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Abstract

There is no current method that can directly measure in-vivo human motor unit recruitment and their
individual incremental contributions to muscle contractile velocity, force and power. The purpose of
this research was to 1) acquire previously published data of single fibre contractile velocity, force and
power for the different skeletal muscle fibre types, corrected for muscle temperature, 2) develop a
computational model of motor unit recruitment spanning the 5 fibre type categories (types I, I-Ila, Ila,
IIab, and IIb) and four different slow to fast twitch proportions (80-20, 60-40, 40-60, 20-80% ST-FT,
respectively), and 3) use the model to compute changes in motor unit contributions to contractile
velocity, force and power. The order of motor unit recruitment was based upon motor unit size and
ranged from 85 (type-I) to 207 (type IIb) fibres-unit™'. The total number of motor units across the four
categories were 3,582, 3,308, 3,041, and 2,757, respectively. Data for 20 vs 100% recruitment for
contractile velocity of the 80-20% ST-FT were 0.055 vs 0.09 m-s™, respectively, and for 20-80% ST-
FT were 0.0589 vs 0.1569 m-s™', respectively. Contractile force data were 28.065 vs 202.01 N, and
28.065 vs 248.14 N, respectively. Contractile power data were 1.545 vs 18.136 Watts, and 1.421 vs
38.957 Watts, respectively. The model succeeded in transferring data from single muscle fibre to
motor unit and whole muscle contraction kinematics. Such modelling has future applications to the
energetics of muscle contraction at the motor unit and muscle fibre level, and for guiding robotic

replication of human muscle contractile function.
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Introduction

Skeletal muscle is a highly organized tissue, where the entire muscle is divided into structural and
functional divisions. For example, the largest muscle of the thigh, the vastus lateralis, can have up to
405,000 muscle fibres (1). These muscle fibres are functionally organized into motor units, where
each motor unit could comprise between tens to hundreds of muscle fibres, each connected to the
central nervous system by the divergence of their motor nerve. Consequently, a motor unit is
characterised by morphological and functional features of the motor nerve, neuromuscular junctions,

and the contractile and metabolic properties of the skeletal muscle fibres it innervates.

During muscle contraction, each of the motor units that are recruited contract maximally according to
the “All Or Nothing” principle so that the number and type of motor units recruited dictates the
overall muscle metabolic and contractile profile. Furthermore, as best as can be inferred from early
animal research, human motor units are recruited in a sequenced order based on the size of the motor
nerve cell body, nerve axon, number of muscle fibres per unit, and contractile and metabolic
capacities of the muscle fibres (Size Principle), where the smallest motor units (slow twitch) are

recruited first, followed by the added recruitment of progressively larger fast twitch motor units (2).

Despite this well-known morphological and functional detail, for years, human skeletal muscle has
been represented in models for biochemical studies and muscle kinematics and kinetics as a
homogenous “Black Box™ (3-6). In other words, there was no recognition of the differences in
contribution of different motor units to the mechanical or biochemical processes involved during
muscle contractions. An illustrative representation of such a “Black Box” model has been developed

and is presented in Figure 1.
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Figure 1: A devised “Black Box” model that has been consistently used to represent skeletal
muscle in multiple research methods and data interpretations such as in-vitro animal models,
human and animal muscle biopsy, the Fick Equation, human limb and whole-body
investigations of physiology and metabolic biochemistry, and past models of progressively
increasing skeletal muscle contractile force.

The “Black Box” model only allows a research-driven understanding of muscle function that
conforms to entire muscle contraction independent of isolated contributions of progressively changing
motor unit recruitment of motor units that differ in contractile function (force, velocity, and power)
and the metabolic energy systems that support these functions. This reinforces a view of skeletal
muscle function to be that of the muscle as a single unit, whereas as previously explained, skeletal
muscle functions by the ordered involvement (recruitment) of thousands of motor units that can have
remarkably different contractile and metabolic capacities. The sustained use of the “Black Box”
model prevents original investigation and new discovery of the more complex features inherent in
skeletal muscle contraction that could have very different determinants to overall muscle power

production and cellular driven metabolism.

There are numerous methods to differentiate the muscle fibres of different motor unit categories.
Following the discovery of contraction speed correlating with the adenosine triphosphatase (ATPase)
activity of the muscle’s myosin, histochemical staining by Brooke and Kaiser (7) allowed grouping of
these fibres as type I (“slow-twitch”) and types Ila (“fast twitch oxidative”), and IIb (“fast-twitch

glycolytic”). Further developments to muscle fibre type categorization have been made based on the



myosin heavy chain (MHC) isoform composition. This was done through electrophoretic separation

of the MHCs, identifying hybrids and broadening the spectrum of fibre types that exist (8). In a study

by Bottinelli et al. (9) of the force-velocity properties of different categories of muscle fibres, myosin

heavy chain isoforms chosen to best represent the fibres of this “spectrum” included the myosin

expressions of type [, I-1la, Ila, I1ab, and IIb. Of these categorise, type I and I-Ila were considered

“slow-twitch”, and type Ila, Ilab, and IIb were considered “fast-twitch”. Table 1 identifies the

differences in mechanical parameters of each fibre type.

Table 1: Myosin heavy chain fibre types and their comparative features from derived data (4).
Type I Type I-Ila Type Ila Type I1ab Type IIb

Maximum 0.264£0.089 | 0.521+0.149 | 1.121£0.361 | 2.139+0.453 | 2.418 £ 1.497
shortening velocity
(sL-s™)
Force-velocity 0.032+0.024 | 0.030+0.017 | 0.063+0.029 | 0.060+0.016 | 0.072+0.035
relationship (no
units)
Specific tension 43.77+21.90 | 5097 +14.78 | 60.64 +£34.86 | 64.73+14.48 | 61.84+14.49
(kN-m’)
Cross-sectional 9278 + 3496 8569 + 3211 7922 + 2845 5492 + 1167 6294 + 2159
Area (um?)

(sL-s™" = fibre segment length per second); data collected at a temperature of 12 °C.

While there have been numerous efforts to model human skeletal muscle contractile function and its

related metabolic and kinematic functions, with all scrutinized by Hawkins and Hull (10), all were

completed pre-1990 and as such not fully informed by differences in the contractile performance

of

the varied muscle fibre types or the fibre and motor unit numbers of a human muscle (1,11-15). From

a historical perspective, the same concerns have and continue to be pertinent to the model of muscle

contractile force production first published in 1938 by Hill (6). Such a model has been refined to
current time yet is constrained by how it is based on whole muscle function and as such has poor

generalizability to in-vivo muscle contraction, which as previously explained, is based on the

sequential and ordered recruitment of motor units. Nevertheless, there are some more recent notable

efforts of modelling muscle contraction that are worth mentioning.




Hawkins and Hull (10) used electromyographic and muscle force data of the triceps brachii to
estimate muscle fibre recruitment of established proportions of three fibre types (type I, Ila and IIb)
and assumed fibre pennation angles. The model was relatively accurate in estimating the actual force,
though this was to be expected considering that the muscle activation variable of their equation was
largely based on the actual measured forces of the experimental data used. In other words, they used
measured force and EMG data as variables in their modelling to estimate contractile force from EMG

measured measurements during added contractile efforts at 10% increments (10 - 100%).

Cheng et al. (4) developed a computational method (Virtual Muscle™ built in MATLAB) to ascertain
the influence of muscle properties on the control of motor function. A component of this model was
the presence of four compartments of muscle based on their fibre type, and where each were
differentiated by the firing frequency associated with 50% recruitment. The firing frequency was
presented as a linear function across the four compartments, which represented different slow to fast
twitch muscle fibre categories. Song et al. (16) expanded on the operation of the Virtual Muscle, yet
computation of resulting forces and power were not motor unit specific. Rather, multiple motor units
of a similar type were combined into a total motor unit pool, and this composite was linearly

controlled in recruitment.

Finally, Potvin and Fuglevand (17) investigated muscle contractile fatigue through the development of
a phenomenological model of motor unit fatigue during isometric contractions. The model used a
prior model of muscle motor unit pools (18) to estimate contraction times to failure during isometric
contractions across different contraction forces (% MVC). Thus, the focus of the research was not on
the quantification or pattern of changes for the contribution of the different motor units to contractile
force, but in the time dependent profile of the force production for muscle of different % motor unit

type proportions.

While some of the prior models did focus on comparing results for theoretical muscles of different
motor unit proportions, none provided clear computational methods and related results for applying
known muscle fibre contractile force and power of the different fibre types, in addition to the
influence of different motor unit recruitment capacities to gross muscle force and power. It was
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hypothesized that if a new model was developed to adhere to the realities of the All or None and Size
principles of muscle contraction and motor unit recruitment, along with understanding the different
mechanical properties of the muscle fibres of the different motor units, there could be new knowledge
gained for how the different fibre types contribute to muscle contractile force and power. This has
further relevance to future additions to the model for physiological and biochemical functions and
measurements such as ATP turnover, oxygen consumption (VO), carbon dioxide production (VCO,)
and metabolite production and accumulation such as lactate and protons (H"). Such information would
also be able to develop improved understanding of transitions between lipid to carbohydrate

catabolism, and from steady state to non-steady state exercise.

Therefore, the purpose of this study was to develop a new model to quantify the motor unit by motor
unit increments that occur for measures of whole muscle kinetics and kinematics. More specifically,
the model would compute the motor unit by motor unit incremental changes in contractile velocity,
force, and power with increasing motor unit recruitment, and repeat this across four different

categories of motor unit genetic expression.
Methods

A possible explanation for the sustained reliance on the “Black Box” model of muscle contraction in
physiological and biochemical research, which remains to current times, is that there remains no
methodology available to directly measure changes in motor unit recruitment within in-vitro animal
models, or in-vivo human models of muscle contraction. This prevents knowledge of when motor unit
recruitment transitions across different motor unit categories, and how each recruited motor unit
contributes to contractile velocity, force, and power. Consequently, the initial phase of this research
was to develop illustrative versions of the “Black Box” model (Figure 1) and a newly developed
motor unit derived model of muscle contractile force and power (Figure 2).

The initial stage of the methods and model development was to read past research of human single
skeletal muscle fibre contractile and metabolic function, and fibre type categorization using myosin
heavy chain electrophoresis. Based on this work, the main human muscle used in this research was the

vastus lateralis (1,15,19-23).
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Figure 2: New model of the proposed representation for the development of contractile force,
power, and velocity with increasing exercise intensity. Unlike the previous “Black Box” model,
this accounts for the progressive motor unit recruitment controlling and determining the
characteristics of muscle contraction.

Data for the size of this muscle and therefore the number and size of the muscle fibres was obtained
from Lexell et al. (1) based on the dissection of entire vastus lateralis muscles from 5 cadavers of
previously healthy and active young men. This work revealed an approximate number of muscle
fibres of the vastus lateralis being 405,000. For the development of further data required for the
model, this number differed slightly for each condition of motor unit expression due to accounting for
a near normal distribution of the variability in motor unit sizes and fibre contractile function as
explained in the next section. The muscle fibre typing based on ATPase histochemistry and myosin
heavy chain expression was derived from the data and cited research presented in Table 1
(9,11,12,23,24). Slow twitch motor units were defined as comprising I and I-Ila categories (25), and

the remainder were defined as fast twitch motor units.

To compute and model the contractile function and metabolism of the vastus lateralis there was a need
to establish the fibre numbers per motor unit for each fibre type category. As there is no evidence of
these values from research of human muscle, these were assumed to be 100, 120, 140, 160 and 180

fibres-unit™ for the previously explained and reported (Table 1 and 2) sequence, respectively.



Based on the research of Bottinelli et al. (9) and Bottinelli (11), there is variability within the
contractile and metabolic parameters of each of the fibre types. This was assumed to represent a near
normal distribution having a range spanning £15% of the mean (Figure 3). This distribution was

applied to the motor unit muscle fibres and force variables for computations within the model.

0.150~ moan

0.125+
0.100- "
0.075-

0.050

Distribution Fraction

0.025

0.000 T 1 T T T T —
-16 -12 -8 -4 0 4 8 12 16

Distribution Range (%)

Figure 3: Visual representation of the near normal distribution fractional values for £15% of
the distribution range of motor unit size (fibres-unit™). See Methods for further details.

Single fibre muscle contractile force from the vastus lateralis were initially derived from the data of
Bottinelli et al. (9). However, subsequent calculations within the model revealed errors in this data as
calculations of whole muscle contractile force and power were too high compared to reasonable
estimates of force generation from one muscle. Consequently, data from other studies were obtained.
The results from Krivickas et al. (12) were retrieved and inserted into the initial spreadsheet program
for calculations. The methodology of Bottinelli et al. (9) and Krivickas et al. (12) were similar in that
they quantified single fibre contractile force during isotonic contractions and expressed force relative
to the peak isometric force at 12 °C. This data was temperature corrected to 21 °C by a factor of 2,
which was the highest temperature able to be researched prior to instability in the muscle fibre
preparations (9,12). Furthermore, Bottinelli reported no further increases in contractile force for

temperature increases above 15 °C (9). Temperature corrected contractile force data from Krivickas et



al. (12) produced more reasonable results based on comparisons to in-vivo quadriceps contractile
force. However, Krivickas et al. (12) only studied single fibre contractile properties for type I and Ila
muscle fibres. To provide a range of contractile force data across the five categories of motor units,
increments in force were applied based on the relative force range of the data from Bottinelli et al. (9).
This resulted in the data presented in Table 2 based on an increment in relative force of 0.15 per unit

category from type I (factor of 1) to IIb fibres (factor of 1.6).

Table 2: Variables retrieved and calculated from prior research for contractile features of motor
unit types (see text).

Type Fibres Force Velocity | Shortening” | Time (s) | Power Power”
#unit") | mN) | (mm-s?) (mm) (Nm-s™') | (Nm-cont’n™)

I 100 0.4388 58.41 27.5 0.471 2.53E-5 5.38E-5

I-IIa 120 0.5046 117.56 27.5 0.234 5.93E-5 2.54E-4

IIa 140 0.5704 132.30 27.5 0.208 7.55E-5 3.63E-4

IIab 160 0.6362 172.47 27.5 0.160 1.10E-4 6.88E-4

IIb 180 0.7020 236.97 27.5 0.116 1.66E-4 1.43E-3

“per contraction duration and distance; force, velocity, time and power data are corrected for muscle
temperature from 12 to 21 °C (see text)

Computational Features Of The LabVIEW Program

The contractile features of the vastus lateralis for different intensities and therefore motor unit
recruitment was computed through custom developed software (LabVIEW, National Instruments,
Austin, Texas USA). A flow diagram of the features involved in the development of the

computational model is presented in Figure 4.
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Figure 4: Visual representation of a thematic summary of the LabVIEW programming of the
computational model.

The development of the computational model during programming was completed in two phases.
Phase 1 involved the application of pertinent data from Tables 1 and 2 (fibres per unit, contractile
velocity, contractile force, and contractile power) for each of the five motor unit categories identified
by Bottinelli et al. (9) and later modified by the data of Krivickas et al. (12). The motor unit sizes
across the five categories were assumed to be 100, 120, 140, 160, and 180 fibres-unit™, respectively.
The +15% distribution range (Figure 3) was applied to motor unit size, fibre contractile force, and
fibre contractile velocity based on a 21-point data range, and data were organized in a commercial
spreadsheet program (Microsoft Excel™, 2022). Computations were completed based on data
adhering to results for total muscle fibres being as close as possible to the total muscle fibres of the
vastus lateralis (405,000) as presented in Table 3. It was impossible to have this total muscle fibre
value be a constant due to the constraints imposed by the computed numbers of motor units within the
+15% range and for conditions of genetic expression of slow to fast twitch motor units being 80-20,
60-40, 40-60, and 20-80%, respectively. An example of these preliminary data sets is presented in

Table 4 for the muscle fibres of type I motor units for the 80-20% ST-FT.
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Table 3: Morphological and bioenergetic features of the vastus lateralis.

Variables Data Source(s)
Total muscle fibres 405,000 25

Fibre length (mm) 83 21
Fractional contraction shortening 0.2989 21
Absolute contraction shortening (mm) 27.5 21

Fibre diameter (um) 95 3,4,17, 30
Fibre cross sectional area (um?) 5,000 3,4,17,30
Fibre angle (*) 18 21

In-vivo efficiency of free energy transfer (fractional) 0.4 19

Phase 1 Mathematical Computations

The spreadsheet data sets of the distributions of motor unit types for specific genetic expressions of ST
to FT proportions that were imported into the model initially involved a computation for determining
the numeric distribution of muscle fibres-motor unit! (fMU) based on a +£15% range from the pre-
determined mean (mFU) spanning a 21-point distribution (Table 4). The computation is presented in

Equation 1 and was applied to each 21 numeric constants (k) (0-20).

(2 % 0.15) * mFU
fMU = mFU — ((mFU*O.15)+<k* 20 ))

Equation 1

Equation 1 was then applied to the fractional distribution resulting from Figure 3 to calculate the real
fibre numbers per motor unit (nMU) based on the product of the fraction coefficient (f') and total motor
units (totMU) for each of the 21-point distribution as shown in Equation 2.

nMU = f x totMU

Equation 2

The total fibres from each motor unit variant (totF) was calculated by the product of fMU and nMU

as shown in Equation 3.
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totF = fMU * nMU

Equation 3

Once the total motor unit and fibres-motor unit’ numbers were known across the 21-point +15%
distribution, calculations of fibre and motor unit forces, velocities and powers could be calculated based
on known data (constants) for these variables from the prior research of single muscle fibres from each

fibre type (motor unit) category.

Force per muscle fibre (F) was calculated by simply replacing the mFU of Equation 1 with the force

constant (k) expressed as milli-Newtons (mN) as shown in Equation 4.

F=kp— ((kF * 0.15) + (k * %))

Equation 4
The same principle of the F per muscle fibre calculation modification of Equation 1 was applied to

velocity (v; mm-s™) using the velocity constant (k,,) as shown in Equation 5.

—k ko 0.15) + (oo 22 01D "k
v="k,— [ (ky,*0. )+< *T>

Equation 5
Power per muscle fibre (P) was calculated by the product of F and v, further corrected to Nm-s' as

shown in Equation 6.

Fxv
p=F*v) 1,000,000

Equation 6

The muscle fibre F and P data needed to be converted to cumulative values representing the motor unit
based on the number of muscle fibres per motor unit numbers in each of the 21-point distributions
conditions. This was a simple computation for cumulative motor unit F (F,,,,) based on the product of
previously calculated data. For F,,,, this was the product of fMU, nMU and F as shown in Equation 7.
Fpu = fMU *nMU * F

Equation 7
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A similar computation for cumulative P (P,) was based on the product of v and F, as shown in Equation

8.
P.=v+*F,
Equation 8

These calculations were repeated across the different fibre types (motor units) for each of the four
genetic expression categories within the spreadsheet program. Once again, see Table 4 for a data set

example.
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Table 4: The preliminary data sets for the muscle fibres of type I motor units for the 80-20% ST-FT. * calculated from the sum of cumF x Vel

(accounts for the number of real motor units).

Fibre Power

fibres real # Force Vel (Nm-s™) cPower

I units = # | #/unit Fraction units | Fibres # (mN) (mm-s™) cF (mN) (Nm-s™)
2272 0 85 0.00500 11 966 0.3730 49.65 0.000018518 | 360.15 0.017880882
Fibres/unit= 1 87 0.0075 17 1474 0.3796 50.52 0.000019177 | 559.46 0.028266481
100 2 88 0.01 23 1999 0.3861 51.40 0.000019848 | 772.04 0.039683518
Half range % 3 90 0.015 34 3050 0.3927 52.28 0.000020531 1197.88 0.062621363
15 4 91 0.0225 51 4652 0.3993 53.15 0.000021224 1857.55 0.098734481
5 93 0.03 68 6305 0.4059 54.03 0.000021930 | 2559.06 0.138263837
Tot Fibres = 6 94 0.0475 108 10144 0.4125 54.91 0.000022647 | 4184.31 0.229741431
227208.52 7 96 0.075 170 16273 0.4191 55.78 0.000023375 | 6819.35 0.380393888
8 97 0.105 239 23140 0.4256 56.66 0.000024116 | 9849.35 0.558041701
Unit Factor 9 99 0.12 273 26855 0.4322 57.53 0.000024867 11607.23 | 0.667808726
2272 10 | 100 0.125 284 28400 0.4388 58.41 0.000025630 | 12461.92 | 0.727900747
11 | 102 0.12 273 27673 0.4454 59.29 0.000026405 12325.04 | 0.730704068
Vel (mm-s™) 12 | 103 0.105 239 24572 0.4520 60.16 0.000027191 11105.51 [ 0.668133312
58.41 13 | 105 0.075 170 17807 0.4585 61.04 0.000027989 | 8165.24 0.498393405
14 | 106 0.0475 108 11440 0.4651 61.91 0.000028798 | 5320.84 0.329437746
Force (mN) 15 | 108 0.03 68 7327 0.4717 62.79 0.000029619 | 3456.31 0.217024518
0.4386 16 | 109 0.0225 51 5572 0.4783 63.67 0.000030451 2665.08 0.169677464
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17 [ 111 0.015 34 3766 0.4849 64.54 0.000031295 1825.96 0.117852892
18 [ 112 0.01 23 2545 0.4915 65.42 0.000032151 1250.58 0.081811851
19 (114 0.0075 17 1943 0.4980 66.30 0.000033018 967.47 0.064138676
20 [ 115 0.005 11 1306 0.5046 67.17 0.000033896 | 659.24 0.044281842
Mean 100.02 0.4388 58.41 0.000025842
Sum 1.0 2272 227,209 99969.57 | 5.871
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Phase 2 Mathematical Computations

Phase 2 involved the importing of the data sets into LabVIEW™ (National Instruments, Austin, TX) as
summarized in Figure 4. The following simple mathematical procedures then occurred based on user

operation and selection. A detailed description and the related equations follow.

The data sets for all motor unit categories of each percent expression of slow to fast twitch motor units
were entered into the computational program from which further programming features directed future
computations. As the progression of motor unit size increased from type I through to type Ilb, data for
each motor unit type was collated in sequential rows of a two-dimensional data array. This was

completed separately for each genetic expression of slow to fast twitch motor units.

Each two-dimensional data array was then compiled to account for the changing motor unit sizes
across the +15% distribution range within each motor unit category. For example (see Table 4), the
initial motor unit of the type I category (which would be the first recruited in all contractions of the
vastus lateralis) had 85 fibres-unit”, a distribution representation of 0.005, which equated to 11 of the
2272 type I motor units within the 80-20% genetic expression of slow to fast twitch motor units, and
represented 966 muscle fibres that each had a force of 0.373 mN, a contractile velocity of 49.65 mm-s
"and a power of 1.8518 Nm-s"-E~. Based on the summed force of all the type-I motor units
contracting at an average velocity across the motor units, summed power equated to 5.871 Nm-s™ (1
Nm-s™' = 1 Watt). To ensure the ability to model the recruitment of individual motor units the
programming of the compilation used the number of motor units of a given fibres-unit'size to
duplicate the contractile force and velocity data of each data array row entry. This had to be repeated
for the 21 levels of the near normal distribution for all motor unit categories and genetic expressions.

The end-result was a data array where each row represented a different motor unit.

The overlap of motor unit recruitment between motor unit categories required added custom software

to identify the type of motor unit that was recruited in the sequential order. This first required the
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insertion of numeric labels for each motor unit category for every row of the total muscle motor units
of the vastus lateralis, as follows; 1=I, 2=I-Ila, 3=Ila, 4=Ilab, and 5=IIb. This labelling column of the
array was then used to programmatically sequence and count the number of motor units recruited
from all categories for increments in recruitment of 20, 40, 60, 80, 100%. The final variables
calculated for the partial recruitment conditions were the number of motor units recruited and the
percent recruitment for all motor unit categories across each of the four genetic expressions of muscle

motor unit proportions for the previous increments in motor unit recruitment.

The sequential recruitment of motor units was calculated for each individual increment in motor unit
recruitment, which then enabled specific conditions of % motor unit recruitment as explained above.
The average of all recruited motor unit contractile velocities for each recruitment condition was used

to quantify final contractile velocity, force and power for the muscle contraction, as described next.

For velocity, each motor unit row was incrementally summed (vg) then averaged, where each row was
an average of the rows prior and inclusive of the current row, where the averaged velocity represented

the contractile velocity of the total incremental motor unit pool.

Q. om)

Umean -

Equation 9

For force, each motor unit was sequentially summed, row by row producing an equal row number of
incremental summed F,,,, data (F;;Equation 10), which in turn was repeated for each of the four

percent slow to fast twitch genetic expressions.

n
K= 2 (:)qu
k=n+1

Equation 10
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For power (P), F was converted from mN to N, and v was converted from mm-s™ to m-s™'. Power
(Nm-s™) was then the simple product of each incremental row of F; and V04, (P;;Equation 11),
which in turn was repeated for each of the four percent slow to fast twitch genetic expressions.
n
n
b= 2 (k) (Fs X Vmean)
k=n+1

Equation 11

Final data for velocity, force and power were each saved in separate .txt files representing the

incremental changes across the motor units based on recruitment determined by motor unit size.

Data Processing

To present the data for the change in force, velocity, and power for sequential motor unit recruitment
of vastus lateralis, non-linear curve fitting was employed (GraphPad Prism version 8.0.0 for
Windows, GraphPad Software, San Diego, California USA) as follows: For contractile force; 20-80 =
polynomial 2™ order; 40-60 = polynomial 3" order; 60-40 = polynomial 4" order; 80-20 = polynomial
5™ order. For contractile power; 20-80 = polynomial 3™ order; 40-60 = polynomial 4™ order; 60-40 =
polynomial 5™ order; 80-20 = polynomial 6™ order. For velocity the resulting data profile was too

complex for curve fitting and data were left as a sequence of data points.

Results

In addition to the data retrieved from prior research (Tables 1 and 2) as explained in Methods, an
example of the added data used within the programming of the model were presented in Table 4. Such
data were also calculated for the added four motor unit categories, and all repeated for the added
motor unit expressions of 60-40, 40-60, and 20-80 ST-FT%. Thus, this preliminary data that was used
within the model amounted to 5 data sets of 11 columns and 21 rows of data for each of the 4 ST-

FT% motor unit expressions. This equated to 4,620 data points.
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Data resulting from the model for each motor unit type of each motor unit proportionality category are
presented in Tables 5-8. Total fibres for the vastus lateralis differed slightly for each proportionality
category due to constraints caused by the different fibres per unit features across the motor unit
categories. Best efforts were adhered to in developing this data to keep these numbers as close as
possible to 405,000. This variability is also seen in the total percent results for each expression of

motor unit proportionality.
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Table 5: Data Development for 80-20 Proportionality
Type | Mean Fibre Unit Total Fibres | % Total | % Type | Total Total %
Number-unit’ | Number Fibres
ST I 100 2270 227562 56 69.79
I-IIa 120 821 98520 24 30.21 326082 80.33
FT IIa 140 170 24102 6 30.19
ITab 160 95 15040 4 18.84
IIb 180 226 40687 10 50.97 79829 19.67
SUM 3582 405911 100 100
Table 6: Data Development for 60-40 Proportionality
Type | Mean Fibre Unit Total Fibres | % Total | % Type | Total Total %
Number-unit’ | Number Fibres
ST I 100 1716 172025 42 70.60
I-I1a 120 597 71640 18 29.40 243665 60.10
FT IIa 140 359 50300 12 31.10
IIab 160 151 24160 6 14.94
IIb 180 485 87300 22 53.97 161760 39.90
SUM 3308 405425 100 100
Table 7: Data Development for 40-60 Proportionality
Type | Mean Fibre Unit Total Fibres | % Total | % Type | Total Total %
Number-unit’ | Number Fibres
ST I 100 1136 113600 28 69.78
I-IIa 120 412 49200 12 30.22 162800 40.30
FT IIa 140 542 75580 19 31.34
ITab 160 279 44640 11 18.51
IIb 180 672 120960 30 50.15 241180 59.70
SUM 3041 403980 100 100
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Table 8: Data Development for 20-80 Proportionality

Type | Mean Fibre Unit Total Fibres | % Total | % Type | Total Total %
Number-unit’ | Number Fibres
ST I 100 562 56200 14 69.04
I-I1a 120 210 25200 6 30.96 81400 20.15
FT IIa 140 680 95200 24 29.51
IIab 160 375 60000 15 18.60
IIb 180 930 167400 41 51.89 322600 79.85
SUM 2757 404000 100 100

The change in contractile force, velocity, and power with sequential increases in motor unit

recruitment, for each of the four expressions of motor unit proportions, are presented in Figures

5a,b,c. Note that the total number of motor units differed between the motor unit expression

categories due to the near constant total number of muscle fibres and the larger number of muscle

fibres per unit as you progress from Type I to Type IIb.
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Fig. 5: Stack plot of the results from the model for the sequential motor unit recruitment across
the entire motor unit pool of the vastus lateralis. a) Contractile Force, b) Contractile Velocity, c)
Contractile Power. Note the motor unit proportion categories represented by the different lines

(see Figure a legend).
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Table 9: The total and individual motor unit type recruitment for the different proportion conditions, and their relative recruitment in increments of

20%.

Recruited Units I I-IIa Ila IIab IIb Velocit | Force | Power
Proporti # | % | Fibre | # % | Fibres | # % | Fibres | # | % | Fibres % | Fibres % | Fibres | m-s™ N Watts
on s
20% recruitment
80-20 717 1 20 | 67733 | 717 [ 31.5 | 67733 | O 0 0 0] 0 0 0 0 0 0 0.055 | 28.065 | 1.545
60-40 662 [ 20 | 63065 | 662 | 38.5 | 63065 | O 0 0 0] 0 0 0 0 0 0 0.0554 | 26.334 | 1.461
40-60 608 [ 20 | 58662 | 608 | 53.5 | 58662 | O 0 0 0] 0 0 0 0 0 0 0.0562 | 24.805 | 1.394
20-80 5511 20 | 55038 | 541 [ 96.2 | 53977 | 10 | 47 | 1061 [ O | O 0 0 0 0 0 0.0589 | 24.103 | 1.421
40% recruitment
80-20 143 | 40 | 13936 | 143 | 63.1 [ 13936 | O 0 0 0] 0 0 0 0 0 0 0.056 | 59.400 | 3.365
60-40 132 40 | 12994 | 132 | 76.9 | 12963 | 3 | 05 306 0] 0 0 0 0 0 0 0.0573 | 55.953 | 3.207
40-60 121 | 40 | 12279 [ 113 | 100 | 11388 | 80 [ 19. | 8915 | 0 [ O 0 0 0 0 0 0.0617 | 54.286 | 3.351
20-80 110 | 40 | 12588 | 562 | 100 | 56335 | 210 | 100 | 25200 | 32 | 48. | 43668 1.3 686 0 0 0.0902 | 61.826 | 5.583
N0/ snnmmsiérnndt
80-20 215 60 | 21410 [ 212 1 93.3 [ 21093 | 30 [ 3.6 | 3164 | O [ O 0 0 0 0 0 0.059 [ 93.467 | 5.477
60-40 198 | 60 20286 | 171 | 100 | 17202 | 267 | 44. | 30599 [ 2 | 0.5 238 0 0 0 0 0.0657 | 90.592 | 5.953
40-60 182 [ 60 | 20038 | 113 | 100 | 11388 | 410 | 100 | 49200 |27 | 50. | 36888 1.0 412 0 0 0.0822 | 95471 | 7.848




20-80 165 | 60 [ 20785 [ 562 [ 100 | 56335 [ 210 [ 100 | 25200 | 67 | 99. | 94317 | 18 | 49. | 28723 | 21 [2.25| 3279 | 0.110 | 110.99 | 12.210
80% recruitment

80-20 286 | 80 [ 29742 [ 227 [ 100 | 22756 [ 592 | 72. | 69378 | 4 | 2.3 486 0] 0 0 0 0 0 0.070 | 134.62 | 9.441
60-40 264 | 80 [ 22535 171 | 100 | 17202 | 597 [ 100 | 7164 |32] 90. | 44888 | 9 [ 59 1280 0 0 0 0.0809 | 138.05 | 11.178
40-60 243 | 80 (29388 | 113 | 100 | 11388 | 410 | 100 | 49200 (54| 100 | 75896 | 25 | 89. | 39747 | 92 | 13.6 [ 15163 | 0.1024 | 153.24 | 15.702
20-80 220 | 80 | 30162 [ 562 [ 100 | 56335 | 210 [ 100 | 25200 | 67 | 100 | 94800 | 36 [ 97. | 58370 | 39 | 41.8 | 66917 | 0.1352 [ 173.66 | 23.379
100% recruitment

80-20 358 | 10 | 40591 | 227 | 100 | 22756 | 821 | 100 [ 98520 | 17 | 100 [ 24102 [ 94 [ 100 [ 15040 | 22 | 100 | 40687 [ 0.090 [ 202.01 [ 18.136
60-40 330 | 10 | 40541 | 171 | 100 | 17202 | 597 | 100 [ 7164 |35] 100 [ 50271 | 15 [ 100 [ 24160 | 48 | 100 | 87315 | 0.1085 [ 217.57 | 23.607
40-60 303 | 10 | 40459 | 113 | 100 | 11388 | 410 | 100 [ 49200 | 54 | 100 [ 75896 | 27 [ 100 [ 44640 | 67 | 100 | 12098 | 0.1295 [ 232.04 | 30.059
20-80 275 | 10 | 40412 [ 562 [ 100 | 56335 | 210 | 100 | 25200 | 67 | 100 | 94800 | 37 [ 100 [ 60000 [ 93 | 100 | 16778 | 0.1569 [ 248.14 | 38.957
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Data for the progressive sequential motor unit recruitment from the different motor unit categories for
20% increments in motor unit recruitment are presented in Table 9, along with resulting data for
contractile force, power, and velocity. As with the complete data presented in Figure 5a,b,c, note the
non-linear increase in force, power, and velocity with increases in motor unit recruitment, and for

increased fast twitch motor unit proportionality.

Discussion
Overview

This study proposed and developed a model for the influence of the size principle of progressive
motor unit recruitment on the development of contractile velocity, force, and power of the human
vastus lateralis muscle. Prior to this study, a simple “Black Box™ model (entire and homogenous
muscle contractile function) of muscle contractile function has remained the sole conceptual
foundation for understanding the biochemistry and mechanics of force generation in skeletal muscle.
Textbooks of Medical Physiology are a prime example, where the most widely used resource
continues to refer to skeletal muscle contraction in the context of a whole muscle and not the
sequential recruitment of individual motor units based on the “Size” and “All Or None” principles

(26).

Of added concern is that scientific progress on this topic remains constrained due to the inability to
measure motor unit recruitment in humans during exercise and isolate contributions from the muscle
fibres of these motor units to contractile force, velocity, and power. The results of this study revealed
that the modelling of individual motor unit contributions to contractile function in a single muscle
(vastus lateralis) can be accomplished using data from prior research of single skeletal muscle fibre
physiology. Added results revealed that the profiles of contractile velocity, force, and power are non-
linear across the range of motor unit recruitment. Such non-linearity is explained by the progressive
increase in motor unit size (fibres-unit™') and the related increases in force increment with increasing

fast twitch motor unit recruitment.
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These findings are interesting based on their extension to interpretations from prior research that is
largely constrained by the small sampling of skeletal muscle through muscle biopsy, and the related
methodology involving histological staining and/or myosin heavy-chain composition. How the results
from this study both support and extend this prior research will be the focus of the rest of the

discussion.
Brief History Of The Development of the Size Principle of Motor Unit Recruitment

In 1938, Denny-Brown and Pennybacker (27) observed the orderly recruitment of skeletal muscle
motor units (cumulative activation) and in 1957 Henneman (28) proposed a “Size Principle"
mechanism of motor unit recruitment. The word “size” in this context was defined as the cumulative

surface area of the motor neuron soma and its dendrites. This early definition by Henneman stated:

“The amount of excitatory input required to discharge a motoneuron, the energy it transmits as
impulses, the number of fibres it supplies, the contractile properties of the motor unit it innervates, its
mean rate of firing and even its rate of protein synthesis are all closely correlated with its size. This

29

set of experimental facts and interrelations has been called the ‘size principle’.

Further studies have justified inclusions to the parameters of the size principle, such as muscle fibre
conduction velocity identified by Andreassen and Arendt-Nielsen (29) being consistent with gradual
recruitment of larger motor units with larger twitch tension and higher muscle fibre conduction
velocity. Similar results for the cat gastrocnemius muscle were reported earlier by Burke and Tsairis
(30). Continued research has studied and challenged the validity of the size principle (31-35) yet it has
remained one of the most fundamental principles in the organisation of motor unit behaviour to

current time (36).

As there were no prior data on the nerve soma characteristics of human motor units, we had to base
differences in motor unit size solely on the number of muscle fibres per unit. Given that these
numbers are unknown for human skeletal muscle we assumed differences in fibres per unit ranging
from means of 100 to 180 fibres-unit"'. As shown in Figure 5a-c, the results indicated a curvilinear

increase in contractile force and power with increases in motor unit recruitment. With a larger number
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of muscle fibres per motor unit in the fast twitch categories, this result was anticipated. Data of the
progressive recruitment in 20% increments for the different proportions of the different motor unit
types is presented in Table 9. The data of Table 9 are important because they show the gradual
increase in the motor unit categories with 20% increments in recruited motor units for the four
different relative expressions of slow twitch to fast twitch categories. For example, note the delayed
recruitment of fast twitch motor unit categories (Ila, Ilab, IIb) until intensities >60% of total motor
unit recruitment. If we focus on the 80-20% proportionality, the total number of recruited fibres
increased from 67,733 to 405,911. The recruitment of type I motor units increased from 31.59 to

63.13, 93.39 and 100% for motor unit recruitment totals of 20, 40, 60, 80%, respectively.
Knowledge Gained From Histological Staining of Skeletal Muscle Fibres

Despite the “Black Box” representation of skeletal muscle, advances in technology have allowed
analyses of individual skeletal muscle fibre structure and function. This was necessary to understand
the potential variability of the typical fibre characteristics (e.g., slow twitch oxidative fibres having
higher mitochondrial density and relative fatigue resistance characteristics; fast glycolytic being low
in mitochondrial content, high force, and easily fatigued). Though to current time there is no method
to reveal which muscle fibres sampled from human whole muscles are from which specific motor
unit. Nevertheless, analyses of muscle fibre type contributions to muscle involvement and metabolism
during exercise have been completed through ATPase and periodic acid-schiff base (PAS) staining of

serial sections of biopsy samples.
Historical Studies of Fibre Type Specific Involvement With Exercise Intensity

In an early study (37), the depletion pattern of glycogen was examined after cycling at varying
intensities. Different pedalling rates were used ranging from 30-120 rev-min™', reaching work
intensities of 30-150% of VO,max, and sustaining from several hours to 1 min. PAS staining of
skeletal muscle fibres indicated an increased level of glycogen utilisation with increasing exercise
intensity. The fibre-specific results indirectly indicated the metabolic consequence of progressive

motor unit recruitment with increasing intensity. Reduced PAS straining at pedalling rates inducing
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30-100% of VO.max revealed the slow twitch, high oxidative fibres to be the first to deplete
glycogen, and as intensity increase up to 150% VO.max, the fast twitch fibres progressively depleted
glycogen. Whole muscle biopsy biochemical assay 3 hrs post low intensity exercise indicated large
amounts of glycogen remained, and based on the serial section PAS staining, this was predominately
in the fast twitch fibres. It was also found that the pattern of such depletion was unaffected by the
pedalling rate (i.e., total force on each push), indirectly supporting the size principle of motor unit

recruitment.

Similarly, Vollestad et al. (38) used exhaustive bicycle exercise (i.e., prolonged maintenance of 75%
of VO,max, at a constant 70 rev-min™' pedalling rate) to study the glycogen depletion patterns in type
I, ITa, ITab and IIb fibres. Total glycogen content of 29 biopsies of the vastus lateralis were compared
to average PAS stain intensity in sections from the same samples. They found a successive glycogen
depletion occurring in the fibres following the simultaneous recruitment of type I and Ila, with type

ITab following, then finally IIb. Similar results were reported by De Bock et al. (39).

Despite the extensive information gained from such methods, the limitation of sample size remains as
does the inability to know which fibres are from which motor units within the categories revealed
through ATPase staining. Interpretation of the muscle activity and resulting fibre type differences
from muscle biopsies relies on the assumption that the biopsy sample is an accurate representation of
the fibre type distribution of the entire muscle. Lexell et al. (1) quantified the extent of biopsy
sampling error in their study of the data obtained from cross sections of the vastus lateralis from
young male individuals. The authors concluded that the large variability in the distribution of muscle
fibres of different motor unit types within a whole muscle means a single biopsy is a poor estimator of
fibre proportions. More specifically, there is a reduced sampling error in sampling over 150 fibres
when more than three biopsies of a muscle are taken, with further reductions in sampling error with
more biopsies per individual at varying depths within the muscle. Similarly, Nederveen et al. (40)
highlighted a higher variation of fibre type distribution in the muscle cross sectional areas when less

than 150 muscle fibres were quantified.
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Models in Science

Within science, modelling can be used for a variety of reasons, with a core purpose being to apply
current knowledge to conditions or questions that we may be unable to answer due to constraints in
knowledge and/or instrumentation. Human physiology is an area that greatly relies on the projection

of knowledge provided by such models.

“High order questions” as defined by Rosenblueth and Wiener (41) are very abstract and general
questions in science and are not directly amenable to an experimental test. Instead, generalisations and
numerous trivial experiments yield progress from data to predictions and vice versa. This can be done
through material and formal models. Material being a complex system represented through another
similar, yet simpler system, and formal being an idealised, simpler version of the original factual
system. Therefore, models can provide the ability to replace a phenomenon in an unfamiliar field by
one in a field the scientist is more knowledgeable and comfortable in, or they may enable the
completion of experiments under more favourable conditions than required in the original system
(41). However, a material model is considered unnecessary if it does not suggest any experiments
whose results could not have been easily anticipated by the formal model alone. Additionally, a model
does not represent progress if its structure is more complex and is less adaptable to experiment than

the original system.

Comparison of Results to Prior Evidence of Muscle Contractile Function

The model-based novelty of this research makes it difficult to compare our results simply because this
work has pioneered a new means to assess muscle contractile function. The approach taken in the use
of a single muscle (vastus lateralis) is in stark contrast to the complexity of voluntary movement
involving knee extension exercise as this reality involves the activation of numerous muscles that act
in concert to cause knee extension. Nevertheless, the data from Table 9 presented forces ranging from
28 N (20% recruitment for 80-20 %ST-FT expression) to 248 N (100% recruitment for 20-80 %ST-
FT expression). Bazzucchi et al. (42) compared in-vivo muscular contractile peak force differences of

isometric elbow flexion and knee extension between young (20 to 31-year-olds) to older (68 to 76-
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year-olds) healthy women. At 80% maximal voluntary contraction, the young women produced peak
knee extension forces of 313.83 + 69.25 N. Similarly, Thornley et al. (23) explored the influence of
local tissue temperature on peak torque and time to fatigue during isometric knee extensions.
Although concluded to be insignificant, the male participants in the study produced 70% maximum
voluntary contractions with peak torque sitting around 207 + 40 Nm. The peak in vivo force output
measured in these studies is produced by multiple muscles acting on the movement of knee extension
(i.e., the whole quadriceps group). Considering the single vastus lateralis muscle used in our study,

the peak forces of 202 to 248 N compare favourably to prior research.

Similarly, peak contractile power as presented in Table 9 ranged from 1.5 (20% recruitment for 80-20
%ST-FT expression) to 38.9 Watts (100% recruitment for 20-80 %ST-FT expression) and is
considerably lower than data measured in many studies involving in vivo multiple muscle
contractions. However, being in-vivo and the product of force and velocity, both of which are greatly
influenced by the multiple factors around full joint mechanics, power is expected to be much higher
than the single muscle power generation. Complex movements, such as cycling, is a prime example.
Elmer et al. (5) studied joint-specific power production during cycling and measured knee extension
during maximal efforts to reach 232 + 29 Watts despite knee flexion power becoming relatively more
important during high-intensity cycling. Yet, once again our results only apply to a single contraction
from the vastus lateralis without the added functional and mechanical advantages of added agonist
muscle involvement, the moment arm with leverage providing torque, as well as the biomechanics of

power being transferred through the body to the pedals.

Limitations Of The Model

The vastus lateralis muscle model used in this study involved one isolated muscle, while further
ignoring the added increments in force that can result from the temporal summation of given motor
units (as distinct from the summation from the recruitment of different motor units). Consequently,
contractions generated exhibit the “All Or Nothing” principle, whereby the recruited motor units
contracted maximally from a single neural stimulation so that the number and type of motor units

recruited dictated the overall muscle’s contractile profile. In addition, in being an isolated single
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muscle model, the influence of musculoskeletal features such as the moment arm, external loads, fibre

pennation angles, the lack of associated agonists and inhibition of antagonists, etc., were disregarded.

There were also limitations within the structure of the model. For example, the motor unit sizes
(fibres-unit™) are unknown for humans and were generalised from prior animal research (see Table 2),
and the size of the recruited fibres per motor unit were the sole feature that dictate the order of motor
unit recruitment. This differs to in-vivo physiology where the size of the motor nerve cell body and its
balance of stimulatory and inhibitory synapses predominantly influences the order of motor unit

recruitment.

The classic human single muscle fibre research revealed considerable variability of muscle fibre
structure and function within different motor unit categories (9,11,12,24). Based on this evidence, we
assumed a consistent =15% variability for the muscle fibres of each motor unit category for the

variables: motor unit size, contractile force, and velocity.

The model computed the change in contractile velocity with increasing motor unit recruitment as a
simple average of the contractile velocity of the muscle fibres contracting for the different conditions
of motor unit recruitment. This differs from in-vivo conditions where the central nervous system
requires increasing time to develop a motor unit recruitment profile as the number of motor units
recruited increases, with added neural processing time for recruitment that progresses from slow

twitch to fast twitch motor units.
Conclusions & Recommendations

In summary, this investigation highlighted the need for further research into the roles of skeletal
muscle fibre types and the impact of their progressive recruitment during exercise. The developed
model has provided an “abstraction” to the contractile functions of skeletal muscle, providing a new
foundation for further modelling the biochemistry and energetics of skeletal muscle. Data from prior
research of skeletal muscle fibre physiology ensured a level of accuracy to the computed results of
progressive increases in motor unit size and the related increases in force increment with increasing

fast twitch motor unit recruitment. Finally, the model has ascertained the relevance of transferring
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data from single muscle fibre mechanics to whole muscle function while also providing insight into
how such modelling can improve understanding of the mechanistic influences of motor unit

recruitment at both the cellular and muscle level.

Researchers are encouraged to critically evaluate the model used in this research and to strive to make
further improvements to ensure improved understanding of motor unit recruitment, and their outputs,

across a diverse number of topics within physiology and metabolic biochemistry.
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