012). Myological adaptations to fast endur-

ing flight in European free-tailed bats, Tadarida teniotis (Molossidae,

Chiroptera). Italian Journal of Zoology, 79(4), 574–581. https://doi.org/
10.1080/11250003.2012.718374

Mara, K. R., Motta, P. J., & Huber, D. R. (2010). Bite force and performance

in the durophagous bonnethead shark, Sphyrna tiburo. Journal of Exper-

imental Zoology Part A: Ecological Genetics and Physiology, 313A(2),

95–105. https://doi.org/10.1002/jez.576
Martin, D. C., Medri, M. K., Chow, R. S., Oxorn, V., Leekam, R. N.,

Agur, A. M., & McKee, N. H. (2001). Comparing human skeletal muscle

architectural parameters of cadavers with in vivo ultrasonographic

measurements. Journal of Anatomy, 199(4), 429–434. https://doi.org/
10.1017/S0021878201008251

Martin, M. L., Travouillon, K. J., Sherratt, E., Fleming, P. A., &

Warburton, N. M. (2019). Covariation between forelimb musculature

and bone shape in an Australian scratch-digging marsupial: Compari-

son of morphometric methods. Journal of Morphology, 280,

1900–1915. https://doi.org/10.1002/jmor.21074

Martin, M. L., Warburton, N., Travouillon, K. J., & Fleming, P. A. (2019).

Mechanical similarity across ontogeny of digging muscles in an

Australian marsupial (Isoodon fusciventer). Journal of Morphology, 280,

423–435. https://doi.org/10.1002/jmor.20954

McGowan, C. P., Skinner, J., & Biewener, A. A. (2008). Hind limb scaling of

kangaroos and wallabies (superfamily Macropodoidea): Implications

for hopping performance, safety factor and elastic savings. Journal of

Anatomy, 212(2), 153–163. https://doi.org/10.1111/j.1469-7580.

2007.00841.x

McNeill, A. R. (1968). Animal mechanics (Vol. 1). Seattle, WA: University of

Washington Press.

McNeill, A. R. (2003). Principles of animal locomotion. Princeton, NJ: Prince-

ton University Press.

Medler, S. (2002). Comparative trends in shortening velocity and force

production in skeletal muscles. American Journal of Physiology-Regula-

tory, Integrative and Comparative Physiology, 283(2), 368–378. https://
doi.org/10.1152/ajpregu.00689.2001

Mendez, J., & Keys, A. (1960). Density and composition of mammalian

muscle. Metabolism, 9, 184–188.
Metscher, B. D. (2009). MicroCT for comparative morphology: Simple

staining methods allow high-contrast 3D imaging of diverse non-

mineralized animal tissues. BMC Physiology, 9(1), 11.

Meyers, J. J., Nishikawa, K. C., & Herrel, A. (2018). The evolution of bite

force in horned lizards: The influence of dietary specialization. Journal

of Anatomy, 232(2), 214–226. https://doi.org/10.1111/joa.12746
Michilsens, F., Vereecke, E. E., D'Août, K., & Aerts, P. (2009). Functional

anatomy of the gibbon forelimb: Adaptations to a brachiating lifestyle.

Journal of Anatomy, 215(3), 335–354. http://doi.org/10.1111/j.1469-
7580.2009.01109.x

Moore, A. L., Budny, J. E., Russell, A. P., & Butcher, M. T. (2013). Architec-

tural specialization of the intrinsic thoracic limb musculature of the

American badger (Taxidea taxus). Journal of Morphology, 274(1), 35–48.
https://doi.org/10.1002/jmor.20074

Murphy, R. A., & Beardsley, A. C. (1974). Mechanical properties of the cat

soleus muscle in situ. American Journal of Physiology, 227(5),

1008–1013. https://doi.org/10.1152/ajplegacy.1974.227.5.1008
Nyakatura, J. A., Baumgarten, R., Baum, D., Stark, H., & Youlatos, D.

(2019). Muscle internal structure revealed by contrast-enhanced μCT
and fibre recognition: The hindlimb extensors of an arboreal and a fos-

sorial squirrel. Mammalian Biology, 99(1), 71–80. https://doi.org/10.
1016/j.mambio.2019.10.007

Nyakatura, J. A., & Stark, H. (2015). Aberrant back muscle function corre-

lates with intramuscular architecture of dorsovertebral muscles in

two-toed sloths. Mammalian Biology, 80(2), 114–121. http://doi.org/
10.1016/j.mambio.2015.01.002

Oishi, M., Ogihara, N., Endo, H., & Asari, M. (2008). Muscle architecture of

the upper limb in the orangutan. Primates, 49(3), 204–209. https://doi.
org/10.1007/s10329-008-0082-5

Olson, R. A., Glenn, Z. D., Cliffe, R. N., & Butcher, M. T. (2018). Architec-

tural properties of sloth forelimb muscles (Pilosa: Bradypodidae). Jour-

nal of Mammalian Evolution, 25, 573–588. https://doi.org/10.1007/
s10914-017-9411-z

Olson, R. A., Womble, M. D., Thomas, D. R., Glenn, Z. D., & Butcher, M. T.

(2016). Functional morphology of the forelimb of the nine-banded

armadillo (Dasypus novemcinctus): Comparative perspectives on the

myology of Dasypodidae. Journal of Mammalian Evolution, 23(1), 1–21.
https://doi.org/10.1007/s10914-015-9299-4

Q7Orr, C. M. (2016). Functional morphology of the primate hand: Recent

approaches using biomedical imaging, computer modeling, and engi-

neering methods. In The evolution of the primate hand (pp. 227–257).
Springer.

Pasi, B. M., & Carrier, D. R. (2003). Functional trade-offs in the limb mus-

cles of dogs selected for running vs. fighting. Journal of Evolutionary

Biology, 16(2), 324–332. https://doi.org/10.1046/j.1420-9101.2003.

00512.x

Payne, R. C., Crompton, R. H., Isler, K., Savage, R., Vereecke, E. E.,

Günther, M. M., … D'Août, K. (2006). Morphological analysis of the

hindlimb in apes and humans. I. Muscle architecture. Journal of Anatomy,

208(6), 709–724. https://doi.org/10.1111/j.1469-7580.2005.00433.x-i1
Payne, R. C., Hutchinson, J. R., Robilliard, J. J., Smith, N. C., &

Wilson, A. M. (2005). Functional specialisation of pelvic limb anatomy

10 MARTIN ET AL.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

https://doi.org/10.7717/peerj.716
https://doi.org/10.7717/peerj.716
https://doi.org/10.1177/00220345900690010201
https://doi.org/10.1177/00220345900690010201
https://doi.org/10.1086/688313
https://doi.org/10.1086/688313
https://doi.org/10.1080/10255842.2014.917294
https://doi.org/10.1080/10255842.2014.917294
https://doi.org/10.1002/ar.23747
https://doi.org/10.1002/ar.24259
https://doi.org/10.1002/1097-4598(200011)23:11%3C1647::AID-MUS1%3E3.0.CO;2-M
https://doi.org/10.1002/1097-4598(200011)23:11%3C1647::AID-MUS1%3E3.0.CO;2-M
https://doi.org/10.1002/1097-4598(200011)23:11%3C1647::AID-MUS1%3E3.0.CO;2-M
https://doi.org/10.1242/jeb.188805
https://doi.org/10.1242/jeb.188805
https://doi.org/10.1002/ar.23739
https://doi.org/10.1080/11250003.2012.718374
https://doi.org/10.1080/11250003.2012.718374
https://doi.org/10.1002/jez.576
https://doi.org/10.1017/S0021878201008251
https://doi.org/10.1017/S0021878201008251
https://doi.org/10.1002/jmor.21074
https://doi.org/10.1002/jmor.20954
https://doi.org/10.1111/j.1469-7580.2007.00841.x
https://doi.org/10.1111/j.1469-7580.2007.00841.x
https://doi.org/10.1152/ajpregu.00689.2001
https://doi.org/10.1152/ajpregu.00689.2001
https://doi.org/10.1111/joa.12746
http://doi.org/10.1111/j.1469-7580.2009.01109.x
http://doi.org/10.1111/j.1469-7580.2009.01109.x
https://doi.org/10.1002/jmor.20074
https://doi.org/10.1152/ajplegacy.1974.227.5.1008
https://doi.org/10.1016/j.mambio.2019.10.007
https://doi.org/10.1016/j.mambio.2019.10.007
http://doi.org/10.1016/j.mambio.2015.01.002
http://doi.org/10.1016/j.mambio.2015.01.002
https://doi.org/10.1007/s10329-008-0082-5
https://doi.org/10.1007/s10329-008-0082-5
https://doi.org/10.1007/s10914-017-9411-z
https://doi.org/10.1007/s10914-017-9411-z
https://doi.org/10.1007/s10914-015-9299-4
https://doi.org/10.1046/j.1420-9101.2003.00512.x
https://doi.org/10.1046/j.1420-9101.2003.00512.x
https://doi.org/10.1111/j.1469-7580.2005.00433.x-i1


in horses (Equus caballus). Journal of Anatomy, 206(6), 557–574.
https://doi.org/10.1111/j.1469-7580.2005.00420.x

Perry, J. M. G. (2018). Inferring the diets of extinct giant lemurs from oste-

ological correlates of muscle dimensions. The Anatomical Record, 301

(2), 343–362. https://doi.org/10.1002/ar.23719
Perry, J. M. G., St Clair, E. M., & Hartstone-Rose, A. (2015). Cra-

niomandibular signals of diet in adapids. American Journal of Physical

Anthropology, 158(4), 646–662. https://doi.org/10.1002/ajpa.22811
Powell, P. L., Roy, R. R., Kanim, P., Bello, M. A., & Edgerton, V. R. (1984).

Predictability of skeletal muscle tension from architectural determina-

tions in Guinea pig hindlimbs. Journal of Applied Physiology, 57(6),

1715–1721.
Regnault, S., & Pierce, S. E. (2018). Pectoral girdle and forelimb musculo-

skeletal function in the echidna (Tachyglossus aculeatus): Insights into

mammalian locomotor evolution. Royal Society Open Science, 5(11),

181400. https://doi.org/10.1098/rsos.181400

Rose, J. A., Sandefur, M., Huskey, S., Demler, J. L., & Butcher, M. T. (2013).

Muscle architecture and out-force potential of the thoracic limb in the

eastern mole (Scalopus aquaticus). Journal of Morphology, 274(11),

1277–1287. https://doi.org/10.1002/jmor.20178

Rosin, S., & Nyakatura, J. A. (2017). Hind limb extensor muscle architecture

reflects locomotor specialisations of a jumping and a striding quadru-

pedal caviomorph rodent. Zoomorphology, 136, 1–11. https://doi.org/
10.1007/s00435-017-0349-8

Rueden, C. T., Schindelin, J., Hiner, M. C., DeZonia, B. E., Walter, A. E.,

Arena, E. T., & Eliceiri, K. W. (2017). "ImageJ2: ImageJ for the next

generation of scientific image data", BMC Bioinformatics 18:529. PMID,

29187165, 529. https://doi.org/10.1186/s12859-017-1934-z

Rupert, J. E., Rose, J. A., Organ, J. M., & Butcher, M. T. (2015). Forelimb

muscle architecture and myosin isoform composition in the groundhog

(Marmota monax). The Journal of Experimental Biology, 218(2),

194–205. https://doi.org/10.1242/jeb.107128
Sacks, R. D., & Roy, R. R. (1982). Architecture of the hind limb muscles of

cats: Functional significance. Journal of Morphology, 173(2), 185–195.
https://doi.org/10.1002/jmor.1051730206

Santana, S. E. (2016). Quantifying the effect of gape and morphology on

bite force: Biomechanical modelling and in vivo measurements in bats.

Functional Ecology, 30(4), 557–565. https://doi.org/10.1111/1365-

2435.12522

Santana, S. E., Dumont, E. R., & Davis, J. L. (2010). Mechanics of bite force

production and its relationship to diet in bats. Functional Ecology, 24

(4), 776–784. https://doi.org/10.1111/j.1365-2435.2010.01703.x
Schenk, P., Siebert, T., Hiepe, P., Güllmar, D., Reichenbach, J. R., Wick, C.,

… Böl, M. (2013). Determination of three-dimensional muscle architec-

tures: Validation of the DTI-based fiber tractography method by man-

ual digitization. Journal of Anatomy, 223(1), 61–68. https://doi.org/10.
1111/joa.12062

Schremmer, B. (1967). Gewichtsveränderungen verschiedener Gewebe nach

Formalinfixierung. Frankfurter Zeitschrift für Pathologie, 77, 299–304.
Scott, S. H., & Winter, D. A. (1991). A comparison of three muscle pen-

nation assumptions and their effect on isometric and isotonic force.

Journal of Biomechanics, 24(2), 163–167. https://doi.org/10.1016/

0021-9290(91)90361-P

Sherman, M. A., Seth, A., & Delp, S. L. (2013). What is a moment arm? Cal-

culating muscle effectiveness in biomechanical models using general-

ized coordinates. Proceedings of the ASME Design Engineering Technical

Conferences. ASME Design Engineering Technical Conferences, 2013,

V07BT10A052.

Siebert, T., Leichsenring, K., Rode, C., Wick, C., Stutzig, N., Schubert, H., …
Böl, M. (2015). Three-dimensional muscle architecture and compre-

hensive dynamic properties of rabbit gastrocnemius, plantaris and

soleus: Input for simulation studies. PLoS One, 10(6), e0130985.

https://doi.org/10.1371/journal.pone.0130985

Sombke, A., Lipke, E., Michalik, P., Uhl, G., & Harzsch, S. (2015). Potential

and limitations of X-ray micro-computed tomography in arthropod

neuroanatomy: A methodological and comparative survey. Journal of

Comparative Neurology, 523(8), 1281–1295. https://doi.org/10.1002/
cne.23741

Stark, H., Fröber, R., & Schilling, N. (2013). Intramuscular architecture of

the autochthonous back muscles in humans. Journal of Anatomy, 222

(2), 214–222. http://doi.org/10.1111/joa.12005
Strait, D. S., Grosse, I. R., Dechow, P. C., Smith, A. L., Wang, Q.,

Weber, G. W., … Ross, C. F. (2010). The structural rigidity of the cra-

nium of Australopithecus africanus: Implications for diet, dietary adap-

tations, and the allometry of feeding biomechanics. The Anatomical

Record, 293(4), 583–593. https://doi.org/10.1002/ar.21122
Strait, D. S., Weber, G. W., Neubauer, S., Chalk, J., Richmond, B. G.,

Lucas, P. W., … Smith, A. L. (2009). The feeding biomechanics and die-

tary ecology of Australopithecus africanus. Proceedings of the National

Academy of Sciences of the United States of America, 106(7),

2124–2129. https://doi.org/10.1073/pnas.0808730106
Q8Sullivan, S. P., McGechie, F. R., Middleton, K. M., & Holliday, C. M. (2019).

3D muscle architecture of the pectoral muscles of european starling

(Sturnus vulgaris). Integrative Organismal Biology, 1(1). https://doi.org/

10.1093/iob/oby010

Taylor, A. B., & Vinyard, C. J. (2004). Comparative analysis of masseter

fiber architecture in tree-gouging (Callithrix jacchus) and nongouging

(Saguinus oedipus) callitrichids. Journal of Morphology, 261(3), 276–285.
https://doi.org/10.1002/jmor.10249

Thorpe, S. K. S., Crompton, R. H., Gunther, M. M., Ker, R. F., &

McNeill, A. R. (1999). Dimensions and moment arms of the hind- and

forelimb muscles of common chimpanzees (Pan troglodytes). American

Journal of Physical Anthropology, 110(2), 179–199. https://doi.org/10.
1002/(SICI)1096-8644(199910)110:2<179::AID-AJPA5>3.0.CO;2-Z

van Daele, P. A. A. G., Herrel, A., & Adriaens, D. (2009). Biting performance

in teeth-digging African mole-rats (Fukomys, Bathyergidae, Rodentia).

Physiological and Biochemical Zoology, 82(1), 40–50. https://doi.org/
10.1086/594379

Warburton, N. M., Grégoire, L., Jacques, S., & Flandrin, C. (2013). Adapta-

tions for digging in the forelimb muscle anatomy of the southern

brown bandicoot (Isoodon obesulus) and bilby (Macrotis lagotis).

Australian Journal of Zoology, 61(5), 402–419. https://doi.org/10.

1071/ZO13086

Wells, J. B. (1965). Comparison of mechanical properties between slow

and fast mammalian muscles. The Journal of Physiology, 178(2),

252–269. https://doi.org/10.1113/jphysiol.1965.sp007626
Wickiewicz, T. L., Roy, R. R., Powell, P. L., & Edgerton, V. R. (1983). Muscle

architecture of the human lower limb. Clinical Orthopaedics and Related

Research, 179, 275–283.
Williams, S. B., Wilson, A. M., Rhodes, L., Andrews, J., & Payne, R. C.

(2008). Functional anatomy and muscle moment arms of the pelvic

limb of an elite sprinting athlete: The racing greyhound (Canis

familiaris). Journal of Anatomy, 213(4), 361–372. https://doi.org/10.
1111/j.1469-7580.2008.00961.x

Woledge, R. C., Curtin, N. A., & Homsher, E. (1985). Energetic aspects of

muscle contraction. Monographs of the Physiological Society, 41, 1–357.
Yang, Y., Wang, H., & Zhang, Z. (2015). Muscle architecture of the forelimb

of the golden pheasant (Chrysolophus pictus) (Aves: Phasianidae) and

its implications for functional capacity in flight. Avian Research, 6(1), 3.

https://doi.org/10.1186/s40657-015-0013-2

How to cite this article: Martin ML, Travouillon KJ,

Fleming PA, Warburton NM. Review of the methods used for

calculating physiological cross-sectional area for ecological

questions. Journal of Morphology. 2020;1–11. https://doi.org/

10.1002/jmor.21139

MARTIN ET AL. 11

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

https://doi.org/10.1111/j.1469-7580.2005.00420.x
https://doi.org/10.1002/ar.23719
https://doi.org/10.1002/ajpa.22811
https://doi.org/10.1098/rsos.181400
https://doi.org/10.1002/jmor.20178
https://doi.org/10.1007/s00435-017-0349-8
https://doi.org/10.1007/s00435-017-0349-8
https://doi.org/10.1186/s12859-017-1934-z
https://doi.org/10.1242/jeb.107128
https://doi.org/10.1002/jmor.1051730206
https://doi.org/10.1111/1365-2435.12522
https://doi.org/10.1111/1365-2435.12522
https://doi.org/10.1111/j.1365-2435.2010.01703.x
https://doi.org/10.1111/joa.12062
https://doi.org/10.1111/joa.12062
https://doi.org/10.1016/0021-9290(91)90361-P
https://doi.org/10.1016/0021-9290(91)90361-P
https://doi.org/10.1371/journal.pone.0130985
https://doi.org/10.1002/cne.23741
https://doi.org/10.1002/cne.23741
http://doi.org/10.1111/joa.12005
https://doi.org/10.1002/ar.21122
https://doi.org/10.1073/pnas.0808730106
https://doi.org/10.1093/iob/oby010
https://doi.org/10.1093/iob/oby010
https://doi.org/10.1002/jmor.10249
https://doi.org/10.1002/(SICI)1096-8644(199910)110:2%3C179::AID-AJPA5%3E3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1096-8644(199910)110:2%3C179::AID-AJPA5%3E3.0.CO;2-Z
https://doi.org/10.1086/594379
https://doi.org/10.1086/594379
https://doi.org/10.1071/ZO13086
https://doi.org/10.1071/ZO13086
https://doi.org/10.1113/jphysiol.1965.sp007626
https://doi.org/10.1111/j.1469-7580.2008.00961.x
https://doi.org/10.1111/j.1469-7580.2008.00961.x
https://doi.org/10.1186/s40657-015-0013-2
https://doi.org/10.1002/jmor.21139
https://doi.org/10.1002/jmor.21139


Discuss the theories behind physiological cross-sectional areas (PCSA) in a synthesised review that

researchers can reference to make their own decisions on PCSA methodology.
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