®PLOS | one

Check for
updates

G OPEN ACCESS

Citation: Diong J, Héroux ME, Gandevia SC,
Herbert RD (2019) Minimal force transmission
between human thumb and index finger muscles
under passive conditions. PLoS ONE 14(2):
€0212496. https://doi.org/10.1371/journal.
pone.0212496

Editor: Antoine Nordez, Universite de Nantes,
FRANCE

Received: April 10,2018
Accepted: February 4, 2019
Published: February 15, 2019

Copyright: © 2019 Diong et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files.

Funding: This project was supported by a National
Stroke Foundation Small Project Grant (https:/
strokefoundation.org.au/), S14/317. RDH, MEH
and SCG are supported by the National Health and
Medical Research Council (https://www.nhmrc.
gov.au/), APP1055084.

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Minimal force transmission between human
thumb and index finger muscles under
passive conditions

Joanna Diong®'2*, Martin E. Héroux?3, Simon C. Gandevia®3, Robert D. Herbert® 23

1 School of Medical Sciences, Faculty of Medicine and Health, University of Sydney, Sydney, NSW, Australia,
2 Neuroscience Research Australia (NeuRA), Randwick, NSW, Australia, 3 University of New South Wales,
Randwick, NSW, Australia

* joanna.diong@sydney.edu.au

Abstract

It has been hypothesized that force can be transmitted between adjacent muscles. Inter-
muscle force transmission violates the assumption that muscles act in mechanical isolation,
and implies that predictions from biomechanical models are in error due to mechanical inter-
actions between muscles, but the functional relevance of intermuscle force transmission is
unclear. To investigate intermuscle force transmission between human flexor pollicis longus
and the index finger part of flexor digitorum profundus, we compared finger flexion force pro-
duced by passive thumb flexion after one of three conditioning protocols: passive thumb
flexion-extension cycling, thumb flexion maximal voluntary contraction (MVC), and thumb
extension stretch. Finger flexion force increased after all three conditions. Compared to pas-
sive thumb flexion-extension cycling, change in finger flexion force was less after thumb
extension stretch (mean difference 0.028 N, 95% CI1 0.005 to 0.051 N), but not after thumb
flexion MVC (0.007 N, 95% CI -0.020 to 0.033 N). As muscle conditioning changed finger
flexion force produced by passive thumb flexion, the change in force is likely due to inter-
muscle force transmission. Thus, intermuscle force transmission resulting from passive
stretch of an adjacent muscle is probably small enough to be ignored.

Introduction

When muscles produce force, it is thought that force is only transmitted in series from muscles
to tendon and bone. This idea implies that muscles act in mechanical isolation and forms the
basis for many animal and human biomechanical models [1]. However, mechanical connec-
tions (e.g. connective tissue) between adjacent muscles may transmit forces under physiologi-
cal conditions [2-6]. Furthermore, it has been speculated that abnormal intermuscle force
transmission may underlie pathological conditions such as spasticity and contracture [7].
Intermuscle force transmission violates the assumption that muscles act in mechanical isola-
tion, and implies that predictions from many biomechanical models could be in error because
of mechanical interactions between muscles. Consequently, it is important to quantify the size
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and direction of intermuscle force transmission in various conditions, including the passive
stretch of an adjacent muscle.

One way to detect whether intermuscle force transmission is present is to measure changes
in muscle force or length as an adjacent muscle is passively lengthened or actively stimulated.
Many animal studies, especially those performed on rat leg muscles in situ, show that active
muscle force can be transmitted laterally between muscles via myofascial networks when a sin-
gle adjacent muscle is tetanically stimulated [8-10], or when synergistic or antagonistic mus-
cles are tetanically stimulated [11, 12]. Changes of up to 30% of maximal active force are
observed when adjacent muscles are stimulated [13]. In contrast, small changes of 0.8% of
maximal active force are observed when an adjacent muscle is passively lengthened within
physiological ranges of motion [12].

Another way to detect whether intermuscle force transmission is present is to measure the
summation of muscle forces when adjacent muscles are stimulated in isolation or in combina-
tion. If muscles are not mechanically independent, muscle force produced by combined stimu-
lation will be different to the sum of muscle forces produced by stimulation of the muscles in
isolation. Experimentally, the differences in muscle force produced using this approach are
less than 2% of maximal active force, on average [14]. This suggests the mechanical interac-
tions are too small to invalidate the findings of biomechanical models that assume muscles act
in isolation.

The magnitude of intermuscle force transmission is also variable in humans, shown by
changes in muscle fascicle length and joint angle. In healthy people in vivo, moderate changes
in soleus muscle length occur during passive knee extension (4.3 mm over 80° of knee exten-
sion; 1.2% of resting soleus length) and active stimulation of adjacent medial gastrocnemius
(2.9 mm; 0.8% of resting soleus length [15]) [16]. In contrast, passive knee extension produces
small changes in soleus muscle length (0.05 mm for each 1° change in ankle angle) [17]; when
modeled using these estimates, intermuscle force transmission between gastrocnemius and
soleus in healthy people is small [17]. Finally, increased passive tensioning in latissimus dorsi
produces small changes in hip joint angle (0.8°) [18], which indicates that passive tension in an
adjacent muscle generates sufficient force to induce joint angle changes in a large joint like the
hip. It may be that intermuscle force transmisison occurs in humans but is small under physio-
logical conditions [11] because differences in activation and contraction patterns between
adjacent muscles abolish small amounts of lateral force transmission [19].

To assess the functional importance of intermuscle force transmission in human muscles
by measuring changes in force, we investigated its size and direction at an anatomical site
where lateral force transmission is likely to occur. The muscle bellies of flexor pollicis longus
and flexor digitorum profundus lie adjacent to one another, and there is a connection between
the tendons of flexor pollicis longus and the index finger part of flexor digitorum profundus in
about one third of people [20, 21]. If intermuscle force transmission is present between these
muscles via myofascial connections between the muscle bellies and possibly the tendinous con-
nection, passive flexion of the thumb interphalangeal joint through full range of motion could
cause flexion of the index finger joints through this or other links, especially the distal inter-
phalangeal joint. Small amounts of active index finger flexion force are known to accompany
small voluntary thumb flexion forces, but these are thought to be neurally-mediated effects,
not mechanical interactions between muscles [22]. Therefore, we measured changes in index
finger flexion force during passive thumb flexion. Small amounts of intermuscle force trans-
mission are difficult to differentiate from movement artefact [23]. However it is possible to dif-
ferentiate real effects from artefact by conditioning the muscles. Passive mechanical properties
of muscles change in response to the history of previous muscle lengthening or contraction
[24, 25]. If changes in the history of the long thumb flexor also change the magnitude of
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intermuscle force transmission, we can be confident that these effects are real because move-
ment artefact is expected to be similar regardless of muscle history. Therefore, we also mea-
sured how intermuscle force transmission changes in response to either a prior thumb
extension stretch or a prior thumb flexion maximal voluntary contraction (MVC). We hypoth-
esized that there is intermuscle transmission of force between flexor pollicis longus and flexor
digitorum profundus under passive conditions.

Materials and methods

Fifteen healthy subjects participated in the study. Subjects were included if they were at least
18 years old and had no history of injury or surgery at the hand. The procedures conformed to
the Declaration of Helsinki (2008) and were approved by the Human Research Ethics Com-
mittee of the University of New South Wales. All subjects gave informed consent.

Subjects were seated with the left arm supported in a custom built device (Fig 1). The fore-
arm was supported and the hand was firmly stabilised with clamps and straps to allow free
movement of the thumb interphalangeal joint and the index finger distal interphalangeal
joint, but prevent movement of any other thumb, finger or hand joint. At the thumb carpome-
tacarpal joint, the thumb was extended away from the fingers and firmly supported to maxi-
mise intermuscle force transmission between the thumb and index finger. A single axis
electrogoniometer (Biometrics Single Axis Goniometer F35, Newport, UK) was attached to
the distal and proximal thumb phalanges to measure changes in thumb interphalangeal joint
range of motion. The distal phalanx of the index finger was positioned on a load cell that mea-
sured distal interphalangeal flexion force during finger flexion MVCs (Transducer Tech-
niques MLP-50, California, USA) or passive thumb flexion and extension (Transducer
Techniques MDB-5, California, USA; resolution 0.011 N). An adjustable post was used to
stretch the thumb into extension and provide support during MVCs. A force-sensitive resistor
attached to the post ensured that 6 N of force was used to stretch the thumb. Muscle activity
was recorded with surface electromyography (EMG) electrodes (diameter 10 mm, interelec-
trode spacing 30 mm) placed over the muscle belly of flexor digitorum superficialis. Thumb
angle signals were sampled at 50 Hz, index finger force signals were sampled at 500 Hz, and
EMG signals were bandpass filtered at 10-500 Hz and sampled at 2000 Hz using Spike2 soft-
ware with a 16-bit Cambridge Electronic Design 1401plus data acquisition board (CED, Cam-
bridge, UK).

To investigate the effect of muscle conditioning on intermuscle force transmission, the long
thumb flexor was conditioned in one of three ways prior to measuring index finger flexion
force during passive thumb flexion: (i) six cycles of passive thumb flexion and extension, (ii)
ten seconds of thumb interphalangeal extension stretch, to decrease stiffness in flexor pollicis
longus [24], and (iii) a single thumb interphalangeal flexion MVC with the thumb interphalan-
geal joint in extension, to increase stiffness in flexor pollicis longus [24]. The flexion-extension
cycling condition was used as the control condition to compare the stretch and MVC condi-
tions because it simulated natural thumb movement. In response to the history of previous
muscle lengthening or contraction, conditioning procedure (ii) was expected to decrease stiff-
ness in flexor pollicis longus whereas conditioning procedure (iii) was expected to increase it
[24].

Subjects first performed two index finger distal interphalangeal flexion MVCs against the
load cell. Next, the removable post was adjusted to extend the thumb using 6 N, and the posi-
tion of the post was marked before the thumb was released. Finally, the thumb interphalangeal
joint was passively flexed and extended by an investigator to determine the limits of range of
motion.
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Fig 1. Experimental set-up. The forearm was supported in pronation. The thumb interphalangeal joint and index finger
distal interphalangeal joint were free to move. Clamps and straps were used to stabalise the hand and prevent concomitant
movement of any other finger or hand joint. An electrogoniometer measured the angle at the thumb interphalangeal joint,
and a load cell measured force under the index finger. Electromyographic activity of the anterior forearm muscles was
measured with surface electrodes (not shown).

https://doi.org/10.1371/journal.pone.0212496.9001
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For each trial, the long thumb flexor was conditioned in one of three ways, before measur-
ing index finger force as the thumb was passively flexed and extended by the investigator at an
angular velocity of ~5°/s. The investigator followed a target trace to ensure the thumb was
moved slowly. Three trials were collected for each of the conditioning protocols and trials
were performed in random order. Subjects were instructed to relax during all trials.

There was little variation in force and angle measures across repeated trials, so data from
the first trial for each condition were used in the analysis. Index finger force and thumb angle
signals were digitally low-pass filtered at 10 Hz (dual-pass, 4th order Butterworth filter), and
force signals were downsampled to 50 Hz. Forearm flexor muscle EMG signals were digitally
bandpass filtered at 20-450 Hz (dual-pass, 4th order Butterworth filter). It was important to
ensure that changes in index finger force during passive thumb movement were not due to
movement artefact. Since movement artefact was more likely to occur at the extremes of
thumb range of motion, only data from the central portion of thumb range of motion were
used in the analysis: when the thumb was flexed from 25° extension to 25° flexion, where 0°
indicates the thumb was in its neutral position. For each subject, slopes from linear regression
of index finger force and thumb angle quantified the change in index finger force fora 1°
change in passive thumb motion.

Changes in index finger flexion force during passive thumb flexion were described with
means and standard deviations (SD), and were compared between the control condition and
the stretch and MVC conditions by calculating paired differences in force for each subject.
The t-distribution was used to calculate the mean and 95% confidence intervals (95% CI) of
these differences. Data and code used to generate Figs 2 and 3 are available in the supporting
information.

Results

Data were collected from 15 healthy subjects (data are reported as mean + SD unless otherwise
stated: age 44 + 11 years; 7 male, 8 female). On average, index finger flexion MVC force was

32 + 14 N. Subjects remained relaxed during testing; average EMG amplitude was 1.8 + 1.3%
MVC during cycling trials, 2.6 + 1.8%MVC during stretch trials, and 2.9 + 2.0%MVC during
MVC trials. Passive thumb angular velocity was 6.3 + 1.6°/ s (max 9.5°/ s) during cycling trials,
4.6 +1.2°/ s (max 7.3°/ s) during stretch trials, and 4.9 £ 1.9°/ s (max 8.9°/ s) during MVC tri-
als. Data for one subject (Fig 2) and summary data for all subjects (Fig 3) are shown.

Index finger flexion force during passive thumb flexion increased after all three long thumb
flexor conditioning protocols. As the thumb was passively flexed from 25° extension to 25°
flexion, on average, index finger flexion force increased by 0.034 + 0.035 N after passive
thumb flexion-extension cycling, by 0.005 + 0.025 N after thumb extension stretch, and by
0.027 £ 0.056 N after thumb flexion MVC (Fig 3A). These forces correspond to 0 to 0.1% of
MVC index finger flexion force.

Comparing between conditioning protocols, intermuscle force transmission was present
between flexor pollicis longus and flexor digitorum profundus to the index finger. The increase
in finger flexion force was less after conditioning with thumb extension stretch than after con-
ditioning with passive thumb flexion-extension cycling (mean difference between conditions:
0.028 N, 95% CI 0.005 to 0.051 N, t;4 = 2.54, p = 0.020; Fig 3B). The mean increase in finger
flexion force after thumb extension stretch corresponds to 0.1% of MVC index finger flexion
force. In contrast, there was no difference between conditioning with thumb flexion MVC and
passive thumb flexion-extension cycling (0.007 N, 95% CI -0.020 to 0.033 N, t;4 = 0.53,

p = 0.59; Fig 3B).
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Fig 2. Index finger force as the thumb is moved from an extended to a flexed position for one subject. Data show
change in force after passive thumb flexion flexion-extension cycling, thumb extension stretch, or thumb flexion MVC.
Sign conventions for flexion and extension directions of angle and force are shown.

https://doi.org/10.1371/journal.pone.0212496.9002

Discussion

This is the first study to measure the size and direction of changes in force caused by passive
intermuscle force transmission between the thumb and index finger in humans. We obtained
a direct measure of muscle output (i.e. force) rather than an indirect measure such as change
in muscle fascicle length or muscle displacement. Overall, index finger flexion force increased
during passive thumb flexion after the long thumb flexor was conditioned in one of three
ways. Small amounts of intermuscle force transmission, such as those that might occur when
an adjacent muscle is passively stretched, are difficult to differentiate from movement artefact
[23]. In this study, we can be confident that the small amounts of intermuscle force transmis-
sion observed are real because they could be manipulated by changing the history of previous
muscle lengthening.

This study extends previous work on intermuscle force transmission in humans by examin-
ing force transmission at the hand. Small amounts of index finger flexion force accompany
active thumb flexion during grasping [22]. However it is unclear whether finger flexion force
would likewise accompany passive thumb flexion. Our findings are consistent with previous
reports of small changes in muscle fascicle and muscle-tendon length due to intermuscle force
transmission in healthy people or in people with stroke who had contracture [16, 23]. Negligi-
ble amounts of intermuscle force transmission were also predicted by biomechanical models
of human muscles [17].
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Fig 3. Within- and between-condition change in index finger force. (A) Individual subject data and mean + SD of
index finger force after passive thumb flexion flexion-extension cycling, thumb extension stretch, and thumb flexion
MVC for the 15 subjects. Each data point is the change in index finger force for a 1° change in passive thumb motion
for that subject. (B) Individual subject data and mean difference (95% CI) of index finger force after thumb extension
stretch or after thumb flexion MVC, compared to thumb flexion-extension cycling. Each data point is the between-
condition paired difference of the change in index finger force for a 1° change in passive thumb motion for that
subject.

https://doi.org/10.1371/journal.pone.0212496.g003

We found that small forces (0.005 to 0.034 N) were transmitted between the thumb and
index finger. Schuind and colleagues measured force in the flexor pollicis longus muscle in
situ during thumb interphalangeal flexion-extension and reported that the mean passive force
was 2.9 N [26]. Based on these data, we estimate that intermuscle force transmission corre-
sponds to 0.17 to 1.17% of passive flexor pollicis longus force. Under active conditions, the
product of flexor pollicis longus physiological cross-sectional area (2.10 cm?, [27]) and muscle
stress (approximately 30 N cm™2, [28]) gives a conservative estimate of 63 N for maximal iso-
metric muscle force. Here, intermuscle force transmission corresponds to ~0.05% of maximal
active flexor pollicis longus force. Even if we discount the small effects during active conditions
and restrict our conclusions to passive conditions, intermuscle force transmission is still small.

Our findings need to be interpreted in context of methodological limitations. First, passive
force in flexor pollicis longus in vivo was not known and cannot be directly measured in
humans except during invasive surgical procedures. If force in flexor pollicis longus was small,
then intermuscle force transmission between flexor pollicis longus and flexor digitorum pro-
fundus to the index finger would be even smaller and harder to detect. Although we found
only small amounts of intermuscle force transmission, muscle activity in superficial extensor
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digitorum and deep extensor indicis may have decreased net index finger flexion force. Simi-
larly, activity in the deep flexor digitorum profundus may have contributed to index finger
force. Unfortunately, activity in these muscles was not recorded. We investigated the size and
direction of lateral force transmission at an anatomical site where it is likely to occur, but it is
not known how many subjects had the anatomical connection between the tendons of those
muscles. Regardless of whether this anatomical connection was present, the bellies of the two
investigated muscles lie adjacent to each other and are connected to each other via connective
tissue. These connections could transmit forces between muscles, as has been shown in previ-
ous studies on other muscle pairs. Lastly, the resolution of the load cell (0.011 N) was close to
the range of effects detected (mean difference between cycling-stretch conditions: 0.028 N), so
the load cell may not have detected differences in intermuscle force transmission between the
other pair of conditions.

Methodological limitations may also have contributed to why stretching the long thumb
flexor decreased intermuscle force transmission, whereas maximally contracting the same
muscle did not. If passive thumb motion was systematically faster or slower between condi-
tions, thumb motion angular velocity may have produced systematic effects of intermuscle
force transmission. To prevent this, the investigator followed a target trace to move the thumb
slowly. On average, thumb motion was slow, and maximal angular velocities never exceeded
those typically applied in studies on passive movement [29]. Overall however, thumb motion
was slightly faster during cycling compared to either stretch or MVC trials. This implies that
faster thumb motion during cycling may have caused larger intermuscle force transmission
compared to stretch. However, this cannot explain why faster thumb motion during cycling
did not similarly cause larger intermuscle force transmission compared to MVC. Not knowing
how thumb motion influences index finger force or motion of flexor pollicis longus is a limita-
tion of this study.

Linear regression was used to quantify change in index finger force for a 1° change in pas-
sive thumb motion, but the regression residuals in time-series data are not random or statisti-
cally independent. The intention was to estimate, but not to infer the change in finger force
during thumb motion for each trial, so we did not calculate 95% CI about the slope for each
trial. We chose to perform linear regression as the simplest procedure to estimate an average
change in force over the range of thumb angles and avoid complex non-linear fits. In the anal-
ysis plan, we pre-specified the key comparisons of interest as the differences in intermuscle
force transmission between the control-stretch and control-MVC conditions, and present
mean differences and 95% CI so readers may infer the precision of effects. We did this to
reduce the number of statistical comparisons and avoid conducting post-hoc tests which gen-
erate p-values that are conditional on p-values [30, 31]. Accordingly, we found small differ-
ences between one pair of conditions but not another.

Stretching and maximally contracting muscle to change the history of muscle lengthening
are routinely used to examine proprioceptive outcomes [25, 32]. The small decrease in inter-
muscle force transmission after thumb extension stretch might result from viscous deforma-
tion of flexor pollicis longus during the stretch, or stretch-induced strain of myofascial
connections or the tendinous connection. These mechanisms would decrease stiffness of flexor
pollicis longus and thus, presumably, transfer less force laterally to the index finger part of
flexor digitorum profundus. We did not observe a corresponding change in intermuscle force
transmission after maximally contracting the long thumb flexor at a long muscle length
because this effect may have been too small to detect. For our sample, the mean increase in fin-
ger flexion force during passive thumb flexion was smaller after conditioning with either
thumb extension stretch and thumb flexion MVC, compared to passive thumb flexion-exten-
sion cycling. The 95% CI of the cycling-MVC mean difference crossed 0 N, indicating the
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absence of an effect. In contrast, the 95% CI of the cycling-stretch mean difference did not
cross 0 N, indicating this form of conditioning did have an effect on passive force transmis-
sion. Importantly, the width of these CI were narrow, indicating these estimates were precise,
especially for magnitudes of forces ~ 1% of passive force in flexor pollicis longus. Even if the
effect of maximally contracting the long thumb flexor was too small to detect, it is arguable
whether such small amounts of intermuscle force tranmission are physiologically relevant or
worthwhile.

Conclusion

In summary, these findings indicate that intermuscle force transmission occurs between the
thumb and index finger muscles under passive physiological conditions. But these amounts of
lateral force transmission are small and probably of little functional relevance.

Supporting information

S1 File. Data and code. Comma-separated-values (CSV) data files and Python file to generate
Figs 2 and 3. See the README.txt file for a full description.
(Z1P)

Author Contributions

Conceptualization: Joanna Diong, Simon C. Gandevia, Robert D. Herbert.

Data curation: Joanna Diong.

Formal analysis: Joanna Diong, Martin E. Héroux.

Funding acquisition: Joanna Diong.

Investigation: Joanna Diong, Martin E. Héroux, Simon C. Gandevia, Robert D. Herbert.
Methodology: Joanna Diong, Martin E. Héroux, Simon C. Gandevia, Robert D. Herbert.
Project administration: Joanna Diong.

Resources: Joanna Diong.

Software: Joanna Diong, Martin E. Héroux.

Visualization: Joanna Diong.

Writing - original draft: Joanna Diong.

Writing - review & editing: Joanna Diong, Martin E. Héroux, Simon C. Gandevia, Robert D.
Herbert.

References

1. Zajac FE, Gordon ME. Determining muscle’s force and action in multi-articular movement. Exercise
and Sport Sciences Reviews. 1989; 17:187-230. PMID: 2676547

2. Huijing PA. Epimuscular myofascial force transmission: a historical review and implications for new
research. Journal of Biomechanics. 2009; 42(1):9-21. https://doi.org/10.1016/j.jpiomech.2008.09.027
PMID: 19041975

3. Higham TE, Biewener AA. Functional and architectural complexity within and between muscles:
regional variation and intermuscular force transmission. Philosophical Transactions of the Royal Soci-
ety of London Series B, Biological Sciences. 2011; 366(1570):1477-1487. https://doi.org/10.1098/rstb.
2010.0359 PMID: 21502119

PLOS ONE | https://doi.org/10.1371/journal.pone.0212496 February 15, 2019 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212496.s001
http://www.ncbi.nlm.nih.gov/pubmed/2676547
https://doi.org/10.1016/j.jbiomech.2008.09.027
http://www.ncbi.nlm.nih.gov/pubmed/19041975
https://doi.org/10.1098/rstb.2010.0359
https://doi.org/10.1098/rstb.2010.0359
http://www.ncbi.nlm.nih.gov/pubmed/21502119
https://doi.org/10.1371/journal.pone.0212496

®PLOS | one

Force transmission between muscles

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

de Bruin M, Smeulders MJ, Kreulen M, Huijing PA, Jaspers RT. Intramuscular connective tissue differ-
ences in spastic and control muscle: a mechanical and histological study. PLoS One. 2014; 9(6):
e€101038. https://doi.org/10.1371/journal.pone.0101038 PMID: 24977410

Krause F, Wilke J, Vogt L, Banzer W. Intermuscular force transmission along myofascial chains: a sys-
tematic review. Journal of Anatomy. 2016; 228(6):910-918. https://doi.org/10.1111/joa.12464 PMID:
27001027

Maas H, Finni T. Mechanical coupling between muscle-tendon units reduces peak stresses. Exercise
and Sport Sciences Reviews. 2017; 46(1):26—-33. https://doi.org/10.1249/JES.0000000000000132

Smeulders MJ, Kreulen M, Hage JJ, Huijing PA, van der Horst CM. Spastic muscle properties are
affected by length changes of adjacent structures. Muscle & Nerve. 2005; 32(2):208-215. https://doi.
org/10.1002/mus.20360

Maas H, Sandercock TG. Are skeletal muscles independent actuators? Force transmission from soleus
muscle in the cat. Journal of Applied Physiology. 2008; 104(6):1557—-1567. https://doi.org/10.1152/
japplphysiol.01208.2007 PMID: 18339889

Tijs C, van Dieen JH, Maas H. No functionally relevant mechanical effects of epimuscular myofascial
connections between rat ankle plantar flexors. Journal of Experimental Biology. 2015; 218(Pt 18):
2935-2941. https://doi.org/10.1242/jeb.122747 PMID: 26206361

Tijs C, van Dieén JH, Maas H. Limited mechanical effects of intermuscular myofascial connections
within the intact rat anterior crural compartment. Journal of Biomechanics. 2016; 49(13):2953—2959.
https://doi.org/10.1016/j.jpiomech.2016.07.005 PMID: 27452876

Maas H, Sandercock TG. Force transmission between synergistic skeletal muscles through connective
tissue linkages. Journal of Biomedicine & Biotechnology. 2010; 2010:575672. https://doi.org/10.1155/
2010/575672

Bernabei M, van Dieen JH, Baan GC, Maas H. Significant mechanical interactions at physiological
lengths and relative positions of rat plantar flexors. Journal of Applied Physiology. 2015; 118(4):
427-436. https://doi.org/10.1152/japplphysiol.00703.2014 PMID: 25539932

Meijer HIM, Baan GC, Huijing PA. Myofascial force transmission is increasingly important at lower
forces: Firing frequency-related length-force characteristics of rat extensor digitorum longus. Acta Phy-
siologica. 2006; 186(3):185—195. https://doi.org/10.1111/j.1748-1716.2006.01528.x PMID: 16497198

Sandercock TG, Maas H. Force summation between muscles: are muscles independent actuators?
Medicine and Science in Sports and Exercise. 2009; 41(1):184-190. https://doi.org/10.1249/MSS.
0b013e318183c0c3 PMID: 19092690

Davies TW. Resting length of the human soleus muscle. Journal of Anatomy. 1989; 162:169-175.
PMID: 2808114

Bojsen-Mgller J, Schwartz S, Kalliokoski KK, Finni T, Magnusson SP. Intermuscular force transmission
between human plantarflexor muscles in vivo. Journal of Applied Physiology. 2010; 109(6):1608—1618.
https://doi.org/10.1152/japplphysiol.01381.2009 PMID: 20884838

Tian M, Herbert RD, Hoang P, Gandevia SC, Bilston LE. Myofascial force transmission between the
human soleus and gastrocnemius muscles during passive knee motion. Journal of Applied Physiology.
2012; 113(4):517-528. https://doi.org/10.1152/japplphysiol.00111.2012 PMID: 22723629

Carvalhais VO, Ocarino Jde M, Araujo VL, Souza TR, Silva PL, Fonseca ST. Myofascial force trans-
mission between the latissimus dorsi and gluteus maximus muscles: an in vivo experiment. Journal
of Biomechanics. 2013; 46(5):1003-1007. https://doi.org/10.1016/j.jpiomech.2012.11.044 PMID:
23394717

Bernabei M, van Dieen JH, Maas H. Longitudinal and transversal displacements between triceps surae
muscles during locomotion of the rat. Journal of Experimental Biology. 2017; 220(Pt 4):537-550.
https://doi.org/10.1242/jeb.143545 PMID: 28202647

Linburg RM, Comstock BE. Anomalous tendon slips from the flexor pollicis longus to the flexor digi-
torum profundus. Journal of Hand Surgery. 1979; 4(1):79-83. https://doi.org/10.1016/S0363-5023(79)
80110-0 PMID: 759509

Hamitouche K, Roux JL, Baeten Y, Allieu Y. [Linburg-Comstock syndrome. Epidemiologic and anatomic
study, clinical applications]. Chirurgie de la Main. 2000; 19(2):109-115. https://doi.org/10.1016/S1297-
3203(00)73468-8 PMID: 10904829

Yu WS, Kilbreath SL, Fitzpatrick RC, Gandevia SC. Thumb and finger forces produced by motor units in
the long flexor of the human thumb. Journal of Physiology. 2007; 583(Pt 3):1145—-1154. https://doi.org/
10.1113/jphysiol.2007.135640 PMID: 17656436

Diong J, Herbert RD. Is ankle contracture after stroke due to abnormal intermuscular force transmis-
sion? Journal of Applied Biomechanics. 2015; 31(1):13-18. https://doi.org/10.1123/jab.2014-0064
PMID: 25268148

PLOS ONE | https://doi.org/10.1371/journal.pone.0212496 February 15, 2019 10/11


https://doi.org/10.1371/journal.pone.0101038
http://www.ncbi.nlm.nih.gov/pubmed/24977410
https://doi.org/10.1111/joa.12464
http://www.ncbi.nlm.nih.gov/pubmed/27001027
https://doi.org/10.1249/JES.0000000000000132
https://doi.org/10.1002/mus.20360
https://doi.org/10.1002/mus.20360
https://doi.org/10.1152/japplphysiol.01208.2007
https://doi.org/10.1152/japplphysiol.01208.2007
http://www.ncbi.nlm.nih.gov/pubmed/18339889
https://doi.org/10.1242/jeb.122747
http://www.ncbi.nlm.nih.gov/pubmed/26206361
https://doi.org/10.1016/j.jbiomech.2016.07.005
http://www.ncbi.nlm.nih.gov/pubmed/27452876
https://doi.org/10.1155/2010/575672
https://doi.org/10.1155/2010/575672
https://doi.org/10.1152/japplphysiol.00703.2014
http://www.ncbi.nlm.nih.gov/pubmed/25539932
https://doi.org/10.1111/j.1748-1716.2006.01528.x
http://www.ncbi.nlm.nih.gov/pubmed/16497198
https://doi.org/10.1249/MSS.0b013e318183c0c3
https://doi.org/10.1249/MSS.0b013e318183c0c3
http://www.ncbi.nlm.nih.gov/pubmed/19092690
http://www.ncbi.nlm.nih.gov/pubmed/2808114
https://doi.org/10.1152/japplphysiol.01381.2009
http://www.ncbi.nlm.nih.gov/pubmed/20884838
https://doi.org/10.1152/japplphysiol.00111.2012
http://www.ncbi.nlm.nih.gov/pubmed/22723629
https://doi.org/10.1016/j.jbiomech.2012.11.044
http://www.ncbi.nlm.nih.gov/pubmed/23394717
https://doi.org/10.1242/jeb.143545
http://www.ncbi.nlm.nih.gov/pubmed/28202647
https://doi.org/10.1016/S0363-5023(79)80110-0
https://doi.org/10.1016/S0363-5023(79)80110-0
http://www.ncbi.nlm.nih.gov/pubmed/759509
https://doi.org/10.1016/S1297-3203(00)73468-8
https://doi.org/10.1016/S1297-3203(00)73468-8
http://www.ncbi.nlm.nih.gov/pubmed/10904829
https://doi.org/10.1113/jphysiol.2007.135640
https://doi.org/10.1113/jphysiol.2007.135640
http://www.ncbi.nlm.nih.gov/pubmed/17656436
https://doi.org/10.1123/jab.2014-0064
http://www.ncbi.nlm.nih.gov/pubmed/25268148
https://doi.org/10.1371/journal.pone.0212496

®PLOS | one

Force transmission between muscles

24,

25.

26.

27.

28.

29.

30.

31.
32.

Hagbarth KE, Hagglund JV, Nordin M, Wallin EU. Thixotropic behaviour of human finger flexor muscles
with accompanying changes in spindle and reflex responses to stretch. Journal of Physiology. 1985;
368:323-342. https://doi.org/10.1113/jphysiol.1985.sp015860 PMID: 2934547

Proske U, Tsay A, Allen T. Muscle thixotropy as a tool in the study of proprioception. Experimental Brain
Research. 2014; 232(11):3397-3412. https://doi.org/10.1007/s00221-014-4088-5 PMID: 25200179

Schuind F, Garcia-Elias M, Cooney WP, An KN Flexor tendon forces: In vivo measurements. Journal of
Hand Surgery. 1992; 17(2):291-298. https://doi.org/10.1016/0363-5023(92)90408-H

Lieber RL. Skeletal muscle structure, function, and plasticity. The physiological basis of rehabilitation
(3rd ed). Lippincott Williams & Wilkins, Baltimore, USA. 2010.

Narici M, Landoni L, Minetti A. Assessment of human knee extensor muscles stress from in vivo physio-
logical cross—sectional area and strength measurements. European Journal of Applied Physiology and
Occupational Physiology. 1992; 65(5):438—444. https://doi.org/10.1007/BF00243511 PMID: 1425650

Diong JHL, Herbert RD, Harvey LA, Kwah LK, Clarke JL, Hoang PD, Martin JH, Clarke EC, Bilston LE,
Gandevia SC. Passive mechanical properties of gastrocnemius after spinal cord injury. Muscle &
Nerve. 2012; 46(2):273-245. https://doi.org/10.1002/mus.23356

Motulsky H. Intuitive biostatistics: A nonmathematical guide to statistical thinking ( 3rd ed). Oxford Uni-
versity Press, New York, USA. 2014.

Field A, Miles J, Field Z. Discovering statistics using R. Sage Publications Ltd, London, UK. 2012.

Walsh LD, Proske U, Allen TJ, Gandevia SC. The contribution of motor commands to position sense dif-
fers between elbow and wrist. Journal of Physiology. 2013; 591(23):6103-6114. https://doi.org/10.
1113/jphysiol.2013.259127 PMID: 24099798

PLOS ONE | https://doi.org/10.1371/journal.pone.0212496 February 15, 2019 11/11


https://doi.org/10.1113/jphysiol.1985.sp015860
http://www.ncbi.nlm.nih.gov/pubmed/2934547
https://doi.org/10.1007/s00221-014-4088-5
http://www.ncbi.nlm.nih.gov/pubmed/25200179
https://doi.org/10.1016/0363-5023(92)90408-H
https://doi.org/10.1007/BF00243511
http://www.ncbi.nlm.nih.gov/pubmed/1425650
https://doi.org/10.1002/mus.23356
https://doi.org/10.1113/jphysiol.2013.259127
https://doi.org/10.1113/jphysiol.2013.259127
http://www.ncbi.nlm.nih.gov/pubmed/24099798
https://doi.org/10.1371/journal.pone.0212496

