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Abstract: The intrinsic muscles of the hand are responsible for finger flexion and extension. The
purpose of this study was to investigate the usefulness of stimulating the intrinsic muscles of
the hand using repetitive peripheral magnetic stimulation (rPMS). We evaluated angular changes
in the finger joints by studying active motion and rPMS. Ten healthy adults were instructed to
perform the following tests in random order: (1) maximum active metacarpophalangeal joint flexion;
(2) maximum active metacarpophalangeal joint abduction; and (3) repetitive peripheral magnetic
stimulation for 2 s at maximum stimulation intensity. A three-dimensional motion analysis system
was used to measure angular changes. Pain during stimulation was graded on a numerical rating scale
(NRS). The maximum flexion and abduction of the metacarpophalangeal joint were not significantly
different between active motion and rPMS. The proximal interphalangeal joint (p = 0.009) and distal
interphalangeal joint (p = 0.005) were significantly extended by rPMS. The median NRS score for pain
during rPMS was 2. rPMS can produce the same extent of metacarpophalangeal joint flexion and
abduction as active movement with less pain. This technique can effectively stimulate the intrinsic
muscles of the hand and may be used as a treatment for various diseases that cause immobility of the
metacarpophalangeal joints.

Keywords: repetitive peripheral magnetic stimulation; metacarpophalangeal joint; intrinsic muscle;
three-dimensional motion analysis

1. Introduction

The interosseous and lumbrical muscles are among the intrinsic muscles of the hand
that are responsible for flexion of the metacarpophalangeal (MCP) joint and extension of
the proximal interphalangeal (PIP) and distal interphalangeal (DIP) joints. These muscles
play important roles in grasping and pinching [1,2]. The lumbrical muscles have abundant
muscle spindles and nerve distribution that provide the sensory information necessary for
fine finger movements [3]. Impairment of the intrinsic muscles of the hand results in a
claw hand or intrinsic minus hand with the MCP joint extended and the PIP and DIP joints
flexed [2,4]. Hand dysfunction affects not only activities of daily living (ADL) [5,6], but
also participation in work, family roles, and autonomy outdoors [7].

In a previous study, percutaneous electrodes were implanted into the intrinsic muscles
of the hand to provide electrical stimulation (ES), and the paralyzed hand with spinal cord
injury generated 80–90% of the flexion moments attained by able-bodied participants [8].
Another study found that in a patient with cervical spinal cord injury, the flexion force of
the MCP joint increased after 2 weeks of ES of the lumbrical muscles via surface electrodes
from the palm of the hand [9]. Thus, ES of the intrinsic muscles of the hand promotes flexion
of the MCP joint and may be an effective therapeutic procedure. However, implanted
electrodes require invasion of the intrinsic muscles, and surface electrodes may cause pain
during ES [10,11].

Repetitive peripheral magnetic stimulation (rPMS) is a surface system that induces
eddy currents via electromagnetic induction, which stimulates the peripheral nerves and
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muscles without stimulating skin nociceptors, resulting in the activation of the parieto-
premotor network [12,13]. Furthermore, rPMS drives M1 plasticity and sensorimotor im-
provements [14]. Pain caused by rPMS is significantly lower than ES-induced pain, even
when using the same intensity of stimulation [15]. Therefore, rPMS provides stronger
stimulation than ES with limited pain [16–18]. Pain suppresses neuromuscular activity
from the cerebrum [10,11]. Hence, limited pain during stimulation is a major advantage
of rPMS, which has been applied to various somatosensory and motor disorders in recent
years [19,20]. However, there are no reports available on the application of rPMS to move-
ment disorders of the intrinsic muscles of the hand. Here, we evaluated the effectiveness of
applying rPMS to the intrinsic muscles of the hand by analyzing the angular changes of the
MCP, PIP, and DIP joints with a three-dimensional motion analysis system kinematically.

2. Materials and Methods
2.1. Study Participants and Trial Design

This prospective exploratory study was conducted according to the guidelines of the
Declaration of Helsinki, approved by the Certified Clinical Research Review Board in our in-
stitution, and was registered with the Japan Registry of Clinical Trials (no. jRCTs042180062).
All participants provided written informed consent.

The study included 10 right-handed healthy adults (5 women) with no history of
neurological problems or bone and joint disease in the upper limb. The mean age of the
study participants was 25 years (range: 23–29 years), and their mean hand length was
17.6 cm (range: 16.0–19.5 cm). The dominant right hand was used frequently in ADL, hobby
activities, sports, etc., depending on the individuals. Therefore, the left hand, which is
the non-dominant hand, was targeted for verification under the same conditions as much
as possible.

Seven colored markers (10 mm in diameter) were attached to the radial styloid process;
the radial side of the MCP, PIP, and DIP joints; the tips of the index and middle fingers;
and the base of the third metacarpal bone (Figure 1a). To eliminate the effect of gravity,
the participants sat on a chair with their forearm neutral and the MCP, PIP, and DIP joints
set at 0◦ (Figure 1b). The participants were instructed to perform the following tests three
times each in random order: (1) maximum active MCP joint flexion in the PIP and DIP
extended position; (2) maximum active MCP joint abduction in the PIP and DIP extended
position; and (3) rPMS for 2 s at a frequency of 30 Hz at maximum stimulation intensity
(magnetic flux density of 0.9 T). Stimulus parameters were set with reference to previous
studies of rPMS for upper limb motor dysfunction [17,21]. Nine trials were performed with
a 60 s interval using a random number table. A three-dimensional motion analysis system
(KinemaTracer; KISSEI COMTEC, Matsumoto, Japan), at a frequency of 60 Hz, was used to
measure angular changes in the MCP, PIP, and DIP joints. The MCP joint flexion angle of
the index finger was calculated as the angle formed by the radial styloid process, MCP joint,
and PIP joint markers. The PIP joint angle of the index finger was calculated as the angle
formed by the MCP, PIP, and DIP joint markers. The DIP joint angle of the index finger
was calculated as the angle formed by the PIP, DIP, and tip of the index finger markers.
The MCP joint abduction angle was defined as the angle formed by the line connecting
the tip of the index finger to the base of the third metacarpal bone and the line connecting
the tip of the middle finger to the marker at the base of the third metacarpal bone. In the
three trials for each participant, data on the maximum flexion of the MCP joint angle were
used for subsequent analyses. Furthermore, pain during rPMS was graded on a scale of
0–10 using a numerical rating scale (NRS, with 0 representing no pain and 10 representing
the most severe pain) [22].
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Figure 1

(a) (b)

(c)
Before rPMS During rPMS

Figure 1. (a) Marker placements. Markers were placed at the radial styloid process; the radial side of
the MCP, PIP, and DIP joints of the index finger; the tips of the index and middle fingers; and the base
of the third metacarpal bone. (b) Setting. the participant sat on a chair with their forearm neutral and
the MCP, PIP, and DIP joints set at 0◦. (c) Stimulation of the intrinsic muscles of the hand from the
dorsum using repetitive peripheral magnetic stimulation (rPMS). To stimulate intrinsic muscles, the
center of the coil for rPMS was placed between the second and third metacarpal bones on the dorsum
of the hand. During rPMS, the MCP joint was flexed while the PIP and DIP joints were extended.

2.2. rPMS Technique

We used a peripheral magnetic stimulator (PathleaderTM; IFG, Sendai, Japan) to
generate a biphasic 350 µs magnetic gradient of up to 15 kT/s. The circular coil in this
system changes the magnetic field by up to 2 cm in depth, thereby stimulating skeletal
muscles and peripheral nerves. The center of the rPMS coil was placed between the second
and third metacarpal bones on the dorsum of the hand to stimulate the intrinsic muscles.
Accordingly, the position of the coil did not interfere with the flexion of the MCP joint
(Figure 1c). By placing the echo probe on the palm of the hand, we confirmed that rPMS
can also stimulate the lumbrical muscles via the dorsum of the hand.
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2.3. Statistical Analysis

The Shapiro–Wilk test was used to determine normality. The paired t-test was used to
compare the maximum change in joint angles between active motion and rPMS. The values
are expressed as means ± SDs. SPSS Statistics version 27 (IBM, Armonk, NY, USA) was
used for statistical analyses. The statistical significance level was set at p < 0.05.

3. Results

The study was successfully completed by all participants without any adverse events.
The temporal changes in the MCP, PIP, and DIP joints of the index finger during active MCP
joint flexion and rPMS are shown in Figure 2. In the active movements, the PIP and DIP
joints flexed slightly with MCP joint flexion (Figure 2a). Shortly after the initiation of rPMS,
the MCP joint abducted and flexed, and the flexion angle increased as the abduction angle
of the MCP joint decreased. The PIP and DIP joints extended during rPMS (Figure 2b).

Figure 2
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Figure 2. Temporal changes in the MCP, PIP, and DIP joint angles of the index finger during active
MCP joint flexion and rPMS. The solid lines represent the average changes in joint angles of the index
finger, while the vertical lines represent the SD. (a) The PIP and DIP joints were slightly flexed with
MCP joint flexion in active MCP joint flexion. (b) The MCP joint abducted and flexed shortly after
the onset of rPMS, and the flexion angle increased as the abduction angle of the MCP joint decreased.
The PIP and DIP joints extended.

The maximum joint angles for each participant are shown in Table 1. They were
normally distributed. The maximum active flexion of the MCP joint was 83 ± 4◦, with the
PIP joint extending by 6 ± 14◦ and the DIP joint extending by 6 ± 10◦. The maximum active
abduction of the MCP joint was 16 ± 6◦. Using rPMS, the maximum flexion of the MCP,
PIP, and DIP joints, as well as the maximum abduction of the MCP joint, were 82 ± 10◦,
−12 ± 5◦, −8 ± 7◦, and 15 ± 6◦, respectively. The maximum flexion and abduction of the
MCP joint were not significantly different between active motion and rPMS. However, the
PIP and DIP joints extended significantly more during rPMS (Figure 3). The median NRS
for pain during rPMS was 2 (range: 0–4).
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Table 1. Maximum joint angles between active MCP joint flexion and rPMS.

Participant
Active Flexion rPMS

MCP Joint
Flexion

PIP Joint
Flexion

DIP Joint
Flexion

MCP Joint
Abduction

MCP Joint
Flexion

PIP Joint
Flexion

DIP Joint
Flexion

MCP Joint
Abduction

A 79 ± 4 12 ± 1 9 ± 5 22 ± 3 93 ± 8 7 ± 6 9 ± 2 13 ± 4
B 85 ± 4 −3 ± 5 8 ± 4 18 ± 1 102 ± 6 −1 ± 11 3 ± 7 12 ± 9
C 77 ± 10 21 ± 8 6 ± 12 12 ± 1 70 ± 9 −16 ± 3 −16 ± 6 17 ± 11
D 79 ± 3 5 ± 6 1 ± 4 14 ± 1 76 ± 3 −22 ± 3 −22 ± 10 9 ± 5
E 78 ± 4 12 ± 11 10 ± 9 20 ± 2 87 ± 16 18 ± 14 19 ± 8 13 ± 4
F 80 ± 6 10 ± 15 2 ± 2 8 ± 1 66 ± 17 −21 ± 8 0 ± 4 14 ± 4
G 75 ± 3 27 ± 11 −10 ± 7 5 ± 3 78 ± 8 −8 ± 7 −12 ± 13 8 ± 6
H 75 ± 9 −3 ± 13 5 ± 10 16 ± 3 69 ± 6 −4 ± 6 −6 ± 11 9 ± 4
I 74 ± 4 3 ± 7 4 ± 3 13 ± 2 88 ± 7 0 ± 1 10 ± 7 3 ± 0
J 81 ± 5 9 ± 7 1 ± 1 9 ± 2 72 ± 8 −5 ± 2 1 ± 9 6 ± 5

MCP—metacarpophalangeal; PIP—proximal interphalangeal; DIP—distal interphalangeal. Data are described as
mean ± standard deviation.

Figure 3

p=0.853

p=0.848p=0.009 p=0.005

Angle (°)

MCP joint flexion MCP joint abductionPIP joint flexion DIP joint flexion

Figure 3. The maximum angles of the of MCP, PIP, and DIP joints by active movement and rPMS.
There were no significant differences in the maximum angles of flexion and abduction of the MCP
joint. rPMS extended the PIP and DIP joints significantly more.

4. Discussion

This simple rPMS technique produced the same extent of flexion and abduction of the
MCP joint as active movement. Pain during rPMS was lower. Furthermore, the PIP and DIP
joints were extended more in rPMS than in active motion, indicating that the interosseous
and lumbrical muscles were stimulated. This technique is unique because it stimulates the
intrinsic muscles from the dorsum of the hand to flex the MCP joint. Voluntary MCP joint
flexion is usually accompanied by the activities of the extrinsic muscles (flexor digitorum
superficialis and flexor digitorum profundus) resulting in PIP and DIP joint flexion. In
contrast, MCP joint flexion and PIP and DIP joint extension occur by stimulating intrinsic
muscles with rPMS. We can activate the intrinsic muscles of the hand selectively by applying
rPMS without compensatory movement of the extrinsic muscles.

This technique could be used as a therapeutic procedure for various conditions that
cause immobility of the MCP joint secondary to dysfunction of the intrinsic muscles of
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the hand. When the intrinsic muscles of the hand are not activated, MCP joint contracture
in the extended position tends to occur [2]. rPMS may prevent joint contractures from
immobility by repeatedly flexing the MCP joint. Furthermore, this procedure may improve
paralysis, increase the flexion strength of the MCP joint, and improve pinching or fine
finger movements in patients with hemiplegia due to a stroke or incomplete cervical spinal
cord injury.

This study has several limitations. We evaluated hand joint movement by stimulating
the intrinsic muscles of the hand using rPMS in healthy subjects. The rPMS coil was the
same regardless of the participant’s hand or muscle size. Therefore, depending on the
subject’s physical characteristics, the joint movements induced by rPMS vary. In addition,
we did not evaluate different age groups nor differences by sex. The sample size was small
in this study. Because we could not find any published articles to calculate the sample
size for this study, we conducted this study in an exploratory manner. We evaluated
10 subjects and found that the maximum flexion and abduction of the MCP joints were not
significantly different between active motion and rPMS, whereas the PIP and DIP joints
were significantly extended by rPMS. Based on the results of this study, the estimated
sample sizes required to show a significance level of 5% and a detection power of 80%
for MCP joint flexion, MCP joint abduction, PIP joint flexion, and DIP joint flexion are
2183, 1604, 5, and 6, respectively, calculated with G*Power 3.1 software [23,24]. Hence,
the results in a larger sample would be similar to the results of this study. Moreover, the
center of the rPMS coil was placed between the second and third metacarpal bones and
the angular changes of the index finger were evaluated in this study. The movement of the
ring and little fingers were expected to be smaller than that of the index finger. We assessed
only healthy individuals, so it is uncertain whether similar MCP joint movements can be
obtained in patients with stroke or cervical spinal cord injury. ES takes place primarily
by excitation of the intramuscular nerves, and only 3–7% of the muscle twitch force is
produced by direct stimulation of muscle fibers [25]. Thus, ES cannot generate a sufficient
level of muscle contraction in patients with severe peripheral nerve injury [26]. Although
this study did not compare rPMS with ES, rPMS results in muscle contraction through a
similar mechanism as ES. When the dominant nerve of the intrinsic muscles of the hand
is affected, rPMS may not be effective. rPMS stimulated the intrinsic muscles of the hand
selectively in this study; however, hyperextended PIP and DIP joints may cause damage to
some persons.

5. Conclusions

We were able to stimulate the intrinsic muscles of the hand and produce the same
extent of MCP joint flexion and abduction as active movement by performing rPMS with
healthy individuals. Further studies are needed in different age groups as well as compar-
isons by sex. Moreover, we plan to evaluate the effect of rPMS in patients with dysfunction,
muscle weakness, and/or muscle atrophy of the intrinsic muscles of the hand.
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