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Background: The trapeziometacarpal joint is subjected to high compressive forces during powerful pinch
and grasp tasks due to muscle loading. In addition, muscle contraction is important for stability of the
joint. The aim of the present study is to explore if different muscle activation patterns can be found
between three functional tasks.
Methods: Isometric forces and fine-wire electromyographic (fEMG) activity produced by three intrinsic
and four extrinsic thumb muscles were measured in 10 healthy female volunteers. The participants per-
formed isometric contractions in a lateral key pinch, a power grasp and a jar twist task. The tasks were
executed with and without EMG recording to verify if electrode placement influenced force production.
Results: A subject-specific muscle recruitment was found which remained largely unchanged across
tasks. Extrinsic thumb muscles were significantly more active than intrinsic muscles in all tasks.
Insertion of the fEMG electrodes decreased force production significantly in all tasks.
Conclusion: The thumb muscles display a high variability in muscle activity during functional tasks of
daily life. The results of this study suggest that to produce a substantial amount of force, a well-
integrated, but subject-specific, co-contraction between the intrinsic and extrinsic thumb muscles is
necessary.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The human thumb plays a key role in normal hand function. The
trapeziometacarpal (TMC) joint is the osteoarticular basis from
which the opposable thumb is able to perform its numerous func-
tions and movements. The specific geometry of this joint allows
multiplanar movement (Eaton et al., 2000; Edmunds, 2011). While
the TMC joint is loose and unstable during a resting posture, the
joint is subjected to high compressive forces during powerful pinch
and grasp. Cooney and Chao (1977) estimated joint forces of 88–
127 N during lateral key pinch and 834–1608 N during power
grasp which, combined with the small articular surface of the
TMC joint (ca. 130 mm2), lead to elevated contact pressures. High
mechanical loading at the joint can lead to the development of
osteoarthritis (OA). In contrast to weight-bearing joints, such as
the knee joint, the mechanical loading of the TMC joint is largely
generated by contraction of intrinsic and extrinsic thumb muscles.
It is, therefore, of high clinical relevance to investigate thumbmus-
cle activations during functional tasks.

Muscle activity and muscle activation patterns are typically
investigated using surface electromyography (sEMG) or fine-wire
electromyography (fEMG) (Konrad, 2005; Türker, 1993). Fine-
wire EMG seems to be the most appropriate method to document
the function of muscle groups which have a deep location and
small size, such as the intrinsic thumb muscles (Corneil et al.,
2012; Rudroff et al., 2008). In addition, cross-talk is limited as
fEMG-electrodes are implanted directly into the muscle, contrary
to sEMG where the electrodes are applied to the overlying skin
(Solomonow et al., 1994). Even though several studies used fEMG
to investigate the muscle activity of the thumb muscles (Burgar
et al., 1997; Johanson et al., 2001; Valero-Cuevas et al., 1998), mus-
cle activation patterns for specific functional tasks remains
inconclusive.

To get a better insight into the role of the thumbmuscles during
activities of daily living and their relation with the development of
OA at the TMC joint, baseline muscle activation patterns in healthy
persons need to be established. The aim of this study is to evaluate
if specific muscle activation patterns can be recognized during a
lateral key pinch, a power grasp and a jar twist task, by analysing
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the activity of the relevant intrinsic or extrinsic muscles. Based on
the muscle function (Cooney et al., 1985; Maier and Hepp-
Reymond, 1995), we hypothesize that there will be a task-
specific activation of the thenar muscles, with strong activation
of the thumb adductors and flexors during lateral key pinch and
co-contraction of the pollical adductors and abductors during
power grasp and jar twist. Furthermore, we expect to see a higher
recruitment of the intrinsic thenar muscles during lateral key
pinch and a relatively higher activity of the extrinsic thenar mus-
cles during grip tasks such as power grip and jar twist. Finally,
we expect to see co-contraction of the antagonistic muscles during
all tasks to stabilize the TMC joint.
2. Materials and methods

2.1. Participants

Eleven healthy young women (mean age: 22.88 years ± SD:
4.75 years) volunteered for this study. Volunteers with muscu-
loskeletal problems in the forearm or hand region, previous trauma
or surgery in this area or neurological conditions were excluded
from the study. Approval from the medical ethical commission of
the University of Leuven was obtained prior to the start of the pro-
ject (ML9602) and an informed consent was signed by each
participant.
2.2. Force data collection

Force data were collected using a custom-made polycarbonate
jig (Orthopaedic Bioengineering Laboratories, Brown University/
Rhode Island Hospital, Providence, RI, USA) with an embedded load
cell (0–50 lb, Model D, Thrue-Hole, Honeywell International Inc.,
NJ, USA) (Fig. 1). Using a universal inline amplifier (model UV, Sen-
sotec, Columbus, USA), force data were recorded using custom-
written data acquisition software (Labview, Texas Instruments,
Austin, USA). This experimental setup and protocol have been used
extensively in other studies (Crisco et al., 2015; Halilaj et al., 2014,
2013).

The participants performed isometric contractions for 5 s with
their dominant hand during three tasks; a lateral key pinch, a
Fig. 1. Hand positioning in the polycarbonate jig during the three func
power grasp and a jar twist task. The exact positioning of the hand
and thumb in each task is shown in Fig. 1A–C. Each task was exe-
cuted on two different effort levels using visual feedback: two
maximal isometric contractions and one contraction at 80% of
maximal force (Submax). The tasks were executed before and after
electrode placement to evaluate the influence of electrode inser-
tion on force production.
2.3. EMG data collection

Electromyographic (EMG) data were collected using an 8-
channel Trigno wireless system (Delsys, Inc., Boston, USA)
equipped with fine-wire electrodes. The raw EMG signal was
recorded with an amplifier band pass of 2000 Hz, an A/D conver-
sion sampling rate of 4000 Hz and a gain setting between 1 and
300. The fine-wire electrodes consisted of pairs of disposable, bi-
polar, sterilized, 50 mm long, hooked wire electrodes with a 25
gauge needle as a cannula (Motion Lab Systems, Inc., LA, USA).
The wire were made out of 304 series stainless steel with a green
nylon insulation with 5 mm bare-wire terminations.

The skin of the participant’s dominant forearm and hand was
disinfected before insertion of the electrodes. An ultrasound-
guided technique based on the recommendations of Perotto was
used to insert the electrodes in each of the eight target muscles
(Perotto, 1994). Ultrasound images were obtained with a S8-
Sonoscape portable digital color Doppler ultrasound system
(Sonoscape, Shenzhen, China) using a linear, L-shaped hockey stick
probe (probe 10l2, 6–11 Hz, 19 mm). This procedure was executed
by a hand surgeon (PDA). The ends of the fine-wire electrodes were
attached to preamplifiers on the forearm and hand (Fig. 2).

In each volunteer and during each task, the activity of eight
thumb muscles was recorded simultaneously; four intrinsic thumb
muscles: m. opponens pollicis (OP), m. flexor pollicis brevis (FPB), m.
abductor pollicis brevis (APB) and the m. adductor pollicis (ADP), and
four extrinsic thumb muscles: m. extensor pollicis longus (EPL), m.
extensor pollicis brevis (EPB), m. abductor pollicis longus (APL),
and m. flexor pollicis longus (FPL). These muscles were selected
based on their reported activity during specific thumb movements
(Kaufman et al., 1999).
tional tasks. A: lateral key pinch, B: power grasp and C: jar twist.



Fig. 2. Electrode insertion and pre-amplifier placement of 8 electrodes on the
forearm of a volunteer.
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2.4. EMG analysis

Raw EMG signals were imported into EMGworks 4.0 Analysis
software (Delsys, Inc., Boston, USA) for processing. The EMG data
were high-pass, 2nd order Butterworth filtered at 10 Hz. The
amplitude of the EMG signal was obtained by deriving the root-
mean square of the signal over a 0.125 s moving window, resulting
in full-wave rectification and smoothing of the raw signal. Muscle
activity of the opponens pollicis muscle was omitted from the
analyses due to uncertainty about the precision of electrode place-
ment and subsequent signal quality. Only recordings of submaxi-
mal tasks were used in our analysis as these best represent
functional activities of daily life. EMG data of one subject was
excluded from the analysis due to missing data (only 4 of the 8
muscles were correctly sampled).

The absolute EMG values (in Volts) were used to explore
subject-specific muscle activation patterns during the three differ-
ent tasks. Per subject, the mean absolute EMG amplitude was cal-
culated for each muscle during the submaximal tasks. To detect
task-specific muscle activation patterns across all subjects, the
absolute EMG data were scaled to percentages of maximal activa-
tion. For each subject and for each muscle, the highest EMG signal
amplitude obtained during the nine recordings (three per task) was
used as a scaling value. Subsequently, the EMG data were
expressed as a percentage of this peak amplitude. By averaging
the mean percentages of all subjects for every muscle, it is possible
to detect if specific muscles on average increase or decrease their
activity when switching between tasks.
2.5. Statistical analysis

A Shapiro-Wilk test was used to evaluate the normality of the
force data (W = 0.09456, p = 0.59). To determine the influence of
electrode placement on force production, a Wilcoxon signed-rank
test was performed on the force data recorded before and after
implantation of the fine-wire electrodes.

To compare the scaled mean EMG values between the intrinsic
thumb muscles (APB, ADP, FPB) and the extrinsic thumb muscles
(EPB, EPL, APL, FPL), a Mann-Whitney test was performed on the
scaled EMG values for each task. The differences in EMG activity
between tasks was explored by comparing the scaled EMG activi-
ties for each individual muscle with a repeated measure ANOVA.
Overall effects of task, subject, muscle and their interaction effects
were tested with a three-way ANOVA. All ANOVAs were corrected
using a Sidak’s post hoc test.

Graphpad Prism (GraphPad Software Inc., La Jolla, USA) and SAS
(SAS Institute Inc., Cary, USA) were used for statistical testing. Sig-
nificance level was set at p < 0.05.
3. Results

3.1. Muscle activity patterns during lateral key pinch, power grasp and
jar twist

Muscle activity patterns for each subject and each task are
shown in Fig. 3A–C. The radar plots illustrate the inter-individual
variability in muscle recruitment across tasks. The three-way
ANOVA showed that scaled EMG values are significantly different
between subjects (F = 18.67, df = 9, p < 0.001), that scaled EMG
activity varies significantly between muscles (F = 184,01, df = 6,
p < 0.001) and that the overall activation pattern of the thumb
muscles remains largely unchanged between tasks (F = 0.02,
df = 2, p = 0.98). The interaction effects between task, muscle and
subject all explain substantial parts of the variation in EMG activ-
ity; task ⁄muscle (F = 2.92, df = 12, p = 0.002), task ⁄ subject
(F = 1.95, df = 18, p = 0.019) and muscle ⁄ subject (F = 39.78,
df = 54, p < 0.001) are all significant.

The scaled EMG activity of each muscle across tasks is depicted
in Fig. 4. The repeated measures ANOVA showed that most muscles
show no change in activity when switching between tasks. For
example, APL is consistently activated at 95% of its maximal activ-
ity during lateral key pinch, power grasp or jar twist (F = 0.8743,
df = 2, p = 0.40). The only muscle where we found statistically sig-
nificant differences in muscle activation between tasks is the ADP
(F = 4.074, df = 2, p = 0.04), demonstrating a significant decrease in
activation when shifting from power grasp to jar twist (after
Sidak’s post hoc correction; p = 0.03).
3.2. Intrinsic and extrinsic thumb muscle activity

The scaled muscle activity of the intrinsic and extrinsic thumb
muscles for each task are presented in Fig. 5. We found significant
differences between intrinsic and extrinsic muscle activity during
all tasks. The activity of the extrinsic muscles was significantly
higher than that of the intrinsic muscles during lateral key pinch
(Mann–Whitney U = 241, n1 = 30 n2 = 40, P < 0.001 two-tailed),
power grasp (Mann–Whitney U = 192, n1 = 30 n2 = 40, P < 0.001
two-tailed) and jar twist (Mann–Whitney U = 189, n1 = 30 n2 = 40,
P < 0.001 two-tailed). Yet, inter-individual variation is substantial,
with standard deviations from the mean of over 20%.
3.3. Influence of electrode insertion on force production

The effect of electrode placement on force production is shown
in Fig. 6. Force production was significantly decreased after elec-
trode insertion in every task (lateral key pinch: t = 7.133, df = 1,
p < 0.001; power grasp: t = 3.906, df = 10, p < 0.001, jar twist: Wil-
coxon W = �66, p = 0.001). The mean force reduction amounted to
17.0% (13.72 N) during lateral key pinch, to 11.3% (9.91 N) for
power grasp and to 17.9% (18.45 N) for jar twist.
4. Discussion

Contrary to our expectations, we did not find a task-specific
activation of the thenar muscles. Instead, a subject-specific activa-
tion pattern was observed in which each subject used a consistent
muscle activation pattern across tasks, with large differences
between subjects. We found a strong activation of all tested thenar
muscles in each of the tasks, with no difference in muscle activa-
tion between lateral key pinch, power grasp or jar twist tasks (at
80% effort) except for the adductor pollicis muscle. Grouped extrin-
sic muscle activity was higher than intrinsic muscle activity in all
tasks.



Fig. 3. Radar plots to illustrate differences in muscle activation patterns between volunteers. Activation (in Volts) of each muscle is shown during; A: lateral key pinch, B:
power grasp, and C: jar twist. Each color represents a different subject (n = 10). Note the inter-individual differences per task and the consistent subject-specific patterns
across tasks. Legend: m. flexor pollicis brevis (FPB), m. abductor pollicis brevis (APB), m. adductor pollicis (ADP), m. extensor pollicis longus (EPL), m. extensor pollicis brevis
(EPB), m. abductor pollicis longus (APL), and m. flexor pollicis longus (FPL). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4. Mean and standard deviation of scaled EMG activity (%) for each muscle
across tasks. Legend: lateral key pinch = blue diamonds, power grasp = black
stripes, jar twist = grey dots. Asterisk indicates significant differences between
tasks. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. Mean and standard deviation of scaled EMG activity (%) of the intrinsic and
extrinsic thumb muscles for each task at 80% of maximal voluntary contraction.
Asterisk indicates significant differences between intrinsic and extrinsic muscle
activity.

Fig. 6. Mean and standard deviation of maximum force production pre- and post-
electrode placement. Legend: blue = pre, orange = post, Asterisk marks significant
differences between both conditions. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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4.1. Subject-specific muscle activation patterns

Inter–individual variability in hand EMG activity has been
reported by other studies. Kilbreath and Gandevia found that when
grasping cylinders using a pinch grip, the scaled EMG activity of
the flexor digitorum profundus, first dorsal interosseous, adductor
pollicis and flexor pollicis longus muscles varied significantly
between subjects. The authors suggest that strategies used to hold
the object must vary widely between subjects (Kilbreath and
Gandevia, 1994).

A study by Johanson and colleagues also support the concept of
individual motor strategies for pinch tasks. They found inter-
individual differences in EMG activity during key pinch and oppo-
sition pinch tasks at 50% MVC in the extensor pollicis longus,
extensor pollicis brevis, abductor pollicis brevis and flexor pollicis
brevis muscles. Inter-individual variability was limited in the
flexor pollicis longus, opponens pollicis, adductor pollicis and first
dorsal interosseous muscles (Johanson et al., 1996). Although the
forces in the current study were higher (80% effort) and the tasks
different, a similar pattern can be seen with high inter-individual
variability of extensor pollicis brevis and less variability of the
adductor pollicis muscle.
4.2. Task-specific muscle activation patterns

Despite the variability in activation of the adductor pollicis
muscle across subjects, we did discern a significant decrease in
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muscle activation when switching from power grip to a jar twist
task. Overall, we did observe some small differences between tasks
but no overarching task-specific recruitment of the thenar muscles.
The absence of a task-specific muscle recruitment could be due to
the fact that all three tasks were forceful activities at 80% of their
maximal performance. Possibly, a high recruitment of both the
intrinsic and extrinsic thenar muscles is required in such forceful
tasks to stabilize the joints, contrary to the situation in the low
force range where intrinsic muscles act as precision force regula-
tors (Maier and Hepp-Reymond, 1995). Also, lateral key pinch,
power grasp and jar twist represent a multi-joint and multi-
muscular system with a certain muscle redundancy. This redun-
dancy might explain the co-activation of all tested thenar muscles
and the large inter-individual variation in muscle activation pat-
terns observed in all tasks. Importantly, this suggests that many
different activation patterns can lead to the same task perfor-
mance. This has also previously been reported for a precision grip
task in a study by Maier and Hepp-Reymond (1995) and in the
before mentioned research by Kilbreath and Gandevia in which
they demonstrated that when the grip was changed from a pinch-
ing to an encircling grip, while grasping and lifting different cylin-
ders, activity of all four tested muscles altered significantly. This in
contrast to the current study, where we found no differences in
activity between tasks. These opposite finding could be related to
the weight of the grasped cylinder. The cylinders their subjects
needed to grasp and lift, varied between 0.25 and 0.5 kg. Repre-
senting no more than 50% of maximum effort. The fact that the
range of their collected EMG values increased whenmuscle activity
increased, underlines the potential influence of effort (Kilbreath
and Gandevia, 1994).

Johanson and colleagues did also find differences in activation
patterns when switching between tasks, but they focused on key
and opposition pinch in stable and unstable tasks (Johanson
et al., 2001). During functional pinch, they found a strong activa-
tion of the abductor pollicis and extensor pollicis longus muscles.
Such specific high activation of only the abductor pollicis longus
during lateral key pinch was not found in our study, even though
comparison is difficult due to the different experimental setup
and protocol.

4.3. Study limitations

Although our sample is larger than that of most previous stud-
ies (e.g., n = 7: (Birdwell et al., 2013; Johanson et al., 2001; Valero-
Cuevas et al., 2003); n = 6: (Maier and Hepp-Reymond, 1995)), a
sample size of ten subjects remains relatively low. Sampling a lar-
ger cohort is, however, difficult seen the invasiveness of the proto-
col, with insertion of eight electrodes in the forearm and hand of
volunteers while performing isometric tasks.

In our protocol, based on the recent publication of Perotto
(1994), we used a palmar approach to insert the electrodes into
the intrinsic thumb muscles. However, piercing the thenar clearly
had an influence on force production during the experiments. A
dorsal approach for insertion would probably have been less
uncomfortable for the participants. This has also been suggested
in earlier publications of Valero-Cuevas and colleagues (Burgar
et al., 1997; Valero-Cuevas et al., 1998).

All tasks were executed at 80% of their maximal performance,
which might obscure differences in muscle activation patterns
between tasks due to the high need for joint stabilization. Sam-
pling EMG-data during a stepwise increase in force production
(e.g., 10%, 20%, 30%) could give a better appraisal of the differential
recruitment of intrinsic and extrinsic thenar muscles.

Finally, we sampled the activity of eight thenar muscles simul-
taneously during the three isometric tasks, but had to exclude the
recordings of the opponens pollicis muscle from our analysis. Also
the activity of the first dorsal interosseous muscle was not
recorded during the tasks, although this muscle might play an
important role in the stabilization of the thumb (Johanson et al.,
2001; Kozin et al., 1999; Maier and Hepp-Reymond, 1995).

4.4. Clinical relevance

In our study, we focused on three functional tasks correspond-
ing to activities of daily living. The ability to execute these tasks is
important for the independence of a person. In people with
advanced OA at the thumb base, these manipulative skills are often
compromised due to joint pain or reduced joint mobility (Wilder
et al., 2006). Compressive forces, joint laxity and muscle imbalance
may contribute to the development of the disease but, to date, the
precise pathomechanism remains unclear. OA of the TMC joint
might develop in a way comparable to medial compartment OA
of a varus knee (Edmunds, 2011). In both cases, OA starts at the
area where the highest compressive forces occur. However, in con-
trast to the knee which is a weight-bearing joint, loading of the
TMC joint mainly results from contraction of the intrinsic and
extrinsic thumb muscles. Therefore, muscular loading on the
TMC joint could play an important role in the development of
TMC OA. To get more accurate estimations of joint loading, a more
complex joint model is needed which takes the different activation
levels of the thumb muscles into account. The data collected in the
present study can be used as input for an EMG-driven model or
help validate existing musculoskeletal models. Expanding on this
concept, it would be highly interesting to compare thumb muscle
activation patterns of OA patients with the EMG data of healthy
controls from the current study. However, such data might not
be easy to acquire and the substantial inter-individual variability
found in our study might complicate a meaningful comparison.
5. Conclusion

The thumb muscles display a high variability in activity during
functional tasks of daily life. The results of this study suggest that
to produce a substantial amount of force, a well-integrated, but
subject-specific, co-contraction between the intrinsic and extrinsic
thumb muscles is necessary. Information on muscle activation pat-
terns during functional tasks is important to achieve a better
understanding of the development of TMC OA and for establishing
or validating an accurate musculoskeletal model of the thumb.
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