carpal tunnel syndrome anatomy

Understanding the intricate carpal tunnel syndrome anatomy is paramount to
comprehending the condition that affects millions worldwide. This article
delves deep into the anatomical structures forming the carpal tunnel, the
role of the median nerve, and the surrounding tissues that contribute to its
functionality and potential dysfunction. By exploring the bones, ligaments,
tendons, and the nerve itself, we aim to provide a comprehensive overview
that illuminates the mechanisms behind carpal tunnel syndrome. We will
examine the boundaries of the carpal tunnel, the structures passing through
it, and how their interplay can lead to compression and subsequent symptoms.
This detailed exploration will equip readers with a solid foundation in the
anatomical underpinnings of this common and often debilitating condition.
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The Carpal Tunnel: A Bony and Ligamentous
Enclosure

The carpal tunnel is a narrow passageway located in the wrist, on the palmar
side. Its formation is a marvel of skeletal architecture, defined by a
specific arrangement of bones and a crucial ligament. Understanding these
boundaries is the first step in grasping the anatomy of carpal tunnel
syndrome. The base and sides of the tunnel are primarily formed by the carpal
bones, eight small bones arranged in two rows that create a concave shape,
forming the floor and sides of the channel. These bones, from the proximal
row to the distal row, include the scaphoid, lunate, triquetrum, pisiform,
trapezium, trapezoid, capitate, and hamate.

The proximal row articulates with the radius and ulna (forming the wrist
joint), while the distal row articulates with the metacarpal bones of the
hand. The arrangement of these carpal bones creates a natural arch, which is
then sealed by a strong, fibrous band across its opening. This arch-like
structure is essential for the wrist's mobility and strength, but its
confined nature also makes it susceptible to increased pressure. The specific
orientation and articulation of these bones are critical for maintaining the
tunnel's integrity and protecting the delicate structures within.



The Floor and Sides of the Tunnel

The floor and the radial (thumb side) and ulnar (pinky finger side) aspects
of the carpal tunnel are predominantly formed by the carpal bones. The
scaphoid and trapezium bones form the radial wall, while the pisiform and the
hook of the hamate form the ulnar wall. The lunate and triquetrum bones
contribute to the posterior or floor aspect of the tunnel. This bony
framework provides a rigid yet intricate structure that houses the vital
neurovascular bundle and tendons responsible for finger and thumb movement.

The precise anatomical relationships between these carpal bones are
maintained by strong intercarpal ligaments, which, while not forming the
primary roof of the tunnel, contribute to its overall stability. Any
deviations or abnormalities in the alignment of these bones, perhaps due to
fracture or congenital variations, can predispose an individual to changes in
the carpal tunnel's dimensions, potentially leading to increased internal
pressure.

Anatomy of the Median Nerve

The median nerve is the central player in carpal tunnel syndrome, and
understanding its anatomy is crucial. Originating from the brachial plexus in
the shoulder, the median nerve travels down the arm, through the forearm, and
enters the wrist via the carpal tunnel. It is responsible for providing motor
innervation to most of the muscles in the forearm that flex the wrist and
fingers, as well as the muscles at the base of the thumb (thenar eminence).
It also carries sensory information from the thumb, index finger, middle
finger, and the radial half of the ring finger, including crucial sensations
of touch, pain, and temperature.

Within the carpal tunnel, the median nerve lies superficially, situated
between the flexor digitorum superficialis and flexor digitorum profundus
tendons. Its path through this narrow space is relatively unprotected, making
it vulnerable to compression. As it exits the carpal tunnel on the palmar
side, it typically branches into several digital nerves that supply sensation
to the fingertips. The close proximity of the median nerve to the various
tendons and the transverse carpal ligament is a key factor in the development
of carpal tunnel syndrome.

Branches and Innervation

The median nerve gives off a critical branch known as the palmar cutaneous
branch before it enters the carpal tunnel. This branch provides sensation to
the skin of the palm. Inside the carpal tunnel, the median nerve gives off



the recurrent motor branch, which innervates the thenar muscles (abductor
pollicis brevis, flexor pollicis brevis, and opponens pollicis). These
muscles are essential for thumb opposition, a complex movement allowing us to
grasp objects.

Following its passage through the tunnel, the median nerve bifurcates into
common digital nerves. These nerves then further divide into proper digital
nerves, which supply sensation to the palmar surface of the thumb, index
finger, middle finger, and the radial side of the ring finger. This sensory
distribution explains the characteristic numbness, tingling, and pain
experienced in these digits during carpal tunnel syndrome.

Tendons Within the Carpal Tunnel

A significant portion of the carpal tunnel's volume is occupied by the
tendons of the flexor muscles of the fingers and thumb. These tendons are
enveloped in synovial sheaths, which allow them to glide smoothly through the
confined space. The primary tendons passing through the carpal tunnel are the
four tendons of the flexor digitorum superficialis and the four tendons of
the flexor digitorum profundus, which flex the fingers, as well as the tendon
of the flexor pollicis longus, which flexes the thumb.

These tendons originate from muscles in the forearm and travel down to insert
on the phalanges of the fingers and thumb. Their smooth movement is
facilitated by a lubricating fluid secreted by the synovial sheaths. When
inflammation or swelling of these synovial sheaths occurs, it can
significantly increase the pressure within the carpal tunnel, directly
compressing the median nerve.

Synovial Sheaths and Inflammation

Each group of tendons within the carpal tunnel is encased in a synovial
sheath. The flexor tendons of the fingers share a common digital sheath,
while the flexor pollicis longus tendon has its own sheath. These sheaths
contain synovial fluid, a viscous substance that reduces friction as the
tendons move during hand and finger actions. Conditions that lead to
tenosynovitis, or inflammation of these synovial sheaths, are a common cause
of increased carpal tunnel pressure.

Repetitive motions, overuse, and certain systemic inflammatory conditions can
trigger this inflammation. The swollen synovial tissue takes up more space
within the already narrow carpal tunnel, leading to impingement of the median
nerve. This mechanical compression is a direct consequence of anatomical
changes within the tunnel's contents.



The Transverse Carpal Ligament

The transverse carpal ligament, also known as the flexor retinaculum, forms
the roof of the carpal tunnel. It is a broad, strong, and fibrous band that
originates from the scaphoid and trapezium bones on the radial side and
inserts into the pisiform and the hook of the hamate bone on the ulnar side.
This ligament stretches across the carpal arch, effectively closing off the
tunnel and providing an attachment point for the flexor tendons.

While essential for maintaining the structural integrity of the wrist and
hand, the transverse carpal ligament's inelastic nature means it cannot
expand to accommodate increased volume within the carpal tunnel. Therefore,
any swelling or enlargement of the structures beneath it will inevitably lead
to compression of the median nerve. In some surgical treatments for carpal
tunnel syndrome, this ligament is partially or fully severed to release the
pressure on the nerve.

Role in Compression

The transverse carpal ligament acts as a rigid ceiling for the carpal tunnel.
When conditions cause the contents of the tunnel — primarily the flexor
tendons and the median nerve — to swell, the inelasticity of the transverse
carpal ligament prevents expansion. This leads to a significant increase in
the hydrostatic pressure within the tunnel. The median nerve, being
relatively soft and deformable, is particularly susceptible to this pressure,
leading to its compression and the characteristic symptoms of carpal tunnel
syndrome.

The anatomical location and fibrous composition of this ligament are central
to the pathophysiology of the condition. Its unyielding nature is a
fundamental factor in how and why the median nerve becomes compromised when
internal pressures rise.

Consequences of Carpal Tunnel Syndrome on
Anatomy

Carpal tunnel syndrome, as a direct result of anatomical compression, can
lead to progressive changes and damage to the median nerve and surrounding
structures if left untreated. Initially, the symptoms are often intermittent
and related to activities that increase pressure within the carpal tunnel.
However, chronic compression can cause more significant and potentially
irreversible damage to the nerve fibers.



Histological changes in the median nerve can include perineural edema
(swelling around the nerve), demyelination (damage to the protective myelin
sheath), axonal degeneration (damage to the nerve fibers themselves), and
eventually, fibrosis (scarring). This nerve damage is the direct cause of
persistent numbness, tingling, weakness, and pain experienced by individuals
with carpal tunnel syndrome. In severe, long-standing cases, the muscles
innervated by the median nerve, particularly the thenar muscles, can show
signs of atrophy, leading to a noticeable loss of muscle bulk and strength in
the thumb.

Nerve Fiber Damage and Atrophy

The sustained pressure on the median nerve within the carpal tunnel can lead
to a cascade of pathological events at the cellular level. The initial
compression often causes a disruption in the nerve's blood supply, leading to
edema within the nerve fascicles. This edema further increases intraneural
pressure, exacerbating the compression. As the compression persists, the
myelin sheath, which facilitates rapid nerve impulse transmission, begins to
break down. This process, known as demyelination, slows down nerve conduction
velocity and contributes to the sensory disturbances experienced.

Further progression of the compression can lead to axonal damage, where the
nerve fibers themselves are injured. This can manifest as permanent loss of
sensation and muscle function. In advanced stages, the muscles of the thenar
eminence, which are heavily reliant on the median nerve's motor fibers, may
undergo significant atrophy. This muscle wasting results in a decrease in the
size and strength of the muscles at the base of the thumb, impacting fine
motor skills and grip strength. Understanding these anatomical consequences
highlights the importance of early diagnosis and intervention for carpal
tunnel syndrome.

FAQ

Q: What are the primary bony structures that define
the carpal tunnel?

A: The carpal tunnel is primarily defined by the eight carpal bones of the
wrist, arranged in two rows. The proximal row includes the scaphoid, lunate,
triquetrum, and pisiform, while the distal row comprises the trapezium,
trapezoid, capitate, and hamate. These bones form the floor and sides of the
tunnel.



Q: What is the role of the transverse carpal
ligament in carpal tunnel syndrome?

A: The transverse carpal ligament forms the roof of the carpal tunnel. Its
inelastic nature means it cannot expand to accommodate swelling of the
structures within the tunnel, leading to increased pressure and compression
of the median nerve.

Q: Which nerve is affected in carpal tunnel syndrome
and what is its function?

A: The median nerve is affected in carpal tunnel syndrome. It provides motor
function to muscles in the forearm and at the base of the thumb and carries
sensory information from the thumb, index finger, middle finger, and the
radial half of the ring finger.

Q: What anatomical structures pass through the
carpal tunnel besides the median nerve?

A: In addition to the median nerve, the carpal tunnel also contains the
tendons of the flexor digitorum superficialis, flexor digitorum profundus,
and the flexor pollicis longus, all of which are responsible for flexing the
fingers and thumb.

Q: How does inflammation of the synovial sheaths
contribute to carpal tunnel syndrome?

A: The tendons within the carpal tunnel are covered by synovial sheaths that
secrete lubricating fluid. Inflammation of these sheaths (tenosynovitis)
causes them to swell, taking up more space within the confined tunnel and
increasing pressure on the median nerve.

Q: Can carpal tunnel syndrome cause permanent nerve
damage?

A: Yes, if left untreated, chronic and severe compression from carpal tunnel
syndrome can lead to permanent damage to the median nerve fibers, including
demyelination and axonal degeneration, which can result in persistent sensory
loss and muscle weakness.

Q: What are the thenar muscles and why are they
relevant to carpal tunnel anatomy?

A: The thenar muscles are a group of muscles located at the base of the



thumb, innervated by the recurrent motor branch of the median nerve. They are
crucial for thumb opposition and fine motor skills. Atrophy of these muscles
is a sign of advanced carpal tunnel syndrome due to median nerve compression.

Q: How do the carpal bones form the carpal tunnel's
shape?

A: The carpal bones are arranged in a curved, arch-like manner on the palmar
side of the wrist. This natural curvature creates the 'tunnel' shape, with
the transverse carpal ligament spanning the opening to complete the
enclosure.

Q: What is the sensory distribution of the median
nerve that is affected in carpal tunnel syndrome?

A: The median nerve provides sensation to the palmar side of the thumb, index
finger, middle finger, and the radial half of the ring finger. Symptoms of
carpal tunnel syndrome, such as numbness and tingling, are typically
experienced in these areas.
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