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Brief Communications

Decrease in Muscle Contraction Time Complements Neural
Maturation in the Development of Dynamic Manipulation
Sudarshan Dayanidhi,1 Jason J. Kutch,1 and Francisco J. Valero-Cuevas1,2
1Division of Biokinesiology and Physical Therapy, University of Southern California, Los Angeles, California 90089, and 2Department of Biomedical
Engineering, University of Southern California, Los Angeles, California 90089

Developmental improvements in dynamic manipulation abilities are typically attributed to neural maturation, such as myelination of
corticospinal pathways, neuronal pruning, and synaptogenesis. However the contributions from changes in the peripheral motor system
are less well understood. Here we investigated whether there are developmental changes in muscle activation-contraction dynamics and
whether these changes contribute to improvements in dynamic manipulation in humans. We compared pinch strength, dynamic manipulation ability, and contraction time of the first dorsal interosseous muscle in typically developing preadolescent, adolescent, and young
adults. Both strength and dynamic manipulation ability increased with age (p ⬍ 0.0001 and p ⬍ 0.00001, respectively). Surprisingly,
adults had a 33% lower muscle contraction time compared with preadolescents (p ⬍ 0.01), and contraction time showed a significant
(p ⬍ 0.005) association with dynamic manipulation abilities. Whereas decreases in muscle contraction time during development have
been reported in the animal literature, our finding, to our knowledge, is the first report of this phenomenon in humans and the first
finding of its association with manipulation. Consequently, the changes in the muscle contractile properties could be an important
complement to neural maturation in the development of dynamic manipulation. These findings have important implications for understanding central and peripheral contributors to deficits in manipulation in atypical development, such as in children with cerebral palsy.

Introduction
Dexterous manipulation capabilities have a prolonged period of
development during childhood (Forssberg et al., 1991) and adolescence (Vollmer et al., 2010; Dayanidhi et al., 2013). These improvements have been primarily attributed to neural factors,
including developmental plasticity of the corticospinal tract (Armand et al., 1997; Olivier et al., 1997; Martin, 2005) via microstructural changes (Lebel et al., 2008), myelination (Paus et al.,
1999), and synaptogenesis (Giedd et al., 1999). However, the contribution of developmental changes in the muscular system,
which would serve to increase the fidelity of the muscular response to neural input, are less well understood.
Children exhibit dramatic increases in hand strength after the
age of 10 (Häger-Ross and Rösblad, 2002), attributed to changes
in physiological cross-sectional area, moment arm length, and
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activation level (O’Brien et al., 2010). Although strength clearly
plays a role in manipulation, most manipulation activities require only low or modest strength levels (Smaby et al., 2004).
Dynamic manipulation critically requires that hand muscles
faithfully respond to commands from the nervous system, enabling the rapid regulation of fingertip force vector magnitudes
and directions based on task requirements (Valero-Cuevas et al.,
2003; Venkadesan and Valero-Cuevas, 2008). Consequently, the
activation-contraction dynamics of intrinsic hand muscles, defining the time needed for the muscle to respond to neural input,
may be an important limiting factor in the performance of dynamic manipulation.
Activation-contraction dynamics can be succinctly described
in terms of contraction time, which is a property of single motor
units and defines the time required to achieve maximum force
after a single action potential in the motor unit of interest. Motor
units in intrinsic hand muscles of adult humans have contraction
times on the order of 50 ms (Thomas et al., 1990; Chan et al.,
2001) and upward of 50% are recruited, even for low force (⬃2N)
activities (Milner-Brown et al., 1973b). In animal models, contraction time decreases by 50 – 80% with age (Close, 1964), which
is likely the result of improved Ca 2⫹ uptake by the sarcotubules
(Brody, 1976) mediated by increased parvalbumin concentration
(Heizmann et al., 1982; Leberer and Pette, 1986). Direct measurements of motor unit contraction time in the hand muscles of
children have not been made, to our knowledge, likely because of
the invasive nature of the required intramuscular or intraneural
electrodes in the upper limb and hand. Therefore, the relationship between developmental changes of contraction time and
dynamic manipulation is not known.
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Experimental setup and protocol

Contraction time. An experimental setup described previously (Kutch et al., 2010) measured high-precision index finger forces and
EMG time history
electromyographic (EMG) signals from the
first dorsal interosseous to estimate muscle
contraction time using the electromyographicIsometric force
time history
weighted averaging approach (EWA). Subjects
were seated with their dominant arm supunstable spring
rigid load cell
ported by a platform, the forearm in mid
prone, index finger in a few degrees of flexion
E FDI
B 50 DMSchild DMSadult
and 0° of metacarpophalangeal abduction, the
Spring
Twitch
remaining fingers wrapped around a dowel. A
Young child
Force (gmf)
Force
single differential EMG electrode (Delsys) was
6
Young
placed on the first dorsal interosseous (FDI).
child
Subjects were given visual feedback while applying isometric abduction force with their index finger against a 6 degrees-of-freedom load
Adult
cell (JR3). Their target force was 2N ⫾ 0.5, to
be maintained as steady as possible for 20 –25 s,
Adult
which was ⬍5% of the maximum isometric
voluntary contraction for all subjects. Adult
100
Time
(ms)
Time (seconds)
CTadult CTchild
subjects also abducted with a target force of
4N ⫾ 0.5.
C
F
Dynamic manipulation ability and maximal
Maturation
pinch strength. To test dynamic manipulation
Young Children
abilities, subjects were asked to use their domOlder Children
inant index and thumb to compress an instruAdults
mented slender spring prone to buckling as far
Maturation
as possible, and hold for at least 3 s. This spring,
based on the validated Strength-Dexterity Test
(Valero-Cuevas et al., 2003), becomes more
unstable as it is compressed, requiring faster
control of fingertip force direction with in100
200
300
50
100
150
creasing compression making it impossible to
Dynamic manipulation score (DMS - gmf)
Contraction Time (CT - ms)
compress fully (Venkadesan et al., 2007; Dayanidhi et al., 2013). The maximal level of comFigure 1. Summary of experiments and results. A, Dynamic manipulation ability was tested by compressing and maintaining a
pression (⬃2–3 N) is therefore a surrogate for
low force instrumented spring that was prone to instabilities for at least 3 s. B, Representative data show increased maximal
the maximal level of instability that can be consustained compression, i.e. Dynamic Manipulation Score (DMS) in adults (blue) compared with children (red). D, To calculate the
trolled and therefore a measure of dynamic
muscle contraction time (in terms of average time to peak of force twitch), subjects were asked to maintain 2N of isometric force
manipulation ability. Two single-axis miniaagainst a rigid 6-axis load cell while surface EMG was collected simultaneously from the first dorsal interosseous. E, Representative
ture load cells (ELB4-10, Measurement SpeEWA waveforms are shown for adults (blue) and children (red) with the contraction time indicated. C, F, Histograms of DMS and
cialties) mounted at the ends of the spring
mean contraction times (CT) for all subjects.
measured the compression force. Maximal tipto-tip pinch forces were measured on the selfreported dominant hand using a pinch meter
(B&L Engineering). One child only completed
Consequently, the goal of this study was to address this imthe contraction time component of the experiment.
Count

Count

FDI

passe by using a recently developed noninvasive technique
(Kutch et al., 2010), suitable for use in children, for estimating
contraction time in the whole muscle to link fundamental muscle
activation-contraction properties with dynamic manipulation
performance. We tested for changes in muscle contraction time
during the preadolescent and adolescent years and examined
whether these changes are associated with improvements in dynamic manipulation capabilities. Because of the prior work in
animal models, we hypothesized that contraction time decreases
in intrinsic hand muscles during human development, and that
this decrease could, in part, explain improvements in dynamic
manipulation abilities.

Materials and Methods
Thirteen adults (ages 23–32), 10 older children (ages 15–17), and 13
younger children (ages 11–13) participated in this study; all were female
to avoid potential gender differences (Vollmer et al., 2010). The protocol
was approved by the University of Southern California institutional review board, and informed assents and consents, as appropriate, were
obtained from all the subjects.

Data reduction and analysis
EWA is a noninvasive technique to extract the average contractile properties of an ensemble of motor units (Kutch et al., 2010). After visually
selecting 20 –25 s of steady-state periods of index finger abduction force,
we cross-correlate it with the accompanying full-wave rectified FDI EMG
data to produce the EWA waveform. The EWA waveform is strikingly
similar to the waveform produced by spike-triggered averaging (STA), a
standard technique to estimate motor unit contractile properties based on
intramuscular recordings (Milner-Brown et al., 1973a; Thomas et al., 1986;
Thomas, 1997). To quantify muscle contraction time (CT), therefore, we
used the time taken to reach the peak of this waveform, as is done in STA.
For the dynamic manipulation task, we identified the average maximal
level of compression as described previously (Venkadesan et al., 2007;
Dayanidhi et al., 2013). For each subject, the mean of the force during the
sustained compression phases was calculated for all their attempts, and
three maximum values were averaged to create a metric for dynamic
manipulation ability, which we call the dynamic manipulation score
(DMS), in units of grams of force (gmf).
Age was the independent variable for our statistical analysis, either
divided into bins (11–13, 15–17, 23–32 years) for ANOVAs or as a con-

Results

Dynamic Manipulation
Contraction Time

FDI Mean Contraction Time
(as time-to-peak in ms)

tinuous variable for regression analyses. Oneway ANOVAs tested for differences among age
groups in mean contraction time, DMS, pinch
strength, and firing rates of the raw EMG (median frequency and lowest nonzero autocorrelation time lag). A pairwise t test tested for
differences in firing rates between the 2N and
4N contraction times task in adults. Last, we
performed linear regressions between contraction time and dynamic manipulation score,
and among contraction time and pinch
strength.

300

80

p<0.0001
r2=0.68
200
60

Dynamic Manipulation Score (gmf)
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p<0.005
Regarding manipulation ability (Fig. 1A),
r2=0.24 100
adults achieved higher DMS than children
40
(Fig. 1B; representative data from two
subjects), and DMS increased as a function of age (Fig. 1C; raw histograms, see
10
15
20
25
30
35
statistical analysis below): group median
Age (Years)
DMS values of 122, 176, and 200 gmf for
young children, older children, and
Figure 2. Significant change in dynamic manipulation abilities and the FDI contraction time across age. The x-axis is age,
adults, respectively.
whereas the contraction time data are aligned with the left y-axis (shown as blue circles) and the dynamic manipulation data are
Muscle contraction time (Fig. 1C) aligned with the right y-axis (shown as green squares). The contraction time was measured in terms of the average time to peak
showed a complementary trend with age. (i.e., longer time translates to slower contraction time and vice versa). The data from the 2 younger children, detected as outliers,
Young children had longer CT values than are not shown (see Figure 3).
adults (Fig. 1E; data from the same two
representative subjects), and CT deWe also investigated the potential confound of different
creased as a function of age (Fig. 1F; raw histograms, see statistical
firing rates across age groups. Given their lower strength, we
analysis below): the group median CT values were 74, 54, and 49
would expect children to have their muscles operating at a
ms for young children, older children, and adults, respectively.
higher firing rate, for a given force, compared with the adults.
When treating age as a continuous independent variable, a
The median frequency of firing of the FDI EMG was higher in
significant association was seen with DMS (Fig. 2, green squares;
younger children (97.04 ⫾ 12.16 Hz) compared with adults
p ⬍ 0.0001) and CT (Fig. 2, blue circles; p ⬍ 0.005). A one-way
(90 ⫾ 6.88 Hz), which tended to significance ( p ⫽ 0.07).
ANOVA for DMS showed similar trends among age bins: highly
Exclusion of one adult outlier, detected using a boxplot, resignificant differences ( p ⬍ 0.00001) among adults and children
vealed significant differences ( p ⬍ 0.05). As a complementary
(Fig. 3, right), with younger children having a mean value of
analysis of median frequency, the time of the lowest nonzero
125.05 ⫾ 19.25 gmf, older children 166.81 ⫾ 20.19 gmf, and
autocorrelation peak was significantly ( p ⬍ 0.0005) different,
adults having a mean value of 199.06 ⫾ 19.84 gmf, ignoring the
with younger children showing a shorter lag of 64.29 ⫾ 6.96
one outlier. Post hoc Bonferroni tests revealed significant differms and adults a longer one of 84.6 ⫾ 10.6 ms. Consequently,
ences among all three age groups. A one-way ANOVA for CT
these analyses reveal that children were operating at a higher
showed significant differences ( p ⬍ 0.01) between adults and
firing rate compared with adults.
children (Fig. 3, right), with young children having a mean time
To evaluate the effect of higher firing rates on CT, we perof 66.54 ⫾ 12.4 ms, older children of 56.25 ⫾ 8.7 ms, and adults
formed
the task in adults at 2N and 4N target force levels. A
of 52.12 ⫾ 9.6 ms. Post hoc Bonferroni tests revealed differences
pairwise
t test revealed a significant increase in median frebetween the young children and adults, but not between older
quency in adults between 2N and 4N (90 ⫾ 6.88 vs 98.53 ⫾
children and adults. Two children had values that were detected
14.6 Hz, p ⬍ 0.05) with the adults at 4N target force firing at a
to be outliers on a boxplot (i.e., ⬎1.5 times the interquartile
similar higher rate as the children at 2N. A pairwise t test also
range) and not included in the analysis (Fig. 3). Including the
revealed significant differences in autocorrelation time lag in
outliers made the results of the ANOVA more significant ( p ⬍
adults when comparing the 2N and 4N target force (84.6 ⫾
0.005), and the post hoc tests showed differences between the
10.6 vs 63.79 ⫾ 15.71 ms, p ⬍ 0.001), again the 4N was similar
young and older children as well.
to the time lag in children at 2N. However, no significant
A significant negative association was observed between CT
differences were seen in the CT for the adults when comparing
and DMS using linear regression (Fig. 4; p ⬍ 0.005, r 2 ⫽ 0.28, r ⫽
the 2N and 4N target force (52.12 ⫾ 9.6 vs 54.97 ⫾ 12.6, p ⫽
0.53). Every 10 ms decrease in CT was associated with an increase
0.26). This supports the assertion that CT as estimated by
in DMS of ⬃20 gmf.
EWA at these low force levels is not sensitive to motor unit
As expected, strength increased with age. Significant differfiring rate. These analyses therefore confirm that younger chilences were seen for the tip-to-tip pinch ( p ⬍ 0.00005), with
dren had a higher average firing rates in the motor units comyoung children having a mean of 3542 ⫾ 629 gmf, older children
pared with adults in a muscle generating approximately the
4150 ⫾ 784 gmf, and adults 5308 ⫾ 879 gmf. Regression analysis
same force, but that increasing the motor unit firing rates does
showed that CT had a significant negative association with tipnot increase the contraction time. Therefore, the results in our
to-tip pinch ( p ⬍ 0.05, r 2 ⫽ 0.16). The fingers used, and their
comparison of contraction times between children and adults
configuration, is the same for the dynamic manipulation and the
tip-to-tip pinch tasks.
cannot be attributed to differences in firing rates.
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pinch strength, it only shows half the
association with contraction time as the
*
dynamic manipulation score; and surpris120
ingly, the changes in dynamic manipulation scores and muscle contraction time
were measured at very low force levels.
With certain limitations discussed below,
200
200
these findings critically extend our understanding of central and peripheral con80
176
tributors to the development of dynamic
74
manipulation.
Although development of noninvasive
122
techniques
is required to disambiguate
54
and
clarify
the
role of the central and pe49
100
ripheral factors to the development of ma40
nipulation tasks, it is important here to
discuss some of the assumptions and limitations. EWA and the related widely used
spike-triggered average (STA) technique
11−13 15−17 23−32
11−13 15−17 23−32
share the limitation that their estimate
Age (Years)
for the contraction time of a motor unit
twitch is firing-rate dependent. In general,
Figure 3. Change in dynamic manipulation (right) and contraction time (left) across the age groups. *Significant differences the STA/EWA estimate for contraction
( p ⬍ 0.01) are based on one-way ANOVAs across the age groups and show significant changes for both contraction time as well as time will decrease with increased firing
dynamic manipulation abilities. The contraction time was measured in terms of the average time to peak (i.e., longer time rate (Calancie and Bawa, 1986; Lim et al.,
translates to slower contraction time and vice versa). The outliers are indicated by gray crosshairs.
1995). However, this limitation serves to
strengthen our interpretation. It could be
300
argued that the young children had an
EWA-estimated CT that was trivially different from adults simply because they
were operating at a different percentage of
their maximum force, and hence a different average motor unit firing rate. Because
the children were demonstrably weaker,
200
we can assume that children must be operating at a higher firing rate to achieve
the same force output, an assumption
supported by analyses of the EMG power
spectrum and autocorrelation. Therefore,
y = −1.82(x)+276
this higher firing rate could only serve to
p<0.005
make the estimate of CT lower in children
r2=0.28
compared with adults, which is the oppo100
site of our data. Furthermore, we tested
this interpretation by having adults increase their force output from 2N to 4N,
forcing the adults to operate at a higher
30
50
70
90
FDI Mean Contraction Time
percentage of their maximum and simu(as time-to-peak in ms)
lating the weaker muscle of the children.
We did not observe increases in EWAFigure 4. Relationship between contraction time of the FDI and dynamic manipulation abilities. The regression line was estimated CT, arguing that the longer CT
significantly different from zero ( p ⬍ 0.005), indicating an association between these two variables with 28% shared variance. observed in children is not a trivial conseThe contraction time was measured in terms of the average time to peak (i.e., longer time translates to slower contraction time and quence of firing rate.
vice versa).
Successful dynamic manipulation depends on the ability to quickly control the
Discussion
fingertip force magnitude and direction (Murray et al., 1994;
We found evidence that contraction time of intrinsic hand musValero-Cuevas et al., 2003), which in turn requires quickness of
cles decreases as an individual transitions from childhood to
response in both the controller (i.e., the neural pathways) and the
adulthood, which for the first time demonstrates developmental
actuators (i.e., the muscles). Even at low force magnitudes, such
improvements in the dynamics of the human peripheral motor
as in this study, controlling a dynamically unstable object resystem that could facilitate the fine control required for dynamic
quires the ability to direct fingertip force vectors appropriately
manipulation. Correspondingly, a significant association was
(Venkadesan et al., 2007). Consequently, success at this task reobserved between muscle contraction time and dynamic maquires sufficient controller and actuator response time to renipulation score. Although we naturally saw the expected gains in
spond quickly, more so in the presence of noise (Faisal et al.,
Dynamic Manipulation Score (gmf)

*
*

300

Dynamic Manipulation Score (gmf)

FDI Mean Contraction Time
(as time-to-peak in ms)

*
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2008). Although the central conduction time of the corticospinal
tract has been shown by TMS to reach maturity by the age of 13
(Nezu et al., 1997), this effectively represents the speed in a minimally mature corticospinal tract. During the adolescent years,
there is still ongoing development of the corticospinal, frontoparietal, and cerebellar tracts associated with dynamic manipulation skills (Paus et al., 1999; Lebel et al., 2008), which can allow
for better parallel processing. There are microstructural changes
in the corticospinal tract (Lebel et al., 2008), with increased organization and myelination seen as higher fractional anisotropy
leading to an increase in size of the pathway. This is further supported by evidence that the fractional anisotropy in adult piano
players is significantly greater, related to the amount of practice
(Bengtsson et al., 2005) and thus shows an influence of activitydependent processes on structural maturation. Here we show, for
the first time, that there are also changes in the response time of
the muscle actuator, evidenced by decrease in the contraction
time of the FDI that has a significant association with improvements in dynamic manipulation score.
In our study, the contraction time computed using the EWA is
based on a cross-correlation between force and EMG waveforms
(Kutch et al., 2010) and is consequently related to some change in
the peripheral muscular apparatus (i.e., the actuator response time).
This leads us to propose that perhaps the observed differences in
twitch properties are related to improved Ca 2⫹ uptake by the sarcotubules (Brody, 1976) in adulthood. Moreover, in other animals,
shorter muscle contraction times in superfast muscles, such as a
toadfish bladder, are related to this Ca 2⫹ pump and parvalbumin
concentration, along with unbinding of the Ca 2⫹ from troponin C
and faster cross-bridge detachment (Rome et al., 1996). Our results
are similar, in part, to the results from postnatal development in
mammals (Close, 1964), where there is a 50 – 80% improvement in
contraction time, possibly related to the significant increase in parvalbumin concentration (⬃500%), secondary to neural activation of
the muscles (Leberer and Pette, 1986).
Here we show that, although finger configuration in tip-to-tip
pinch is similar to that during the measurement of dynamic manipulation, it only shows half the association with contraction
time as the dynamic manipulation score (16% vs 28%). Consequently, it does not appear that it benefits maximal voluntary
force capabilities in general but could potentially decrease the
time in which it is reached. A prior version of this test has been
shown to capture a unique trait of dynamic fingertip force coordination, which is different from pinch strength in typically developing children through adolescence (Vollmer et al., 2010).
Moreover, pinch strength is a poor predictor of dynamic manipulation abilities per se given that both experimental and analytical
results show that muscle strength (which can be used to stiffen
the fingers) does not help achieve higher levels of performance
during these unstable dynamical tasks (Venkadesan et al., 2007;
Dayanidhi et al., 2013).
Our results have important implications for uncovering the
mechanisms of deficits in, and therapeutic options for, dynamic manipulation in atypical development, such as in children with cerebral
palsy. Although muscular atrophy and consequently weakness are
observed, there are no differences in motor unit recruitment characteristics at low force levels (Rose and McGill, 2005). Manipulation
tasks do not require high amounts of force (Smaby et al., 2004), and
deficits in hand function cannot be explained purely by central contributors. Recent evidence suggests that extended practice during
developmentally critical periods, such as in the adolescent years, is
effective for improving hand function (Gordon et al., 2006), secondary to neural plasticity (Armand et al., 1997). Here we propose that

improvements in peripheral factors of contraction time might complement these findings.
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