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1 Introduction

Since Destot in 1905, the study of intracarpal injuries has interested many authors
who were faced with wrist traumatisms [1-7]. Therefore, the analysis of the sole
traumas is not enough to understand carpal biomechanics. Studies have thus been
led in different directions to solve injuries’ mechanism.

Imaging studies dealt with the radiography of healthy subjects [8—17], with the in vitro
measure of intracarpal movements [18—27] and then in vivo by CT scan [28-40]. The
radiographic studies of healthy subjects enabled to measure the shift of the bones that
could be seen on front and profile views. But the bone superposition and the out-of-the-
radiographic-plane position of some bones do not allow to measure all the displace-
ments. Cadaveric studies allowed researchers to fix markers on carpal bones to differentiate
them better and measure their movements. The authors of these studies mostly resorted
to metallic markers, which shifting was recorded by stereoradiography. Yet, the neces-
sary surgical approach to introduce the markers and their presence inside the wrist involve
a doubt on the similarity in between in vivo results [23, 28, 29]. Recent CT scan studies
measured in vivo the in-plane and out-of-plane movements of the bones [28, 29, 36,
38-40]. These studies enabled to draw an accurate view of carpal biomechanics.

In vitro studies on carpal ligament sections were useful to start some ligamentous
traumatic sequences. Several carpal restraints are thus described [7, 41-50].

Works on forces transmission enabled to explain the different strains applied to
the moving wrist [51-58].

As the study and the diagnosis of carpal ligamentous injuries are difficult, it seems
necessary to present a biomechanical synthesis of the available data on the topic.
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Fig. 1 Sagittal section of the extended wrist column by column. Red radius axis, Black wrist bone
axis

2 Kinematics of the Wrist

2.1 Flexion and Extension of the Wrist

Under the action of carpal flexor or extensor tendons, both carpal rows flex or extend
jointly, with varied ranges of motion [29, 40]. As the movements of both rows have
the same direction in the sagittal plane, the ranges of motions add up. The tilting
movements in the frontal plane are not important [29, 40]. Usually, it is said the
radiocarpal space is mainly mobilized during flexion and the mediocarpal space
during extension [59]. In fact, thorough CT scan studies prove this is oversimplified
[40, 60] (Fig. 1). Flexion is predominant in STT, radiolunar and ulnotriquetral
spaces (Fig. 2). Extension is predominant in radioscaphoid, lunocapital and tri-
quetrohamate spaces (Fig. 3).

The main flexion and extension lines of the wrist are thus described. These lines
represent the space which is the most mobile in each motion. The scapholunate liga-
ment is where those lines cross and reverse (Fig. 4).

2.2 Radial and Ulnar Deviation of the Wrist

Both carpal rows deviate in the same direction in the frontal plane. The radial or
ulnar deviation of both rows adds up [17]. But in the sagittal plane, different move-
ments coexist.

During radial deviation, the proximal row (R1) flexes, and the distal row (R2)
extends. With such inverse movements, one neutralizes each other and this allows to
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Fig.2 Wrist main fiexion line Fig. 3 Wrist main extension line

Fig. 4 Junction of the of flexion and extension
main lines within the scapholunate ligament
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maintain the hand in the frontal plane. On the radial side of the wrist, the flexion of
the scaphoid comes with an apparent shortening of the scaphoid’s height and
consequently of the radial column’s height, and on the ulnar side of the wrist, an
uplifting of the triquetrum on the hamate engenders a lengthening of the ulnar col-
umn’s height [17, 40].

During ulnar deviation of the wrist, a reversal of the rows’ movements is
noticed; there is an extension of the proximal row and a flexion of the distal row.
The lengthening of the radial column goes with a vertical position of the scaphoid,
and the ulnar column’s height shortens as the triquetrum crosses palmarly ahead
of the hamate [17, 40]. Seen in the frontal plane, those movements can be com-
pared with the mobilization of a double cup (Fig. 5) [17]. In the sagittal plane, the
shearing of both carpal rows following the radial deviation can be compared to the
closing of scissors (Fig. 6a) and the ulnar inclination to the opening of these scis-
sors (Fig. 6b) [40].

Two variants which differently combine flexion-extension and radioulnar devia-
tion of the proximal row of the carpus have been described. Some wrists show a
proximal row flexion-extension movement that prevails on the radioulnar motion.
They are called column wrists [14]. At first sight, these wrists belong to so-called
lax subjects [15]. On the contrary, some subjects have a wrist with a proximal row
which does not flex or extend much; they are called row wrists. They usually refer
to rigid wrists. The influence of gender on both these biomechanical variants is still
under consideration [14, 16].

Radial tilt Ulnar tilt

Fig.5 Pattern of both carpal rows mobility following the double-cup description. Blue radius axis,
red distal row transverse axis, green proximal row transverse axis
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3 Actions of the Ligaments and Peripheral Tendons

3.1 Ligaments

Ligaments are passive brakes which authorize movements inside and between the
rows and maintain the spacial coherence of the carpus [61]. They allow intra-row
movements, which are adaptative for congruence movements, and inter-row move-
ments which are efficient movements to mobilize the hand [17]. The limit of range
depends on their length. For didactic reasons, intrinsic and deep extrinsic ligaments
(Fig. 7) and extrinsic superficial ligaments will be separately represented (Fig. 8).

The scapholunate ligament links both bones (Fig. 7-1). The fibres which consti-
tute the ligament are not symmetrically distributed. The dorsal part of the ligament
is the most fibrous and thickest and also the most resistant [62]. It is considered as
the main stabilizer of the scapholunar couple. It is always injured in scapholunar
instability [63—65]. This ligamentous injury involves an increase flexion of the sca-
phoid from 3° to 6° [47-50, 62, 66], an extension of the lunate of 5° [50] and a
dorsal translation of the scaphoid’s proximal pole more than 2 mm [62]. Tang also
noticed a possible displacement of the rotation centre of the wrist [67].

The radioscapholunate ligament (Fig. 7-2) is thin; it is a neurovascular pedicle
[62, 68] and not a real ligament.

The lunotriquetral ligament (Fig. 7-3). Its fibres are asymmetric too. On the
palmar part, these fibres are thicker and resist to traction. They lock up the palmar
translation of the lunate. Dorsal fibres are the most torsion resistant. They lock
up both the lunate’s dorsal translation and the torsion by differential flexion-
extension between the two bones [41]. When the ligament is injured, it engenders

Fig. 6 (a) During radial inclination, shearing scissors-like between both proximal and distal car-
pal rows. Trapezium and trapezoid cross back the scaphoid whose tubercle runs forward (flexion
of the scaphoid). (b) During ulnar deviation, trapezium and trapezoid run distally to the scaphoid.
The distal row flexes when the proximal row extends
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Fig. 7 Intrinsic and deep extrinsic ligaments. (a) Palmar view. (b) Dorsal view. / Scapholunate
ligament, 2 Radioscapholunate ligament, 3 Lunotriquetral ligament, 6 Scaphotrapezial ligament, 7
Scaphocapitate ligament, 8§ Triquetrohamatocapitate ligament, 9 Capitotrapezial ligament, /0
Capitotrapezoidal ligament, // Capitohamate ligament, /2 Short radioulnar ligament, /3 Ulnolunar
ligament, /4 Ulnotriquetral ligament

a lunotriquetral instability with VISI and sometimes a gap with supination of the
triquetrum [42].

The palmar scaphotriquetral ligament (Fig. 8-4) avoids palmar scaphotriquetral
dissociation and indirectly scapholunate dissociation. It probably maintains the
head of the capitate when the wrist extends [66].

The radioscaphocapitate ligament (Fig. 8-5) is a powerful palmar ligament
ensuring carpal cohesion. It is tensed against the scaphoid tubercle which lifts it in
radial inclination of the wrist (Fig. 9). It avoids the dorsal translation of the proximal
scaphoid pole and is a secondary stabilizer of the scapholunate couple [63]. If it is
injured, it can be responsible for the scaphoid’s instabilities with DISI and sca-
pholunar gap [64].

The scaphotrapezial ligament (Fig. 7-6) is V pattern ligament attached to the
radial side of the scaphoid, the proximal point and at distal joint on the palmar and
radial sides of the trapezium [68]. It is another secondary stabilizer of the scapholu-
nar couple together with the radioscaphocapitate ligament. For Moritomo et al., it is
also one of the points where the scaphoid’s flexion-extension axis passes through
[69] (Fig. 10). The injury of this ligament after that of the scapholunar ligament
worsens the instability of the scapholunar space.

The scaphocapitate ligament (Fig. 7-7) is the second element which stabilizes
the scaphoid with the distal carpal row [68]. It also plays a part in the materialization
of the scaphoid’s flexion-extension axis (Fig. 10).
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Fig. 8 Extrinsic ligaments. (a) Palmar view. (b) Dorsal view. 4 Scaphotriquetral ligament, 5
Radioscaphocapitate ligament, /5 Dorsal radiocarpal ligament, /6 Dorsal intercarpal ligament, /7
Carpal anterior annular ligament, /8 Radiolunotriquetral ligament

Fig. 9 Lifting of the radioscaphocapitate ligament by the scaphoid tubercle during radial inclina-
tion. (a) Ulnar inclination. (b) Radial inclination. 5 Radioscaphocapitate ligament

The triquetocapitate ligament (Fig. 7-8) is tensed from the radial angle distal
from the triquetrum to the ulnar part of the capitate’s body [68]. It takes attachment
from the hamate bone, and its fibres go to the ulnotriquetral ligament to describe
the ulnocapitate ligament. It is the ulnopalmar stabilizer of the mediocarpal
space.
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Fig. 10 Materialization of the axis of
flexion-extension of the scaphoid. Orange
scaphocapitate ligament, yellow
scaphotrapezium ligament, dotted line
scaphoid’s flexion/extension axis according
to Moritomo

The long radiolunotriquetral ligament (Fig. 8-18) is the palmar part of Kuhlmann’s
triquetral sling [8, 61]. It prevents the ulnar translation of the carpal bones. When
this ligament is injured, the perilunar region becomes deeply unstable and thus pro-
motes the perilunar dislocation of the carpal bones [7].

The dorsal radiocarpal ligament (Fig. 8-15) is radiolunotriquetral. It is the dorsal
part of Kuhlmann’s triquetral sling [8, 11, 61]. It is a secondary stabilizer of the
carpal bones. When it is injured, it is as destabilizing for the carpus as when the
radioscaphocapitate and scaphotrapezial palmar bundles are injured [65]. The dor-
sal radiocarpal ligament is injured in more than 50 % of the carpal instabilities,
often in association with the interosseous scapholunar ligament, but it may be the
only ligament to be injured [70].

The dorsal intercarpal ligament (Fig. 8-16) links the triquetrum and the distal
scaphoid and continues on the trapezium and the trapezoid in half of the cases. It is
the last secondary stabilizer of the carpal bones [65]. For Viegas, this ligament con-
stitutes, together with the dorsal radiocarpal ligament, a dorsal V-shaped radiosca-
phoidal ligament with a transversal orientation [47]. The resulting length varies, but
the ligament is always tensed. A direct radioscaphoid ligament would be either lax,
to allow the flexion of the wrist, and inefficient or tensed in a neutral position, pre-
venting flexion and giving stiffness. This transversal V-shaped ligament remains
tensed whatever the position of flexion or extension of the wrist thanks to the move-
ment of the branches of the V which modify the angle (Fig. 11) and whatever the
radioulnar inclination of the wrist as it goes together with the linked movements of
flexion/extension of the scaphoid.

The transverse anterior annular ligament of the carpal bones (Fig. 8-17) com-
pletes the system. If it were sectioned, there would be an extension of the scaphoid
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Fig. 11 Opening variation of the angle of the dorsal ligamentous V

of 58 % during the carpal ulnar drift and probably an increase of the restraints on the
other ligaments [48].

To sum up, the scapholunar instability is often the result of an interosseous injury.
The problem increases if other ligaments, mainly the palmar secondary stabilizers
(radioscaphocapitate ligament or scaphotrapezial ligament) or the dorsal secondary
stabilizers (dorsal radiocarpal or dorsal intercarpal), are affected [63—65, 71].

If the ligamentous injury starts at the distal pole of the scaphoid and affects the
STT ligamentous system, there is also a destabilizing of the scaphoid, what can lead
to STT arthritis if no surgical repair is made [72]. This situation of distal scaphoidal
ligamentous injury can be compared to the partial osseous resections which are used
in scaphotrapezial arthritis [73]. The distal scaphoidal resection separates the sca-
phoid from the trapezium and the trapezoid. It engenders a DISI in half of the cases
[74], but the isolated trapeziectomy does not destabilize the wrist. The injury of the
scaphotrapezial ligament only seems to have no impact on the scaphoid’s stability. It
must be linked with a scaphotrapezoidal ligamentous injury or maybe a scaphocapi-
tate ligamentous injury to produce a scaphoidal destabilization by its distal pole.

The lunotriquetral instability is linked to an injury of the lunotriquetral ligament,
the palmar radiolunotriquetral ligament and the dorsal radiocarpal ligament [7, 42].
It is often associated to an ulnocarpal hyper pressure or to an injury of the TFCC.
There may be a responsibility of the injured triquetrocapitate and palmar scaphotri-
quetral ligaments, but this has not been studied yet.

A ligamentous injury is not necessarily unstable at once. If one of the restraints
of the different compartments is affected, there is often merely an occult ligamen-
tous laxity, which can only be seen by arthroscopy. However, the repetition of
movements in a wrist where there is such a laxity can engender a real instability by
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Fig. 12 Motor tendons of the carpus. /9 Flexor carpi radialis, 20 Flexor carpi ulnaris, 2/ Extensor
carpi radialis longus, 22 Extensor carpi radialis brevis, 23 Extensor carpi ulnaris

the fatigability of previously sane restraints. Berger asserted that carpal destabili-
zation is linked to the number of cycles of movements imposed to the wrist. This
assertion is checked for the scapholunar compartment [63—65] and for the lunotri-
quetral compartment [42].

3.2 Tendons

The peripheral tendons come stabilizing the wrist with the carpal ligaments. The
carpal motors muscles and tendons are the flexor carpi radialis and the flexor carpi
ulnaris, the extensor carpi radialis brevis and longus and the extensor carpi ulnaris.
Their direction is mostly axial (Fig. 12). This layout makes them play a role in the
cohesion of the carpal bones. Intracarpal pressures are mainly due to the traction
impressed on the hand by the motor tendons. The traction strengths stiffen the ten-
dons which become like the bars of a cage around the carpal bones [51].

Schematically, there are four muscular groups, often contracting two by two,
surrounding the wrist [75]. The action of the palmaris longus is insignificant. The
radial and ulnar flexors and extensors act two by two and simultaneously, in the
elementary movements of the carpus. For instance, the neutral extension of the
wrist is the result of the simultaneous contraction of the radial and ulnar carpal
extensors (Table 1). The dart thrower’s motion (DTM) is produced by the alterna-
tive contraction of flexor carpi ulnaris and the extensor carpi radialis longus and
brevis [76].



Carpal Biomechanics: Application to Ligamentous Injuries 29

Table 1 Combined action of the carpal motor muscular groups

P Extension
&
ECU ECRL, ECRB
e 4
T .
Ulnar Tilt i DTM =*** N Radial Tilt
gns®® ”
TR FCR &~
N
\\ Flexion ¢

ECU extensor carpi ulnaris, ECRL extensor carpi radialis longus, ECRB extensor carpi radialis bre-
vis, FCU flexor carpi ulnaris, FCR flexor carpi radialis, DTM dart thrower’s motion. In this motion,
the ECR and FCU tendons do not have a combined but an alternative action (dotted arrow)

This tension applied to the tendons makes them become rigid. They are variable
brakes of carpal dislocation according to their tension degree. The motors of the
fingers have a distinguished action from the motors of the wrist. The extension of
the carpus increases the efficiency of the fingers flexors [59]. When the wrist moves,
the agonist groups are tense and the antagonist groups are lax. This imbalance of
tension of the different groups produces the hand mobilization. On the contrary, in
the powerful grasp, the osseous cohesion is possible thanks to the tension of the
finger flexors and the wrist extensors. This leads to the tendinous caging of the car-
pal bones in association with the ligaments to maintain carpal coherence [51].

The flexor carpi radialis stabilizes the scaphoid distal pole. The fibres of its sheath
are closely combined to those of the scaphotrapezial capsule [77]. Its role is impor-
tant since 40-70 % of the tension created by this tendon enables the stabilization of
the scaphoid and prevents its collapse by flexion [52]. At the back of the wrist, the
extensors carpi radialis longus and brevis stabilize the proximal pole [52, 67]. When
the scapholunar ligament is injured, the course of these three tendons, which are
necessary to move the hand, is lengthened and requires to develop more strength
[67]. Chronicle STT instability can rupture the flexor carpi radialis [78, 79].

4 Absorption and Transmission of Axial Pressures

The pressures going through the carpus originate in the muscular contraction and in the
tendinous tension of the motors of the hand. This results in an axial compression which
tends to dislocate the carpus. The tenoligamentous system creates cohesion which limits
collapse. Axial pressures are normally transmitted to the forearm without carpal exhaus-
tion that give the motor muscles a stable support to move the hand. These pressures are
not spread at random. In the neutral position of the wrist, pressure in the radioscaphoid
fossa is superior to pressure recorded at the radiolunate or ulnotriquetral spaces [53].
Radioscaphoid pressure represents 45-55 % of total pressure, radiolunar pressure from
30 to 40 % and pressure under TFCC from 9.7 to 22 %. The radius thus receives from
80 t0 90.3 % of the total pressure distributed through the carpus [52, 54-57].
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Fig. 13 Distribution of the pressures
through the carpus

In the mediocarpal space, the scaphoid receives from 28 to 30.7 % of the total
pressure through STT and from 26 to 32 % through the scaphocapitate space. The
lunate receives from 26 to 29 % of the pressure through the capitate, and the tri-
quetrum receives from 10.5 to 17 % of the total pressure which is transmitted by the
hamate [56, 57] (Fig. 13). According to Schuind, intracarpal pressure is concen-
trated towards the scaphoid when it is transmitted from the mediocarpal to the
radiocarpal spaces [56]. During the contraction of the motors of the hand, tendinous
tension and consequently carpal caging increase as laxity decreases. The carpus is
in a maximal position of interlocking [51]. Pressure in the different columns of the
carpus may vary during motion. It is redistributed towards the scaphoid in radial tilt
of the wrist but towards the lunate in ulnar tilt or during a grasp movement [50, 55,
57]. These physiological variations of pressure in the carpus can undergo a post-
traumatic evolution. After a scapholunar dissociation, there is a decrease of pressure
in the scaphoid fossa of the radius and an increase of pressure in the radiolunar and
lunocapital joints [50, 58]. Consequently, the lunate becomes overworked. The sca-
phoid does not take its responsibility as it is unbolt and escapes from pressure by
flexion instead of transmitting it. But when flexion is too important, its proximal
pole bumps into the dorsal margin of the radius and engenders a dorsal radiosca-
phoid hyperpressure. The apparition of carpal arthritis comes as a consequence of
this phenomenon [58].

S Balance of the Carpal Proximal Row

The movements of the proximal row, which automatically associate flexion and
radial tilt and extension and ulnar tilt, prove the carpal proximal row is in constant
balance. The compaction strengths on the radial column of the carpus flex the sca-
phoid that drives the proximal row to follow scaphoid in flexion. The compaction
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Fig. 14 Carpal proximal row in
equilibrium. Scaphoid flexion
counterbalances triquetrum extension

Fig. 15 DISI with scapholunar ligament
rupture. The scaphoid flexes (green axis) and
the lunate (red axis) and triquetrum extend

strengths on the ulnar column of the wrist extend the triquetrum which drives the
proximal row in the same direction [40].

During the grasp, the compaction strengths of the carpus are global. The radial
strengths which flex the proximal row are counterbalanced by the ulnar strengths
which extend the proximal row. The carpal proximal row is thus in a state of balance
under pressure (Fig. 14). At that stage, the injury of one of the intrinsic ligaments
can make the lunate go out from its axis, with DISI (Fig. 15) or VISI (Fig. 16).
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Fig. 16 VISI with lunotriquetral rupture.
The scaphoid and lunate (red axis) flex and
the triquetrum extends (pink axis)

6 Particular Factors of Vulnerability
of the Scapholunar Ligament

The scapholunar instability is the most frequent of the post-traumatic carpal insta-
bilities [43]. This raises the question of the factors which facilitate this frequent
injury.

6.1 The Junction of the Mobility Main Lines

The scapholunar space is the seat of the maximal constraints of movements when
the wrist drives from flexion to extension. This is where the main lines of intracarpal
mobility cross (Fig. 4). The differential flexion/extension value is about 30° between
scaphoid and lunate, absorbed by torsion of the ligament [40].

6.2 The Capitate’s Transmitted Pressure

The head of the capitate is just facing the scapholunar ligament in the neutral posi-
tion and in the ulnar tilt of the carpus. In case of axial load, the head tends to dissoci-
ate the scapholunar space as a quoin [80]. This becomes obvious in case of
scapholunate collapse with the shortening of the carpal height. The head of the capi-
tate is usually locked in the scapholunar space.
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6.3 Concentration and Reverse Absorption of Pressures

The lunate is in equilibrium when it is under pressure (see above: balance of the
proximal row). It remains in a neutral position as it absorbs the flexion constraints
transmitted by the scaphoid and the extension constraints transmitted by the tri-
quetrum. Since most of the axial loads are directed towards the radius via the sca-
phoid, the loads which flex the scaphoid are stronger than the loads of the ulnar
column which extend the triquetrum. This should result in an imbalance in flexion
of the whole carpal proximal row. But the lunate often has a dorsal horn which is
thinner than the palmar horn [81]. The axial pressure transmitted by the capitate
thus helps the triquetrum to extend the lunate. The triquetrolunate ligament is not
the only piece that maintains the lunate in equilibrium. This ligament is thus less
affected than the scapholunar ligament in overload injuries.

7 Conclusion

Because the scapholunar ligament is exposed to axial constraints of mobility and
loads, it represents a weak point of the proximal row. But it is protected by quite a
complete system of extrinsic ligaments which contribute to unify the wrist. There
are a palmar ligamentous plane, a dorsal ligamentous plane and a distal scaphoidal
ligamentous complex. The different tendons around the wrist can also have a cohe-
sion effect of the carpus. A ligamentous injury is less likely to happen if the sca-
pholunar ligament is unaffected. In that case, the lunotriquetral ligament is most
likely injured. Seldom the extrinsic ligaments can be the only one to be affected,
astride on the radiocarpal or the mediocarpal spaces. Once all the biomechanical
aspects are put together, it is possible to understand the different mechanisms of the
carpal collapse, which result from the application of the mechanical loads to the
carpus, badly absorbed or badly redirected, by bones badly locked when they should
sustain load. The different ligament injuries explain the varieties of carpal instabili-
ties. Consequently, clinical, paraclinical and arthroscopic exams have to explore
those different ligamentous restraints for the best. This aims to enable a ligamentous
repair as physiological as possible.
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