
375© Springer Nature Switzerland AG 2021
D. Narayan et al. (eds.), Surgical and Perioperative Management of Patients with 
Anatomic Anomalies, https://doi.org/10.1007/978-3-030-55660-0_17
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 Nerves

 Median Nerve

 Normal Course
The median nerve originates from the lateral (C5–7) and medial cords (C8, T1) of 
the brachial plexus (Fig. 17.1). The median nerve enters the arm lateral to the bra-
chial artery, crosses anterior to the artery near the insertion of the coracobrachialis, 
and descends medial to the artery until reaching the cubital fossa. In the fossa, the 
nerve situates in between the bicipital aponeurosis and brachialis. The median nerve 
enters the forearm between the two heads of the pronator teres, crosses lateral to the 
ulnar artery, and passes posterior to a tendinous bridge between the humeroulnar 
and radial heads of the flexor digitorum superficialis before descending the forearm 
along the flexor digitorum superficialis and anterior to the flexor digitorum profun-
dus. It emerges from behind the lateral edge of the flexor digitorum superficialis 
5 cm proximal to the flexor retinaculum, and lies superficially between the flexor 
digitorum superficialis and flexor carpi radialis tendons. The median nerve enters 
the hand deep to the flexor retinaculum and innervates the thenar muscles and the 
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two radial lumbricals via its motor branches, and innervates the palmar aspect of the 
first, second, and third fingers and the radial half of the fourth finger via its sensory 
cutaneous branches [1].

 Variations and Pathology
Carpal tunnel syndrome (CTS), a common pathology affecting the median nerve, is 
often treated by surgical decompression. Awareness of the variations of the median 
nerve near the carpal tunnel is important when treating CTS. One particular branch 
to be cognizant of during carpal tunnel surgery is the thenar branch or recurrent 
motor branch. This branch normally divides from the median nerve radially at the 
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distal margin of the transverse carpal ligament. However, the thenar branch has also 
been found to pierce through the transverse carpal ligament or leave the median 
nerve within the carpal tunnel under the transverse carpal ligament (Fig. 17.2) [2]. 
The thenar branch has even been found to divide from the median nerve ulnarly. 
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Fig. 17.2 The thenar branch normally leaves the median nerve distal to the transverse carpal liga-
ment. However, the thenar branch can pierce through the transverse carpal ligament (transligamen-
tous) or leave the median nerve under the transverse carpal ligament (subligamentous) [2]
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Lanz [2] organized these variations of the thenar branch into one group and addi-
tionally described three other groups of median nerve variations at the wrist includ-
ing accessory branches at the distal carpal tunnel, a high division of the median 
nerve (sometimes in association with a median artery), and accessory branches 
proximal to the carpal tunnel [2–10].

Variations of the median nerve may also exist more proximally. A rare variation 
of the median nerve supplying the anterior compartment of the arm in the absence 
of a musculocutaneous nerve bilaterally has been reported [11–13]. Variation of a 
distal union of the lateral and medial cords and piercing of the coracobrachialis by 
the proximal lateral cord instead of the musculocutaneous nerve has also been 
reported. Due to the possible use of a coracobrachialis flap in postmastectomy 
reconstruction, it is important to be aware of this variation [14].

Multiple communicating branches may pass from the median nerve (and some-
times the anterior interosseous nerve) to the ulnar nerve called Martin-Gruber anas-
tomoses (Fig. 17.3). Martin-Gruber anastomoses are present in about 17% of the 
global population. These branches arise from the median nerve proximally and pass 
medially between the flexor digitorum superficialis and the flexor digitorum profun-
dus, deep to the ulnar artery, and join the ulnar nerve. This results in median nerve 
innervation of a variable number of intrinsic muscles of the hand, and presumably 
explains cases of functional “ulnar intrinsics” muscles despite ulnar nerve transec-
tion, and functional “median intrinsics” muscles despite median nerve transection 
[15]. Rarely, the reverse may occur, where communicating branches from the ulnar 
nerve pass to the median nerve, usually in the distal forearm near the carpal tunnel. 
This is termed a Marinacci communication (Fig. 17.3). Hand surgeons should be 
aware of these communications between the median and ulnar nerve, which can 
mask upper extremity nerve lesions [1, 14, 15].

 Palmar Cutaneous Branch of the Median Nerve

 Normal Course
The palmar cutaneous nerve (PCN) branches off the radial aspect of the median 
nerve at an average of 4–5 cm proximal to the wrist flexion crease (Fig. 17.4) [16, 
17]. It runs in a small tunnel of sheath ulnar to the flexor carpi radialis and deep to 
the antebrachial fascia between the flexor carpi radialis (FCR) and palmaris longus 
(PL). It then pierces and emerges from the antebrachial fascia, where it runs super-
ficial to the flexor retinaculum and divides into medial and lateral branches. The 
lateral branches supply the thenar skin and connect with the lateral cutaneous nerve 
of the forearm. Medial branches supply the central palmar skin and connect with the 
palmar cutaneous branch of the ulnar nerve.

 Variations and Pathology
A few variations of the PCN should be noted because surgeons frequently operate 
near the PCN, and injury to the PCN can result in complex regional pain syndrome 
at a rate of 3–10% [16, 18]. Takeoff of the PCN from the ulnar side of the median 
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nerve is seen in about 15% of patients, and in these cases, the PCN tends to position 
closer to (mean distance of 0.3 cm) or crossover to the ulnar side of the palmaris 
longus (PL). Therefore, care should be taken to draw longitudinal incisions at 1 cm 
ulnar to the PL during its harvest to avoid damaging the PCN [19]. In other cases, 
the PCN is noted to either insert into or pass through PL tendon 1–1.5 cm proximal 
to its insertion into the aponeurosis. Transecting the PL at a more proximal position 
(at least 2 cm from the aponeurotic insertion) is recommended to avoid PCN dam-
age [17, 20].

The PCN may sometimes crossover or enter the FCR sheath and course along its 
radial aspect. It is important to recognize this variant in cases of volar plating for 
distal radius fracture, because the PCN variant will be at risk for injury during the 
FCR radial dissection [16].
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Taleisnik et al. demonstrated that the PCN can have a trans-retinaculum course, 
which is at risk for injury in the longitudinal division of the ligament during carpal 
tunnel releases. He recommended a curved longitudinal incision on the ulnar side of 
the axis of the ring finger [20]. However, Hobbs et al. suggested that Taleisnik’s 
incision may jeopardize the palmar branch of the ulnar nerve and recommended, 
instead, a skin incision 1 cm ulnar to the axis of the third metacarpal, in the axis of 
the ring finger [21]. They also noted that in 8% of hands a communication exists 
between the superficial radial nerve and the PCN that should be considered in sur-
geries requiring radial palmar wrist incisions (e.g., volar wrist ganglion cyst) [22].

 Anterior Interosseous Nerve (AIN)

 Normal Course
The anterior interosseous nerve (AIN) arises from the median nerve posteriorly 
between the two heads of pronator teres about 5 cm distal to the medial epicondyle. 
This motor branch of the median nerve supplies the anterior compartment of the 
forearm, classically innervating the flexor pollicis longus (FPL), the pronator qua-
dratus (PQ), and the radial half of the flexor digitorum profundus (FDP) (Fig. 17.5).

 Variation and Pathology
Anterior interosseous nerve syndrome (AINS) or Kiloh-Nevin syndrome is a rare 
entrapment syndrome of the AIN that affects the motor function of the FPL, the PQ, 
and the radial half of FDP (i.e., second and third digit). The compression is usually 
caused by the fibrous bands from the deep heads of the pronator teres to the brachia-
lis fascia, but compression from other fibrous bands can also occur. The AIN and 
ulnar nerve can variably innervate the radial and ulnar FDPs. In one study of 50 
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hands, 50% of hands had AIN innervation to all FDPs, with the ulnar nerve provid-
ing dual innervation to the FDP of the third-fifth digits. The second most common 
finding (34%) was dual innervation to the third and fourth FDPs [23]. Clinically, 
these variations manifest as variable symptoms in AINS: the second digit is consis-
tently affected, whereas the third digit and the PQ are occasionally spared depend-
ing on the innervation pattern [24, 25]. The presence of Martin-Gruber anastomoses 
(see above) in the setting of AINS can also lead to palsy of the intrinsic muscles of 
the hand (normally innervated by the ulnar nerve).

 Ulnar Nerve

 Normal Course
The ulnar nerve carries fibers from the C8 and T1 nerve roots as it originates from 
the medial cord of the brachial plexus (occasionally also from the C7 nerve root of 
the lateral cord) (Fig.  17.6). The ulnar nerve descends along the posteromedial 
aspect of the humerus. It lies posterior and posteromedial to the intermuscular sep-
tum and brachial artery, respectively, and anterior to the medial head of the triceps 
brachii muscle. As the ulnar nerve descends in the upper arm, the arcade of Struthers, 
a band of fascia attached to the intermuscular septum, covers the ulnar nerve about 
8 cm proximal to the medial epicondyle of the humerus. The ulnar nerve descends 
posterior to the medial epicondyle of the humerus and medial to the olecranon of the 
ulna before entering the cubital tunnel. The cubital tunnel is defined by the medial 
epicondyle, the olecranon, and a fascial layer extending from the flexor carpi ulnaris 
muscle and the arcuate ligament of Osborne.

After exiting the cubital tunnel, the ulnar nerve enters the anterior compartment of 
the forearm between the ulnar and humeral heads and under the aponeurosis of the 
flexor carpi ulnaris muscle. The ulnar nerve then courses along the ulna with the 
ulnar artery, deep to the flexor carpi ulnaris muscle. It gives off three branches in the 
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forearm: the muscular branch (near the elbow), the dorsal branch (approximately 
5 cm proximal to the wrist), and the palmar branch (the continuation of the ulnar 
nerve) [1]. The muscular branch innervates the flexor carpi ulnaris and the ulnar half 
of the flexor digitorum profundus muscles. The dorsal branch passes backward 
beneath the flexor carpi ulnaris, perforates the deep fascia, and runs along the back 
of the wrist and hand as two dorsal digital branches to provide sensory innervation to 
the fifth finger and the ulnar side of the ring finger. The palmar branch/ulnar nerve 
enters the hand by passing superficial to the flexor retinaculum and deep to the super-
ficial palmar carpal ligament via Guyon’s canal before dividing it into the superficial 
and deep branches, which provide sensory and motor innervation to the hand.
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 Variations and Pathology
A few variations occur near the elbow that are important for the surgeon to be aware 
of, particularly when managing ulnar nerve pathology such as in cubital tunnel syn-
drome. The ulnar nerve can pass in front of the medial epicondyle of the humerus 
instead of passing posterior to it. The ulnar nerve may also send a variable number 
of sensory branches to the elbow joint capsule at various distances from the elbow 
[26, 27]. Several studies found that the motor branch from the ulnar nerve providing 
innervation to the flexor carpi ulnaris originated anywhere from 40 mm proximal to 
73 mm distal to the medial epicondyle [28, 29]. Although not normally a branch of 
the ulnar nerve, the medial antebrachial cutaneous nerve also can send a variable 
number of superficial branches to the elbow region [30]. One report described that 
the medial antebrachial cutaneous nerve originated from the ulnar nerve in the 
region of the elbow [31]. These branches are all susceptible to iatrogenic injury 
when surgically managing compression of the ulnar nerve not only in the cubital 
tunnel, but also in any pathology involving the elbow region.

The dorsal branch of the ulnar nerve follows a fairly consistent course on the 
dorsum of the wrist and hand by crossing a line drawn between the ulnar styloid and 
the fourth web space, on average 2.4 cm distal to the ulnar styloid (Fig. 17.7) [32]. 
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Fig. 17.7 Dorsal branch 
of the ulnar nerve. The 
dorsal branch of the ulnar 
nerve normally travels 
along the dorsum of the 
hand crossing radially over 
a line drawn between the 
ulnar styloid and the fourth 
web space 2.4 cm distal to 
the ulnar styloid [32]

17 Upper Extremity Variations



384

However, aberrant branches that cross the wrist immediately distal to the ulnar sty-
loid or ulnar head to innervate the radial side of the hand have been reported. 
Standard portals for wrist arthroscopy involve placement of the 6-radial portal 
within the proximal fifth of a line drawn between the ulnar styloid and fourth web 
space to avoid damage to the dorsal branch of the ulnar nerve. However, extreme 
care must still be taken as variations described above have been shown to cross this 
standard area of portal placement [32].

Ulnar tunnel syndrome, or Guyon’s canal syndrome, occurs due to compression 
of the ulnar nerve within Guyon’s canal. The location of the compression within 
Guyon’s canal is categorized by three zones: zone I, the bifurcation; zone II, along 
the deep branch; and zone III, along the superficial branch (Fig. 17.8). Compressions 
at zone I, zone II, and zone III typically produce motor and sensory deficits, exclu-
sively motor deficits, and exclusively sensory deficits, respectively. However, divi-
sion patterns of the ulnar nerve within Guyon’s canal are variable, with several 
different patterns described. Lindsey and Watumull described a trifurcated nerve 
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pattern resulting in a motor branch and two sensory branches within Guyon’s canal 
[33]. Murata et  al. categorized these variations into five types (Fig.  17.9) [34]. 
Interestingly, several instances of communications between the distal branches were 
found among the different types. Varying symptoms are described depending on the 
level of compression.

Although not a variation of the ulnar nerve itself, the contents of Guyon’s canal 
may differ, which are thought to contribute to compression of the ulnar nerve. An 
accessory abductor digiti minimi or accessory flexor digiti minimi traveling in 
Guyon’s canal and a fibrous arch between the hook of hamate and the pisiform have 
both been described as common occurrences and possible contributors to ulnar 
nerve entrapment [35].

Sensory innervation to the hand varies significantly. The medial proper palmar 
digital nerve of the fifth finger has been described as originating from the dorsal 
branch of the ulnar nerve and traveling outside of Guyon’s canal before reaching the 
palmar medial fifth finger [36–40]. The ulnar nerve can provide sensory innervation 
to more than the typical 1.5 digits of the hand both palmarly and dorsally, and inner-
vation of the dorsal first phalanx has even been reported [36, 41, 42]. In these spe-
cific situations, compression of the ulnar nerve can result in sensory symptoms 
different from those in the ring and little finger.

First illustrated by Berrettini in 1741, communications exist between the com-
mon digital nerves of the ulnar and median nerves. These are called Berrettini anas-
tomoses (Fig. 17.10a) [43]. The incidence of Berrettini anastomoses is thought to be 
over 80%, which would technically make them a normal structure rather than an 
anatomic variant. Damage to these anastomoses resulting in sensory deficits has 
been described during surgeries such as carpal tunnel release [44]. Therefore, care 
must be taken to avoid damaging these neural communications.

Riche and Cannieu first described a neural connection between the deep branches 
of the ulnar nerve and the recurrent branch of the median nerve at the thenar emi-
nence, which was later termed the Riche-Cannieu anastomosis (RCA) [45]. This 
anastomosis has been reported in up to 83.3% of cases (Fig. 17.10b) [45, 46]. The 
ulnar nerve can innervate any number of the thenar muscles and intrinsic hand mus-
cles normally innervated by the median nerve through this neural connection, and 
should be kept in mind in the presence of atypical muscle deficits in carpal tunnel 
syndrome or ulnar nerve compression at Guyon’s canal or more proximally [47–51].

 Radial Nerve

 Normal Course
The radial nerve originates from the posterior cord of the brachial plexus and carries 
fibers from the C5–T1 nerve roots (Fig. 17.11). It splits from the axillary nerve just 
proximal to the quadrangular space and travels posterior to the axillary and brachial 
arteries and anterior to the long head of the triceps brachii muscle through the trian-
gular interval. The radial nerve then proceeds posterolaterally in conjunction with 
the brachial artery deep to the long head and lateral head of the triceps brachii and 
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superficial to the medial head of the triceps brachii along the spiral groove (or radial 
sulcus). Innervation of the triceps brachii occurs along this course. Emerging from 
the spiral groove on the lateral side of the humerus, the nerve then pierces the lateral 
intermuscular septum, entering the anterior compartment of the upper arm approxi-
mately 10 cm proximal to the lateral epicondyle of the humerus. It then courses 
between the brachialis and brachioradialis muscles, sending branches to the bra-
chialis muscle and the brachioradialis muscle. The radial nerve passes anterior to 
the lateral epicondyle as it enters into the forearm, branching into superficial (sen-
sory) and deep branches (posterior interosseous nerve).

 Variations and Pathology
Although the musculocutaneous nerve primarily innervates the brachialis [52], the 
radial nerve sends between one and three accessory branches to the brachialis mus-
cle in up to 86% of cases [53, 54]. The radial nerve can also send one, two, and three 
branches to the brachioradialis muscle 46.5%, 40%, and 14% of the time, respec-
tively, according to a study by Latev and Dalley [55]. Care should be taken to avoid 
cutting these nerves during tendon-transfer procedures using the brachioradialis. 
Atypical signs and symptoms can occur in injuries to the proximal radial nerve in 
variations where it communicates with the ulnar nerve and when it provides motor 
innervation to the extensor carpi radialis brevis, which is normally provided by the 
deep branch of the radial nerve further distally. This is known to occur in up to 20% 
of cases [56].

Ulnar nerve
Median nerve

a b

Berretini
anastomosis

Ulnar nerve
Median nerve

Riche-Cannieu
anastomosis

Fig. 17.10 Berrettini and Riche-Cannieu anastomoses. (a) Berrettini anastomoses are communi-
cations between the common digital nerves of the ulnar and median nerves. (b) Riche-Cannieu 
anastomoses are communications between the deep branches of the ulnar nerve and the recurrent 
branch of the median nerve

Fig. 17.9 Types of ulnar nerve branching within Guyon’s canal. In type I, the ulnar nerve bifur-
cates into the deep branch and the superficial trunk (normal). In type II, the ulnar nerve trifurcates 
into the deep branch, the common digital nerve of the ring finger, and the proper digital nerve. In 
type III, the ulnar nerve bifurcates into radial and ulnar trunks. In type IV, an additional superficial 
branch divides from the ulnar nerve proximally. In type V, the dorsal branch of the ulnar nerve 
communicates with the proper digital nerve [34]
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 Superficial Branch of the Radial Nerve

 Normal Course
The superficial branch of the radial nerve, or the radial sensory nerve (RSN), 
descends in the forearm underneath the brachioradialis (Fig. 17.12). In the middle- 
to- distal forearm, it passes between the tendons of the brachioradialis and the exten-
sor carpi radialis longus by passing through the fascia that binds the two tendons to 
enter into the subcutaneous tissue of the posterior forearm. From there it divides 
into lateral and medial branches that go on to give sensory innervation to the dorsal 
aspect of the thumb and index finger and the dorsoradial aspect of the middle finger.
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 Variations and Pathology
Variations of the RSN have been found as it travels from underneath the brachiora-
dialis to reach the subcutaneous tissue. Abrams et al. discovered cases where the 
RSN pierced the brachioradialis tendon itself as it traveled superficially, and this 
variation is thought to be present in 3–10% of individuals [57]. Other variations 
include one in which the RSN pierces a fused brachioradialis and extensor carpi 
radialis longus tendon [58], and another in which the RSN emerges from the fascia 
between a split brachioradialis tendon [59]. These variations may all predispose to 
compression neuropathy, otherwise known as Wartenberg’s syndrome, and may be 
encountered during surgical correction of this pathology.

Compression neuropathy of the radial sensory nerve produces paresthesia, pain, 
or numbness along with its typical distribution. Variations in the RSN can also pro-
duce more atypical signs and symptoms that can confuse the clinical picture. The 
RSN commonly gives varying degrees of sensory innervation to the ulnar dorsum of 
the hand, which can lead to a mistaken diagnosis of ulnar nerve pathology for actual 
RSN or radial nerve pathology [60–65]. The RSN can provide motor innervation to 
the extensor carpi radialis brevis in up to 32% of individuals, which is normally 
provided by the posterior interosseous nerve. The RSN also occasionally provides 
motor innervation to the brachioradialis, which is normally innervated by the radial 
nerve more proximally [53].

Appleton first described a case where the RSN was completely absent and the 
lateral antebrachial cutaneous nerve (LACN) and ulnar nerve provided sensory 
innervation to the typical RSN territory. Other subsequent studies have found simi-
lar findings [66–68]. While this variation is rare, communication between the LACN 
and the RSN is more common, with one study finding the overlap between these 
two nerves in as many as 75% of individuals [69]. These variations can lead to 
errors in the diagnosis of injuries to the RSN.

 Deep Branch of the Radial Nerve

 Normal Course
The deep branch of the radial nerve passes under the arcade of Fröhse, a fibrous arch 
formed from the superior part of the superficial layer of the supinator, and proceeds 
between the two heads of the supinator. It winds around the lateral head of the 
radius between the two planes of the supinator to reach the posterior forearm, after 
which it is known as the posterior interosseous nerve (PIN) of the forearm 
(Fig.  17.13). It passes over the abductor pollicis longus muscle origin and then 
descends along the posterior interosseous membrane, providing motor innervation 
to the muscles of the posterior compartment of the forearm. The PIN enters the wrist 
on the radial side of the fourth extensor compartment, providing sensory fibers to 
the dorsal wrist capsule.
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 Variations and Pathology
The typical order of innervation to the muscles of the forearm (proximal to distal) 
by the deep branch of the radial nerve/posterior interosseous nerve is as follows: 
extensor carpi radialis brevis (ECRB), supinator, extensor digitorum (ED), extensor 
carpi ulnaris (ECU), extensor digiti minimi (EDM), abductor pollicis longus (APL), 
and extensor indicis (EI). This order of innervation can vary. Innervation by multi-
ple branches (e.g., supinator) and variable innervation by different branches (radial, 
superficial sensory, or posterior interosseous nerve innervation to the ECRB) have 
also been reported. Awareness of the normal and variable innervation patterns is 
helpful when treating pathologies like radial tunnel syndrome and posterior interos-
seous nerve compression syndrome [70].

The course of the PIN itself can vary. Though normally it passes between the two 
planes of the supinator muscle, it has been reported to pass superficial or deep to the 
supinator muscle instead. The terminal branch of the PIN has also been occasionally 
found on the ulnar side of the fourth extensor compartment, which surgeons should 
be aware of when harvesting the PIN as a nerve graft [71].

 Muscles and Tendons

 Anterior Compartment

 Superficial Muscles
The superficial muscles of the anterior compartment of the forearm include the 
flexor carpi ulnaris, flexor carpi radialis, palmaris longus, and the pronator teres 
(Fig. 17.14).

Flexor Carpi Ulnaris
The flexor carpi ulnaris (FCU) has two heads, with the humeral head originating 
proximally from the medial epicondyle of the humerus and the ulnar head from the 
medial border of the olecranon and posterior border of ulna, and inserting onto the 
base of fifth metacarpal bone, the hook of hamate, and pisiform. The FCU functions 
to flex and adduct the wrist joint.

Flexor Carpi Radialis
flexor carpi radialis (FCR) originates proximally from the common flexor tendon 
attached to the medial epicondyle of the humerus, and inserts onto the base of sec-
ond and third metacarpals, with a small slip to the trapezial tuberosity. It functions 
to flex and abduct at the wrist joint.

Variations
FCR is often harvested for the reconstruction of forearm and hand defects. Although 
rare, FCR agenesis has been reported in the literature and should be kept in mind 
when planning to harvest this muscle for reconstruction [72, 73].
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Palmaris Longus
The palmaris longus (PL) originates from the common flexor tendon on the medial 
epicondyle of the humerus and inserts onto the palmar aponeurosis. The PL func-
tions as a weak flexor of the wrist and elbow.

Variations
The PL is commonly used as a tendon graft donor because its function is redundant 
and its absence has no functional or aesthetic consequence. It is important to note 
that the PL is one of the most variable muscles in the human body. The PL is absent 
in 11.8% of the United States population, but absent in only 2.9% of Asian and 4.5% 
of African American populations. Additionally, the absence of the PL is more likely 
in females and in the left upper extremity [74]. In the absence of the PL, the FCU 

Flexor carpi 
radialis

Palmaris 
longus

Flexor carpi 
ulnaris

Palmar
aponeurosis

Pronator teres

Fig. 17.14 Superficial 
muscles of the anterior 
compartment of the 
forearm. The superficial 
muscles of the anterior 
compartment include the 
flexor carpi ulnaris, flexor 
carpi radialis, palmaris 
longus, and pronator teres
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can take over by sending fibers to and strengthening the palmar aponeurosis. A 
reverse PL is a rare anatomic anomaly. It is essentially the opposite of a normal PL: 
the tendon originates proximally and the muscle belly inserts onto the palmar apo-
neurosis distally [75, 76]. This reversed muscle belly can also divide into multiple 
muscle slips, inserting onto the flexor retinaculum, the flexor carpi radialis, and the 
palmar carpal ligament [77]. A reversed PL can hypertrophy due to overuse, causing 
effort-related distal median nerve compression, or less commonly, Guyon’s syn-
drome [78, 79]. Both duplication and bifurcation of the PL either at the level of the 
muscle belly or at the tendon has also been documented. Finally, both the origin and 
the insertion of the PL can vary. The PL can arise from the antebrachial fascia, 
bicipital aponeurosis, FCR, FCU, or FDS. The PL can insert onto the antebrachial 
fascia, fascia of the thenar eminence, carpal bones, expansion of the FCU insertion 
over the wrist, FDS, FDP, or FCR [76, 80]. Surgeons need to be aware of these 
variations of the PL when planning to harvest the PL as a tendon graft (Fig. 17.15).

Pronator Teres
The pronator teres (PT) consists of two heads: the humeral head and the ulnar head. 
The humeral head arises from the common flexor tendon attached to the medial 
epicondyle of the humerus, and the ulnar head arises from the coronoid process of 
the ulna. The PT inserts distally onto the lateral surface of the middle-third radius.

Variations
The origin of the PT can extend proximally to Struthers’ ligament, a tendinous arch 
between the medial epicondyle and the supracondylar process of the humerus. This 
variation along with the presence of Struthers’ ligament can entrap the median 
nerve, causing pronator teres syndrome. Symptoms include pain, weakness, and 
paresthesia. Ischemic pain and embolization of the hand and fingers may result if 
the brachial artery becomes entrapped between the elbow joint and Struthers’ liga-
ment [81].

 Intermediate Muscle
The intermediate muscle of the anterior compartment of the forearm includes the 
flexor digitorum superficialis (FDS). The FDS is sometimes considered part of the 
superficial layer of the anterior compartment of the forearm.

Flexor Digitorum Superficialis
The flexor digitorum superficialis (FDS) consists of two heads: the humeral head 
and the radial head. The humeral head arises from the common flexor tendon 
attached to the medial epicondyle of the humerus and the coronoid process of the 
ulna, and the radial head arises from the diaphysis of the radius. The four FDS ten-
dons travel through the carpal tunnel and insert onto the volar base of the middle 
phalanges of the second to fifth digits. The FDS functions to flex the digits at the 
proximal interphalangeal joint (Fig. 17.16).
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Fig. 17.15 Variations of the palmaris longus. Palmaris longus variations can include (a) a pal-
maris longus duplication; (b) a palmaris longus with a distal muscle belly (reverse palmaris lon-
gus); (c) a palmaris longus with a central muscle belly; (d) a bifid palmaris longus; and (e) a 
palmaris longus with a divided tendon [76]
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Variations
FDS insertions are variable in the literature. Bernardes and Cassell both reported cases 
where the PL tendon replaced the FDS tendon insertion at the base of the middle pha-
lanx of the fourth digit [82]. The FDS instead gave digastric medial head tendons to 
the second and fifth digits, and a lateral head tendon to the third digit [80]. The FDS 
tendon to the fifth digit is found to be absent in 18.5% of the patients [83]. The FDS 
tendons have also been reported to form muscle bellies distal to the flexor retinacu-
lum, causing symptomatic “pseudotumors” in the palm. These were treated through 
debulking or transection [84–87]. Another case reported an FDS tendon penetrating 
the median nerve 4 cm proximal to the wrist crease, which caused numbness and tin-
gling in the median nerve distribution [88]. Many different variations of the FDS have 
been described in the literature. Elliot et  al. categorized these anomalies into five 
types: (1) FDS tendon to FDS tendon attachment, (2) FDS tendon to flexor retinacu-
lum attachment, (3) FDS tendon with a digastric muscle, (4) FDS muscle belly exten-
sion distally, and (5) FDS anomalies in the forearm [87] (Fig. 17.17).

Fig. 17.16 Flexor 
digitorum superficialis
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 Deep Muscles
The deep muscles of the anterior compartment of the forearm include the flexor 
digitorum profundus, flexor pollicis longus, and the pronator quadratus (Fig. 17.18).

Flexor Digitorum Profundus
The flexor digitorum profundus (FDP) originates proximally on the upper anterior 
surface of the ulna and interosseous membrane. The FDP divides into four tendons, 
which travel through the carpal tunnel and insert onto the volar surface of the distal 
second through fifth phalanges. It functions to flex the distal interphalangeal, proxi-
mal interphalangeal, and wrist joints.

Variations
Rarely, the FDP tendons to the fourth and fifth fingers share a common tendon that 
bifurcates at the mid-palmar level. This common FDP tendon has a configuration 
that shifts more loads to the fifth finger, which is therefore at risk for spontaneous 
rupture when flexing against increased resistance [89, 90]. Another variation is the 
presence of an accessory head of the FDP, called Gantzer’s muscle, which most 
commonly arises from the deep portion of the flexor digitorum superficialis muscle 
and courses distally to insert onto the FDP (14–25%). Gantzer’s muscle can also 

Flexor
retinaculum

1

2
3

4

5

Normal

Fig. 17.17 Variations of the flexor digitorum superficialis (FDS). FDS variations can be catego-
rized into five types. Type I: An anomalous muscle can arise on the FDS tendon and reinsert back 
onto the FDS tendon more distally. Type II: An anomalous muscle can arise from the flexor reti-
naculum and insert onto the FDS tendon more distally. Type III: A digastric muscle can be found 
in the FDS tendon in the palm. Type IV: The FDS muscle belly can extend distally as far as into the 
carpal tunnel. Type V: Other anomalies of the FDS can occur proximally in the forearm [87]
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differentially insert onto the flexor pollicis longus. Because this accessory head lies 
between the median nerve anteriorly and AIN posteriorly, it has been reported to 
cause AINS or restricted movement of the FDP [91, 92] (Fig. 17.19).

Flexor Pollicis Longus
The flexor pollicis longus (FPL) originates proximally on the anterior surface of the 
radius and interosseous membrane, travels through the carpal tunnel, and inserts 
onto the volar surface of the first distal phalanx. It functions to flex the first interpha-
langeal joint.

Variations
An accessory head of the FPL (also called Gantzer’s muscle) most commonly arises 
from the deep portion of the flexor superficialis muscle and courses distally to insert 
onto the FPL in 14–25% of the global population (Fig.  17.20). Like Gantzer’s 

Left forearm

Flexor pollicis
longus

Flexor digitorum
profundus

Pronator
quadratus

Fig. 17.18 Deep muscles of the anterior compartment of the forearm. The deep muscles of the 
anterior compartment include the flexor digitorum profundus, the flexor pollicis longus, and the 
pronator quadratus

Gantzer’s muscle

AINUA

FDS FDP

Gantzer’s
muscle

FPL

Fig. 17.19 Gantzer’s 
muscle. Gantzer’s muscle 
is a term used for both an 
accessory head of the 
flexor digitorum profundus 
and an accessory head of 
the flexor pollicis longus. 
They can occur separately 
or together
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muscle inserting onto the FDP, this accessory head can also cause AINS because of 
its relative position [91, 92].

Pronator Quadratus
The pronator quadratus (PQ) originates proximally on the anterior surface of the 
distal quarter of the ulna and inserts onto the anterior surface of the distal quarter of 
the radius. It functions to pronate the forearm.

 Anomalous Muscles

Flexor Carpi Radialis Brevis
Flexor carpi radialis brevis (FCRB) is a rare anomalous muscle of the flexor com-
partment, occurring in approximately 2.6–7.5% of the global population. It 

FCR

PQ

FPL

FCRB

FCR

Fig. 17.20 Flexor carpi 
radialis brevis (FCRB). 
The FCRB originates from 
the lower third of the 
radius and inserts variably 
onto the second through 
fourth metacarpals or 
radial carpal bones
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originates from the lower third of the radius between the origin of the flexor pollicis 
longus (FPL) and insertion of the PQ, runs inside the FCR sheath parallel to the 
FCR, and inserts variably onto the second through fourth metacarpals or radial side 
carpal bones [93, 94] (Fig. 17.20).

Palmaris Profundus
The palmaris profundus is a duplicated PL reported to coexist with or replace the 
PL. It has an incidence of 0.8% in 1600 extremities studied by Reimann et al. [76]. 
Whereas an accessory PL shares an origin with the PL, the palmaris profundus has a 
different origin than the PL, and it inserts into a palmar aponeurosis or its miniature 
duplicate (a duplicate palmar aponeurosis that passes dorsal to the normal palmar 
aponeurosis) (Fig. 17.21). The palmaris profundus has the potential to cause carpal 
tunnel syndrome by compressing on the median nerve that is not released with con-
ventional surgery, but requires detachment of the duplicated tendon [6, 95, 96].

 Posterior Compartment

 Superficial Muscles
The superficial muscles of the posterior compartment of the forearm include the 
anconeus, brachioradialis, extensor carpi radialis longus, extensor carpi radialis 

Palmaris profundus

Fig. 17.21 Palmaris profundus. The palmaris profundus is a duplicated palmaris longus that 
inserts onto the palmar aponeurosis. The palmaris profundus can originate from the proximal 
radius, from the FDS, or from the ulna [96]
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brevis, extensor digitorum communis, extensor digiti minimi, and the extensor carpi 
ulnaris (Fig. 17.22).

Anconeus
The anconeus originates proximally from the lateral epicondyle of the humerus and 
inserts onto the posterior and lateral olecranon of the ulna. The anconeus functions 
to assist the triceps brachii in extending the elbow and is considered by some to be 
a continuation of the triceps brachii.

Brachioradialis

Extensor carpi
radialis longus

Anconeus

Extensor carpi
ulnaris

Extensor
digitorum

Extensor digiti
minimi

Extensor carpi
radialis brevis

Fig. 17.22 Superficial 
muscles of the posterior 
compartment of the 
forearm. The superior 
muscles of the posterior 
compartment include the 
anconeus, brachioradialis, 
extensor carpi radialis 
longus, extensor carpi 
radialis brevis, extensor 
digitorum communis, 
extensor digiti minimi, and 
extensor carpi ulnaris
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Brachioradialis
The brachioradialis originates proximally on the proximal aspect of the lateral 
supracondylar ridge of the humerus and lateral intermuscular septum. It inserts on 
the distal radius, just proximal to the styloid process. Although it is part of the pos-
terior compartment, the brachioradialis actually functions to flex the forearm at 
the elbow.

Extensor Carpi Radialis Longus
The extensor carpi radialis longus (ECRL) originates proximally from the distal 
aspect of the lateral supracondylar ridge of the humerus and lateral intermuscular 
septum. It inserts on the dorsal base of the second metacarpal. The ECRL functions 
to extend and abduct the wrist.

Extensor Carpi Radialis Brevis
The extensor carpi radialis brevis (ECRB) originates proximally from the lateral 
epicondyle of the humerus. It inserts on the dorsal base of the third metacarpal. The 
ECRB primarily functions to extend and abduct the wrist.

Extensor Digitorum Communis
The extensor digitorum communis (EDC) originates proximally from the lateral 
epicondyle of the humerus. It separates into four tendons in the distal forearm where 
they travel into the hand to pass over each MCP joint. Each tendon separates into 
three bands after the MCP joint. The central band inserts on the dorsal base of the 
middle phalanx and the two lateral bands continue distally to rejoin and insert on the 
dorsal base of the distal phalanx. The EDC primarily functions to extend the wrist, 
MCP, and PIP joints.

Variations
Numerous variations of the EDC to each of the second through fifth fingers have 
been described in the literature. The index finger most commonly receives one EDC 
tendon but has been rarely described receiving two tendons [97]. Both the long fin-
ger and ring finger commonly receive one, two, or three tendons from the EDC. Each 
finger has even been described as receiving four EDC tendons [97, 98]. The EDC 
tendon contribution to the small finger is usually as a single tendon or absent [97]. 
The single tendon contribution to the small finger has been described as coming 
from one common tendon that bifurcates to insert on the ring and little fingers, one 
independent tendon that inserts onto the little finger, and an intertendinous connec-
tion that extends to the small finger from the EDC to the ring finger (Fig. 17.23) [99].

Extensor Digiti Minimi
The extensor digiti minimi (EDM) originates proximally from the lateral epicon-
dyle of the humerus. It inserts on the dorsal base of fifth proximal phalanx joined 
with the EDC tendon to the small finger when present. The EDM functions to extend 
the MCP and PIP joints of the small finger.
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Variations
The EDM commonly has multiple tendon slips that insert variably onto the ring and 
little finger. In a meta-analysis of the reported number of EDM tendons by Yammine, 
11.5% had one EDM tendon, 77.6% had two EDM tendons, 7% had three EDM 
tendons, and 0.6% had four EDM tendons [100]. The variability of the EDM and its 
insertions has been suggested as a contributing factor to the development of tenosy-
novitis around the EDM. It is important to note that the EDM tendon is frequently 
used for tendon transfer procedures, particularly to correct abduction deformities of 
the little finger. EDM tendon transfer in the absence of an EDC tendon to the small 
finger may result in the loss of small finger extension [101].

Extensor Carpi Ulnaris
The extensor carpi ulnaris (ECU) originates proximally from the lateral epicondyle 
of the humerus. It inserts on the dorsal base of the fifth metacarpal. The ECU func-
tions to extend and adduct the wrist.

Variations
An accessory tendinous slip has been described arising from the ECU in up to 34% 
of upper limbs studied [102]. This accessory tendinous slip can insert onto the base, 
midsection, or head of the fifth metacarpal [102]. Tenosynovitis of this accessory 
slip has been described as the cause of wrist pain and dysfunction [102, 103].

a b c

Fig. 17.23 Extensor digitorum communis (EDC) variations to the small finger. (a) A single EDC 
to the small finger; (b) a single EDC bifurcates and inserts onto the ring and the small finger; (c) 
an intertendinous connection extends to the small finger from the EDC to the ring finger [99]
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 Deep Muscles
The deep muscles of the posterior compartment of the forearm include the supina-
tor, abductor pollicis longus, extensor pollicis longus, extensor pollicis brevis, and 
extensor indicis proprius (Fig. 17.24).

Supinator
The supinator consists of two muscle planes. The superficial plane originates from 
the lateral epicondyle and the radial collateral and annular ligaments. The deep 
plane originates from the supinator crest and fossa of the ulna. The supinator inserts 
on the lateral, anterior, and posterior surfaces of the proximal third of the radius. As 
its name suggests, the supinator functions to supinate the arm.

Supinator

Abductor pollicis longus

Extensor pollicis longus and brevis

Extensor indicis

Fig. 17.24 Deep muscles 
of the posterior 
compartment of the 
forearm. The deep muscles 
of the posterior 
compartment include the 
supinator, abductor pollicis 
longus, extensor pollicis 
longus, extensor pollicis 
brevis, and extensor indicis 
proprius
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Abductor Pollicis Longus
The abductor pollicis longus (APL) originates from the interosseous membrane and 
adjacent posterior surfaces of the radius and ulna in the mid forearm. It inserts onto 
the radial, dorsal base of the first metacarpal. The APL functions to abduct the 
thumb at the CMC joint. Along with the extensor pollicis brevis (EPB), it forms the 
radial border of the anatomical snuffbox.

Variations
The APL has multiple accessory tendons in the majority of cases, with or without 
accessory muscle bellies, and has even been described with seven accessory tendons 
[104, 105]. In a cadaver study of the APL by Kuthanan and Chareonwat, 11% of all 
APLs had one tendon, 63% had two tendons, and 26% had three tendons [106]. 
These accessory tendons of the APL are thought to contribute to the development of 
De Quervain syndrome. Intersection syndrome is caused by the confining nature of 
the area where the APL and EPB intersect over the ECRL and ECRB in the forearm. 
The presence of accessory tendons can add additional risk to the development of 
this syndrome [107–109].

While the classic insertion of the APL tendon is onto the base of the first meta-
carpal, the APL tendon more commonly inserts onto the trapezium, thenar muscle, 
and thenar muscle fascia. These variations have been reported as the cause of trape-
ziometacarpal joint laxity and subluxation [107, 110].

Extensor Pollicis Longus
The extensor pollicis longus (EPL) originates from the posterior surface of the ulna 
and interosseous membrane in the mid forearm and inserts onto the dorsal base of 
the distal phalanx of the thumb. The EPL functions to extend the thumb at the MCP 
and IP joints. It forms the ulnar border of the anatomical snuffbox.

Variations
Duplication of the EPL, with or without a separate muscle belly, can rarely occur. 
Both the EPL and its duplicate have been described coursing through the third dor-
sal compartment, in other dorsal compartments (e.g., first, fourth), or separately 
through different dorsal compartments [111–115]. When an additional tendon is 
present, both tendons can rejoin in the hand to have a single insertion onto the distal 
phalanx or have separate and anomalous insertions. The anomalous course of the 
EPL and a duplicate EPL can contribute to the development of tenosynovitis and 
wrist pain [115, 116].

Extensor Pollicis Brevis
The extensor pollicis brevis (EPB) originates from the posterior surface of the radius 
and interosseous membrane in the mid forearm. It inserts onto the dorsal base of the 
proximal phalanx of the thumb. The EPB functions to extend and abduct the thumb 
at the MCP joint. Along with the APL, it forms the radial border of the anatomical 
snuffbox.
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Variations
The EPB is absent in up to 7% of cadaver dissections in a UK study [117]. When 
present, it can be fused to a variable extent to the APL [117]. In addition to its typi-
cal insertion onto the proximal phalanx, the EPB has been commonly described 
inserting onto the distal phalanx, both the distal and proximal phalanx, and uniting 
with the EPL as a single insertion [118]. The EPB is thought to play a more minor 
role in thumb function, and is therefore used as a donor in a number of different 
hand procedures [118]. Knowledge of these EPB variations may help in surgical 
planning as well as in the identification of the EPB during surgery.

Extensor Indicis Proprius
The extensor indicis proprius (EIP) originates from the posterior surface of the ulna 
and interosseous membrane in the distal forearm, medial and distal to the origin of 
the EPL. It runs to the ulnar side to the EDC-index tendon at the metacarpal head, 
and inserts on to the extensor hood of the index finger. The EIP functions to extend 
the index finger, allowing it to move independently of the other digits.

Variations
The EIP can lie palmar or radial to the EDC-index tendon over the metacarpal head 
[97, 119]. The EIP tendon has important uses as a graft and can be confused for 
EDC-index tendon in cases of tendon transfers and transplants. The EIP can also 
have two or even three tendon slips, which insert variably onto the thumb, index, or 
long fingers (Fig. 17.25) [97, 99, 119].

 Anomalous Muscles

Extensor Pollicis et Indicis
This anomalous muscle has been described arising from the ulna between a normal 
EIP and EPL and splitting into two slips before inserting into the extensor hood of 
both the thumb and index finger or to either digit alone (Fig. 17.26) [120–122]. Its 
incidence has been variably reported in less than 1% and up to 5% [123–125].

Extensor Digitorum Brevis Manus
The extensor digitorum brevis manus (EDBM) is an anomalous muscle that appears 
in about 4% of the global population [126]. It can originate from the dorsal wrist 
joint capsule, the distal end of the radius, the dorsal metacarpal surface, or from the 
dorsal radiocarpal ligament [126]. The EDBM travels within the fourth dorsal wrist 
compartment and usually inserts onto the extensor hood of the index or middle fin-
ger, but has also been described inserting onto the ring finger, little finger, or mul-
tiple fingers (i.e., multiple tendons) [127]. The EDBM shares a close relationship 
with the EIP when found together, and is thought to compensate for the EIP in its 
absence (Fig. 17.27) [128]. Surgeons should be aware of such cases particularly 
when the EDBM is the only independent index finger extensor. The EDBM has 
been implicated as a cause of chronic dorsal wrist pain and can be easily mistaken 
for a ganglion, synovial condition, or benign tumor [129].
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Extensor Medii Proprius
The extensor medii proprius (EMP) is another anomalous muscle with a reported 
incidence of up to 10%. The EMP originates in the distal ulna just distal and ulnar 
to the EIP (Fig. 17.28). It has been described inserting onto the dorsal hood of the 
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Fig. 17.25 Extensor indicis proprius (EIP) variations. (a) EIP lies ulnar to the EDC; (b) EDC 
flanked by two EIP tendons; (c) two EIP tendons lie ulnar to the EDC; (d) EIP lies ulnar to two 
EDC tendons; (e) EIP lies radial to the EDC; (f) EIP lies volar to the EDC [119]
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Extensor indicis
proprius

Extensor digitorum
communis – index

Lister’s
tubercle

Extensor pollicis
longus

Extensor pollicis
et indicis

Fig. 17.26 Extensor pollicis et indicis. The extensor pollicis et indicis arises between the extensor 
indicis proprius and extensor pollicis longus and splits to insert onto both the thumb and index 
finger or to either digit alone [120]

Type I Type IIb Type III

a a

b
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Fig. 17.27 Extensor digitorum brevis manus (EDBM). The EDBM can be classified into three 
types. Type I: The EDBM can insert onto the dorsal hood of the index finger in the absence of an 
extensor indicis proprius (EIP). Type II: Both the EIP and EDBM can insert onto the index finger. 
Type III: The EDBM can insert onto the long finger while the EIP inserts onto the index finger. 
(Adapted from Ogura et al. [128])
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long finger ulnar to the EDC tendon or onto the intertendinous fascia proximal to 
the third metacarpophalangeal joint. The EMP lies palmar to the EDC and can be 
missed, particularly when it inserts proximally to the MCP joint [130].

EIP

EMP

Fig. 17.28 Extensor 
medii proprius. The 
extensor medii proprius 
originates in the distal ulna 
and has been described 
inserting variably onto the 
dorsal hood of the long 
finger ulnar to the EDC 
tendon or onto the 
intertendinous fascia 
proximal to the third 
metacarpophalangeal joint
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 Carpal Bones

 Normal Anatomy

The wrist, or carpus, is a complex association of bones that includes the distal radius 
and ulna, the eight carpal bones, and the proximal metacarpals (Fig. 17.29). The 
eight carpal bones are grouped into two rows. The proximal row articulates with the 
distal radius and ulna and consists of the scaphoid, lunate, triquetrum, and pisiform. 
The distal row articulates with the bases of the metacarpals and consists of the tra-
pezium, trapezoid, capitate, and hamate. The concave, palmar side of the carpus 
forms the carpal tunnel.

 Variations

 Carpal Bipartition and Fusion/Coalition
Carpal bipartitions, or divided carpals, are very rare anatomic variants. The bipartite 
scaphoid is the best known of the carpal bipartitions and has a prevalence of 0.13% 
in a study of 743 radiographs by O’Rahilly [131]. An absence of trauma and radio-
graphic signs (e.g., absence of degenerative changes, smooth and regular edges, 
symmetry) can help to distinguish these bipartitions from carpal fractures.
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Fig. 17.29 Carpal bones. The carpal bones include the scaphoid, lunate, triquetrum, and pisiform 
of the proximal row, and the trapezium, trapezoid, capitate, and hamate of the distal row
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Carpal fusions have a prevalence of roughly 0.1% in the general US population 
and are more commonly found in females and African Americans [131, 132]. While 
almost every possible combination has been described, the most common are a 
fusion between the lunate and triquetrum (lunotriquetral), which represents almost 
90% of all carpal fusions [133]. Some patients with a lunotriquetral fusion may have 
a widened scapholunate joint space on radiographs. However, this is a normal vari-
ant without decreased joint stability [134].

 Accessory Ossicles
Accessory ossicles, or secondary ossification centers, are normal variants of which 
over 20 have been described [131, 135]. They are largely congenital in origin and 
their prevalence is thought to range anywhere from 0.4% to 1.6% [131, 136]. Of 
these accessory ossicles, the more common ones include the lunula, the os styloi-
deum, the triangulare, the epilunate, the trapezium secondarium, and the os hamuli 
(Fig. 17.30) [135]. It is important not to mistake these accessory ossicles for frac-
tures or loose bodies.

The os styloideum (carpal boss) is located over the dorsum of the base of the 
second or third metacarpal and is sometimes fused with the metacarpal base over 
which it lies. The os styloideum is important because it can undergo osteoarthritic 
changes or affect an overlying ganglion, limiting wrist motion and causing wrist 
pain [137, 138].

 Lunate Variation
The lunate can be categorized anatomically into two types. The type I lunate has a 
single facet that articulates with the midcarpal joint. The type II lunate has an addi-
tional medial facet that articulates with the hamate (Fig. 17.31). The prevalence of 
the type II lunate ranges from 65.5% to 73% [139]. Viegas, in a cadaveric dissection 
of 165 wrists, found that about 44% of type II lunates demonstrated significant car-
tilage erosion at the proximal pole of the hamate, while only 0–2% of type I lunates 
exhibited such pathology [140]. Since this erosion is not easily identifiable on radio-
graphs, type II lunates may be a cause of unidentified ulnar-sided wrist pain.

Trapezium
secundarium

os centrale

os styloideum

Fig. 17.30 Accessory 
ossicles. Examples of 
accessory ossicles shown 
here are the os styloideum, 
trapezium secundarium, 
and os central
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