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movements underpin critical functions including speech 
production and for the hand, grasp and manipulation of 
objects. The two structures have in common intrinsic and 
extrinsic musculatures that comprise roughly equiva-
lent proportions of types I and II muscle fiber but differ 
in regard to their “skeletal” support. Thus, hand muscles 
attach to bone which supports posture and movement and 
serves to amplify force generated by muscle contraction. In 
contrast, tongue muscles lack bony support and thus serve 
both as prime movers and to generate internal pressure 
and stiffness to constitute a “hydrostatic skeleton” (Kier 
and Smith 1985; Smith and Kier 1989; Skierczynski et al. 
1996).

Although there are numerous studies that document 
other (non-human) hydrostats performing skilled move-
ments (Kier et al. 1989; Johnsen and Kier 1993; Gutfre-
und et al. 1996, 1998; Matzner et al. 2000), our under-
standing of the neuromuscular control of these structures 
in the context of voluntary movements is quite limited. 
Thus, it is unclear whether muscle force is regulated 
in the tongue as it is in limb, i.e., via processes of rate 
coding and recruitment. Here we perform a side-by-
side comparison of muscle motor unit recruitment pat-
terns in the tongue and in the hand in nine healthy young 
adults. Despite very different structures and functions, 
we find motor units in muscles of the hand and tongue 
are recruited in a similar manner over comparable effort 
ranges (%max). However, the absolute firing rate of 
motor units in the tongue muscle during articulation of a 
vowel is significantly higher than in a muscle of the hand 
during finger abduction. It is tempting to speculate that 
higher firing contributes to tongue muscle stiffness and 
in turn to the generation of the hydrostatic skeleton. This 
work was presented previously in abstract form (Shum-
way et al. 2014).

Abstract Motor unit recruitment was assessed in two 
muscles with similar muscle fiber-type compositions and 
that participate in skilled movements: the tongue muscle, 
genioglossus (GG), and the hand muscle, first dorsal inter-
osseous (FDI). Our primary objectives were to determine 
in the framework of a voluntary movement whether muscle 
force is regulated in tongue as it is in limb, i.e., via pro-
cesses of rate coding and recruitment. Recruitment in the 
two muscles was assessed within each subject in the con-
text of ramp force (FDI) and in the tongue (GG) during 
vowel production and specifically, in the context of ramp 
increases in loudness, and subsequently expressed relative 
to the maximal. The principle findings of the study are that 
the general rules of recruitment and rate coding hold true 
for both GG and FDI, and second, that average firing rates, 
firing rates at recruitment and peak firing rates in GG are 
significantly higher than for FDI (P < 0.001) despite tasks 
performed across comparable force ranges (~2–40 % of 
max). The higher firing rates observed in the tongue within 
the context of phonation may be a function of that muscle’s 
dual role as (prime) mover and hydrostatic support element.
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Introduction

The human tongue and hand are capable of precisely 
controlled voluntary movement. For the tongue, these 
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Methods

Thirty-two experiments were performed in nine healthy 
adult volunteers (six women and three men) between the 
ages of 20 and 34 years. Experimental procedures were 
approved by the University of Arizona, Human Subjects 
Committee. All subjects gave their written informed con-
sent prior to participation in the study.

Procedures

We initially demonstrated the suitability of the protocol via 
intramuscular fine wire recordings of whole muscle GG and 
FDI EMG in performance of ramp force and loudness tasks 
(see Fig. 1). These recordings serve as verification that GG 
EMG is modulated as a function of increasing loudness and 
that ramp rise, envelope and duration for this task is com-
parable to the ramp rise, envelope and duration for force 
ramps performed by a hand muscle.

Each experimental session was preceded by a brief 
rehearsal period. Subjects subsequently performed 3–5 
maximum voluntary maneuvers to establish the maxi-
mum force (FDI) and loudness (GG) EMG range gener-
ated in the tasks described below. The average of three 
maneuvers that were consistent to within ±10 % deter-
mined the subject’s maximum voluntary effort for each 
experiment.

Tongue tasks

Subjects sat in a dental chair with their head supported. 
Subjects were asked to produce the vowel /ee/ (as in the 
word /seed/) and to increase loudness or vocal effort over 
the course of the production. This vowel was selected 
because it is produced with slight mouth opening and with 
minimal jaw motion. Jaw opening is of significance for 
speech because aperture affects the radiation of sound and 
in turn perceived loudness. Moreover, jaw gape and move-
ment reflexly modulate tongue muscle activity. Thus, jaw 
closure is a potent inhibitor of tongue protrusion (Ishiwata 
et al. 2000), presumably to prevent biting, whereas jaw 
depression or opening co-activates both tongue and jaw 
muscles (Ishiwata et al. 2000; Stanek et al. 2014). In select-
ing /ee/ as the target production, both sources of variability 
were effectively minimized.

Respiratory movements of the chest wall were moni-
tored via two strain-gauge transducers (Pneumotrace, 
UFI, Morro Bay, CA) positioned around the thorax at the 
mid-sternal level and around the abdomen at the level of 
the umbilicus and which allowed us to distinguish inspira-
tion from expiration-related segments of each breath cycle. 
Vowel productions commenced at end inspiration and were 
roughly 5.0 s in duration as determined by the individual’s 
available breath support. All utterances were recorded via 
a head-mounted omnidirectional microphone (Opus 55.18 

Fig. 1  Representative whole 
muscle electromyographic 
recording obtained from the first 
dorsal interosseous (FDI) and 
genioglossus (GG) muscles in 
performance of force (%max) 
and loudness (%max) ramps, 
respectively. The whole muscle 
EMG output for FDI and GG is 
comparable in regard to trajec-
tory, amplitude (mV) and time 
course
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MK II, BeyerDynamic, Long Branch, NJ) positioned 
~2.0 mm from the left corner of the mouth and displayed in 
Spike2 (Cambridge Electronic Design, CED). Visual feed-
back of the time course and loudness of the utterance was 
displayed on a computer monitor positioned within the sub-
ject’s field of view.

Hand tasks

Subjects sat in a dental chair with their forearm supported 
on an adjustable platform. The upper arm was slightly 
abducted, and the elbow joint was flexed at 130°. The hand 
and forearm rested on a support with the palmar side of the 
hand turned downward and the thumb abducted and rest-
ing against a vertical aluminum rod. A leather cuff placed 
around the distal interphalangeal joint of the index finger 
was coupled to a force transducer. Each subject then was 
instructed to perform a slow ramp abduction of the index 
finger during which force increased over a ~5.0-s window. 
The force exerted by the subject was recorded by means 
of a force–displacement transducer (Grass FT10, Grass 
Instruments, Quincy MA), and the signal was amplified 
(×1000) (Transbridge 4M, WPI, Sarasota, FL) and dis-
played in Spike2 (Cambridge Electronic Design, CED). 
Subjects were provided visual feedback of the time course 
and amplitude of the force trace on the computer monitor.

Motor unit recording

A total of 122 single motor unit recordings were obtained 
from the GG (N = 57 motor units) and FDI (N = 65 motor 
units) muscles. Each subject participated in both the GG 
and FDI experiments performed on separate occasions. 
Motor unit activities were recorded using tungsten micro-
electrodes (100–200 kΩ at 1 kHz, tip diameter, 250-μm 
shaft diameter; FHC, Bowdoinham, ME) inserted through 
the skin. For GG, depth to the muscle belly was determined 
via ultrasound and ranged between 1.5 and 2.0 cm, and for 
FDI, the electrode was inserted into the middle part of the 
muscle belly at depths ~1.0–1.5 cm. Surface electrodes 
(4 mm diameter Ag–AgCl) are attached to the skin overly-
ing the mastoid process (GG), and the radial styloid (FDI) 
served as the reference electrode in each case. All intra-
muscular EMG signals were sampled at 20 kHz, amplified 
(2000) and band-pass filtered (0.1–3 kHz (Model P511, 
Grass Instruments, West Warwick, RI) and displayed on a 
digital oscilloscope.

In each experimental session, subjects were instructed 
either to produce the vowel /ee/ (GG) or to slowly abduct 
the index finger (FDI), while the microelectrode was 
manipulated until action potentials of motor units were 
identifiable on the electrode. Subsequently, single motor 
unit activities were recorded in each loudness or force 

ramp. Subjects completed 3–5 such ramps per trial and 
rested 1–2 min between trials.

Signal processing and statistical analysis

All data were acquired and analyzed using Spike2 and 
custom-designed software (CED). Average sound pressure 
level (dBSPL) and average force (N) attained in each ramp 
were expressed as a percentage of the maximum (%max). 
Quantitative comparisons of EMG activities were made as 
follows. Single motor unit action potentials were discrimi-
nated using a template-matching algorithm based on wave-
form shape and amplitude as discussed previously (Bailey 
et al. 2007b). For analysis of average discharge rate and 
variability, only those motor units whose activities could be 
followed throughout each series of loudness or force ramp 
tasks were included. The firing rate at recruitment was cal-
culated from the first three interspike intervals (ISIs) in 
both muscles. In each muscle, the peak was identified as 
the highest firing rate recorded during each force or loud-
ness ramp. Initial, average, peak and delta (peak firing 
rate–firing rate at recruitment) firing rates were calculated 
for each motor unit from three to five ramps recorded in 
each condition. Differences in single motor unit activities 
were assessed via a within-subject ANOVA testing main 
effects for muscle (%max GG vs. % max FDI) as a func-
tion of task (i.e., force or loudness). When a significant F 
value was obtained, differences were tested using post hoc 
contrasts with significance levels adjusted according to the 
Bonferroni procedure. A significance level of P < 0.05 was 
used for all comparisons.

Results

Figure 2 contains representative recordings obtained from 
one subject in two separate sessions and shows single 
motor unit activities recorded during force and loudness 
ramps, respectively. Despite the very different nature of the 
tasks performed by each muscle, the ramps share compa-
rable trajectories and attain the same peak and motor units 
appear to be recruited into activity at roughly equivalent 
force/loudness levels (%max). The principle difference 
between the two recordings lies in peak motor unit firing 
rates which reach 20 Hz for GG and 14 Hz for FDI.

Box plots and interquartile ranges displaying firing rate 
averages for initially recruited units are presented in each 
of the panels in Fig. 3 and confirm the results depicted 
in the individual recordings. As shown, firing rates at 
recruitment (GG: 18.6 ± 3.4 Hz and FDI: 10.9 ± 1.8 Hz) 
(Fig. 3a), average firing rates (GG: 12.9 ± 3.3 Hz and 
FDI:7.0 ± 2.3 Hz) (Fig. 3b), peak firing rates (GG: 
29.0 ± 5.7 Hz and FDI:16.6 ± 3.96 Hz) (Fig. 3c) and the 
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net change in firing rate from recruitment to peak firing rate 
(i.e., ∆ firing rate, Fig. 3d) all were higher in GG relative to 
FDI muscle motor units (P < 0.001). We also compared the 
firing rates of initially recruited motor units recorded (e.g., 
see MU A in Fig. 2) with the firing rates of subsequently 
recruited motor units in the same ramp (e.g., see MU B 
in Fig. 2). Peak firing rates for these later recruited motor 
units (see Fig. 3c) were characterized by slower average 
firing rates relative to initially recruited units (P < 0.001). 
Note that firing rates for both motor units A and B were 
consistently higher in GG than in FDI.

Figure 4 shows the distribution of firing rates for all GG 
and FDI motor units as a function of force and loudness 
(%max). For the total number of units recorded in both 
experiments, recruitment occurred across a comparable 

force range encompassing ~2–40 (% of max). However, 
as shown in the frequency histograms, the majority of FDI 
motor units were recruited into activity relatively early 
in the force ramp and therefore at lower average forces, 
whereas GG motor units were recruited across a broader 
range of forces (P < 0.001).

Discussion

Summary

Muscular hydrostats including the elephant trunk, tenta-
cles of cephalopods and the vertebrate tongue have been 
well studied from a kinematic perspective (Gilbert et al. 

Fig. 2  Representative record-
ings obtained from one subject 
performing ~5.0 s force and 
loudness ramps. a Repre-
sentative recordings of two FDI 
muscle motor units (motor unit 
A and B) recruited into activity 
at ~2.0 and 8.0 % of max force, 
respectively. b Representative 
recordings of two GG muscle 
motor units also recruited into 
activity at ~2.0 and ~5.0 % of 
max loudness, respectively
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2007; Winkel and Schleichardt 2011; Zelman et al. 2013; 
Xing et al. 2014); however, much less is known about how 
they develop force and whether neuromuscular control 
in these structures is analogous to control in limb (Gut-
freund et al. 1998). In this study, we characterize motor 
unit activity in a tongue muscle contrasting it with motor 
unit activity in a similarly specialized muscle of the hand. 
We show that muscle motor units of the GG and FDI are 
recruited over comparable loudness/force ranges encom-
passing ~2–40 % of maximum. A principle difference 
between the tongue and hand, however, lies in the abso-
lute firing rates, which are significantly higher in GG than 
in FDI.

Critique of method

As muscle force increases, the activities of newly recruited 
motor units typically begin to overlap with and obscure the 
activities of initially recruited units. This poses a particular 
challenge to the experimentalist, and tracking single motor 
units beyond ~40 % of maximum seldom is exceedingly 
difficult to accomplish. Whether motor units recruited at 
forces in excess of 40 % behave similarly to motor units 
recruited at low and moderate force levels cannot be deter-
mined from the current data set. Second, although the 
electrodes used in both muscles were fabricated to mod-
erate impedances, the pickup area for these electrodes is 

Fig. 3  Panels a–d depict group 
means and interquartile ranges 
for motor unit firing rates at 
recruitment, average firing 
rate, peak firing rates and ∆ 
firing rate (Hz) for FDI and GG 
muscles. GG motor unit firing 
rates were consistently higher 
relative to FDI (indicated by 
asterisk, P < 0.001). Firing rates 
for initially recruited units (MU 
A) also were greater relative 
to subsequently recruited units 
(MU B) (indicated by asterisks 
P < 0.001) in both muscles. 
Note that firing rates of both 
FDI motor units (MU A and 
MU B) are lower than firing 
rates for both GG motor units 
(P < 0.001). The net change (∆) 
in discharge (i.e., peak firing 
rate–firing rate at recruitment) 
was greater for motor unit A 
in GG relative to motor unit A 
in FDI (indicated by asterisk, 
P < 0.001), but there was no 
difference in the ∆ firing rate 
between motor unit B in GG 
and motor unit B in FDI
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restricted to a region in the immediate vicinity of the elec-
trode tip. Accordingly, we cannot exclude the possibility 
that motor units recruited into activity but which lie outside 
the pickup area may behave differently from those reported 
here.

Despite structural differences between the tongue and 
hand, the techniques used to assess muscle motor unit 
activities in each case are those devised for assessment 
of limb muscle motor unit activity. Accordingly, previ-
ous studies compared tongue and hand muscle function 
in regard to strength (Buehring et al. 2013), fatigue (Sol-
omon et al. 2002; Adams et al. 2014a, b), movement pre-
cision (Sutton et al. 1977) and force regulation (Adams 
et al. 2014b). The results of this work indicate that the 
control is comparable in each structure although pin-
point accuracy of the hand appears somewhat greater—
at least within the context of displacement (Sussman 
1970).

Unlike previous studies in tongue in voluntary move-
ments (Scardella et al. 1993; Mortimore et al. 1999; Solo-
mon et al. 2000; Weijnen et al. 2000; Blumen et al. 2002; 
BuSha et al. 2002; Solomon and Munson 2004; Bailey 
et al. 2007a; Pittman and Bailey 2009), we asked subjects 
to produce the vowel /ee/ and to increase the loudness of 
the production over ~5.0 s. We show here that the magni-
tude of GG EMG in the loudness ramp approximated that 
for FDI during finger abduction (Fig. 1). Second, the mag-
nitude of whole muscle EMG attained in the maximum 
loudness task is comparable to the magnitude of EMG 
attained in the maximum force task (range 0.6–1.0 mV) 
and falls within the range of forces reported for GG during 
tongue protrusion (range 0.5–1.5 mV) (Vranish and Bai-
ley 2015). On this basis, the ramp loudness task appears to 
offer a suitable framework within which to assess tongue 
muscle activation and against which to compare muscle 
and motor unit activities in FDI.

Fig. 4  GG and FDI muscle motor units (N = 122) displayed as a 
function of firing rate at recruitment (%max force/loudness). First 
recruited (MU A; N = 32) and subsequently recruited (MU B; 
N = 31) units in FDI muscle indicated by black squares and cir-
cles, respectively. First recruited (MU A; N = 32) and subsequently 
recruited (MU B; N = 27) units in GG muscle indicated by gray 

squares and circles, respectively. Histograms depict the distribution 
of firing rates for the two motor unit types. Although muscle motor 
units in both the hand and tongue were recruited across comparable 
force and loudness ranges (2–40 % of max), the majority of FDI units 
were recruited at a lower average force (4 % of max) relative to GG 
(14 % of max) motor units (P < 0.003)
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Firing rate modulation

Importantly, the average and ∆ firing rates reported here 
in a loudness ramp are consistent with firing rates during 
protrusion and with firing rates reported in other cranial 
muscles including lateral pterygoid and temporalis MUs 
(12–24 Hz) (Phanachet et al. 2002) and laryngeal muscles 
during phonation (range, 5–30 Hz) (Luschei et al. 1999). 
One possible explanation for higher firing rates in GG rela-
tive to FDI may be in relation to the duration of the after-
hyperpolarization (AHP). Because minimum firing rate is 
inversely related to the duration of the AHP after the action 
potential, GG motoneurons may possess briefer period 
AHPs than FDI motoneurons. Remarkably, although fir-
ing rate modulation is evident here in the context of phona-
tion and in protrusion (Bailey et al. 2007b), there is little 
evidence of rate modulation in respiration-related contexts 
(Nicholas et al. 2010; Richardson and Bailey 2010; Sab-
oisky et al. 2010). This disparity in GG motor unit firing 
rates for volitional versus respiratory conditions suggests 
that firing rates in the GG are more likely a function of the 
sources of drive impinging on the pool than whether the 
pool has a cranial/spinal location.

Regulating muscle force

Muscle force is generated by a combination of changes 
in the discharge rates of already active units and recruit-
ment of previously silent motor units. In the GG, recruit-
ment occurred across the breadth of the force range up to 
~40 %, whereas in FDI, the majority of units were recruited 
early in the ramp at forces <20 % of maximum. The differ-
ent recruitment distributions may reflect differences in how 
force is regulated in each case. Current estimates of motor 
unit number based on the compound muscle action poten-
tial indicate that there are 228 ± 45 motor units in FDI 
(Zhou et al. 2012) compared to ~1000–1500 motor units 
in GG (Atsumi and Miyatake 1987; O’Kusky and Norman 
1995). The greater number of GG motor units may per-
mit continued recruitment across the full range of forces, 
whereas in FDI, force increments may initially occur via 
recruitment and subsequently via mores subtle modulation 
of firing rate over the intermediate force range (Milner-
Brown et al. 1973).

Overall, higher firing rates and an extended range of 
recruitment may also be a consequence of the GG’s role 
both as a prime mover and “skeletal” element. Muscular 
hydrostats are unique in regard to their soft-bodied composi-
tion because muscle activation moves but also confers stiff-
ness required for structural stability against internal and exter-
nal forces (Yekutieli and Flash 2009). Whereas speech sound 
articulation does not depend upon the generation of large 
forces against the palate or teeth, increases in GG firing rate 

and continuous recruitment observed in the context of a loud-
ness task may underpin increases in lingual (internal) pres-
sure and stiffness (Skierczynski et al. 1996). Internal pressure 
is critical in hydrostats for transference of force between mus-
cles and underpins muscle co-activation (Yekutieli and Flash 
2009). Thus, a pattern of motor unit activation that includes 
higher overall firing rates along with recruitment throughout 
the force range may contribute the “skeletal” stiffness against 
which other tongue muscles develop force.

Theoretical implications

Our understanding of the principles governing the nervous 
system control of skeletal motor behavior is derived from 
studies conducted in limb muscles that have clearly defined 
origins and insertions and that produce force across a joint. 
Cranial muscles differ from limb muscles in that they inter-
digitate extensively and do not span a joint. Although both 
GG and FDI are subject to voluntary control, control of 
tongue muscle motor units may differ from hand muscle 
motor units by virtue of the absence of a bony skeleton and 
the requirement that tongue muscles serve both as a prime 
mover and hydrostatic support element (Kier 2012). The 
present findings provide de novo observations regarding 
the voluntary modulation of muscle activities in a cranial 
motoneuron pool and demonstrate recruitment and firing 
rate modulation within the context of a behavior that begins 
to approximate the muscle’s function in life. In addition to 
providing insight into basic mechanisms of force regula-
tion, the loudness task may be of use as an alternate frame-
work within which to assess tongue muscle function.
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