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Background: Associations between muscle architecture and rate of force devel-
opment (RFD) have been largely studied during fixed-end (isometric) contrac-
tions. Fixed-end contractions may, however, limit muscle shape changes and
thus alter the relationship between muscle architecture an RFD.

Aim: We compared the correlation between muscle architecture and architec-
tural gearing and knee extensor RFD when assessed during dynamic versus fixed-
end contractions.

Methods: Twenty-two recreationally active male runners performed dynamic
knee extensions at constant acceleration (2000°s™2) and isometric contractions
at a fixed knee joint angle (fixed-end contractions). Torque, RFD, vastus later-
alis muscle thickness, and fascicle dynamics were compared during 0-75 and
75-150 ms after contraction onset.

Results: Resting fascicle angle was moderately and positively correlated with
RFD during fixed-end contractions (r=0.42 and 0.46 from 0-75 and 75-150ms,
respectively; p <0.05), while more strongly (p <0.05) correlated with RFD dur-
ing dynamic contractions (r=0.69 and 0.73 at 0-75 and 75-150 ms, respectively;
p <0.05). Resting fascicle angle was (very) strongly correlated with architectural
gearing (r=0.51 and 0.73 at 0-75ms and 0.50 and 0.70 at 75-150ms; p <0.05),
with gearing in turn also being moderately to strongly correlated with RFD in
both contraction conditions (r=0.38-0.68).

Conclusion: Resting fascicle angle was positively correlated with RFD, with a
stronger relationship observed in dynamic than isometric contraction conditions.
The stronger relationships observed during dynamic muscle actions likely result
from different restrictions on the acute changes in muscle shape and architec-
tural gearing imposed by isometric versus dynamic muscle contractions.

KEYWORDS

belly gearing, biomechanics, gear ratio, muscle architecture, muscle mechanics, performance

Bas Van Hooren, Per Aagaard, Andrea Monte and Anthony J. Blazevich equally contributed to the study.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2024 The Authors. Scandinavian Journal of Medicine & Science In Sports published by John Wiley & Sons Ltd.

Scand J Med Sci Sports. 2024;34:¢14639.
https://doi.org/10.1111/sms.14639

wileyonlinelibrary.com/journal/sms 1of 14


https://doi.org/10.1111/sms.14639
www.wileyonlinelibrary.com/journal/sms
mailto:
https://orcid.org/0000-0001-8163-693X
https://orcid.org/0000-0002-9773-7361
https://orcid.org/0000-0001-6604-2658
https://orcid.org/0000-0003-1664-1614
http://creativecommons.org/licenses/by/4.0/
mailto:b.vanhooren@maastrichtuniversity.nl
mailto:b.vanhooren@maastrichtuniversity.nl
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fsms.14639&domain=pdf&date_stamp=2024-04-30

VAN HOOREN ET AL.

of
2LI—WILEY
1 | INTRODUCTION

The capacity to rapidly develop force (i.e., exerting a high
rate of force development (RFD)) during tasks requiring
high muscle shortening velocities is important for suc-
cess in many sports, and for competent performance in
various activities of daily living."* While the contribution
of neural factors to rapid force production under var-
ious conditions is well described,>” less is known about
the possible role of muscle architecture (e.g., pennation
angle or fascicle length) and tissue-mechanical properties
(e.g., tendon stiffness,”* contractile and elastic component
lengths®). Indeed, only a small number of studies have in-
vestigated associations between muscle architecture and
RFD, and these studies have reported conflicting find-
ings.®™ Consequently, a recent review has concluded that
muscle architecture may have a minimal effect on RFD in
humans.” However, the relationship between muscle ar-
chitecture and RFD has typically been investigated during
fixed-end contractions (i.e., isometric at the muscle-ten-
don unit level),* ! whereas human movements often
involve anisometric contractions linked to dynamic joint
rotations. While both isometric and anisometric muscle
contraction can induce transverse forces between mus-
cles’ that in turn restrict shape changes, muscles may
more readily change in shape during anisometric contrac-
tions than during fixed-end contractions due to the static
joint configuration in the latter condition.

Acute changes in muscle shape (including modula-
tions in pennation angle and fascicle length) strongly
influence mechanical (i.e., contractile) function and
thereby may affect both the force and speed of contrac-
tion."*™'® Specifically, if muscle fascicles shorten and
bulge in the thickness direction, a lateral force will be
exerted onto neighboring fascicles, forcing the whole
muscle to also expand in the thickness direction. As a
result, fascicles rotate about their insertion point at the
aponeurosis/tendon, in turn increasing their angle rel-
ative to the aponeurosis and increasing whole-muscle
thickness while inducing longitudinal muscle short-
ening (Figure 1). Fascicle rotation (i.e., the change in
pennation angle) that occurs during anisometric muscle
contractions thereby contributes directly to the overall
muscle length change (and hence contraction velocity)
in addition to that caused by changes in length of the
fascicles themselves.

The contribution of changes in pennation angle to
changes in muscle length can be calculated as
where A m is the change in muscle belly length, fis fascicle

Am=f, - (cosa, — cosa,) 1)

length, a is the pennation angle, and subscripts 1 and 2 refer
to the initial and final positions, respectively.'” As described

by this relationship (Equation 1), overall muscle origin-
insertion shortening distance, and thus speed, may substan-
tially exceed fascicle (or fiber) shortening distance, and
speed.'® ' This functionally important feature of pennate
skeletal muscle has been termed “architectural gearing,” de-
fined as the ratio (architectural gear ratio) between overall
muscle shortening velocity and fascicle shortening veloc-
ity.*** The architectural gear ratio has been shown to be
>1.0 under various contraction conditions in both ani-
mal®®**** and human experiments,'®**® although the mag-
nitude of effect depends on the requirements of the task
such as the force produced”?**’ (Figure 1) and the rate at
which force is produced.28 Furthermore, the gear ratio also
depends on the spacing between fascicles”’ and material
characteristics of the muscle-tendon unit such as the stiff-
ness of connective tissues (i.e., extracellular matrix and apo-
neurosis>>**?), where higher connective tissue stiffness
may restrict the muscle's capability to change in shape.
Similarly, because longer tendons are more compliant than
shorter tendons if cross-sectional area and material proper-
ties are similar (e.g., ref. [5]), tendon length per se can also
influence gearing. Finally, gearing may also depend on the
restrictions in muscle shape change imposed by the specific
motor task.*® For example, the continuous change in joint
angle during a dynamic concentric contraction may allow
for greater muscle shortening and thus greater shape change
as opposed to an isometric (fixed-end) contraction. If more
restricted shape changes are imposed during fixed-end than
dynamic contractions (or vice versa), this is likely to alter the
relationship(s) between muscle-tendon architectural and
mechanical properties and RFD. This in turn may thus par-
tially explain the conflicting associations between muscle
architecture and RFD reported previously.“"8

The primary aim of this study, therefore, was to investi-
gate the relationship between resting muscle architecture
and RFD in dynamic and fixed-end contraction condi-
tions, and to compare the strength of this relationship
across different contraction conditions. As resting pen-
nation angle has been shown to influence architectural
gearing in a segmented muscle model,'* we hypothesized
that larger resting muscle pennation angles would be as-
sociated with higher gear ratios, thereby enabling faster
RFD during both isometric and dynamic contractions.
The reason for this is that for a given muscle contraction
velocity, higher gear ratios were expected to reduce fasci-
cle shortening velocity thereby allowing for greater (rate
of)) force production according to the force-velocity rela-
tionship. Additionally, it was hypothesized that the cor-
relation between resting muscle pennation angle and both
gear and RFD would be weaker during isometric than
dynamic contractions due to contraction-specific restric-
tions imposed on muscle shape changes, which in some
conditions may limit fascicle rotation and hence reduce
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gear (Figure 1). Further, several lines of evidence suggest
that fascicle/fiber forces drive the changes in gear,”**%%’
with higher gear observed during low-force contractions
and lower gear during high-force contractions (Figure 1).
Because force production can differ between isometric
and dynamic contractions, we compared the relation-
ships between muscle architecture and RFD in the two
contractions at a common torque level during early phase
(0-75ms) RFD, and also during a later time window (75-
150ms) where muscle force (torque) differed between
conditions.

FIGURE 1 (A)Schematic illustration of muscle fascicles in

a resting muscle before contraction. (B, C) Concentric muscle
contraction causing whole-muscle bulging in the thickness and
width directions, respectively. Due to the close packing of fascicles
and the shallow fascicle angle at rest (A), there is insufficient
space for fascicle bulging. In an idealized deformation scheme
whereby the aponeurosis length remains constant, any fascicle
bulging in the thickness direction will therefore force the fascicles
to rotate to greater angles (Tog), thereby increasing whole-muscle
thickness (1Ty). (C) In contrast, during high-force contractions
(i.e., when external loads are high), the longitudinal force exerted
by the fascicles (F} ) acts against whole-muscle bulging in the
thickness direction, so fascicle and whole-muscle bulging must
predominately occur in the width direction (see cross-sections

in C). The reduced muscle thickening therefore limits fascicle
rotation and contributes to slower whole-muscle shortening
(muscle shortening speed is similar to fascicle shortening speeds)
(green arrow). Nonetheless, as the fascicles remain more closely
aligned with the direction of whole-muscle shortening, a greater
proportion of the fascicle force is directed along the tendon, so
whole-muscle maximum force is greatest (contractile efficiency is
enhanced). This variable gearing capacity, based on muscle forces,
allows for increased muscle shortening speeds under low-force
contractions (when fascicle rotation is great) yet increases effective
(projected) muscle force generation during high load contractions
(when fascicle rotation is reduced). Thus, pennate muscles can
intrinsically change gears to optimize contractile capacity as the
force requirements of a task are changed.

2 | MATERIALS AND METHODS

2.1 | General study design

To test the hypotheses, we used data obtained as part of
a larger project investigating the contribution of mus-
cle architectural gearing to mechanical output during
rapid dynamic contractions.” In this project, partici-
pants performed a series of maximal, explosive fixed-end
(isometric) and dynamic (concentric), knee extensor con-
tractions. During each contraction, vastus lateralis (VL)
architectural changes and the knee extensor moment
were recorded simultaneously. All experiments were ap-
proved by the local ethics committee (protocol number:
2019-UNVRCLE-0193291) and conducted in agreement
with the declaration of Helsinki.

2.2 | Participants

Twenty-tworecreationally active male runners (mean + SD
age 25+ 3years, mass 76 + 3.5kg, and height 1.76 +0.03m)
volunteered for the study and signed an informed consent
form prior to participation. The participants did not report
any type of neuromuscular injury during the 6 months
preceding the experiments. Pilot experiments showed a
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larger variability in dynamic muscle shape change in fe-
males, and therefore, only males were included in this ini-
tial experiment.

2.3 | Experimental set-up

The contribution of neural and architectural factors
to RFD has typically been investigated during the first
200ms after contraction onset, due to the importance of
RFD within this time window for athletic events and daily
life activities.” In this study, we therefore investigated VL
behavior in isometric and dynamic contraction conditions
during this time window and how differences in this be-
havior could affect the mechanical output. The knee ex-
tensors contractile capability should be similar to ensure
a proper comparison between the conditions. To achieve
this, each participant was positioned in an isokinetic/
isoinertial dynamometer (Biodex, model 3) such that they
exhibited comparable knee extensor force capacity during
each contraction.

To ensure a similar knee extensor force capacity, we
first determined the knee joint angle at which the max-
imum knee extensor torque could be generated. To this
purpose, each participant performed eight maximum vol-
untary contractions (MVCs) at different fixed knee joint
angles (from 90° to 20° where 0°=knee fully extended)
with 10° intervals. During each MVC, the participant was
asked to push “as hard as possible” for 4s. Two maximal
contractions were performed at each joint angle, with
2min of recovery in between.

The mean joint angle at which peak torque was pro-
duced was estimated to be 65° (see Section 2.5 for more
details), and this angle was used for the explosive fixed-
end contraction in all participants (see ref. [25]). The ex-
plosive dynamic contractions were configured so that the
knee angle associated with peak knee extensor torque pro-
duction was reached half-way within the 150 ms time win-
dow for each participant. Since the acceleration profile
and angular velocity of the dynamometer and target knee
angle all were controlled, the starting knee joint angle
was selected so that 75ms of contraction occurred before
and after reaching the target knee angle (Figure S1). To
achieve this, the dynamometer lever arm moved slowly
(10°s7") from the maximum knee joint flexion angle to
the starting position where the acceleration phase was
initiated, in line with previous reports.*! At the starting
angle, the dynamometer accelerated at a constant accel-
eration of 2000°s™2 and stopped when the knee was fully
extended. At the end of these procedures, the VL operated
at a comparable F-L potential (i.e., fraction of the maxi-
mum force that a muscle could exhibit during a specific
contraction) during each contraction type (0.79 and 0.81

for the fixed-end and explosive dynamic contraction, re-
spectively). Further details are reported in Monte et al.”®

2.4 | Data collection

Participants performed 15 trials of each contraction condi-
tion. In both conditions, the participants were instructed
to extend their knee “as fast and as hard as possible” with
an emphasis on a “fast”** contraction effort. During the
explosive concentric contractions, participants were ad-
ditionally instructed to avoid any countermovement
(negative/flexor torque). The real-time knee angle signal
(Biodex output) was displayed on a computer monitor in
front of the participants so that they could control the start
of the acceleration phase.*!

During all contractions (fixed-end and explosive), fas-
cicle length changes were recorded (1000 Hz) by means of
an ultrafast ultrasound system with a 5.5-cm linear array
probe (Supersonic, Aixplorer, France). The probe was at-
tached to the skin at approximately 50% of the femoral
length, aligned with the muscle belly, and corrected with
respect to the superficial and deep aponeurosis to have a
clear image of the perimysial connective intramuscular
tissue. Finally, VL electromyographic (EMG) activity was
recorded in all contractions by means of two pairs of bi-
polar Ag-AgCl electrodes. The electrodes were attached
over the muscle belly according to SENIAM recommen-
dations. The raw EMG signals as well as the dynamometer
torque and position signals were synchronously A/D con-
verted at 1000 Hz using a PowerLab System (PowerLab,
ADInstruments, Dunedin, New Zealand).

2.5 | Data analysis

The torque signal obtained in each contraction was
low-pass-filtered at 50Hz using a fourth-order zero-lag
Butterworth filter. The total torque generated by the knee
extensors was corrected for the gravitational torque effects
(determined during a passive joint rotation driven by the
dynamometer). After that, torque values were converted
to forces using the internal moment arm as proposed by
Bakenecker et al.*? Subsequently, force onset in all con-
tractions was defined as the point at which the first deriva-
tive of the active force-time curve crossed zero for the last
time.**

To obtain the knee extensor force—angle relationship,
the highest value of force recorded at each knee angle
was taken as the maximum force value for that angle. The
optimal knee joint angle then was calculated as the angle
associated with the apex of the force-angle curve as deter-
mined using a second-order polynomial relationship.
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For the explosive contractions, contraction quality was
monitored by an operator viewing the EMG and torque
signals on LabChart software. Five maximal contractions
in which the knee joint angle 75 ms after onset was closest
to the target angle were selected for further analyses for
each contraction condition. The knee joint angle at which
peak knee extensor force was produced was reached in
both contractions at 75ms after force onset, as requested
(Figure S1). Therefore, the data were analyzed up to this
specific time point (0-75ms after force onset) and were
also analyzed from 75 to 150ms after force onset to better
understand the differences in fascicle dynamics imposed
by both contraction conditions during more extended
time phases. Therefore, all data refer to a specific phase:
0-75 and 75-150ms after force onset.

RFD was calculated as the first derivative of the fil-
tered force-time signal for both contractions. Mean RFD
between 0-75 and 75-150 ms after force onset were calcu-
lated and used for analyses. EMG signals were filtered with
a band-pass fourth-order Butterworth filter at 20-450 Hz,
and onset of muscle activity was detected using visual, sys-
tematic inspection, as suggested by Tillin et al.>>*® During
each contraction condition, the VL root mean squared
EMG amplitude was measured using a symmetric, mov-
ing average time window of 10ms from EMG onset to
150ms. The EMG signal as determined in the explosive
contractions was normalized to the maximum EMG am-
plitude recorded during a maximum voluntary isometric
contraction. Normalized EMG was reported as the mean
RMS amplitude measured from 0-75 and 75-150 ms rela-
tive to force onset.

Resting muscle architecture was determined when the
subject was seated on the dynamometer (with the knee
and hip angle at 90° and 80°, respectively) prior to the first
contraction. This position better represented the geomet-
rical characteristics of the muscle before contraction com-
pared to the standard prone position.

Ultrasound videos of resting architecture and during
each contraction were analyzed by means of a validated
semi-automatic software (UltraTrack v.5.5).®* Muscle
thickness was calculated as the perpendicular distance
between the aponeuroses, while pennation angle was cal-
culated as the mean fascicle insertion angles to the upper
and lower aponeuroses. Fascicle length was calculated
as muscle thickness/sine (pennation angle). The fascicle
length data were then filtered with a low-pass, fourth-
order Butterworth filter at 10Hz. Based on the filtered
ultrasound data, fascicle velocity (vf) was calculated as
the ratio between the change in fascicle length and the
changes in time (AL/At), whereas the muscle belly veloc-
ity (vb) was calculated as the ratio between the change in
belly length (obtained as fascicle length cos a, where a was
the pennation angle) and the change in time (ALy/Af).

Architectural gearing was calculated as the ratio between
belly velocity and fascicle velocity.*® Similar to RFD and
EMG activity, fascicle velocity, muscle belly velocity, and
architectural gear reached between 0-75 and 75-150ms
after force onset were collected for subsequent statistical
analysis.

2.6 | Statistical analysis

All statistical analysis were performed in SPSS (version
25, IBM Corporation, Chicago, IL). Descriptive statistics
were presented as group means with standard deviations.
Paired t-testing was used to test for differences between
the contractions in muscle geometry, fascicle dynamics,
and muscle activation or kinetic outcomes. Differences
between contraction conditions were assessed to aid inter-
pretation of the differences in the relationships between
muscle architecture and RFD between differing contrac-
tion modalities. Normality of the residuals was confirmed
visually using histograms and Q-Q plots.

Pearson's correlation coefficients were used to analyze
linear relationships between parameters (e.g., muscle ar-
chitecture and RFD) within each contraction condition
and were considered <0.1, trivial; 0.1-0.29, weak; 0.3-0.49,
moderate; 0.5-0.69, strong; 0.7-0.89, very strong; >0.9 ex-
cellent.”’ Hotelling's test was used to test for differences
in correlation coefficients (i.e., differences in relationships
between muscle architecture and RFD) between dynamic
and isometric contractions. A p-value of <0.05 was consid-
ered statistically significant (two-tailed testing).

3 | RESULTS

3.1 | Descriptives and comparison
between conditions

VL muscle thickness, pennation angle, and fascicle
length at rest were as follows: 2.5+0.4cm, 17.3 +3.6°, and
9.8 +0.5cm, respectively. VL geometry, fascicle dynamics,
and EMG and kinetic outcomes are reported in Table 1.
Muscle thickness increased during all contractions as
compared to rest. The change in muscle thickness was not
detectibly different between the 0-75 and 75-150 ms time
windows in the isometric contraction while the change
relative to rest decreased between these time windows
in the dynamic contraction. Muscle thickness increased
significantly more during the dynamic contraction from
0-75ms but not 75-150ms. Pennation angle also in-
creased during all contractions. In both contractions, the
change in pennation angle was larger from 75-150ms
than 0-75ms. Pennation angle also increased significantly
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TABLE 1 Vastus lateralis geometric changes, fascicle dynamics, and kinetic data during isometric and dynamic concentric (2000°s™2)

contractions from 0-75 and 75-150 ms after torque onset. Values are mean + SD.

Muscle geometry
AThickness (cm)
APennation (°)

Fascicle dynamics

ISO 0-75ms

0.12+0.03*
2.37+0.627%*

DYN 0-75ms

0.17 +0.04™*
5.99 +1.33%**

ISO 75-150 ms

0.12+0.04
4.13+0.76"**

DYN 75-150ms

0.13+0.04"
8.63 +0.90"**

AFascicle length (cm) 1.5240.21%%* 1.58 +0.23%% 1.68 +0.31% 1.76 +0.34%%
vf(cms™) 20.3+2.5%* 21.1+2.75* 22.4+3.3%* 23.4+3.6M*
vb (cms™) 23.5+2.8%* 25.3+3.0"* 24.8+3.5%% 26.9+3.8"%
Architectural gear 1.16+0.47*+ 1.20 + 0.3+ 1.11 +0.3%#* 1.15+ 0.4+
EMG and kinetics
EMG, s (%EMG 1) 99+3 98+5 96+6 95+7
Torque (Nm) 79+ 6" 67 +9""* 166+ 197 147 + 147
RFD (Ns™) 1086 +100"** 893 + 84 1036 +93"%* 850+ 89"

Significant difference between the two time points within each contraction. “Reflects p < 0.05, **reflects p <0.01,

##reflects p < 0.001.

Significant difference between contractions at the same time point. *Reflects p <0.05, **reflects p < 0.01, ***reflects p <0.001.

more during both time windows in the dynamic than the
isometric contraction.

Fascicle and muscle belly velocities were significantly
higher during 75-150ms than 0-75ms in both condi-
tions and were also higher in the dynamic contraction at
both time windows. Architectural gear was lower during
75-150ms in both contractions than during the 0-75ms.
However, during both time windows, gear was significantly
higher in the dynamic than the isometric contraction.

EMG amplitude did not differ between the time win-
dows within each contraction and did not differ between
contraction at any time window. Joint torque was higher
during 75-150ms than 0-75ms in both contractions. As
intended, joint torque did not differ between contractions
from 0-75ms while it was significantly greater in the iso-
metric contraction from 75 to 150 ms. RFD was lower from
75-150ms than 0-75m for both contraction conditions
and remained faster in isometric than dynamic contrac-
tions when assessed at both time windows.

3.2 | Correlations and comparison
between isometric and dynamic conditions

Resting fascicle length and muscle thickness were not sig-
nificantly correlated with RFD in both contraction types

and time windows (correlation coefficients ranged from
0.25 t0 0.31), see Table S1 for all correlations.

Resting fascicle angle was correlated with RFD during
the fixed-end (r=0.42 and 0.46 at 0-75 and 75-150 ms,
respectively) and dynamic contractions (r=0.69 and
0.73 at 0-75 and 75-150 ms) at both time points. Resting
fascicle angle was more strongly correlated with RFD
during dynamic than isometric muscle actions during
both time periods (p=0.047 and 0.041 at 0-75 and 75-
150 ms, respectively; Figure 2, top row). Resting fascicle
angle was correlated with architectural gear during both
the fixed-end (r=0.51 and 0.50 at 0-75 and 75-150 ms,
respectively) and dynamic (r=0.73 and 0.70 at 0-75 and
75-150ms, respectively) contractions. These correla-
tions did not differ significantly between contraction
conditions (p=0.82 and 0.54 at 0-75 and 75-150 ms, re-
spectively; Figure 2, second row). Resting fascicle angle
was positively correlated with the changes in fascicle
angle during the fixed-end contraction (r=0.55 and
0.18 at 0-75 and 75-150 ms, respectively) while also cor-
related during dynamic contraction conditions (r=0.70
and 0.51 at 0-75 and 75-150 ms, respectively). Resting
fascicle angle was more strongly correlated with the
change in fascicle angle during dynamic contraction
at 0-75ms but not at 75-150ms (p=0.027 and 0.60 at
0-75 and 75-150ms, respectively; Figure 2, third row).

FIGURE 2 Correlations between resting pennation angle and rate of force development (top), resting pennation angle and architectural
gear (second row), resting pennation angle and the change in pennation angle during contraction (third row), and architectural gear

and rate of force development (fourth row). Increases in resting pennation angle and gear were correlated with increases in RFD in both
contractions. Stronger relationships between resting pennation angle and RFD, or gear and RFD (only during 0-75ms) were observed for
the dynamic than isometric contraction. Correlations for each contraction and the p-value of the comparison between the correlations are
depicted in the figure. Each dot represents one individual during the isometric (red) or dynamic (blue) contraction.
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Architectural gear was correlated with peak RFD during
fixed-end (r=0.58 and 0.38 at 0-75 and 75-150 ms, re-
spectively) and dynamic contractions (¥=0.68 and 0.54
at 0-75 and 75-150ms, respectively). Architectural
gear was more strongly correlated with RFD during the
dynamic contraction at 0-75ms, but not at 75-150 ms
(p<0.01 and 0.39 at 0-75 and 75-150ms, respectively;
Figure 2, bottom row).

4 | DISCUSSION

This study examined the relationship between resting
skeletal muscle architecture and gearing ratio, respec-
tively, on RFD in dynamic and isometric (fixed-end)
contraction conditions. To achieve this, we first exam-
ined the relationship between fascicle angle and RFD
within each contraction condition, finding these were
moderately to very strongly correlated (Figure 2). In line
with the primary study hypothesis, resting fascicle angle
appeared to be more strongly correlated with RFD in the
dynamic than in fixed-end, isometric test contractions
during both time periods (Figure 2, top row). We also
hypothesized that resting fascicle angle would be more
strongly correlated with RFD in the dynamic contrac-
tion due its effect on gearing. In support of this hypoth-
esis, architectural gear ratio was higher in the dynamic
vs. isometric contractions, where gear was moderately
to strongly positively associated with RFD in the former
condition (Figure 2, bottom row). Moreover, resting fas-
cicle angle was strongly and positively correlated with
gear in both contraction conditions. Overall, these data
demonstrate that larger (i.e., steeper) resting pennation
angles are associated with a faster RFD compared to less
pennate resting angles, which at least in part is due to
enlarged architectural gear ratios.

4.1 | Differences between
contraction types

Our experimental design successfully ensured compa-
rable knee extensor torque production during both con-
tractions at the first time point, 75ms after contraction
onset (Table 1). This constancy in torque production
was accompanied by greater increases in muscle thick-
ness and pennation angle during dynamic than fixed-end
contractions. The greater increases in muscle thickness
and pennation angle in the dynamic contraction may in
turn be a consequence of the larger change in muscle-
tendon unit length due to knee joint extension as op-
posed to the smaller muscle-tendon unit length change
in the isometric condition as a consequence of the fixed

knee joint angle. The larger muscle-tendon unit shorten-
ing also facilitated a greater fascicle shortening velocity,
which was higher by 0.8cms™ in the dynamic contrac-
tion. However, the larger change in pennation angle in
the same time frame resulted in an even greater differ-
ence in muscle belly shortening velocity (by 1.8cms™?),
revealing a higher architectural gear ratio during dynamic
contractions (Table 1). Despite this higher gearing, RFD
was slower in the dynamic contraction, likely as a con-
sequence of the faster fascicle shortening velocity, which
resulted in reduced force production in accordance with
the hyperbolic force-velocity relationship.* Nevertheless,
these findings suggest that gearing can more readily off-
set the reduction in force that occurs with greater muscle
shortening velocities in dynamic contractions as opposed
to isometric contractions.

From 75 to 150ms, both torque production and RFD
were higher in the fixed-end contraction condition
(Table 1). Although the observed changes in pennation
angle, fascicle velocity, muscle belly velocity, and gear
ratio were still greater in the dynamic contraction condi-
tions, the change in muscle thickness did not differ be-
tween contraction types. The absence of differences in
muscle thickness during this time phase could reflect an
increased transverse force production (from the whole-
muscle perspective) exerted by the fascicles. This force
would pull the aponeuroses together, thereby limiting spa-
tial changes in whole-muscle thickness (during fixed-end
contractions), or even reducing muscle thickness (during
dynamic contractions relative to the earlier time point;
Table 1). Despite the similar between-condition increases
in muscle thickness during 75-150ms relative to rest,
the increase in pennation angle was still greater in the
dynamic contraction, probably as a result of the greater
longitudinal muscle shortening (and shortening velocity)
allowed by the knee extension.

Previous studies examining isotonic fixed-end contrac-
tions have observed decreased gear ratios with increasing
muscle force.?****! In line with these observations, we
also found decreased gear ratios in both contraction con-
ditions at the later 75-150ms time window, when force
production was higher and RFD lower than at 0-75ms
(Table 1). These observations lend further support to the
notion that architectural gearing is inversely modulated
by the level of active force generation.**?

4.2 | Correlation analysis

We hypothesized that differences in both muscle geom-
etry and fascicle dynamics between the contractions could
impact the relationship between resting muscle architec-
ture and RFD. We found that fascicle angle and RFD were
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moderately to very strongly correlated in both conditions
(Figure 2). However, in line with our hypothesis, resting
fascicle angle was more strongly correlated with RFD in
the dynamic than in the fixed-end contraction during
both time windows (Figure 2, top row). The stronger cor-
relation between resting fascicle angle and RFD in the
dynamic contraction may primarily reflect the smaller
restrictions on muscle shape change in the dynamic con-
traction than the isometric contraction. Specifically, the
greater longitudinal shortening in the dynamic contrac-
tion may have allowed for larger changes in pennation,
thus increasing the correlation between resting fascicle
angle and RFD. Indeed, while differences in fascicle/fiber
force can also impact gearing,”**® force production was
identical between isometric and dynamic contraction con-
ditions during this particular time window. This suggests
that the level of force exertion did not contribute to the
differences in the observed correlations. Similarly, while
RFD was higher during both time windows in the isomet-
ric contraction than the dynamic contraction (Table 1),
the magnitude of this difference would be too small to
substantially influence the stiffness of elastic tissues via
viscous effects,**** thus making it unlikely that this im-
pacted the observed correlations.

We hypothesized that a larger resting fascicle angle
would correlate with greater RFD via higher architec-
tural gearing. In support of this hypothesis, architectural
gear was moderately to strongly positively correlated with
RFD (Figure 2, bottom row) while resting fascicle angle
was strongly correlated with gear in both contraction
conditions (Figure 2, second row). Mechanistically, the

40°

30°

20°
10°

‘BA 0

>

(A)

(B)

WILEY-L22™

higher gear allows the fascicle to operate at higher force-
velocity potential, without compromising the overall
origin-insertion muscle shortening velocity. The positive
correlation between resting fascicle angle and architec-
tural gear (and RFD) observed in the present study in turn
indicates that a given change in fascicle angle results in
a larger change in belly/muscle length (or velocity) with
higher resting fascicle angles, as shown in Figure 3. In
other words, higher resting fascicle angles allow the mus-
cle to operate at a higher gear, which in turn allows the
fascicles to operate at a higher force—velocity potential.
Importantly, the combination of higher fascicle force—ve-
locity potential and a higher overall muscle contraction
velocity increases the mechanical power produced by the
muscle-tendon unit at a given shortening velocity.

4.3 | Study limitations

A number of limitations should be considered when
interpreting the present findings. First, muscle
geometry and fascicle dynamics were assessed only in
the VL. Although the VL is considered a primary knee
extensor due to its large cross-sectional area,** other
quadriceps compartments also contribute to the knee
extensor moment. Secondly, the use of 2D ultrasonog-
raphy represents a simplified approach compared to
the complex 3D architecture of the vastus lateralis,*
and the general 3D behavior of muscles during con-
traction.’” For example, gearing can occur in both the
sagittal and coronal plane,*® whereas only sagittal-plane

FIGURE 3 Schematic illustration of the effect of resting pennation angle on architectural gear using a simplistic 2D muscle model.

Muscles A and B differ in resting pennation angles: 15° for muscle A and 25° for muscle B (in line with the resting angles in our sample®).

Upon contraction, both muscles increase their pennation angle by 10° due to transverse fascicle expansion (notice the shortening and

thickening of the schematic fascicles). The muscle with higher resting pennation angle will shorten further (change in muscle length, L ;)

since the pennation change will more effectively contribute to the change in muscle length (enlarged projection). This is also illustrated in

the polar plot on the left, with muscle A exhibiting a rather small decrease in muscle length when pennation increases from 15° to 25°, while

muscle B shows a larger decrease in muscle length when pennation angle increases by the same absolute amount, from 25° to 35°. Greater

resting pennation angles should therefore benefit overall muscle shortening velocity due to the higher resulting architectural gear adopted

during dynamic contraction.
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gearing was examined in the present study. Related to
this, we determined gearing by calculating belly veloc-
ity using trigonometric equations based on one fascicle.
However, belly segment and whole belly gearing may
differ.”* Although this may affect the absolute gear
magnitude, it is unlikely to influence our comparison
between conditions because the same approach was
used for both contractions. Future studies may explore
whether the observed differences are also found when
using whole belly gearing. Thirdly, the present experi-
mental set-up allowed the knee extensors and thereby
VL to operate at the same torque-angle potential and
reach the same torque values at 75 ms after force onset
in both contractions. However, minor changes in start-
ing position could have influenced the stiffness of elas-
tic structures in the first milliseconds of contraction,
which in turn could have affected RFD by altering fasci-
cle contraction velocity. Nevertheless, these differences
are expected to be negligible because knee angle (75°
vs. 76°), and VL pennation angle (17.9° vs. 18.4°) dif-
ferences at torque onset were minimal for the isomet-
ric and dynamic contractions, respectively. Moreover,
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the impact of such differences is further reduced when
examining relatively longer time windows (from 0 to
75ms and from 75 to 150ms), as in the present study.
Finally, we tested the differences between fixed-end
and dynamic contractions using a single, fixed rate
of joint angular acceleration. We selected 2000°s™> to
match the torque level at 75ms to that observed dur-
ing the fixed-end contractions. Future studies should
investigate the generalizability of the present findings
to other accelerations.

4.4 | Perspectives and implications

There are several potential implications of the present
observations. Firstly, our findings suggest that muscle
length change restrictions during fixed-end contrac-
tions, as commonly examined in previous studies, may
affect the relationship between muscle architecture and
RFD. This might at least in part explain the previous
conflicting presence or lack of relationships between
measures of muscle architecture and RFD.*® Studies
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FIGURE 4 VL belly (closed symbols) and fascicle (open symbols) force-velocity relations (upper panels) and power-velocity relations
(lower panels) from Azizi, Brainerd, and Roberts® (Panels A and C) and the present study (original data from Monte, Bertucco, Magris, and
Zamparo®; Panels B and D). All axis variables are scaled relative to the fascicle maximum. Note that for a given muscle force, the belly can
contract at a faster shortening velocity than the fascicle in both datasets (upper panels). This translates into a rightward shift and broadening
of the power-velocity relation, where peak power is attained at a higher velocity and more power can be produced at incrementally faster

velocities (lower panels).
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investigating the morphologic and neural contributions
to RFD should therefore strongly consider the use of dy-
namic explosive-type test settings to allow for the mus-
cle shape changes that are expected in some activities
of daily living and sporting tasks. Within this context,
it is, however, important to consider that movements in
daily living or sports are rarely initiated from complete
rest and may not always involve a large range of muscle
shortening, even in dynamic movements such as run-
ning (e.g., ref. [47]). Nevertheless, the use of dynamic
explosive-type test may further improve our understand-
ing of the contribution of muscle fiber/fascicle behavior
to force production, and provide a deeper understanding
of its influence on architectural gearing and mechani-
cal muscle function during dynamic activities involv-
ing substantial muscle shortening (e.g., sprint start and
vertical jump). Such experimental approaches may also
provide important insights into the relative importance
of neural, morphological, and architectural variables to
RFD in such activities.

Second, trivial-to-weak correlations between isometric
and dynamic measures of RFD (during for example verti-
cal jumping) typically have been attributed to differences
in coordination or the adopted joint angles (e.g., ref. [48]).
However, the present findings suggest that contraction-
specific differences in muscle shape changes and thus
architectural gearing between dynamic and isometric
contractions may also, at least partly, underpin these
differences.

Thirdly, the passive stiffness of intra- and extra-
muscular connective tissues as well as epimuscular
connective tissues (e.g., aponeurosis and muscle fascia)
are likely to influence the gear magnitude and thus af-
fect RFD as well as force- and velocity-specific muscle
power outputs. Tissue stiffness may change with train-
ing, aging, disuse, or injury, and could therefore influ-
ence contractile performance by altering the magnitude
of architectural gearing, with this effect possibly varying
between isometric and dynamic contraction conditions.
Along this line of reasoning, the specific experimental
set-up could represent a possible confounding factor for
data interpretation. For example, straps used for limb
stabilization during dynamometry assessment and for
fixing ultrasound probes for muscle imaging may result
in external compression®***° and thereby restrict the
magnitude of muscle shape change and thereby limit
RFD. Indeed, in vivo and in situ studies have shown
that muscle compression can influence RFD.*>*' Straps
should therefore be placed such that they allow the mus-
cle to freely change shape.

Fourthly, the present data may also be important for
the development and validation of muscle models that

predict 3D muscle deformation and related changes in
muscle architecture during actual movement.*>>*

Finally, numerous studies have reported changes (in-
creases) in muscle fascicle pennation following resistance
exercise training interventions (e.g., refs [54-56]). While
the practical outcomes of such adaptations have tradition-
ally been considered from the perspective of increased
maximal muscle force potential, our findings suggest this
adaptation may also enhance the rate at which force can
be developed (RFD) through its effect on increasing gear-
ing, which may be more readily reflected in dynamic as
opposed to isometric test conditions. For example, accord-
ing to our data (Figure 2), a 10% increase in resting fascicle
angle may be associated with a 1.69% increase in gear ratio
and a 11.5% to 12.5% increase in RFD in dynamic contrac-
tions, with less effect (1.30% to 1.65% and 6.16% to 6.90%,
respectively) in isometric contractions (note that the exact
effect will likely differ for other muscles and under different
contractile conditions). To further illustrate the beneficial
effects of optimized gearing, Figure 4 depicts the relation-
ship between muscle (belly) and fascicle force and origin-
insertion velocity, and the corresponding power output.
From this figure, it can be seen that the muscle as a whole
can produce a higher force, in particular at higher origin-
insertion shortening velocities, than it otherwise would,
as a result of architectural gearing. Consequently, average
whole-muscle power output is higher at faster shortening
velocities compared to fascicle power output. Dynamic
changes in architecture during contraction can therefore
allow muscles to partially circumvent the limitations im-
posed by the force-velocity relation of the fibers,”® and this
can result in higher levels of force and power production at
a given origin-insertion muscle shortening speed.

5 | CONCLUSION

Greater (steeper) resting VL fascicle angles were posi-
tively correlated with peak rate of torque development
during both isometric and dynamic concentric knee ex-
tensor contractions. These correlations were, however,
stronger during the dynamic contractions during both
investigated time windows. Greater resting VL fascicle
angles also correlated with increased architectural gear-
ing ratios during both contractions, with this correlation
again being stronger in the dynamic condition, at least
during the first 75ms of contractions (i.e., in the early
phase of muscle shortening for dynamic contractions).
As a result, architectural gearing also showed a stronger
relationship with rate of force development during the
dynamic contraction. Our findings suggest that differ-
ences in the contribution of resting muscle architecture
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and architectural gearing between isometric and dy-
namic muscle contractions may stem from geometric
restrictions imposed on muscle shape changes during
isometric contractions.
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