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Abstract

Purpose The flexor digitorum superficialis muscle (FDS) is considered the most important of the forearm flexors for main-
taining elbow valgus stability. However, the relationships between the origin structure of each finger of the FDS and the
anterior oblique ligament (AOL) of the ulnar collateral ligament and the common tendon (CT) in the proximal part, and
morphological features are unclear. The purpose of this study was to clarify the relationships between the origin structure
of each finger of the FDS and the AOL and the CT, as well as to clarify the morphological features of the muscle belly of
each finger of the FDS.

Methods This study examined 20 elbows. The origin of each finger was examined. Muscle mass, muscle fiber bundle length,
and the pennation angle of each finger were also measured.

Results In all cases, the third and fourth digits originated from the radius, the anterior common tendon (ACT), and the
posterior common tendon (PCT). The second and fifth digits (18 elbows) or an independent fifth digit (2 elbows) originated
from the ACT, the PCT, the AOL, and other soft tissues of the elbow. Muscle mass and muscle fiber bundle length in the
muscle belly of the third and fourth digits were significantly heavier and longer, respectively, than in the muscle belly of the
second and fifth digits.

Conclusion Because the second and fifth digits or an independent fifth digit originated from the AOL, their contraction may
cause tension in the AOL.
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Introduction

Ulnar collateral ligament (UCL) injuries are common in
overhead-throwing athletes [25]. The mechanism of UCL
injuries is thought to involve repeated valgus stress on the
elbow during throwing motions [15]. The UCL is thought to
be the primary static stabilizer against elbow valgus stress
[20]. During pitching motions, the elbow is subject to a
maximum of about 64 Nm of elbow valgus stress [9]. The
UCL is reported to have a failure strength of about 34 Nm
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[2]. Therefore, elbow valgus stress during pitching motions
exceeds the failure strength of the UCL, and the forearm
flexors are thought to provide dynamic stabilization against
elbow valgus stress [5, 6, 11, 12, 19, 22, 23, 27, 29]. Thus,
elbow valgus stability provided by the forearm flexors is
thought to be important for preventing UCL injuries.

An anatomical study reported that the forearm flexors
are involved in valgus stability function depending on the
positional relationship with the UCL [5, 10, 22]. In a bio-
mechanical study, the contraction of the forearm flexors
was involved in valgus stability function [4, 12, 19, 23,
29], and, in particular, the flexor digitorum superficialis
muscle (FDS) was reported to be the most important of
the forearm flexors [29]. In studies using ultrasound, the
humero-ulnaris joint space decreased with finger flexion
when loading elbow valgus stress, so the FDS was reported
to be important for elbow valgus stability [13, 24]. Given
the above, the FDS is important for elbow valgus stabil-
ity, and FDS exercises are considered vital. Though the
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importance of FDS exercise was described in the previous
studies [7, 14], there are a few studies of the methods of
exercise [13].

An anatomical study of the FDS by Otoshi et al. reported
that FDS muscle fibers originated directly from the anterior
aspect of the medial epicondyle to the medial joint capsule,
just over the anterior oblique ligament (AOL) of the UCL
[22]. Furthermore, the FDS is composed of the deep layer
and the superficial layer in the distal part; the deep layer is
composed of the second and fifth digits of the FDS, and the
superficial layer is composed of the third and fourth digits of
the FDS [1, 21]. In recent years, some studies reported that a
common tendon (CT) exists between the FDS and pronator
teres and between the FDS and flexor carpi ulnaris [14, 22],
and it is assumed that the forearm flexors transmit muscular
power to the humero-ulnaris joint via the CT [14]. However,
to the best of our knowledge, the relationships between the
origin structure of each finger of the FDS and the AOL and
between the origin structure of each finger of the FDS and
the CT in the proximal part are not clear. If they were clear,
it could lead to investigating the contraction of each finger of
the FDS and how it is involved in the valgus stability func-
tion and through which tissues. Based on this, it is thought
that examination of various contraction methods of the FDS
could lead to the development of effective FDS exercises
for the preventive care of UCL injuries. In addition, regard-
ing the morphological features of the muscle, it has been
reported that differences in muscle fiber bundle length and
the pennation angle cause differences in the characteristics
of muscle contraction [18].

The purpose of this study was to clarify the relationships
between the origin structure of each finger of the FDS and
the AOL, and between the origin structure of each finger of
the FDS and the common tendon, and to clarify the mor-
phological features of the muscle belly of each finger of the
FDS. We hypothesized that the second and fifth digits are in
the deep layer in the proximal part, and the second and fifth
digits originate from the AOL, because the second and fifth
digits are also in the deep layer in the distal part.

Methods
Cadavers

Twenty elbows from 12 Japanese cadavers (mean age at
death, 82 + 11 years; 12 sides from men, eight sides from
women; nine right sides, 11 left sides) donated to the uni-
versity anatomy program were examined. All cadavers were
placed in 10% formalin and then dehydrated in alcohol. No
sides showed signs of previous major surgery around the
upper extremity.
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Methods

This study referred to the previous studies for dissection [14,
22]. The gleno-humeral joint was sectioned to prepare an
isolated upper limb. The skin and subcutaneous tissue were
then removed (Fig. 1a). The muscle fibers of the palmaris
longus muscle (PL), flexor carpi radialis muscle (FCR),
pronator teres muscle (PT), and flexor carpi ulnaris mus-
cle (FCU) were carefully removed from the anterior com-
mon tendon (ACT) [22] and the posterior common tendon
(PCT) [22] (Fig. 1b). The flexor retinaculum and the tendi-
nous insertion of the second-to-fifth digits of the FDS were
incised at the wrist, and the origin was examined after sepa-
ration from the distal to proximal muscle belly of each digit

Fig.1 Structure of the forearm flexors (left side, medial view). a
Forearm flexors after the skin and subcutaneous tissue are removed.
b Muscle fibers of the palmaris longus muscle (PL), flexor carpi
radialis muscle (FCR), pronator teres muscle (PT), and flexor carpi
ulnaris muscle (FCU) are carefully removed from the anterior com-
mon tendon [22] and posterior common tendon [22], and ¢ the tendi-
nous insertions of the second-to-fifth digits of the FDS are incised at
the wrist, separated from the distal to proximal muscle belly of each
digit. MEC medial epicondyle of the humerus, FDP flexor digitorum
profundus, P proximal, D distal, I/ second digit, /Il third digit, IV
fourth digit, V fifth digit
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(Fig. 1¢). As in the previous studies [1, 21], the deep layer of
the FDS was composed of the second and fifth digits, and the
superficial layer of the FDS was composed of the third and
fourth digits in the distal part. In addition, in the proximal
part, the muscle belly of the third and fourth digits covered
the muscle belly of the second and fifth digits as a wrap-
ping, and the two layers could be clearly separated when
the connective tissue was carefully removed. Therefore, the
muscle fibers were carefully inverted to the origin so as not
to break them.

Morphological measurements were performed by one
examiner, and the measurements included muscle mass,
muscle fiber bundle length, and the pennation angle. Mus-
cle mass was measured using an electronic balance (Elec-
tronic Balance, Jinroom, Wuhan, China) after the muscle
belly was removed and sufficiently immersed in storage
solution. Muscle mass was calculated as a percentage of
total FDS mass. This study referred to the previous stud-
ies for muscle fiber bundle length and the pennation angle
[26, 30]. The muscle bundle was photographed using a
digital camera (Finepix FOOOEXR; Fujifilm, Tokyo, Japan)
after the muscle belly and the connective tissue were care-
fully removed. As the reference lines for measurement of
the pennation angle, straight lines were made to connect
the center of the width of the distal end of the tendinous
insertion and the center of the width of the tendon at the
point where the most distal muscle fiber attached to the
tendinous insertion using a computer. The muscle fiber
bundle length and the pennation angle were measured in
the distal one-third, middle third, and proximal one-third
portions of the muscle length, and the average value of
the three points was calculated (Fig. 2). The pennation
angle was defined as the angle of the muscle fiber bundle
with respect to the reference line. In the case of a digastric
muscle, the pennation angle in the muscle belly proximal

Fig.2 Measurement of muscle fiber bundle length and the pennation
angle (FDS of the left side). a Skin surface of the muscle belly, third
digit and b bone surface of the muscle belly, second and fifth digits.
Black line: reference line, Green line: muscle fiber bundle length. 6
pennation angle, P proximal, D distal, /I second digit, V fifth digit,
Pennation angle the angle of the muscle fiber bundle with respect to
the reference line (colour figure online)

to the intermediate tendon was measured as the angle of
the muscle fiber bundle with respect to the straight line
passing through the center of the width of the intermediate
tendon, and in the muscle belly distal to the intermedi-
ate tendon, it was measured as the angle of the muscle
fiber bundle with respect to the reference line. Muscle
fiber bundle length and the pennation angle of each finger
muscle belly were measured three times, and the average
value and standard deviation were calculated. Measure-
ments of the muscle fiber bundle lengths and the pennation
angles were made using image analysis software (Image
J; NIH, Bethesda, MD, USA). The intra-rater reliabilities
of muscle fiber bundle length and pennation angle meas-
urements were assessed using the intraclass correlation
coefficient (ICC) (1, 3) for seven cadavers (mean age at
death, 84 + 12 years; ten elbows: three sides from men
and seven sides from women) in this study. The ICC (1,
3) for the measurement of muscle fiber bundle length was
0.93-0.99, and that of the pennation angle was 0.94-0.99.
Thus, sufficient reliability was obtained according to the
criteria of Landis et al. [17].

Statistical analysis

Comparisons of muscle mass in each muscle belly were per-
formed using paired ¢ tests. Comparisons between the mus-
cle fiber bundle length and the pennation angle in each digit
were performed using one-way repeated-measures analysis
of variance and Bonferroni’s method. Comparisons of the
sexes were performed using Student’s ¢ test. The level of
significance was 5%.

Results

The origin structure of each finger in the FDS
(Figs. 3, 4)

In all cases, the third and fourth digits originated from the
radius, the ACT, and the PCT, with one muscle belly that
divided into the third and fourth digits. On the other hand,
a difference was observed for the second and fifth digits. In
one type (18/20 elbows), the muscle fibers originated from
the ACT, the PCT, the AOL, and the other soft tissues of
the elbow and divided into the second and fifth digits. In the
other type (2/20 elbows), a muscle fiber originated from the
tendon that connected to the ACT and became the tendinous
insertion of the second digit, and a muscle fiber originated
from the ACT, the PCT, the AOL, and the other soft tissues
of the elbow and became the tendinous insertion of the fifth
digit.
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Fig.3 The origin structure of each finger in the FDS (left side, »

medial view). Aa The origin structure of the third and fourth digits.
This originates from the radius, the anterior common tendon (ACT),
and the posterior common tendon (PCT) (red line), with one muscle
belly that divides into the third digit and fourth digit. White arrows:
PCT. Bb The structure showing that the second and fifth digits have
a common origin (18/20 elbows). This originates from the ACT, the
PCT, the AOL, and the capsule of the elbow (red line), and divides
into the second and fifth digits. The third and fourth digits are care-
fully removed from the ACT and the PCT (green paint), and the ACT
and the PCT are inverted. Cc The structure showing that the second
and fifth digits have a different origin (2/20 elbows). A muscle fiber
originates from the tendon that connects to the ACT and becomes
the tendinous insertion of the second digit (blue line), and a muscle
fiber originates from the ACT, the PCT, the AOL, and the capsule of
the elbow, and becomes the tendinous insertion of the fifth digit (red
line). The third and fourth digits are carefully removed from the ACT
and the PCT (green paint), and the ACT and the PCT are inverted.
MEC medial epicondyle of the humerus, /I second digit, /I third
digit, IV fourth digit of the FDS, V fifth digit, P proximal, D distal
(colour figure online)

Morphological characteristics (Tables 1, 2, 3)

Muscle mass was measured by dividing it into the third
and fourth digits and the second and fifth digits, because
the FDS was divided into each muscle belly. Muscle mass
was calculated as the ratio of each muscle belly to the total
mass of the FDS. Muscle mass was significantly greater in
the muscle belly of the third and fourth digits than in the
muscle belly of the second and fifth digits (p <0.01).

The muscle belly of the third and fourth digits was
divided into parts for the third digit and the fourth digit. The
muscle belly of the second and fifth digits was composed of
a digastric muscle. The second digit and the fifth digit had a
common muscle belly proximal to the intermediate tendon,
or the second digit and the fifth digit had their respective
muscle bellies and a tendinous insertion distal to the inter-
mediate tendon. The muscle belly of the independent fifth
digit was also composed of a digastric muscle. Therefore,
measurements were made of the third digit, fourth digit, the
muscle belly proximal to the intermediate tendon (herein-
after called “digastric”), second digit, and fifth digit. For
muscle fiber bundle length, the third digit and fourth digit
were measured on the skin surface of the muscle belly, and
the second and fifth digits or the second digit, the fifth digit,
and the digastric were measured on the bone surface of the
muscle belly. Muscle fiber bundle length was significantly
longer in the third digit than in the second digit, fifth digit,
and the digastric (p <0.01). Muscle fiber bundle length was
significantly longer in the fourth digit than in the second
digit, fifth digit, and the digastric (p <0.01). No significant
differences in the pennation angle were seen among the mus-
cle bellies of each finger (p >0.05).
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Fig.4 The structure around the FDS (left side, medial view). a In the
structure showing that the second and fifth digits have a common ori-
gin (18 elbows, Fig. 3Bb), the muscle fibers of the second and fifth
digits are removed. b In the structure showing that the second and

Table 1 Morphological characteristics of each muscle belly (muscle
mass)

fifth digits have a different origin (two elbows, Fig. 3Cc), the muscle
fibers of the fifth digit are removed. ACT anterior common tendon,
PCT posterior common tendon, *Anterior oblique ligament of the
ulna collateral ligament, /I second digit, P proximal, D distal

Table 3 Comparisons of morphological characteristics between the
sexes

Second and fifth Third and fourth p value®
digits digits
Muscle mass (%) 37.66+2.98 62.34+2.98 <0.01

Values are means +SD
Muscle mass ratio of each belly mass to total FDS mass
“Paired f test

Table 2 Morphological characteristics of each finger (muscle fiber
bundle length and pennation angle)

Muscle fiber bundle Pennation angle (°)
length (cm)
Second digit 3.29+0.75%° 6.95+4.08
Third digit 6.34+0.92 9.14+4.37
Fourth digit 597+1.13 7.22+2.81
Fifth digit 3.41+0.75%° 6.70+5.16
Digastric 2.67+0.31*° 8.07+6.73

Values are means + SD

Digastric the muscle belly is more proximal than the intermuscular
septum in the second and fifth digits or an independent fifth digit

#p<0.01 vs. length in the muscle of the third digit
»<0.01 vs. length in the muscle of fourth digit

With respect to sex differences, the muscle fiber bun-
dle length of the fifth digit was significantly longer in
men than in women (p <0.05).

Men Women p value®

Muscle mass (%)

Second and fifth digits ~ 38.25+3.46 3.07+223 035

Third and fourth digits ~ 61.75+3.46  63.00+2.23  0.35
Muscle fiber bundle length (cm)

Second digit 3.39+0.73 3.17+0.79  0.52

Third digit 6.64+1.09 6.02+0.60 0.15

Fourth digit 6.29+0.96 5.62+1.25 0.20

Fifth digit 3.79+0.56 298+0.73  0.01

Digastric 2.74+£0.27 2.60+036  0.37
Pennation angle (°)

Second digit 7.48+4.82 6.37+3.27 057

Third digit 10.01+5.38 8.17+2.92 0.38

Fourth digit 8.00+2.19 5.79+2.40  0.06

Fifth digit 6.22 +3.68 725+6.64 0.68

Digastric 10.49 +8.63 5.39+1.65 0.10

Values are means + SD

Digastric the muscle belly is more proximal than the intermuscular
septum in the second and fifth digits or an independent fifth digit

2Student’s ¢ test

Discussion

This study clarified the relationships between the ori-
gin structure of each finger of the FDS and the AOL and
between the origin structure of each finger of the FDS and
the CT. In addition, this study measured muscle mass, the
muscle fiber bundle length, and the pennation angle, and
clarified the differences in each muscle belly and between
the sexes.
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Otoshi et al. reported that the FDS muscle fibers origi-
nated directly from the anterior aspect of the medial epi-
condyle to the medial joint capsule, just over the AOL [22].
However, their study did not examine the origin structure of
the FDS separately for each digit. The present study exam-
ined the origin structure of the FDS separately for each digit,
and showed that the second and fifth digits or an independent
fifth digit originated from the AOL. Therefore, contraction
of the second and fifth digits or an independent fifth digit
may cause tension in the AOL. In addition, Hoshika et al.
[14] reported that forearm flexors transmit muscular power
to the humero-ulnaris joint via the CT. Therefore, it appears
that the contraction of all fingers can be involved in humero-
ulnaris joint stability via the CT.

In addition, UCL reconstruction has been done with
methods using a muscle splitting approach. Muscle split-
ting is done in the posterior one-third of the common flexor
mass, because the UCL lies under the common flexor mass
[28]. Based on the present study, the FDS that is located
superficial in the AOL could be split. FDS exercises have
been recommended for rehabilitation after UCL reconstruc-
tion [7]. A previous study using rats reported that, in the
lateral collateral ligament of the elbow—capsule complex
injury model, soft-tissue adhesions, and synovial prolifera-
tion occurred [16]. The current study showed that the second
and fifth digits or an independent fifth digit originated from
the AOL. Therefore, UCL injury and the invasion of UCL
reconstruction appear to cause adhesions of the AOL and the
second and fifth digits or an independent fifth digit. There-
fore, exercises of the second and fifth digits or an independ-
ent fifth digit are an important focus for rehabilitation after
UCL reconstruction.

Based on the present results for the morphological fea-
tures, muscle mass was significantly greater in the muscle
belly of the third and fourth digits than of the second and
fifth digits. Furthermore, muscle fiber bundle length was
significantly longer in the third digit and fourth digit than
in the second digit and fifth digit. In a previous study, the
physiological cross-sectional area (PCSA) was calculated
according to the following equation [30]:

Muscle mass(g) - cosf

PCSA = 3 s
p(g/cm’) - Muscle fiber bundle length ( cm )

where 6 is the pennation angle, and p is muscle density
calculated in a previous study [30]. Therefore, following
this equation, no significant differences were seen between
the PCSA in the third and fourth digits and that in the sec-
ond and fifth digits, considering the effect of architecture
using an example of two muscles with identical PCSAs
and pennation angles, but different lengths. It is considered
that the PCSAs are equal, but muscle fiber bundle lengths
are different (long fibers and short fibers), and maximum
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tensions are the same, because the PCSAs are the same,
but the long fibers can demonstrate maximum tension over
a wider muscle active range (i.e., active range of motion)
[18]. Furthermore, in relation to muscle velocity, the long
fibers can demonstrate greater muscle strength when mus-
cle maximum contraction velocity increases [18]. There-
fore, it appears that the third and fourth digits can demon-
strate maximum tension in a wider active range of motion
than the second and fifth digits.

With respect to sex differences, the muscle fiber bundle
length of the fifth digit was significantly longer in men
than in women. It is unclear why there was a sex difference
only in the muscle fiber bundle length of the fifth digit.
However, it appears that one of the factors that causes
a sex difference is that normalization based on physical
constitutional differences was not performed.

Based on the origin structure and morphological fea-
tures found in the present study, it is necessary to consider
the second and fifth digits and the third and fourth digits
separately, because the origins of the second and fifth dig-
its and of the third and fourth digits were different, and
the features of muscle contraction of the second and fifth
digits and of the third and fourth digits were different. In
the future, it will be necessary to clarify whether muscle
contractions of the second and fifth digits and of the third
and fourth digits contribute to stabilization against elbow
valgus stress. Furthermore, it is necessary to create effec-
tive FDS exercises based on this study, because there are
a few studies regarding the methods of exercise of the
FDS [13].

This study has three limitations. First, histological
examinations could not be performed. Hoshika et al. [14]
reported that the AOL could be interpreted as part of the
complex including the tendinous septa and deep aponeu-
rosis of the FDS. Because only gross anatomical examina-
tion was performed, soft tissue that could not be included
in the AOL, the ACT, and PCT were considered “other
soft tissues”. Second, measurement of muscle fiber bundle
length could not be normalized to sarcomere length. A
previous study reported that muscle fiber bundle length
depends on the fixed position of the joint, so that normali-
zation by sarcomere length is required [8]. However, in
most cadavers used in the present study, the elbow was
in a slightly flexed position and a forearm pronated posi-
tion. This study examined only the FDS, and compari-
son was performed within the same muscle. Therefore, it
is considered that the comparison was performed under
the same conditions. Third, regarding the variation of the
FDS, Belbl et al. [3] reported that there were cases of
an absent flexor digitorum profundus muscle and variant
FDS. However, no such cases were found in the current
study. In the future, an increased number of samples will
need to be examined.
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Conclusion

In all cases, the third and fourth digits of the FDS originated
from the radius, the ACT, and the PCT, with one muscle
belly that divided into the third digit of the FDS and the
fourth digit of the FDS. On the other hand, a difference was
observed in the second and fifth digits of the FDS. One type
originated from the ACT, the PCT, the AOL, and the capsule
of the elbow and divided into the second digit of the FDS
and the fifth digit of the FDS, whereas in another type, the
muscle fibers originated from the tendon that connected to
the ACT and became the tendinous insertion of the second
digit of the FDS, and the muscle fibers originated from the
ACT, the PCT, the AOL, and the capsule of the elbow and
became the tendinous insertion of the fifth digit of the FDS.

Therefore, the contraction of the second and fifth digits
or an independent fifth digit may cause tension in the AOL,
because they originate from the AOL.
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