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Physiology of the shoulder

The shoulder, the proximal joint of the upper
limb (see figure on p. 3), is the most mobile of all
the joints in the human body.

It has three degrees of freedom (Fig.2), and this
allows orientation of the Lrpper limb in the three
planes of space that correspond to its three
maior axes:

T, The transverse axis, lying in the coronal
plane, allows the movements of flexion ancl
extension to occur in a sagittal plane (Figs 3
and 1+,p.7).

R. The antero-posterior axis, lying in a
sagittal plane, allows the movements of
abduction (the upper limb moves away from
the body) ancl of adduction (the upper limb
moves towards the body) to occur in a
coronal plane (Figs 7-lo,p.9).

$, The vertical axis, running through the
intersection of the sagittal and coronal
planes, controls the movements of flexion
and extension, which take place in a
horizontal plane with the arm abducted to
90'(Figs 17-79,p.13)

The long axis of the humerus (4) allows two
distinct types of lateral and medial rotation to occuf:

"$, Voluntary rotation (also known as'acljunct
rotation'of MacConaill), which depencls on
the thircl degree of freedom (Figs 1 1- 13,
p.11) ancl can only occur intriaxialjoints
(enarthroses). It is produced by contraction
of the fotator muscles.

ff. Automatic rotation (also known as the
'conjunct rotation' of MacConaill), which
occufs without voluntary movement in
biaxial ioints, or even in triaxial joints
when only two of their axes are in use .

We will come back to this point when we
cliscuss Codman's'paradox' (p 18)

The reference position is defined as the posi-
tion where the upper limb hangs vertically at the
side of the body so that the long axis of the
humerus (4) coincides with the vertical axis (3)
In abduction at 90" its long axis (4) coincides
with the transverse axis (1). In flexion at 90o, it
coincicles with the antero-posterior axis (2).

Thus the shoulder is a joint with three main axes
and three degrees of freedom. The long axis of the
humerus can coincide with any of these axes or
lie in any intermediate position, thereby permit-
ting the movement of lateral or medial rotation.





Flexion-extension and adduction

Movements of flexion--extension (Figs l-6) are
performed in a sagittal plane (Plane A, Fig.20,

O. t 5), about a transverse axis (Axis 1, Fig. 2):
. Extension: a movement of small range , up to

4t-50".
. Flexion: a movement of great range, Lrp to

180'. Note that the position of flexion at 180'
can also be deflned as abduction at 180'
associated with axial rotation (see Codman's
paradox, p. 18).

The terms antepulsion and retropulsion are often
wrongly used to mean flexion and extension res-
pectively. This can lead to confusion with move-
ments of the shoulder girdle in the horizontal
plane (Figs 11+-16, p. 11), and it is best to avoid
these terms in relation to the movements of the
upper limb.

The movements of adduction (Figs 5 and 6) take
place in the coronal plane, starting from the refer-
ence position (complete adduction), but they are
mechanically impossible because of the presence
of the tfunk. Adduction is possible, however, from
the reference position only when it is combined
with:
o a movement of extension 1Fig. 5;adduction

is minimal)
o a movement of flexion (Fig.6; adcluction can

reach 30-45').

Startin€J from any position of abduction, adduc-
tion, also called'relative adduction', is always pos-
sible in the coronal plane up to the reference
position.
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Abduction

Abduction (Figs 7-f 0) is the movement of the upper
limb away from the trunk and takes place in a
coronal plane (Plane B, Fig. 2O,p.75) about an
antero-posterior axis (Axis 2, Fig. 2, p.5).The
range of abduction is 180'when the arm comes to
lie vertically above the trunk (Fig. 10).

Tko points deserve attention:
. Aftef the 90' position, the movement of

abduction brings the upper limb closer to the
plane of symmetry of the body and becomes,
strictly speaking, a movement of adcluction.

. The final position of abduction at 180' can also
be reached by flexion to 180'.

In tefms of the muscles and joint movements
involved, abduction, starting from the reference
position (Fig. 7), proceeds through three phases:

"* " abduction from 0' to 60' (Fig. 8), taking place
only at the shoulder joint

#. abduction from 60' to 120' (Fig. p), requiring
recruitment of the scapulo-thoracic'ioint'

$. abduction from 120'to 180' (Fig. 10),
involving movement at the shoulder joint and
the scapulo-thoracic'joint' combined with
flexion of the trunk to the opposite side.

Note that pure abduction, which occlrrs exclu-
sively in the coronal plane lying parallel to the
plane of the back, is rarely used. In contrast, abduc-
tion combined with some degree of flexion, i.e.
elevation of the arm in the plane of the scapula at
an angle of 30' anterior to the coronal plane, is the
physiological movement most often used, particu-
lar$ to bring the hand to the back of the neck or
the mouth. This plane of movement corresponds
to the position of equilibrium for the shoulcler
muscles (Fig.22,p 15)
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Axial rotation of the arm

Rotation of the arm at the
shoulder joint

Rotation of the arm about its long axis (Axis 3,
Fig.2,p.5) can occlrr in any position of the shoul-
der. It corresponds to the voluntary or adiunct
rotation that takes place at joints with three
axes and three degrees of freedom. This rotation
is usually quantitatecl from the reference position,
i.e.with the arm hanging vertically along the body
(Figs 1 l-13, superior view).

Reference position (Fig. 11)

This is also called the position of null rotation.
To measure the range of rotatory movements the
elbow must be flexed at 9O'. with the forearm
lying in the sagittal plane.'Sflithout this precaution,
the range of such rotatofy movements of the arm
woulcl also include those of lateral and meclial
fot:rtion of the forearm. This reference position,
with the forearm lying in the sagittal plane, is
purely arbitrary. In practice, the starting position
most commonly used, since it corresponcls to the
position of equilibrium for the rotatof muscles, is
that of a 30' medial rotation with respect to the
true reference position when the hand lies in front
of the trunk. This position could thus be called
the physiological reference position.

Lateral rotation (Fig. 12)

This extends up to 80' and always falls short of
90'.The full range of 80' is rarely achieved with
the arm hanging vertically along the body.In con-
trast, the rype of lateral fotation most often used
ancl so most important functionally takes place in
a plane lying between the physiological reference
position (meclial rotation = 30") and the classic
reference position (rotation = 0').

Medial rotation (Fig. 13)

This is up to 100-110'. This full range is achievecl
only with the forearm passing behind the
trunk and the shoulder slightly extended. This
movement mllst occuf freely to allow the hancl to
reach the back and is essential for posterior peri-
neal hygiene. The lirst 90' of medial rotation mllst
also be associated with shoulder flexion as long as

the hancl stays in front of the trunk. The muscles
responsible for axial rotation will be discussed
later. Axial rotation of the arm in positions outside
the ref'erence position can be accurately measured
only with the use of polar coordinates (Fig. 24,
p.17) or by the mericlian test (Fig.25,1't.17).For
each position the rotator muscles behave differ-
ently, with some losing and others acquiring rota-
tor function; this is another example of the law of
inversion of muscular action, which depends
on the position of the muscle.

Movements of the shoulder girdle
in the horizontal plane

These movements involve the scapulo-thoracic
'ioint'(Figs 14-16) as follows:

. reference position (Fig. 14)

. retraction of the shoulder girdle (Fig.15)

. protraction of the shoulder girdle (Fig. 16).

Note that the range of protraction is greater than
that of fetraction.

The muscles brought into play in these movements
are as follows:

. Protraction: pectoralis tnaj or, pectoralis
rminctr, serratus amterior

. Retraction : rhomboid s, tl"ap e zius (the transverse
libres), latissimus clot'si.
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H orizontal f lexion-extension

These movements of the upper limb take place
(Figs 17-19) in the horizontal plane (Plane C,

Fig.20) about a vertical axis or, more accurately,
about a series of vertical axes, since they involve
both the shoulder joint (Axis 4,Fig.z,p.5) and the
scapulo-thoracic' joint'.

Reference position (Fig. 18)

The upper limb is abducted at 90' in the coronal
plane, calling into play the following muscles:

. deltoid (essentially acromial fibres III, Fig. 101,
p 63)

. supraspinatus

. trapezius: superior (acromial and clavicular)
and inferior (tubercular) fibres

. serrc.Itus anterior.

Horizontal flexion (Fig. 17)

Combined with addllction,horizontal flexion has a
range of l4O and mobilizes the following muscles:

. deltoid (a variable contribution from antero-
medial fibres I. antero-lateral fibres II and
lateral libres III)

. subscapulat'is

. pectoralis major and pectc.tralis tninor

. serrAtrts anterior.

Horizontal extension (Fig. 19)

Combining extension ancl adduction, horizontal
extension has a more limited range of 30-40" and
calls into action the following muscles:

. deltoid (a variable contribution from postero-
lateral frbres IV ancl ! postero-medial fibres \|I
andVII and lateral hbres III)

. supraspinatus and infraspinatus

. teres majo4 teres minor and the rhomboids

. traPezius (a11 libres, including the transverse
fibres)

. latissimus dorsi, acting as an antagonist-
synergist with the deltoid, which cancels its
strong adductor function.

The overall fange of this movement of flexion
and extension falls short of 180'. Movement from
the extreme anterior position to the extreme
posterior position successively mobilizes, like a

scale played on the piano, the various Iibres of the
deltoid 1p. 63), which is the dominant muscle
involved.
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The movement of circumduction

Circumduction combines the elementafy move-
ments about the three cardinal axes (Fig.20) up to
their maximal ranges. The arm describes a conical
surface in space, the cone of circumduction. Its
apex lies at the theoretical centre of the shoulcler
and its side is equal to the length of the upper
limb, but its base is far fiom being a regular circle ,

deformed as it is by the presence of the trunk.
This cone demarcates in space a spherical sec-
tor of accessibility, wherein the hand can grasp
objects and bring them to the mouth without dis-
placement of the trunk.

Figure 20 shows in recl the tracing of the path of
the tips of the fingers representing the base of the
cone of circumduction clistortecl by the trunk.

The three orthogonal planes of reference (perpen-
dicular to each other) meet at a point $ing at the
centre of the shoulder, as fcrllows:

. Plane A: sagittal, or rather parasagittal, since
the true sagittal plane coincides with the long
axis of the body. This is the plane of flexion
and extension.

. Plane B: coronal. This is parallel to the plane
of the back and is the plane of abduction and
adcluction.

. Plane C: transvefse, pefpendicular to the
long axis of the bocly This is the plane of
horizontal flexion-extension, taking place only
in the horizontal plane.

Starting from the ref'erence position with the
upper limb hanging vertically alongside the body,
the base of the cone slrccessively traverses sectors

il-[-\1-V-IV Inside the cone the upper limb can
explore sector I. Sectors \rII and \TII (not shown)
are nevertheless accessible because of flexion at
the elbow. Thus the hancl can reach all parts of the
body, ancl this makes grooming more efficient in
humans than in animals.

The red arrow that extends the axis of the arm
indicates the axis of the cone of circumduction
and corresponds more or less to the position of
function of the shouider (Fig. 21) and to the posi-
tion of equilibrium of the periarticular muscles.
This explains why this position is favoured as the
position of immobilization in fractures of the
shoulder and of the upper limb. This position of
the hand lies in sector I! appropriately named
the sector of preferential accessibility, and it
satislies the need to keep working hands under
visual control (FiS.22).This need is also satisfied
by the partial overlapping of the two sectors of
accessibiliry of the upper limbs in front of the trunk,
allowing the two hands to work together under
stereoscopic visual control,which is also the result
of the ovedapping of the visual Iields of the two
eyes over a sector of 90". Thus the visual fields and
the sectors of accessibiliry ovedap almost exactly.

This congruence has been achievecl cluring phy-
logeny by the downward migration of the foramen
magnum, which faces posteriody in the crania of
cluadrupeds. As a result, the human face can look
forwards with respect to a vertical cervical column
and the eyes can glance in a clirection perpendicu-
lar to the long axis of the body, whereas in quad-
rupeds the direction of the gaze coincides with
the axis of the body.
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Quantitation of shoulder movements

The quantitation of the movements and positions
of joints with three degrees of freedom, particu-
lar$ the shoulder, is dif{icult because of certain
ambiguities in terminology. For example, if abcluc-
tion is defined as a movement of the upper limb
away from the median plane of the bocly, the defi-
nition is only valid up to 90o, since past that point
the upper limb moves towards the body and the
term'adduction'would be more appropriate. In
practice, however, abduction is still used in order
to stfess the continuity of the movement.

Quantitation of axial rotation is even harder. If it is
difhcult to quantitate a movement in the cardinal
planes, it is even more difficult to do so in interme-
diate planes. At least two coordinates are needed,
whether a system of rectangular or polar coorcli-
nates is used.

Using the system of rectangular coordinates
(Fig. 23), one measures the angle of projection of
the arm (P) on the three reference planes,i.e. coro-
nal (C), sagittal (S) and transverse (D.The scalar
coordinates X,Y ancl Z precisely define the point P

on the sphere whose centre coincides with that of
the shoulder.In this system it is impossible to take
into account the axial rotation of the arm.

The system of polar coordinates (Fig. 24), used
by sailors, allows the measurement of the axial
rotation of the arm. As on the globe, the position
of the point P is defined by two angles:

S " Angle o, corresponding to the longitude;
this is the angle of protraction.

*. Angle B, corresponding to the latitude;this
is the angle of flexion.

Note that only two angles suffice.Instead of B one
could use the angle ], which lies in the coronal
plane and also defines the latitude.The advantage
of this system lies in the fact that from the angle
ofelevation trl one can deduce the extent ofaxial
fotation of the arm.

This latter system is therefore more precise and
more complete than the former. It is actually the
only system that allows the cone of circumduc-
tion to be represented as a closed loop on the
surface of a sphere, just as the circular course of a
boat is traced on the surface of a globe. Neverthe-
less, it is not used in practice because of its com-
plexity for non-sailors.

There is, however, another method of quantitating
the axial rotation of the arm in anyposition relative
to the position of reference, and this consists of
observing the return of the hand to the posi-
tion of reference via the meridian (Fig. 25), as,

for example, from the position of the hand that
allows one to comb one's hair. From here the
elbow is moved down vertically towards the posi
tion of reference, i.e. the meridian corresponding
to the starting point. If care is taken to avoid any
voluntary rotation of the arm during this clown-
ward movement, the amount of axial rotation can
be measured by the usual criteria. In this case, it
is close to the maximum, i.e. 30'. This method is

one I have personally developed.
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Codman's 'paradox'

Codman's rnancuvre (Figs 26-3Oi) is carried
out as follows:

. In the position of reference (Fig.26,lateral
view, and Fig.2T,posterior view), the upper
limb hangs down vertically alongsicle the
trunk, with the thumb facing anteriody (Ant)
and the palm of the hand medially.

. The limb is then abducted to +180' (Fig.28).

. From this vertical position with the palm
facing laterally the limb is extended -180'in
the sagittal plane (Fig.29).

. It is now back in its original position (Fig. 30)
alongside the bocly, except that the palm now
faces laterally and the thumb posteriorly.

. This was called a'paradox'by Codman, who
coulcl not explain why, after two successive
movements of abduction and extension, there
followed a 180' change in the orientation of
the palm.

In reality, it is cltre to an automatic rnedial rota-
tion of the limb on its long axis, also callecl con-
iunct rotation by MacConaill, and typically seen
in joints with two axes and two degrees of free-
dom. It can be explained by using Riemann's
curved geometry as applied to the surface of a

sphere. Since Euclid, it has been known that on
a flat surface the sum of the angles of a triangle
is 180' (two right angles). If, on the surface of a

sphere (e.g.an orange),one cllts a triangle bounde d
by the mericlians 0' and 90" and by the eqllator
at its base (Fig. l1), one obtains a'pyramid'with a

curved triangular base (Fig. 32).The sum of the
angles of this triangle is greater than 180', since
they add up to 270' (three right angles).

Let us now indulge in a purely fanciful thought
experiment, as enjoyed by Einstein (Fig. 34).You
start from the South Pole and proceed north along
the 90'meridian. Once you reach the North Pole,
go back down towarcls the South Pole along the
0'meridian, without cloing a loo turn, and walk
'crab-fashion',leacling with your side . Admittedly,
it woulcl be ve ry uncomfortable to cover 20 000 km
like this ! rWhen you arrive after all these efforts, yotr
will fincl yourself back-to-back with your starting
position: you will have unwittingly rotated through
180'! In this way you have carried out experi-
mentally the conjunct rotation of MacConaill. In
curved geometry, the sum of the angles of fwo
trirectangular triangles (Fig.33;) is 54O" (6 x 90')
and exceeds by 180' the sum of the angles of
two triangles (360") lying in a flat plane. This
discrepancy accollnts for the half-turn that yotr
have made on yourself. Normalll', however, the
shoulder does not work like this, since after two
complete cycles, it should have 'rotated'through
360', which is a physiological impossibility. This
is why the shoulde4 like the hip, is a joint with
three axes and three degrees of freedom; it has a
voluntary axial rotation, called adjunct rotation
by MacConaill. In conclusion, the shoulder can go
through successive cycles ad inlinitum, as in
swimming, and these cycles are called ergonomic,
because at every moment its adjunct rotation
ofTsets and cancels its conjunct rotation. Codman's
'paradox'is seen only when the shoulder is used
as a biaxial joint, where the adjunct rotation does
not ofTset the conjunct rotation.

One can say that Coclman's paradox is a false para-
dox, and it is easy to understand why the joints at
the roots of limbs have three clegrees of freedom
so that their movements are not limited by conjunct
rotation cluring movement of the limb in space.
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Movements used for assessing the overall
function of the shoulder

In practice some everyday movements permit a

good evaluation of shoulder function, such as

combing one's hair, slipping on a jacket or an
ovefcoat, and scratching one's back or the back of
one 's neck.It is possible,however,to use a mancu-
vre known as the triple point test, which relies
on the fact that in normal people the hand can
reach a triple point on the posterior aspect of
the contralateral scapula by three different routes.
Figure 35 shows the path covered by circumduc-
tion in blue dotted lines and the three sets of pos-
sible routes to this triple point, as follows:

. in pale blue, the anterior contralateral route
(C), passing on the other side of the head

. in green, the anterior ipsilateral route (I),
passing on the same side of the heacl

. in red, the posterior route (P), which goes

straight to the back on the same side.

The points reached by the tips of the fingers along
each of these routes are mapped in five sta€les.

Stage 5 is shared by all three routes and is the
triple point (large recl dot) located on the contra-
lateral scapula.

The anterior contralateral route (Fig. 36, an-

terior view; Fig. 38, posterior view) starts at the

mouth (1) and proceeds to the opposite ear (2),
the back of the neck (3), the trapezius (4) and
Iinally the scapula (5). It evaluates horizontal
adduction or flexion.

The anterior ipsilateral route (Fig. 37, posterior
view) goes through the same stages but on the
same side: the mouth (1), the ear (2), the back of
the neck (3), the trapezius (1) an<lthe scapula (5).
It evaluates lateral rotation, which is maximal
at stage 5.In this diagram the ipsilateral and pos-
terior routes are combined.

The posterior route (Fig. 35) starts at the but-
tock (1) and proceeds to the sacral region (2), the
lumbar region (3), the tip of the scapula (4) and
finally the body of the scapula (5) It evaluates
medial rotation, which is maximal at the triple
point. The flrst stage (1) is very important, as it is
the minimum requirement for ensuring posterior
perineal hygiene, which determines the patient's
ftrnctional autonomy. In this figure the contralat-
eral and posterior foutes are combined.

It is clear that the results of this test will depend
on the functional integrity of the elbow. This test
is therefore also useful for obtaining an overall
functional assessment of the upper limb.
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The multiarticular complex of the shoulder

The shoulder comprises not one but five joints
that together form the articular complex of the
shoulder 6'ig.39). We have already described its
movements involving the upper limb. The five
joints fall into two groups.

First group: two joints

"E 
" The shoulder (gleno-humeral) ioint,

which is a true joint anatomically, with two
articular surfaces lined by hyaline cartilage.
It is the most important joint of this group.

*" The subdeltoid 'joirlrt' or'second shoulder
joint', which is not an anatomical but a
physiological joint, as it consists of two
surfaces sliding with respect to each other.
The subdeltoid 'ioint' is linked mechanically
to the shoulder joint because any movement
in the latter brings about morrement in the
former.

Second group: three joints

{ " The scapulo-thoracic 'joint', which again is

a physiological rather than an anatomical
joint.It is the most important joint of this

group but cannot function without the other
two, which are mechanically linked to it.

*. The acromio-clavicular ioint, a true joint,
located at the lateral end of the clavicle.

#. The stefno-costo-claviculat ioint,a true
joint,located at the medial end of the
clavicle.

The articular complex of the shoulder can be
schematized as follows:

. first group:a true main joint (the shoulder
joint) linked to a'false 'ioint (the subdeltoicl
'joint')

. second gfoup:a'false'main joint (the scapulo-
thoracic joint) associated with two true
mechanically linked joints (the acromio-
clavicular and the sterno-clavicular joints).

In each group the joints are mechanically linked,
i.e. they must function in concert. In practice, both
groups also work simultaneously with a variable
contribution from each set, depending on the type
of movement.
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The articular surfaces of the shoulder joint

These are spherical surfaces typical of the ball-
and-socket joint,with three axes and three degrees
of freedom (Fig. 18, n. t:)

The head of the humerus

Facing superiody, medially and posteriorly (Fig.

40), this corresponcls to a third of a sphere with a

radius of 3 cm.In effect this sphere is far from reg-
ulaq since its vertical diameter is 3-4 cm greater
than its antero-posterior diameter. Furthermore, a

coronal cut (Fig.42) shows that its radius of curva-
ture decreases slightly in a supero-inferior direc-
tion and that it contains not one centre of curva-
ture but a series of spirally arrangecl centres of
curvature.Thus, when the superior portion of the
humeral head is in contact with the glenoid cavity,
the mechanical support is maximal ancl the joint
is most stable, the more so as the middle and infe-
rior fibres of the gleno-humeral ligament become
taut. This position of abduction at 90'corresponds
to the locked or the close-packed position of
MacConaill.

Its axis forms an angle of 135' (the angle of incli-
nation) with the axis of the humeral shaft and an
angle of 30' (the retroversion angle) with the
coronal plane.

It is separated from the rest of the proximal epiph-
ysis of the humerus by the anatomical neck,which
makes an angle of 45" with the horizontal plane
(the angle of declination).

It is flanked by two tuberosities,which receive the
insertions of the periarticular muscles:

. the lesser tuberosity, pointing anteriody

. the greater tuberosity, pointing laterally.

The glenoid cavity of the scapula

This lies (Fig. 41) at the supero-lateral angle of
the scapula and points laterally, anteriody and
slightly superiody. It is biconcave vertically and
transversely, but its concavity is irregular and less

marked than the convexity of the humeral head.
Its margin is slightly raised and is grooved antero-
superiorly. The glenoid cavity is much smaller than
the humeral head.

The glenoid labrum

This is a ring of fibrocartilage (gl) attached to the
margin of the glenoid cavity and lilling in the
antero-superior groove. It deepens the glenoid
cavity so as to make the articular surfaces more
congfuent.

It is triangular in section ancl has three surfaces:

. an inner surface attached to the margin of the
glenoid

. an olrter surface giving attachment to the
capsular ligaments

. a centfal or axial surface lined by cartilage
continuous with that of the glenoid cavity and
in contact with the humeral head.
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lnstantaneous centres of rotation

The centre of curvature of an articular surface
cloes not necessarily coincide with its centre of
fotation, since other factots, i.e. the shape of the
articular surface. mechanical factors within the
joint and muscular contfactions, come into play.

In the past the humeral head was likenecl to a

portion of a sphere , and this led to the belief that
it had a fixed and unchangeable centfe of rotation.
The studies of Fisher et al. have shown that there
exists a series of instantaneous centres of rotation
(ICRs), corresponding to the centre of a move-
ment occufring between two very close positions.
These centres are determined by a computer from
a series of radiographs taken in succession.

Thus during abduction, when only the compo-
nent of rotation of the humerus in the coronal
plane is considered, there are two sets of ICRs
(Fig.43, humeral head seen from front), which for
unknown feasons afe sepafatecl by a distinct gap

G-4\.The lirst set lies within a circular domain
(C,), located near the infero-medial aspect of the
humeral heacl anci having as its centre the bary-
centre of the ICRs and as its radius the mean of
the distances between the barycentre ancl each
ICR. The seconcl set lies within another circular

domain (Cr) located in the upper half of the
humeral head. These two domains are separatecl

by a gap.

During abcluction the shoulder joint can thus
be likened to two joints (Fig. 44,anterior view of
humeral heacl):

. During abcluction up to 5Oo, fotation of the
humeral head occurs around a point located
somewhere within circle C,.

. At the end of abduction from 50' to 90" the
centfe of rotation lies within circle Cr.

. At about 50' abduction there is a discontinuity
so that the centre of rotation lies superior ancl

medial to the humeral head.

Dnring flexion (Fig. 45,lateral view) a similar
analysis fails to discover any discontinuity in the
path of the ICRs, which lie within a single circular
domain locatecl in the inferior part of the humeral
head midway between its two borders.

During axialtotation (Fig.46, superior view) the
circular domain of the ICRs lies perpendicular
to the inner cortical margin of the shaft and is

equidistant from the two borclers of the head.
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The capsulo-ligamentous apparatus
of the shoulder
This apparatus is loose enough to allow great
mobility but is not by itself strong enough to
ensure the coaptation of the articular surfaces.

To show the articular surfaces and the capsule
(Figs 47-50, according to Rouvidre) the loint has
been opened and the flaps have been turned back
on both sides.

An intra-afiicular view of the superior extrem-
ity of the humerus 1Fig.47) reveals the following:
. the humeral head (1), surrounded by the

capsular cuff
. the frenula capsulae (2),i.e. synovial folds on

the inferior pole of the capsule
. the superior band (4) of the gleno-

humeral ligament, which thickens the
superior part of the capsule

. the cut tendon of the long head of the
biceps (l)

. the tendon of the subscapularis (5), cut
near its insertion into the lesser tuberosity.

A lateral view of the scapula (Fig. 48) reveals:
. The glenoid cavity (2), surrounded by the

glenoid labrum, which bridges over the
groove in the glenoid margin.

. The cut tendon of the long head of the
biceps (3), which inserts into the supraglenoid
tubercle of the scapula and sends two bands of
fibres to contribute to the formation of the
glenoid labrum.This tendon is thus
intracapsular.

. The capsule (8), reinforced by these ligaments:

- the coraco-humeral ligament (7)

- the gleno-humeral ligament (Fig. 49),with
its three bands:superior (9), middle (10)
and inferior (11).

. The coracoid process, seen in the background
after resection of the scapular spine (15).

. The infra-glenoid tubercle (17,Fig.48), to
which is attached the long head of the triceps,
which is therefore extracapsular.

An anterior view of the shoulder (Fig. 49)
cleady shows the anterior ligaments:

. The coraco-humeral ligament (3), stretching
from the coracoid pfocess (2) to the greater
tuberosity, into which is inserted the
supraspinatus (1).

. The space between the two insertions of the
coraco-humeral ligament and the intertuber-
cular groove, which forms the point of entry
of the tendon of the long head of the
biceps (6) into the joint cavity after its
coufse in the intertubercular gutter, trans-
formed into the bicipital grtrove by the
transverse humeral ligament.

. The gleno-humeral ligament with its
supraglenoid suprahumeral superior (1), its
supraglenoid prehumeral middle (10) and its
preglenoid subhumeral inferior (11) bands.
This complex forms a Z spread over the
anterior aspect of the capsule. Between these
bands there are two points of weakness:

- the foramen of Weitbrecht (12) and the
foramen of RouviEre (13)

. and the long tendon of the triceps (14).

A posterior view of the open ioint (Fig. 50)
cleady shows the ligaments after removal of the
humeral head. The laxity of the capsule in the
cadaver allows the articular surfaces to be sepa-

rated by at least 3 cm, revealing:
. The middle (2) and inferior (3) bands of the

gleno-humeral ligament, seen on their deep
aspects. On top lies its superior band, as

well as the coraco-humeral ligament (4),
to which is attached the coraco-glenoid
ligament (not shown) and the spinohumeral
ligament (16), of no mechanical signiflcance.

. The intra-afiicular portion of the tendon
of the long head of the biceps (6) in the
upper quadrant.

. The glenoid cavity (7), reinforced by the
glenoid labrum (8), lyrng medially.

. Outside the cavity the greater trochanter,
with the insertion of three posterior
periarticular muscles:

- supraspinatus (17)

- infraspinatus (12)

- teres minor (13).
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The intra-articular course of the
biceps tendon

A coronal section of the shoulder (Fig.51,
accorcling to Rouvidre) shows the fbllowing:

. The irregularities of the bony glenoid cavity
are smoothed out by the articular cartilage (1).

. The glenoid labrum (2) deepens the glenoid
cavity but the interlocking of the articular
surfaces is still poor; hence the frequency of
dislocations. The superior margin (3) of the
glenoid labrum is not completely tethered to
the bone and its sharp central edge lies free in
the cavitl like a meniscus.

. In the reference position, the superior part of
the capsule (4) is taut, while the inferior part
(5) is pleatecl. This'slack'in the capsule ancl
the unpleating of the frenula capsulae (6)
allow abduction to occuf.

. The tenclon of the long heacl of the biceps (7)
arises from the supraglenoid tubercle of the
scapula and the superior margin of the glenoid
labrum. As it emerges from the joint cavity in
the bicipital groove (8), it slips under the
capsule (4).

A sagittal section of the superior pole of the
capsule (Fig. 52) shows that the tendon of the
long head of the biceps is in conracr with the
synovium in the following three positions:

'*. It is pressed against the deep surface of the
capsule (C) by the synovial lining (S).

ff" The synovium forms two tiny recesses
between the capsule and the tendon, which
is now attached to the capsule by a thin
synovial sling called a mesotendon.

*" The two synovial recesses have ftised and
disappeared so that the tendon lies free but
surrotrndect by synovirrm.

In general, these three positions of the tendon
occllr successively from the inside to the outsicle

of the joint as the tendon collrses away from its
origin. But in every case the tendon, though
intta-articular, remains extrasynovial.

'We know now that the tendon of the long heacl of
the biceps plays an important role in the phys-
iology and pathology of the shoulder.

When the biceps contracts to lift a healy load, its
two heads act together to ensllfe the coaptation of
the articular surfaces of the shoulcler. The short
head, resting on the coracoicl process, lifts the
humerus relative to the scapula and, along with
the other longitudinal muscles (triceps, coraco-
braclcialis ancl deltoid), prevents the downwarcl
clislocation of the humeral head. At the same time
the long heacl of the biceps presses the humeral
head against the glenoid cavity, especially cluring
abduction (Fig. 53), since the long head of the
biceps is also an abductor. If it is ruptured there is
a 20% drop in the strength of abcluction.

The initial degree of tension of the long head of
the biceps depends on the length of its horizontal
intra-articular path, which is maximal when the
humerus is in the intermediate position (Fig.56,
superior view) and in lateral rotation (Fig. 54).In
these positions the efficiency of the long head is at
its gfeatest.In contrast,when the humerus is medi-
ally rotated (Fig. 55), the intra-articular path of the
biceps and hence its efficiency are minimal.

It is clear also that the biceps, reflected as it is at
this level of the bicipital €aroove without the bene-
fit of a sesamoid bone, is subject to sevefe mech-
anical stress that can only be tolerated when the
muscle is in excellent condition. If the collagen
fibres degenerate with age, the slightest effort can
lead to rlrpture of the intra-articular portion of the
tendon as it enters the bicipital groove, giving rise
to a clinical picture associatecl with periarthritis of
the shoulcler.
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The role of the gleno-humeral ligament

During abduction

. The reference position is shown in Figure
57, with the middle (light green) and the
inferior (dark green) bands.

. During abduction (Fig.58) the middle and
inferior bands of the gleno-humeral ligament
become taut, while the superior band and the
coraco-humeral ligament (not shown here)
relax. Thus in abduction the ligaments are
maximally stretched and the articular surfaces
achieve maximal contact because the radius
of curvature of the humeral head is greater
superiody than inferiody. Hence abduction
corresponds to the locked or close-packed
position of MacConaill.

Abduction is also checked when the greater tuber-
osity hits the upper part of the glenoid and the
glenoid labrum.This contact is delayed by lateral
rotation, which pulls back the greater tuberosity
near the end of abduction, draws the bicipital
groove under the acromio-coracoid arch and slightly
slackens the inferior fibres of the gleno-humeral
ligament. As a result abduction reaches 90'.

When abduction is combined with 30' flexion in
the plane of the scapula, the tightening of the
gleno-humeral ligament is delayed and abduction
can reach up to 110" at the shoulder.

During axial rotation

. Latetal rotation (Fig.59) stretches all three
bands of the gleno-humeral ligament.

. Medial rotation (Fig.60) relaxes them.
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The coraco-humeral ligament
in flexion and extension

A schematic lateral view of the shoulder joint dem-
onstrates the differential clevelopment of tension
in the two bands of the coraco-humeral ligament:

. The reference position (Fig.61) shows the
coraco-humeral ligament with its two bands,
i.e. the posterior (dark green) inserted into
the greater tuberosity and the anterior (light
green) inserted into the lesser tuberosity.

. During extension (Fig.62) tension develops
mainly in the anterior band.

. During flexion 619.63) tension develops
mainly in the posterior band.

Medial rotation of the humerus at the end of
flexion slackens the coraco- and the gleno-humeral
ligaments, thus increasing the range of movement.
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Coaptation of the articular surfaces
by the periarticular muscles
Because of the great mobility of the shouldeq
coaptation of the articular surfaces cannot
be achieved by the ligaments alone.It requires
the help of the muscles of coaptation,which fall
into two groups:

f " The transvefse muscles, which press the
humeral head against the glenoid cavity
because of their orientation (Figs 61-66).

*. The longitudinal muscles (Figs 67 and 68),
which support the upper limb and prevent
downwarcl dislocation when healy loads are
carried in the hand.They'bring back'the
humeral head towards the glenoid. The
syndrome of the'droopy shoulder'
occurs when these muscles are delicient or
paralysed. In contrast, when their action is
predominant, upward dislocation is prevented
by the'recentring'action of the transverse
muscles of coaptation.

These two groups of muscles therefore act as

antagonists--synergists.

In Figure 64 (posterior view) the transverse
muscles of coaptation are three in number:

fi" supraspinatus (1), arising from the
supraspinatus fossa of the scapula and
inserting into the superior impression on the
greater tuberosity

*"" infi"aspinatus (3), arising from the infraspin-
atus fossa and inserting into the postero-
superior impression on the greater tuberosity

3" teres tminor (4), arising fiom the lower part
of the infraspinatus fossa and inserting into
the postero-inferior impression on the
greater tuberosity.

Figure 65 (anterior view) shows:
. supraspinatus (1), already seen in Figure 64
. the powerftl subscapulat is (2), arising from

the entire floor of the subscapularis fossa of the
scapula and inserted into the lesser tuberosity

. the tendon of the long head of the biceps (5),
which arises from the supraglenoid tubercle
of the scapula and is bent as it enters the
bicipital groove. As a result, it plays a crucial

role in ensuring the transverse coaptation of
the articular surfaces of the shoulder by
'bringing back the humerus'while flexing
the elbow when a load is lifted by the hand.

Figure 66 (superior view) again shows the fol-
lowing two muscles'. the supraspinatus (1) and
the tendon of the long heacl of the biceps (5),
both lying above the joint.Ilence , their role as the
superior buttress of the joint.

Figure 67 (posterior view) shows three longitu-
dinal muscles of coaptation:

$ - The cleltoid, with its lateral (8) and posterior
(8') bands,'lifts'the humeral head during
abduction.

*. The long head of triceps (7) arises from the
infiaglenoid tubercle of the scapula and
brings back the humeral head towards the
glenoicl cavity cluring extension of the elbow

In Figure 68 (anterior view) the longitudinal
muscles of coaptation are mofe numefous:

$ " The cleltoid (8), with its lateral (8) band and
its anterior (clavicular) band (not shown).

*" The tenclon of the long head of the biceps
(5), along with the short head of the biceps
(5') arising from the coracoid process close
to the coraco-bracbialis (6).The biceps lifts
back the humeral head during flexion of the
elbow and shoulder.

#. The clavicular part of ttre pectoralis major
(9), which contributes to the action of the
anterior bancl of the deltoid while being mainly
a flexor ancl an adductor of the shoulder.

The predominance of the longituclinal muscles of
coaptation can in the long tefm cause wear and
tear on the muscles of the 'cuff',which act as cush-
ions between the humeral head and the acromion
and can even cause ruptllre of some of these mus-
cles, particulady the supraspinatus. As a result,
the humeral head directly hits the inferior aspect
of the acromion and of the acromio-coracoid liga-
ment, causing a painful syndrome classically called
periarthritis of the shoulder and now renamed
'syndrome of rotator cuff rupture'.
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The subdeltoid 'ioint'

The subcleltoid'joint'is really a'false joint', since
it has no articular cartilages and consists simply of
a slit between the deep surface of the deltoid and
the 'rotator cuff'. Some authors have described a

serous bursa, which facilitates the gliding move-
ments in the 'joint'.

A view of the opened subdeltoid ioint (Fig.
69, according to Rouvidre), after the cleltoid (1)
has been cllt transversely and pulled back, shows
the cleep surface of the gliding plane, i.e. the
'rotatof cuff'of the shoulder, macle up of the upper
extremity of the humerus (2) and the attached
muscles:

. the supraspinatus (3)

. the infraspinatus (1)

. t}:.e teres minor (5),lyrng behind the
subscapulares (not shown here)

. the tenclon of the long heacl of the biceps as it
runs along the bicipital groove (9) to enter the
'joint'.

Sectioning of the deltoid has opened the serous
bursa, whose cut eclges are seen (7).

This gliding plane is extended anteriorly by the
fused tendons of the coraco-bracbialis (14) and of
the short head of the biceps (13) as they insert
into the coracoid process to form the 'anterior

buttress' of the 'joint'. Also visible in the back-
ground are the tendons of the long head of the
triceps (6), of the pectoralis major (15) and of
the teres major 116).

The ftrnctions of these muscles can be deduced
from the two coronal sections of the shoulder:
one in the reference position with the arm hang-
ing vertically alongside the body (Fig. 70), and the
other in abduction with the arm in the horizontal
position (Fig.71).

Figure 70 shows the muscles previously men-
tioned, a section of the shoulder joint (8) with
the glenoid labrum, and the inferior recess of the
capsule. The subdeltoid serous bursa (7) lies
between the cleltoid and the superior extremity of
the humerus.

Figure 71 shows how abduction due to contrac-
tion of the supraspinatus (3) and of the deltoid
(1) has caused the serous bursa (7) to sprawl
with its two walls sliding with respect to each
other. The section through the shoulder joint (8)
illustrates the stretching of the inferior recess of
the capsule, whose redundancy is necessary for
the ftrll range of abduction at the shoulder. AIso
seen is the stretched tenclon of the long head of
the triceps (6),which forms the inferior buttress
of the shoulder ioint.
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The scapulo-thoracic'ioint'

This is also a 'false joint', since it contains no
articular cartilages and consists of two gliding
planes illustrated in the Inotizontal section of
the thorax (Fig. -2).

The left side of the section shows the contents
of the thoracic wall with oblique cuts of the ribs
and of the intercostals, as well as the humerus
with the insertion of tlire pectoralis maior flanked
laterally by the deltoid. Because of its twisted
shape the scapula (yellow) has a double prolile
anterior to the subscapularis and posterior to the
infra sp i n atu s, the t e re s min or and the t e re s m ai o r
It is the serratus anterior, extending as a muscu-
lar sheet from the medial border of the scapula to
the lateral thoracic wall, which gives rise to two
gliding spaces:

. the space between the scapula padded
by the subscapularis and the serratus
anterior (1)

. the space between the thoracic wall and
the serratus anterior (2).

The right side of the section reveals the func-
tional architecture of the shoulder girdle:

. The scapula lies in a plane forming a J0' angle
with the plane of the back, which is parallel to

the coronal plane. This angle represents the
physiological plane of abduction at the
shoulder.

. The clavicle, shaped like an italicized S, runs
obliquely posteriody and laterally, forming
an angle of 3Oo with the coronal plane.It
articulates anteriorly and meclially with the
sternum at the sterno-costo-clavicular ioint,
and laterally and posteriorly with the scapula

at the acrornio-clavicular joint.
. The angle between the clavicle and the scapula

is open medially and is 60'in the reference
position but can vary with movements of the
shoulder girdle.

In a posterior view of the thoracic skeleton ancl

of the shoulder girdle (Fig. 73) it is clrstomary to
show the scapula lying in a coronal plane.In real-

ity it lies in an oblique plane ancl should appear
tilted. In the normal position the scapula extends
up and clown from the second (2) to the seventh
(7) rib.Its supero-medial angle corresponds to the
first thoracic spinous process. The medial tip of
its spine lies at the level of the third spinous
process. Its medial or spinal border lies at a dis-

tance of 5-6 cm from the interspinous line. Its
inferior angle lies at a distance of 7 cm from the
interspinous line.
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Movements of the shoulder girdle

Analytically three types of movement of the scap-

ula and therefore of the shoulder girdle are fecog-
nized'.lateral, vertical and rotational. In fact, these
three types of movement afe always interrelated
but to a variable degree.

A horizontal section (Fig.71) shows that the lat-
eral movements of the scapula clepend on rotation
of the clavicle about the sterno-costo-clavicular joint,
thanks to the mobility of the acronrio-clavicular joint.

. Vlhen the shoulder is pulled back in the move-
ment of retraction (right half of the section),
the clavicle assumes a more oblique direction
posteriody and the angle between the scapula
and the clavicle increases to 70o.

. When the shoulder is pulled folward in the
movement of protraction (left half of the
section), the clavicle moves closer to the
coronal plane (forming an angle of less than
30' with it), the plane of the scapula gets

closer to the sagittal plane, the angle between
the scapula and the clavicle tends to close
down to below 60', and the glenoid cavity
faces anteriody. At this point the transverse
diameter of the thorax is maximal.

Between these two extreme positions the plane of
the scapula has changed from 3O" to 45".

A posterior view (Fig.75) shows that protraction
brings the meclial border of the scapula to within
70-12 cm of the interspinous line.

A posterior view (Fig. 76) also illustrates the
vertical movements of the scapula, which range
from 10-12 cm and are of necessity associated
with some tilting and raising or lowering of the
clavicle.

A posterior view (Fig.77) also demonstrates the
tilting movements of the scapula. This rotation
occufs around an axis perpendicular to the plane
of the scapula and passing through a centre close
to its superolateral angle:

. Iilflhen the scapula rotates'downwards' (right
side), its inferior angle is displaced medially
while the glenoid tends to face inferiorll

. When the scapula rotates'upwards'(left side),
its inferior angle is displaced laterally while the
glenoid cavity tends to face superiody.

The range of that rotation is 45-6O'.The clisplace-

ment of the inferior angle is lO-72 cm, and that of
the superolateral angle is 5-6 cm. Most important,
however, is the change in the orientation of the
glenoid cavity, which plays an essential role in the
movements of the shoulder.
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The real movements of the
scapulo-thoracic'joint'

We have previously described the elemefltary
movernents of the scapulo-thoracic 'joirrt'
but it is now known that during abduction or
flexion of the upper limb these elementary move-
ments are combined to a variable degree. By taking
a series of radiographs (Fig.78) cluring abduc-
tion and comparing them with photographs of
a stripped scapular bone in various positions,

J.-Y de la Caffinidre has been able to study the
components of its real movements. Views taken
in perspective of the acromion (above), of the
coracoid and of the glenoid cavity (above and to
the right) reveal that during active abcluction the
scapula exhibits four movements:

"$ 
" Elevation of 8-10 cm without any associated

forward displacement, as usually believed.

*. Angular rotation of 38', increasing almost
linear$ as abduction increases from 0o to 745".

From 120'abduction onwards the degree of
angular rotation is the same in the shoulder
joint and in the scapulo-thoracic'joint'.

S, Tilting around a transverse axis running
obliquely mediolaterally and postero-

anteriorly, so that the tip of the scapula
moves forwards and upwards, while its upper
part moves backwards and downwards.This
moyement recalls that of a man bending over
backwards to look at the top of a sL-yscraper.

The range of tilting is 23' during abduction
from 0' to 145".

4. Swivelling arouncl a vertical axis with a

biphasic pattern:

- initially, during abduction from 0o to 90o,

the glenoid cavity paradoxically shifts 10'
to face posteriody

- as abduction exceeds 9O', the glenoid
cavity shifts 6' to face anteriody, and thus
just fails to resume its initial position in
the antero-posterior plane.

During abduction, the glenoid cavity undergoes
a complex series of movements, i.e. elevation,
medial displacement and a change in orientation,
so that the greater tuberosity of the humerus just
'misses'the acromion anteriody and slides under
the acromio-coracoid ligament.
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The sterno-costo-clavicu lar joi nt

Like the tapezo-metacarpal joint, this joint be longs
to the toroid type, since its saddle-shaped articu-
lar surfaces correspond to segments cut from the
interior surface of a torus, which closely resem-
bles the 'inner tube' of a tyre.The two surfaces
shown separated in Figure 79 exhibit an inverse
double cufvatufe: convex in one direction and
concave in another. as if 'cut out'of the inner sur-
face of a torus.The concave curvature of one sur-
face fits the convex cllfvature of the other. The
small surface (1) is clavicular and the large surface
(2) is sterno-costal. The small surface is in reality
longer horizontally than vertically and thus'over-
hangs' the sterno-costal surface anteriody and
especially posteriorll'.

Such joints have two perpendicular or ortho-
gonal axes in space (Fig.80). Axis 1 corresponds
to the concave curvature of the stefno-costal sur-

face and to the convex curvature of the clavicular
surface.Axis 2 corresponcls to the convex curva-
ture of the sterno-costal surface and to the con-
cave cufvature of the clavicular surface.The two
axes of these surfaces coincide exactly, just as the

curvatufes do. These surfaces are termecl saddle-
shaped or sellar, because the clavicular surface flts
easily into the costo-sternal surface, just as a rider
sits on the saddle of his horse.

. Axis 1 allows movements of the clavicle in the
vertical plane.

. Axis 2 allows movements of the clavicle in the
horizontal plane.

This type of joint corresponds to the universal

toint.It has two degrees of freedom,but by com-
bining these two elementary movements it can
also undergo axial rotation, i.e. coniunct fota-
tion. The clavicle also undergoes passive move-
ments of axial rotation.

The right sterno-costo-clavicular ioint (Fig. 81)
is shown here opened anteriody. The posterior$
tilted clavicle (1) displays its articular surface (2)
after the superior sterno-clavicular (3), the an-

terior sterno-clavicular (4) and the costo-clavicu-
lar (5) ligaments have been cut. Only the posterior
ligament (6) is left uncut.The sterno-costal surface
(7) is clear$ seen with its two curvatures.
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The movements

Figure 82 (the sterno-costo-clavicular joint,
after Rouvidre) consists of a coronal section on
the right and an anterior view of the ioint on
the left.

The coronal section shows the costo-clavicular
ligament (1), attachecl to the superior aspect of
the flrst rib and running superiody and laterally
towards the inferior surface of the clavicle.

. Very often the two articular surfaces do not
have the same radii of curvature ancl

congruence is restored by a meniscus (l), just
like a saddle between the rider ancl the horse.
This meniscus divides the joint into two
secondary cavities that may or may not
communicate with each other, depencling on
whether the menisctts is perforated centrally
of not.

. The sterno-clavicular ligament (4),lining
the superior aspect of the joint, is strengthened
superiorly by the interclavicular ligament (5).

The anterior view shows the following:

. The costo-clavicular ligament (7) and the
subclavius muscle (6).

. Axis X, horizontal and slightly oblique
anterior$ and laterally, which corresponds to
the movements of the clavicle in the vertical
plane with a range of 10 cm for elevation and

3 cm for depression.
. Axis Y,lying in a vertical plane obliquely,

inferiorly and slightly laterally, which traverses
the mid-portion of the costo-clavicular ligament
and corresponcls to the movements of the
clavicle in the horizontal plane.The range of
these movements is as follows:the lateral
extremity of the clavicle can move 1O cm
anteriody and 3 cm posteriody. From a strictly
mechanical viewpoint, the real axis (Y') of this
movement is parallel to axisY but lies medial
to the joint.

There is also a third type of movement, i.e. a 30"
axialrotation of the clavicle.Until now it used to

be thought that this rotation was only possible
because of the 'slack'in the joint due to the laxity
of the ligaments, but, as in all joints with two
clegrees of freedom, the sterno-clavicular joint also

produces a conjunct rotation during fotation
about its two axes.This idea is conlirmed by the
fact that in practice this axial fotation of the clavi-
cle is seen only during elevation-retraction of
clepression-protraction.

Movements of the clavicle in the
horizontal plane (Fig. 83, superior view)

. The bold outline shows the position of the
clavicle at fest.

. PointY'corresponcls to the mechanical axis of
movement.

. The two red crosses fepresent the extreme
positions of the clavicular insertion of the
costo-clavicular ligament.

A section taken at the level of the costo-clavicular
ligament (inset) shows the tension cleveloped in
the ligament in the extreme positions:

. protraction (A) is checked by the tension
developed in the costo-clavicular ligament and
the anterior capsular ligament (7).

. retraction (P) is checked by the tension
developed in the costo-clavicular ligament and
in the posterior capsular ligament (6).

Movements of the clavicle in the coronal
plane (Fig. 84, anterior view)

The red cross repfesents the axis X. When the
lateral extremity of the clavicle is raised (shown
in bold outline), its meclial extremity slides infe-
riody and laterally (recl arrow). The movement
is checked by the tension developed in the costo-
clavicular ligament (striped band) and by the
tone of the subclavius muscle (6).

When the clavicle is lowered, its medial extremity
rises. This movement is limited by the tension
developed in the superior capsular ligament (4)
and by contact between the clavicle ancl superior
surface of the frrst rib.
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The acromio-clavicu lar ioi nt

A blown-up posterior view (Fig.85) illustrates
features of this plane joint, chancterizecl by great
instability clue to absence of interlocking of the
articular surfaces and great susceptibility to dis-

location due to the weakness of its ligaments.

. The spine of the scapula (1), continuous
laterally with the acromion (2), bears on its
antero-medial aspect an oval, flat or slightly
convex articwlat surface (3) facing superiody,
anteriorly ancl medially.

. The lateral extremity of the clavicle (4) bears
on its inferior aspect an articular surface (5),

which is similar to the scapular articular surface

ancl faces inferiody, posteriorly and laterally in
such a way that the clavicle appears to be
'poised' over the acromion.

. This joint overhangs the glenoid cavity of the
scapula (10) ancl is very exposed. A coronal
section (inset) reveals the weakness of the
superior acromio-clavicular ligament (1 2).

. The articular surfaces are often convex ancl

not congruent, so that in one-thircl of cases

congfuence is restored by an intra-articular
fibrocartilaginous meniscus (1 1).

In fact, the stabiliry of this joint depencls on two
extta-articular ligaments that bridge the cora-
coid process (6),which is attached to the superior
borcler of the supraspinatus fossa (9) ancl the infe-
rior aspect of the clavicle. These ligaments are:

. the conoid ligament (7), which runs from the
'elbow'of the cclracoid process to the conoid
tubercle near the posterior border of the
inf'erior aspect of the clavicle

. the trapezoidhgarnent (t3), inserted into
the coracoicl process anterior to the conoid
ligament, ancl running superiody and laterally
to attach itselfto a rough triangular area

continuous anteriorly ancl laterally with the
conoid tubercle of the clavicle.

An anteriorview of the coracoid process seen
in isolation (Fig.86) reveals the arrangement of
the conoid (7 ) ancl trapezoid (8) ligaments, which
together fbrm a solicl angle open anteriorly and

medially. The conoicl ligament lies in the coronal
plane ancl the trapezoid ligament runs obliquely,
so that its anterior border faces anteriody, medi-
ally ancl superiorly.

The acromio-clavicular and the sterno-costo-
clavicular joints are called into action during
flexion-extension (F) at the shoulcler (Fig.87),

because the tilt of the scapula subjects the clavicu-
lar buttress to a torsion R that is normally dis-

sipated in these two joints. For a range of move-
ment of 18Oo incorporating extension E and flexion

f; a movement of 60' is absorbed by the slack in
these joints, and the remaining 3O' movement is

the result of conjunct fotation at the stefno-costo-
clavicular joint.
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In Figure 88 (supero-latetal view of the right
acromio-clavicular ioint, after Rouvidre) the
following can be seen:

. The superlicial portion of the acromio-
clavicular ligament (l l) cut to show its deep
aspect, which strengthens the capsule (15).

. The conoid (7), the trapezoid (8) and the
medial coraco-clavicular (I2) ligaments.

. The coraco-acromial ligament (13),which
plays no part in joint control but helps to form
the supraspinatus canal (Fig. 96, p.61).The
view of the glenoid cavity (10) shows how
close the tenclons of the rotator cuff are to the
cofaco-acromial ligament.

. Superflcially (not shown in this figure) is
attached the delto-tr apezial aponeurosis,
made up of collagen frbres linking the muscle
fibres of the deltoid and the trapezius. This
recently described structllre plays an important
role in the coaptation of the articular surfaces

as the only one responsible for limiting the degree

of dislocation of the acromio-clavicular joint.

The medial end of the clavicle is shown'running
away' (Fig. 89, an infero-medial view, after Rou-

vidre). The structures already described can be

seen, as well as the coracoid ligament (14), which
bridges the suprascapular notch and plays no
mechanical role.
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The role of the coraco-clavicular ligaments

A diagram of the acromio-clavicular joint (Fig.90,
superior view) shows the role of the conoid
ligament (7):

. the scapula seen from above with the coracoid
process (6) and the acromion (2)

. the contours of the clavicle in its initial
position (4, dotted lines) and in its final
position (4', solid line).

The diagram demonstrates how, as the angle

between the clavicle and the scapula gets wider
(small red arrow), movement is limitecl by the
stretching of the conoid ligament (shown by two

€areen bands representing its two successive
positions).

Another similar view (Fig.!l, superior view)
shows the role of the trapezoid ligament (8);

with closing of the angle between the clavicle and
the scapula (small red arrow) the trapezoid liga-

ment is stretched and limits movement.

Axial rotation in the acromio-clavicular joint can

be clearly seen in this antero-meclial view (Fig. 92),
which also shows the following:

. the cross indicating the centre of rotation of
the ioint

. the initial position of the scapula (lightly
shaded) with its inferior half removed

. the final position of the scapula (darkly shaded)

after it has rotated at the tip of the clavicle like
the beater of a flarl at the tip of the handle.

One can see the stretching of the conoid (light
green) and of the lrapezoid (dark green) ligaments.
The 30' range of this rotation is aclded to a 30"
fotation in the sterno-costo-clavicular joint to
allow the 60' tilting of the scapula.

Ifith the use of serial photography Fischer et al.

have revealed the full complexity of the move-
ments at the acrornio-clavicular joint, which
is a partly interlocked plane joint.

During abduction,when the scapula is taken as the
lixed base of reference, the following can be seen:

. a 1Oo elevation of the medial extfemity of the
clavicle

. a7O" widening of the scapulo-clavicular angle

. a 45" axial rotation of the clavicle posteriody.

During flexion the elementary movements are

similaq though the widening of the scapulo-clavic-
ular angle is less marked.

During extension the scapulo-humeral angle

closes.

During medial rotation the only movement is an

opening of the scapulo-clavicular angle up to 13".
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Motor muscles of the shoulder girdle

The right half of the diagram of the thorax (Fig.

93) represents a posterior view and reveals the
following.

Trapezius

Trapezius consists of three parts with clifferent
actions:

. The upper acromio-clavicular fibres (1)
raise the shoulder girdle and prevent it from
sagging under the weight of a load;they
hyperextend the neck and turn the head to the
other side when the shoulder is stationary.

. The intermediatelllorizontal fibres (1'),
arising from the vertebral spines, bring the
medial edge of the scapula 2-3 cm closer to
the midline and press the scapula against the
thorax;they move the shoulder girdle
posteriorly.

. The lower flbres (1"), running obliquely
inferiorly and medially, pull the scapula
inferiorly and meclially.

Sirnultaneous contraction of these three sets
offibres:
. draws the scapula inferiody and medially
. rotates the scapula superiody for 2O", playing a

minor part in abduction but a maior part in the
carrying of hear,y loads

. prevents the arm from sagging and the scapula
from being pulled off the thorax.

Rhomboid muscles

Running obliquely, superiorly and medially, the
rhomboid muscles (2):

. clfaw the inferior angle of the scapula sllpero-
meclially and so elevate the scapula, rotating it
inferiody so that the glenoid cavity faces
inferiody

. fix the inferior angle of the scapula against the
ribs;rhomboid paralysis is followed by separa-

tion of the scapulae from the thoracic wall.

Levator scapulae

Leuator scapulae (3), sloping obliquely, supe-

riody and medially, has the same actions as the
rhomboids:

. It draws the supero-medial angle of the scapula
superiorly ancl medially by 2-3 cm (as in shrug-
ging of the shoulders).

. It is active during the carrying of a load, and its
paralysis leads to sagging of the shoulder girdle.

. It produces a slight downward rotation of the
glenoicl caYity.

Serratus anterior (see also Fi1.94,4')
Figure 93 shows the anterior aspect of its left half
with pectoralis minor and subclauius.

Pectoralis minor

Running obliquely, anteriorly and inferiody, pecto-
ralis minor (5):

. depresses the shoulder girdle so that the
glenoid cavity faces inferior$ (e.g.during
movements on parallel bars)

. pulls the scapula laterally and anteriody so that
its posterior edge is pullecl off the thorax.

Subclavius

Running obliquely, inferiody and medially, and
almost parallel to the clavicle, subclauius (6):

. lowers the clavicle and so the shoulder girdle

. presses the medial extremity of the clavicle
against the manubrium sterni and thus ensllres
the coaptation of the articular surfaces of the
stef no-costo-clavicular j oint.
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The diagtammatic profile of the thorax (Fig.

94) shows:

. The trapezius (1), which elevates the scapular
girdle.

. The leuator scapulae (3).

. The sercatus anterior (4 and 4'),lyrng on the
deep surface ofthe scapula and spreading ovef
the postero-lateral wall of the thorax. It is made
up of two pafts:

- The upper part (4),running horizontally
and anteriody, draws the scapula 12-75 cm
anteriody and laterally, and stops it from
moving back when a heal1. object is being
pushed forwards.Its paralysis is easily
detected clinically.If a patient leans forward
against a wall, the scapula detaches itself
from the thorax on the paralysed side.

- The lower part(4'),running obliquely,
anteriody and inferiody, tilts the scapula
superiody by pulling its inferior angle

laterally and causing the glenoid cavity to
face superiody. It is active in flexion and
abduction of the arm, and in the carrying
of loads (e.g.a bucket of water), only when
the arm is already abducted beyond 30'.

The horizontal section of the thorax (Fig.95),
highlighting the scapular girdle, allows one to
visualize the actions of the muscles:

. On the right side:the serrcttus anterior (1+)

and the pectoralis minor(5) pnll the scapula
laterally and increase the distance between its
spinal (medial) border and the vertebral spines.
Tlre pectoralis minor ar'd subclauius (not
shown here) depress the scapular girdle.

. On the lefit side:the intermediate fibres of the
trapezius (not shown here) and the rhomboids
(1) bring the spinal border of the scapula
closer to the vertebral spines.The rhomboids
also elevate the scapula.
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The supraspinatus and abduction

Figure 96 (latetal view of the scapula) clear$
shows the supraspinatus canal (*), bounded as

follows:

. posteriorly by the spine of the scapula and the
acromion (a)

. anterior$ by the coracoid process (c)

. superiody by the coraco-acromial ligament (b),
directly continuous with the acromion, thus
creating a fibro-osseous arch, called the
cofaco-acromial arch.

The supraspinatus canal forms a rigid and inex-
tensible ring, so that:

. If the supraspinatus tendon is thickened by
an inflammatofy or degenerative process, the
muscle has difficulty sliding in the canal.

. If the muscle develops a nodular swelling, it
gets stuck in the canal until the nodule is able
to glide through eventually. This phenomenon
is known as'jumping shoulder'.

. If the muscle ruptures as a result of a degenera-
tive process, this leads to 'rotator cuff
fupture', with the following consequences:

- the loss of complete active abduction,
which does not go beyond the horizontal
plane

- the direct application of the humeral
head against the cofaco-acfomial arch,
responsible for the pain associated with the
syndrome of 'rotator cuff rupture'.

Surgical repair of the tendon is difficult because
of the small size of the canal, and this difficulty
justifres the use of inferior acromioplasty (the
full-thickness resection of the lower half of the
acromion) coupled with resection of the cofaco-
acromial ligament.

An antero-superior view of the shoulder ioint
(Fig.97) shows how the supraspinatus (2), stretch-
ing from the supraspinatus fossa of the scapula to
the greater tuberosity of the humerus, glides under
the coraco-acromial arch 6).

A posterior view of the shoulder joint (Fig. 98)
demonstrates the afrangement of the four abduc-
tor muscles:

. the deltoid (1), which cooperates with the
supraspinatus (2) to form the force couple
of the abductor muscles of the shoulder

. the serratus anterior (3) and tl":'e trapezius
(4), forming the force couple of abductor
muscles at the scapulo-thoracic'joint'.

The following muscles are not shown in the fig-
ure, but afe none the less useftil in abduction: the
subscapulat"is, the infraspinatus ancl the teres
minor,which pull the humeral head inferiody and
medially and form with the deltoid a seconcl force
couple of abductor muscles at the shoulder joint.
Finally the tendon of the long head of the biceps
plays a substantial role in abcluction, since it is

now known that fupture of the tendon calrses a

2O% loss in the strength of abduction.
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The physiology of abduction

Though at first sight abduction appears to be a
simple pfocess involving two muscles, the deltoid
andthe supraspinatus, there is controversy regard-
ing their respective contributions. Recent electro-
myographic studies (f.-J. Comtet and J. Auffray,
7970) have shed new light on the problem.

Role of the deltoid

According ro Fick (1911), the deltoid (black cross
in Figs. 99 and 100) is made up of seven functional
components (Fig. 101, horizonral cut through the
inferior part of the muscle):

. the anterior (clavicular) band contains two
components: I and II

. the middle (acromial) band contains only one
component: III

. the posterior (spinal) band contains four
components: Ild\rI and \TI.

'fi/hen the position of each component is consid-
ered with regard to the axis of pure abcluctionAA'
(Fig. 1 00, anterior view, and Fig. 99, posteriof view),
it is evident that some components, i.e. the acro-
mial band (IID, the most lateral portion of compo-
nent II of the clavicular band, and component fV
of the spinal band,lie lateral to the abduction axis
and from the start produce abduction (Fig. 101).
The other components (I,d\rI,VI), on the other
hand, act as adductors when the upper limb hangs
down vertically alongside the bocly. Thus these
latter components antagonize the former, and
they start to abduct only when cturing abduction
they are progressively displaced lateral to the
abduction axis AA'. Thus for these components
there is inversion of function, depending on the
starting position of the movement. Note that some
components (VI and \TI) are always adductors,
regardless of the degree of abduction.

Strasser (1917) by and large agrees with this view
but notes that when abduction takes place in the
plane of the scapula, i.e. with an associated 30'
flexion ancl around an axis BB' (Fig. 101), per-

pendicular to the plane of the scapula, neady the
whole of the clavicular band is abductor from
the start.

Electromyographic studies have shown that differ-
ent portions of the muscle are successively
recruited during abduction and that the more
strongly aclcluctor the libres are at the start, the
later they are recruited, as if they were under the
commancl of a central keyboard.Thus the abduc-
tor components are not opposed by the antagonis-
tic aclcluctor components. This is an example of
the reciprocal innervation of Sherrington.

During pure abduction, the order of recruitment
is as follows:

t. acromial band III
*, components fV andV almost immediately

after

S" finally, component II after 2O-3O" abduction.

During abduction associated with 30" flexion:
"E. Components III and II contract from the very

start.

ft" Components ryV and I are progressively
recruited later.

During lateralrotation of the humerus associ-
ated with abduction:

"{. Component II contracts at the start.

P. Components IV andV are not recruited even
at the end of abduction.

During medial rotation of the humerus asso-
ciated with abduction the order of recruitment
is reversed.

To sum up, the deltoid, active from the very start
of abduction, can by itself complete the firll range
of abduction. It achieves maximal efficiency at
about 90' abduction when, according to Inman,
it generates a fbrce equivalent to 8.2 times the
weight of the upper limb.
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Role of the rotator muscles

Previously the synergistic deltoid 
^nd 

supraspina-
/zs muscles were considered to play an important,
if not ftindamental, role in abduction, but current
thinking is that the other muscles of the rotator
cuff are also indispensable for the efficiency of the
deltoid (Inman). In fact, during abduction (Fig.

102), the force exerted by the deltoid D can be
resolved into a longitudinal component Dr, which
will be applied to the centre of the humeral head
as a force R after subtraction of the longitudinal
component Pr of the weight of the upper limb P
(acting through its centre of gravity).This force R
can in turn be resolved into a force Rc, which
presses the humeral head against the glenoid cav-

ity, and a stronger force R[, which tends to dislo-
cate the head superiody and laterally.If the rotator
muscles (infraspinatus, subscapularis ancl teres

minor) contract at this point, their overall force
Rm directly opposes the dislocating force RI,
preventing dislocation of the humeral head supe-

riorly and laterally (Fig. 104). Thus the force Rm,
which tends to lower the upper limb, and the
elevating component of Dt act as a functional
couple producing abduction. The force generated

by the rotator muscles is maximal at 60' abduc-
tion. This has been conlirmed electromyographi-
cally for the infraspinatus (Inman).

Role of the supraspinatus

The supraspinatus has long been viewed as the
'abduction starter'. Studies (B.Van Linge and J.-D.
Mulder) producing paralysis of the muscle by
anaesthetizing the supfascaplllar nerve have shown
that it is not essential for abduction even at the

start. The deltoicl by itself is enough to produce
complete abduction.

But the supraspinatus can by itself produce a

range of abcluction equal to that produced by the
cleltoid, as shown by Duchenne de Boulogne's
electrical experiments and clinical observations,
following isolated paralysis of the deltoid.

Electromyography reveals that the supraspinatus
contracts during the full duration of abduction
and achieves peak activity at 90' abduction, just
like the deltoid.

At the start of abduction 6ig. 103;De = deltoid;
Pt = tangential component) its tangential compo-
nent of force Et is proportionately gfeater than
that of the deltoid Dt, but it has a shorter leverage.
Its radial component Er presses the humeral head

strongly against the glenoid cavity and thus signifi-
cantly opposes superior dislocation of the head
provoked by the radial component of the deltoid
Dr. It also ensures coaptation of the articular
surfaces just as the rotator muscles do. Likewise
it tenses the superior fibres of the capsule and

opposes inferior subluxation of the humeral head
(Dautry and Grosset).

The supraspinatus is thus a synergist of the other
muscles of the cufi i.e. the rotatofs. It is a power-
ful helper of the deltoid, which on its own tires
rapidly.

All in all, its action is important qualitatively in
helping to keep the articular surfaces together and
quantitatively in improving the endurance and
power of abduction. Though it can no longer enjoy
the title of abduction starte! it is clearly useftil and

effective, particulady at the start of abduction.
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The three phases of abduction

The first phase of abduction
(Fig. 105): 0-60"

The muscles involved are essentially the deltoid
(1) ancl the supraspinatus (2), which form a

functional couple at the level of the shoulder joint.
It is in this joint that the movement of abduc-
tion starts. This first phase ends near 90',when the
shoulder'locks' as a result of the greater tuberosity
hitting the superior margin of the glenoicl cavity.
Lateral rotation and a slight flexion of the humerus
displace the greater tuberosity posteriorly and

delay this mechanical block. Thus abduction com-
bined with 30' flexion and taking place in the
plane of the scapula is the trlle physiological move-
ment of abduction (Steindler).

The second phase of abduction
(Fig. 1 06) : 60-1 20'

As the shoulder is lockecl, abduction can only
proceed with participation of the shoulder girdle.

The movements afe these:

. A'swing'of the scapula with anticlockwise
rotation (for the right scapula), causing the
glenoid cavity to face more superiody. The
range of this movement is 60'.

. Axial rotation mechanically linked at the
stefno-costo-clavicular and the acromio-
clavicular joints, each joint contributing up
to 30'.

The muscles involved in this second phase are these :

. trapezius (2 and 4)

. serrants anterior (5).

These muscles form a functional couple of abduc-
tion at the level of the scapulo-thoracic ' joint'.This
movement is checked at about 150" (90' + 60'
due to rotation of the scapula) by the resistance
of the stretched adductors: latissimus dot"si and
pectoralis majcn.

The third phase of abduction
(Fig. 107): 120-180"

To allow the limb to reach the vertical position,
movement of the spinal column becomes neces-
sary. If only one arm is abclucted,lateral bending of
the spinal column produced by the contfalateral
spinal muscles (6) is adequate. If both arms are

abductecl, they can come to lie parallel vertically
only by being maximally flexed. For the vertical
position to be reached, exaggeration of the lumbar
lordosis is necessary and this is achieved by the
action of the spinal muscles.

This division of abduction into three phases is, of
collrse, artiflcial; in fact, these various combina-
tions of muscular movements fun into one another.
Thus it is easy to observe that the scapula begins
to'swing'before the arm has reached 90' abduc-
tion; likewise, the spinal column begins to bencl
before 150" abduction is reachecl.

At the end of abcluction all the muscles are in a

state of contraction.
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The three phases of flexion

The first phase of flexion
(Fig. 108): 0-50/60'

The muscles involved are these:

. the anterior clavicular fibres of the cleltoid (1)

. tlre coraco-bracbialis (2)

. the superior clavicular {ibres of th'e pectoralis
major (3).

This movement of flexion at the shoulder is lim-
ited by two factors:

'l , tension developed in the coraco-humeral
ligament

*. resistance offered by teres minor,teres
maj or and infraspinatus.

The second phase of flexion
(Fig. 1 09): 60-1 20"

The shoulder girdle participates as follows:

. 60o rotation of the scapula so that the glenoid
cavity faces superiody and anteriody

. axial rotation mechanically linked at the
stefno-costo-clavicular and acromio-clavicular
joints, each joint contributing 30'.

The muscles involved are the same as in abduc-
tion: the tra.pezius (not shown) ancl the sercatus
anterior (6).

This flexion at the scapulo-thoracic'joint'is lim-
itecl by the resistance of the latissimus dorsi (not
shown) and the inferior fibres of the pectot'alis
major (not shown).

The third phase of flexion
(Fig. 110): 120-180'

The raising of the upper limb is continued by the
action of the deltoid (1), the supraspinatus (4),
the inferior flbres of the trapezius (5) and the ser.
ratus anterior (6).

When flexion is checked at the shoulder and in
the scapulo-thoracic joints, movement of the spinal
column becomes necessary.

If one arm is flexed, it is possible to complete the
movement by shifting into the position of maxi-
mal abduction and then bending the spinal col-
umn laterally. If both arms are flexed, the terminal
phase of the movement is identical to that of abduc-
tion, i.e. exaggeration of the lumbar lordosis by the
lumbar muscles (not shown).
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The rotator muscles

A superior view of the shoulder joint
111) shows the rotator muscles:

Medial rotators (see also Fig. 112):

n" hilssimus dorsi (l)
k" teres major (2)

3" subscctpularis (J)

&" pectoralis major (4).

Latetal rotators (see also Fig. 1 13):

#" infraspinatus (5)

*" teres minor (7).

Against the numerous and powerful medial rota-
tors, the lateral fotators are weak. They are none
the less indispensable for the proper function of
the upper limb, because by themselves they can
act on the hand as it lies in front of the trunk and
move it anteriorly and laterally. This medio-lateral
movement of the right hand is essential for
writing.

(Fig. It shonld be noted that, though these muscles
have a separate nerve supply (the supra-scapular
nerve for the infraspinatus and the circumflex
nerve for the teres minor), these two nerves come
from the same root (C5) of the brachial plexus. So

both muscles can be paralysed simultaneously as a

result of traction injuries of the brachial plexus
caused by a fall forward on the shoulder (a motor-
cycle accident).

But rotation at the shoulder does not account fbr
the whole range of rotation of the upper limb.
There are in acldition changes in the direction of
the scapula (and so of the glenoid cavify) as it
moves laterally on the chest wall Qig.75, p.43);
this 4015" change in direction of the scapula
produces a cofresponding increase in the range of
the movement of rotation. The muscles involved
afe these:

. for lateral rotation (adduction of the scapula):
rhomboids and trapezius

. for medial rotation (abduction of the scapula):
serratus anterior ancl pectoralis minor.
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Adduction and extension

The adductor muscles (Fig. ll4,anteior aspect,
and Fig. 115, postero-lateral aspect, with the same
legends) are:teres major (7),latissimus dorsi (2),
pectoralis major (3) and rhomboids (4).

Figure 117 is an inset showing two diagrams
explaining the actions of the two muscular cou-
ples producing adduction:

. Figure llTa: The synergistic action of the
rhomboids (l)-teres major (2) couple is
indispensable for adduction.If the teres major
alone contracts and the upper limb resists
adduction, there follows upward rotation of
the scapula on its axis (marked with a cross).
Contraction of the rhomboids prevents this
scapular rotation and allows the teres major to
adduct the arm.

. Figure 117b: Contraction of the very powerflrl
adductor, latissimus dot si (3),tends to
displace the humeral head inferiorly (black
arrows).The long head of the triceps (4),

which is a weak abductot opposes this inferior
displacement by contracting simultaneously
and lifting the humeral head (white arrows).
This is another example of antagonism-
synergism.

The extensor muscles (Fig. 116, postero-lateral
aspect) produce extension at two levels:

'l, Extensiofi at the shoulder joint:

- teres major (1)

- teres minor (5)

- posterior spinal fibres of the deltoid (6)

- latissimus dorsi (2).

2. Extension at the scapulo-thoracic 'joint'
by adduction of the scapula:

- rhomboids (4)

- middle tfansverse fibres of the trapezius
Q)

- latissimus dorsi (2).
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'H ippocratic' measurement
of flexion and abduction

Current examination methods, such as radiology,
computed tomography (CT) and magnetic reso-
nance imaging (MRI), have not always been avail-
able to doctors. These advanced methods are very
useful ancl often indispensable for refining a cliag-
nosis or establishing the location and significance
of a lesion, but during the initial clinical examina-
tion doctors must be able to diagnose and evalu-
ate the patient using only their five senses, as did
Hippocrates, the founder of medicine.

It is quite possible to evaluate the ftrnction of a

joint without the use of any measuring instrument,
not even a gonlometer of a protfactor, if one
considers the human body as its own system
of reference.This system can be used even where
no technical device is available; one must go
back to Hippocrates.This is perfectly applicable
to the examination of the shoulder.

For flexion (Figs 119 and 12O) and extension
(Fig. 118), one must remember that:

t

. Vlhen the fingers touch the mouth (Fig. 119),
flexion at the shoulcler equals 45". This move-
ment allows food to be brought to the mouth.

. When the hancl rests on top of the head
(Fig. 120), flexion at the shoulder equals 120o.
This movement allows personal hair-care,
e.g. combing.

For extension (Fig. 118), when the hand rests on
the iliac crest, extension at the shouldef is up to
4045".

For abduction (Figs 121 and 122):

. 'When the hand rests on the iliac crest,
abduction at the shoulder is up to 41".

. When the fingers touch the top of the head
(FiS.l22), abduction at the shoulder is up to
120'.This movement allows personal hair-care,
e.g. combing.

This method can be applied to almost any joint, as

we shall see later.
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The Elbow

Anatomically, the elbow consists of a single joint with a single joint
cavity.

Physiologically, however, it has two distinct functions:

. flexion--extension, involving two joints: the humero-ulnar and
the humero-radial joints

. pronation-supination, involving the superior radio-ulnar
joint.

In this chapter only flexion and extension will be discussed.
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The elbow, the upper arm and the forearm form a

panr of compasses (Fig. 2), which allows the
wrist V, to come very close to the shoulder (S) in
position Vr, while the elbow undergoes flexion
from E, to Er.Thus the hand can easily reach the
deltoid ancl the mouth.

In the telescopic model (Fig. 3), which presents
anothef theoretical and imaginable mechanical
vefsion, the hand cannot reach the mouth, since
the shortest distance possible between the hand
and the mouth is the sum of the length of the
segment L and the length of its casing (C), which
is needed to maintain the rigidity of the system.

Thus, for the elbow the 'compasses' solution
is more logical and better than the 'telescopic'
solution, assuming that the latter is biologically
possible.

Movement of the hand towards or away
from the body

The elbow is the intermediate ioint of the upper
limb, forming the mechanical link between the
first segment (the uppef arm) and the second
segment (the fofearm). It allows the forearm,
which can assume any position in space thanks to
movements at the shouldeq to move its ftinctional
extremity (the hand) to any distance from the body.

Flexion at the elbow undedies the ability to
carry food to the mouth. Thus the extencled and
pronated forearm (Fig. 1) takes hold of the food
and carrie s it to the mouth as a result of combined
flexion and supination.In this respect the biceps
can be called the feeding muscle.

Flexion at the elbow is essential for feeding.If
both elbows were locked in full extension or in
semi-extension, an individual would be unable to
feed himself.
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The articular surfaces

The distal end of the humerus has two articular
surfaces (Fig.4, after Rouvidre):

t, the trochlea (2), pulley-shaped with a

central groove (1) lying in a sagittal plane
and bounded by two conYex liPs (2)

2. the capitulum, a spherical surface (3),lytng
lateral to the trochlea.

The complex formed by the trochlea and the
capitulum (Fig. 5) can be compared to a ball and
spool threaded on to the same axis T, which
constitutes, to a first approximation, the axis of
flexion--extension of the elbow.

The following two points neecl to be made:

t, The capitulum is not a complete sphere
but a hemisphere corresponding to the
anterior half of a sphere. Therefore the
capitulum, unlike the trochlea, does not
extend posteriorly and stops short at the
lower end of the humerus. Its surface allows
not only flexion-extension, but also axial
rotation about axis L (blue arrow).

*" The capitulo-trochlear groove (Fig.5) is a

zone of transition (4) and has the shape of a
segment of a cone, whose wider base rests at

the lateral lip of the trochlea. The usefulness
of this capitulo-tfochlear groove will emerge
later.

Figure 5 demonstrates why the medial portion of
the joint has only one degree of freeclom for flex-
ion-extension, whereas the lateral part has two
degrees of freedom for flexion<xtension and
axial rotation.

The proximal ends of the two bones of the
forearm have two surfaces corresponding to
those of the humerus:

t, The trochlear notch of the ulna (Fig. 4),

which articulates with the humeral trochlea
ancl has the corresponding shape .It consists
of a longitudinal rounded ridge (10), starting

from the olecranon process (1 1) superiody
and extencling anteriody and inferiody to the
coronoid process (12). On either side of the
ridge, which corresponds to the trochlear
groove, is a concave surface corresponding
to the lips of the trochlea (13).The articular
surface is shaped like a single strip of corru-
gated iron sheet (Fig. 5, double red arrow),
with a ridge (10) and two gutters (11).

*" The cupped proximal surface of the
head of the radius (Fig. 4), with a concavity
(14) corresponding to the convexity of the
capitulum humeri (3).It is bounded by a rim
(15), which articulates with the capitulo-
trochlear groove (4).

These two surfaces in effect form a single articular
surface as a result of the annular ligament (16),

which keeps them together.

Figure 6 (anterior view) and Figure 7 (posterior
view) show the intedocking of the articrtlar
surfaces. Figure 6 (right side) reveals the olecra-

non fossa (5) above the trochlea, the radial fossa

(6), the medial epicondyle (7) and the lateral
epicondyle (8).

Figure 7 (posterior view,left side) also shows the
olecranon fossa (21), which receives the beak-

shaped olecranon process (1 1).

The coronal section taken through the ioint
(Fig. 8, according to Testut) shows that the cap-

sule (17) invests a single anatomical joint caviry
with two functional ioints (Fig. 9, diagrammatic
representation):

$, the joint of flexion<xtension, consisting
of the humero-ulnar joint (Fig. 8, 18) and the
humero-radial joint (Fig.8, 19)

ff. the superior radio-ulnar joint (20),
surrounded by the annular ligament (16), is
essential for pronation-supination.The
olecranon process (11) is also seen, lying
insicle the olecranon fossa during extension.
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The distal end of the humerus

This has the shape of an artist's palette (Fig. 13,

posterior view, and Fig.74, anterior view) and is
flattened antero-posteriody. On its distal aspect it
bears two articular suffaces, the trochlea and th'e
capitulum. It is impoftant to know the structure
and shape of this segment of the humerus to
understand the physiology of the elbow.

The humeral palette resembles the fork of a
bicycle (Fig. 15), with the axis of the articular
surfaces running through the distal ends of its
two prongs.In fact, its middle portion contains two
fossae:

. anteriody, the coronoid fossa, which receives
the coronoid process of the ulna during
flexion (Figs 12 and 141

. posteriorly, the olecranon fossa, which
receives the olecranon during extension
(Figs 10 and 13).

These fossae play a vital role in increasing the
range of flexion and extension at the elbow by
delaying the movement of impact of the coronoid
and olecranon processes on the shaft of the
humerus. W.ithout them, the trochlear notch of
the ulna,which corresponds to a semi-circle,would
be able to slide over the trochlea for only a short
distance on either side of the intermediate posi-
tion (Fig.23).

These two fossae are occasionally so deep that the
intervening plate of bone is perforated, and they
communicate with each other (as in the fork of a
bicycle).

The compact portions of the distal end of the
humerus lie on either side of these fossae,forming
two divergent pillars (Figs 13-15), the one ending
on the medial epicondyle and the other on the lat-
eral epicondyle.This fork-like structure is the rea-

son that it is so difficult to reduce certain fractures
of the distal end of the humerus.

The humeral palette as a whole bulges anteriody
(Fig. 16, lateral view) at an angle of 45" with the
shaft, so that the trochlea lies entirely in front of
the axis of the shaft. This realignment mllst be

achieved after the reduction of fractures of the
distal end of the humerus.

The side view of the humeral palette and of the
proximal end of the ulna,fi.rst pulled apart (Fig. 17)

and then reassembled in extension (Fig. 18) and in
90o flexion (Fig. 19), shows that the anterior bulge
of the humeral palette (Fig. 20) promotes flexion
only partially because of the obstruction provided
by the ulnar coronoid process (red arrow). It is

the coronoid fossa that allows flexion (Fig.21) to
be completed by delaying this impact. The two
bones are almost parallel but are separated (double
arrow) by a space that lodges the muscles.

In the absence of these two mechanical factors
(Fig.22) it is obvious that:

. flexion would be limited to 90o by the obstruct-
ing coronoid process (Fig.23)

. during flexion there would be no space left to
accommodate the muscles even if a sizeable hole
in the distal end of the humerus allowed the
two bones to come into direct contact (Fig.24).
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The ligaments of the elbow

The function of these ligaments is to keep the
articular surfaces in apposition and to direct move-
ments at the joint. They act like two stays on either
side of the joint: the medial collateral ligament
(Fig.25,after Rouvidre) and the lateral collateral
ligament (F ig. 25, aft er Rouvidre).

By and large these ligaments are fan-shaped, with
their apices attached proximally to the epicon-
dyles of the humerus roughly at the level of the
transvefse axis )C(' for flexion-extension (Eig.27 ,

after Rouvidre) and their free margins attached
distally around the edge of the trochlear notch of
the ulna.

A mechanical model of the elbow can be con-
structed as follows (Fig.28):

. Above, the fork of the distal end of the
humerus supports the articular pulley.

. Below, a half-ring (the trochlear notch of the
ulna) is continuous with the arm of the lever
(the ulnar shaft) and lits into the pulley.

. The ligaments are repfesented by two stays

continuous with the ulnar shaft and inserted at

both ends of the axis )C(' of the pulley.

It is easy to see that these lateral 'straps'have two
functions (Fig.29):

. to keep the half-ring encased in the pulley
(coaptation of the articular surfaces)

. to prevent any lateral movement.

If one of the ligaments snaps (Fig. 30), e.g. the
medial ligament (green arrow), a contralateral
movement follows (red arrow), with loss of con-
tact of the articular surfaces. This is the mech-
anism commonly encountered in dislocation of

the elbow, which is, in its fi.rst stages, a severe
sprain of the elbow due to rupture of the medial
ligament.

In greater detail

The medial collateral ligament (Fig. 25) con-
sists of three sets of fibres:

n. the anterior set (1), with its most anterior
fibres (Fig.27) strengthening the annular
ligament (2)

2. the intermediate set (3), being the
strongest

*, the posterior set, the ligament of Bardinet
(4), reinforced by the transverse flbres of
Cooper's ligament (5).

This diagram also shows the medial epicondyle

16;, from which arises the fan-shaped medial col-

lateral ligament, the olecranon (7), the oblique
cord (8) and the biceps tendon (9), which is

inserted into the radial tuberosity.

The lateral collateral ligament (Fig. 26) also

consists of three sets of fibres arising from the
lateral epicondyle (1 3):

. the anterior set (Fig.27" 10),which
strengthens the annular ligament anteriody

. the intermediate set (11), which strengthens
the annular ligament posteriorly

. the posterior set (12).

The capsule is reinforced anteriody by the
anterior ligament (71) and the oblique anterior
ligament (15) and posteriorly by the flbres of the
posterior ligament, which run transversely across
the humerus and obliquely from humerus to
olecranon.
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The head of the radius

The shape of the radial head is entirely determined
by its articular function:

. For axialrotation (see Chapter 3:Pronation-
supination) it is more or less cylindrical.

. For flexion<xtension of the elbow about
the intercondylar axis )O(':

- The radial head (Fig.31) must first
correspond to the spheroidal capitulum
humeri (A). Hence its upper surface is
concave and cup-shaped (B).It is as if a

half-sphere (C) with a radius of curvature
equal to that of the capitulum had been
removed from the bone. During pronation-
supination the radial head can rotate on the
humeral condyle regardless of the degree
of flexion or extension of the elbow.

- But the capitulum (Fig. 32) has a medial
border in the shape of a truncated cone, i.e.
the condylo-trochlear groove (A), so that
for congruence during flexion-extension a

wedge needs to be removed (C) from the
medial aspect of the radial head. This could
be achieved by shaving this wedge from
the radial head along a plane tangential (B)
to that of the trunk of the cone.

- Finally, the radial head not only glides on
the capitulum and the capitulo-trochlear
groove while turning on its axis XX', but
it can also simultaneously rotate about its
vertical axis (Fig.33) during pronation-
supination (B).Thus the smooth crescent
cut along the edge of the radial head (C)
extends for some distance along its
circumference, as if a shaving had been
removed by a razor during fotation of the
head (B).

The articular relatlonships of the radialhead
in extreme positions:

. In full extension (FiS.34) only the anterior
half of the articular surface of the radial head
is in contact with the capitulum; in fact, the
articular cartilage of the capitulum stretches as

far as the inferior end of the humerus without
extending posteriorly.

. In full flexion (Fig. 35) the rim of the radial
head reaches beyond the capitulum and enters
the radial fossa (Fig. 6, p. 81), which is much
less deep than the coronoid fossa.
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The trochlea humeri

rW-hen the elbow is fully extencled, the axis of the
forearm forms with that of the afm an obtuse angle
open laterally, and is not collinear with that of the
arm. This angle is more marked in women (Fig. 36)
ancl is known as the carrying angle of the arm
or cubitus valgus. It depends on the slope of the
trochlear groove, which does not lie in the sagittal
plane, as mentioned before (p. 86) In fact, the
trochlear groove is not vertical but oblique, with
individual variations. The set of diagrams (Figs

39-4, summarizes these different variations and
their physiological consequences.

Type l: most frequent type
(top row - A)

Anteriody (Fig. 39, anterior view of the
trochlea) the groove is vertical (black arrow);
posteriody (Fig.40,posterior view) it runs
obliquely distally and laterally.

When viewed in its entirety (Fig.41) the
trochlear groove spirals around its own axis,
whose variations are shown in Figure 37.

The functional consequences are the following:

. During extension (Fig.42,according to Roud)
the posterior aspect of the €lroove makes
contact with the trochlear notch of the ulna,
and its obliquity produces a similar obliquity in
the axis of the forearm. Hence, the forearm is
slightly oblique inferiorly and laterally, and its
axis falls out of line with that of the arm and
forms an obtuse angle with that of the latteq
i.e. the carrying angle of the arm (cubitus
valgus) (Figs 36 ancl37).

. During flexion the anterior pafi of the
groove is responsible for the direction of the
forearm and, as it lies in the vertical plane, the
forearm during flexion (Fig.43) comes to rest
exactly in front of the arm.

Type ll: less common type
(middle row - B)

. Anteriody (Fig 39) the trochlear groove runs
obliquely proximally ancl laterally; posteriody

the groove (Fig.40) runs obliquely distally and
laterally.

When viewed in its entirety (Fig. 4L),the
groove tfaces a true spiral around its axis.

During extension (Fig.42),the forearm runs
obliquely distally ancl laterally, with a carrying
angle similar to the one in type I.

During flexion Gig.43) the outward
obliquity of the anterior aspect of the groove
influences the obliquity of the forearm so that
it comes to rest slightly lateral to the arm.

Type lll: rare type
(bottom row - C)

Anteriody (Fig.39) the trochlear groove runs
obliquely distally and medially; posteriody
(Fig.40) it runs obliquely distally and laterally.

When viewed in its entirety (Fig.41), the
trochlear gfoove traces in space either a circle
that lies in a plane running obliquely distally
and laterally or a very tight spiral that is tilted
medially.

The functional effects are the following:

. During extension (Fig.42):the carrying
angle of the arm is normal.

. During flexion (Fig.43):the forearm comes
to fest medial to the arm.

Another consequence of this spiral configuration
of the trochlear groove is that the trochlea has not
one axis but a series of instantaneous axes between
the two extreme positions (Fig.37):

. an axis during flexion (D, which is

perpendicular to that of the flexed forearm F
(The most frequent type is illustratecl here.)

. an axis during extension (e), which is per-
pendicular to that of the extended forearm (E).

The direction of the axis of flexion-extension
changes progressively between the two extreme
positions; in other words, it consists of a series of
instantaneous axes between the two extreme
positions (Fig. 38, e ancl f).
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The limitations of flexion and extension

Extension is limited (Fie.14) by three factors:

'E 
" the impact of the olecranon process on

the deep aspect ofthe olecranon fossa

R. the tension developed in the anterior
ligament of the joint

#. the resistance offered by the flexor
muscles (biceps, brachialis and
supraspinatus).

If extension proceeds any furtheq rupture of one
of these limiting structllres must occur, as follows:

. 'fhe olecranon is fractured (Fig. 15,1) and
the capsule is torn (2).

. The olecranon (1) is not fractured (Fig.46) but
the capsule (2) and the ligaments are torn,
with posterior dislocation of the elbow (3).
The muscles are usually unaffected but the
brachial artefy can be torn or at least bruised.

Lirnitation of flexion depends on whether
flcxion is active or passive.

If flexion is active (Fig.47):

. The lirst limiting factor is the apposition of the
anterior muscles of the arm and those of the

forearm (white arrows), which harden as they
contract.This mechanism explains why active
flexion cannot exceed 11+5",and the more
muscular the subject, the more limitecl it is.

. The other factors, i.e. impact of the correspond-
ing bony surfaces and tension cleveloped in the

capsular ligament, are insignificant.

If flexion is passive (Fig. 48), secondary to an

external force (red arrow) that 'closes' the joint,
the following occur:

. The relaxed muscles can be flattened againsl
each other and flexion exceecls 145o.

. At this stage the other limiting factors come
into play:

- impact of the radial head against the raclial

fossa and of the coronoid process against
the coronoicl fossa

- tension in the posterior part of the capsule

- tension developed passively in the triceps.
. Flexion can then reach 160o, since it is

augmented by an angle a (Fig.47).
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The flexor muscles of the elbow

There are three flexor muscles:

"l " Brachialis (1) arises from the anterior
aspect of the humerus and is inserted into
the tuberosity of the ulna (Fig. 49). Since it
spans one joint, it is exclusively a flexor of
the elbow and is one of the rare muscles of
the body with a single function.

2. Brachioradialis (2) arises from the lateral
supra-condylar ridge of the humerus and is
inserted into the sryloid process of the radius
(Fig.49),acting essentially as a flexor of the
elbow and becoming a supinator only in
extreme pronation and even a pronator in
extreme supination.

3, Biceps brachii is the main flexor of the
elbow (Fig. 50,3).It is inserted mostly into
the radial tuberosity, and as a biarticular
muscle it arises not from the humerus but
from the scapula by two heads:

- The long head (4) arises from the
supraglenoid tubercle and passes

through the upper part of the shoulder
joint (see Chapter 1: The Shoulder).

- The short head (5) arises from the
coracoid pfocess.

By virtue of its two origins the biceps produces
articular coaptation of the shoulder, while its long
head is an abductor. Its main action is flexion of
the elbow. It also plays an important, though
secondary, role in supination (see Chapter l:
Pronation-Supination) with maximal efficiency
when the elbow is flexed at 9O". It can cause
dislocation of the radius (p. 96) when the elbow
is flexed.

The flexor muscles work to their best advantage
when the elbow is flexed at 9Oo.

In fact, when the elbow is extended (Fig. 51), the
direction of the fbrce exerted by the muscles is

nearly parallel (pink arrow) to that of the arm of
the lever.The centripetal component C, acting in
the direction of the centre of the joint, is the more
powerful but mechanically ineffective, while the
tangential or transverse component T is the only
effective force but is relatively weak or almost nil
in ftrll extension.

On the other hand, in mid-flexion (Fig. 52), the
direction of the force exerted by the muscle is

nearly parallel to that of the arm of the lever (pink
arrow = biceps; green arrow = brachioradialis) so

that the centripetal component is zero and the
tangential component coincides with that of the
muscular pull, which is then fully utilized for
flexion.

The angle of maximum efficiency lies between
80o and 90o lor the biceps.

For the brachioraclialis at 90" flexion, the muscu-
lar pull does not yet coincide with the tangential
component, and this coincidence occufs only at

100-110o, i.e. at an angle of flexion greater than
that for the biceps.

The action of the flexor muscles follows the physi
cal laws governing levers of the third type and so

favours range and speed of movement at the expense
of power.

There are also three accessory flexor muscles:

. extensor carpi radialis longus,lying deep to
the brachioradialis

. Anconeus (Fig. 49,6),mostly an active lateral
stabilizer of the elbow

. pronator teres,which, in the syndrome of
Volkmann's contfactufe. becomes a shortened
fibrotic cord that prevents full extension of
the elbow.
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The extensor muscles of the elbow

Extension of the elbow depends practically on
one muscle, i.e. the triceps brachii (Figs 53 and
51), as the action of the arlcolleus, although
notewofthy for Duchenne de Boulogne, is negli-
gible because of its weakness. According to other
authors it has an active external stabilizing ftinc-
tion at the elbow.

The triceps (Fig. 53, posterior view, and Eig. 54,
lateral view) consists of three fleshy heads,
which converge on a common tendon inserted
in the olecranon process but have different sites
of origin:

. The medial head (1) arises fiom the posterior
surface of the humerus below the spinal
grooYe for the radial nerve.

. The lateralhead (2) arises from the lateral
border of the humeral shaft above the spinal
gfooYe.

These two heads are therefore monoarticular.
. The long head (3) arises not from the humerus

but from the scapula at its infraglenoicl tubercle
and is therefore biarticular.

The efficiency of the triceps varies according to
the degree of flexion of the elbow:

. In full extension (Fig. 55), its muscular force
can be resolved into two components, i.e. the
centrifugal component (C), which tencls to
dislocate the ulna posteriody, ancl the more
powerful transverse component (T), which is
only active in extension.

. During partial flexion between 20o and 30o
(Fig.56) the centripetal radial component is
eliminated and the only efTective tangential
component (T) coincides with the muscular
pull. Hence in this position the effrciency of
the triceps is maximal.

. Subsequently, as the elbow is flexed further
(Fig. 57), the effective tangential component
(T) decreases as the centripetal component (C)
increases.

!

. In full flexion (Fig. 58) the triceps tendon is
reflectecl on to the superior surface of the
olecranon as on a pulley, and this arrangement
helps to offset its loss of efficiency. Moreover,
its maximally stretchecl fibres increase its
strength of contraction and ftirther compensate
for this loss of efficiency.

The efficiency of the long head of the triceps,
and so of the whole muscle, also clepends on the
position of the shoulcler because it is a biarticular
muscle (Fig. 59).It is easy to observe that the dis-
tance between its origin and its insertion is greater
when the shoulder is flexed at 90" than when the
arm hangs down vertically while the elbow stays
in the same position. In fact, the centres of the two
circles described by the humerus (1) and by the
long he acl of the triceps (2) do not coincide. If the
length of the triceps did not change, its insertion
could reach Or, but, as the olecranon is now at Or,
it follows that the muscle must be passively
stretched from O, to O,.

Therefore the tficeps is more powerful when
the shoulcler is in flexion or in protraction, since
the long heacl of the triceps redirects some of the
force generatecl by the flexor muscles of the shoul-
der (the clavicular fibres of the pectoralis major
ancl the cleltoicl) to enhance the power of the
extensors at the shoulder. This exemplifies one of
the functions of biarticular muscles. The triceps
is at its most powerful when the elbow ancl the
shoulder are flexecl at the same time (starting from
the position of 90' flexion), e.g. as when a wood-
cuttef strikes with an axe.

For the same reason, the triceps is more powerful
when the shoulder is flexed, since its fibres are
already pretensioned. The movement of striking a

blow fbrwards is renclered more efficient by the
transfbr of some of the strength of the shoulder
flexors to the elbow.

The triceps (long head) and the latissimus dorsi
form a functional adductor couple at the shoulder.
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Factors ensuring coaptation of the
articular surfaces

Coaptation of the articwlar surfaces in the
long axis of the ioint precludes dislocation in
extension, as when a force is applied downwards
(Figs 53 and 60), e.g. when one carries a bucket of
watef, or when a force is exerted upwards, e.g.

when one falls forwards on one's hands with the
elbows fully extended.

Resistance to longitudinal traction
(Figs 61 and 62)

Since the trochlear notch of the ulna covers afl arc
of a circle with an apex angle of less than 180o, it
cannot grip the trochlea of the humerus without
the help of the soft tissues. The apposition of the
articular surfaces is achieved by the following:

. the ligaments:the medial (1) and the lateral
collateral ligaments (2)

. the muscles: those of the arm, i.e. triceps (3),
biceps (4) and coraco-brachialis (5),and
also those of the forearm, i.e. brachioradialis
(6) ancl the muscles attached to the lateral
(7) and medial (8) epicondyles.

In full extension (Fig.621the beak-shaped olecra-
non hooks over the trochlea in the olecranon
fossa, thus imparting some mechanical resistance
to the humero-ulnar joint along its long axis.

On the other hand (Fig. 61), it must be noted that
the humero-radial joint is structurally unsuited to
withstand excessive tfaction, as nothing prevents
the radial head from being dislocated distally with
respect to the annular ligament. This mechanism
is thought to operate in the condition of painful
pronation in the child (i.e. the so-called 'pulled
elbow'). The only structure preventing distal dis-
location of the radius relative to the ulna is the
interosseous mernbrane.

!

Resistance to longitudinal
compression

This is provided by the bones involved:

. In the radius, pressufe is tfansmitted to the
head which is liable to fracture (Tig.65), i.e.
fracture by impaction of the neck into the head.

. In the ulna (Fig. 66S,it is the coronoid
process (aptly called the'console process'by
Henke) that transmits the pressure and is liable
to fracture, leading to an irreducible unstable
posterior dislocation of the elbow.

Coaptation during flexion

In the position of flexion at 9Oo, the ulna is per-
fectly stable Gig.63) because the trochlear notch
is surrounded by the two powerful musculo-tendi-
nous insertions of the triceps (3) and the coraco-
brachialis (5), which secure close apposition of
the articular surfaces.The anconeus also plays a

role in the process. On the other hand, the radius
(FiS.64) is liable to be dislocated proximally as the
biceps contracts (4). This dislocation is pre-
vented solely by the annular ligament.'il/hen the
ligament is torn, the simultaneous proximal and
anterior dislocation of the radius becomes irre-
ducible and can be produced by the slightest
degree of flexion of the arm following contraction
of the biceps.

The Essex-Lopresti syndrome

The state of the superior radio-ulnar joint inevita-
bly influences the function of the lower radio-
ulnar joint. Iflhen the radial head is broken or
impacted (Fie.67) or has been resected (Fig. 68),
the shortening of the radius (a) leads to disloca-
tion of the inferior radio-ulnar ioint, with
clinical complications.
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The range of movements of the elbow

The reference position (Fig. 69), used for mea-
suring the range of movements, is delined as the
position achieved when the axes of the arm and of
the forearm are collinear.

Extension is the movement of the forearm post-
eriody. Since the reference position corresponds
to full extension 6Fig. 69), the range of extension
of the elbow is zero by definition, except in peo-
ple, e.g. women and children, in whom great laxity
of the ligaments (Fig. 70) allows hyperextension
(hE) of 5-lO" (z).

In contrast, relative extension is always possible
from any position of flexion. V/hen extension is
still incomplete it is quantitated negatively. Thus
an extension of -4O" corresponds to an extension

that falls short of the reference point by 40o, i.e.
the elbow is still flexed at 40" when the elbow is

being tully extended. In the diagram (Fig.70) the
shortfall in extension is -ywhen flexion is +x. The
angle Dr represents the shortfall in flexion and
the useful range of flexion-extension is x-y.

Flexion is the movement of the arm anteriody so

that the anterior surface of the forearm moves
towards the anterior surface of the arm. Active
flexion has a range of 1z+O-145' (Fig.7l).k is easy

to measure without a goniometer using the closed-
fist test.The distance between the shoulder and
the wrist is equal to the width of the fist, because
normally the wrist does not touch the shoulder.
Passive flexion has a range of 160" when the exam-
iner pushes the wrist towards the shoulder.
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In flexion (Figs 73 and76) these three landmarks
now form an equilateral triangle lying in the coro-
nal plane tangential to the posterior aspect of the
arm (Fig.74). Figures 75 and 76 show the location
of these landmarks on the bone.

When the elbow is dislocated the relationships
among these landmarks are disturbed:

. In extension the olecranon reaches above the
interepicondylar line (posterior dislocation).

. In flexion the olecranon extends posteriody
beyond the coronal plane of the arm (posterior
dislocation).

Surface markings of the elbow

The three visible and palpable markings are these:

1. the olecranon (2),aprotninent midline
projection (the 'bump'of the elbow)

2. the medial epicondyle (1), medially

3, the lateral epicondyle (3),laterally.

In extension (Figs 72 and 75) these three land-
marks lie in a horizontal plane. Between the olec-
ranon (2) and the medial epicondyle (1) lies the
gfoove that contains the ulnar nerve, so that
any violent blow to the nerve in this position
causes an electric shock felt in the territory of
supply of the nerve (the medial border of the
hand). Laterally, below the epicondyle (J), can be
felt the head of the radius as it rotates during
pfonation- supination.
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The efficiency of the flexor and
extensor muscles

The positions of function
and of immobilizalion

The positions of function and of immobiliza-
tion of the elbow are delined thus (Fig. 77):

. The elbow is flexed at 90o.

. There is no pronation or supination. (The hand
lies in the vertical plane.)

The relative strength
of the muscles

As a whole, the flexors are slightly stronger than
the extensors, so that when the arm is relaxed the
elbow is slightly flexed;the more muscular the
subject, the more this is so. The strength of the
flexors varies with rotation of the forearm and is
gfeater when the forearm is pronated than when
it is supinated, since the biceps is more stretched
and thus more efficient. Its flexor efliciencv ratio
for pronation:supination is 5:3.

Finally, the strength of the muscle varies with the
position of the shoulder (S), as shown diagram-
matically ancl comprehensively in Figure 78:

The arm lies vertically above the shoulder
(A):

- The force exerted during extension (e .g.

lifting dumb-bells) equals 43 kg (arrow 1).

- The fbrce exerted during flexion (e.g. while
pulling oneself up) equals 83 kg (arrow 2).

The arm is flexed at 90'(F):

- The force produced during extension (e.g.
while pushing a hear,l,load for-wards)
equals l7 kg (arrow 3).

- The force produced during flexion (e.9.
while rowing) equals 65kg(.arrow 1).

. The arm hangs down vertically alongside
the body (B):

- The force exerted during flexion (e.g. while
lifting a heaqg load) equals 52 kg (arrow 5).

- The force exerted cluring extension (e.9.
while lifting oneself up on parallel bars)
equals 51 kg (arrow 6).

Therefore there are preferential positions where
the muscle groups achieve maximal efficiency; the
arm is below the shoulder for extension (arrow 6)
and above the shoulder for flexion (arrow 2).

Thus the muscles of the upper limb are aclapted
for climbing (Fig.79).
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Pronation-Supination
Pronation-supination is the movement of the forearm around its
long axis, and it involves two mechanically linked joints:

. the superior radio-ulnar joint, which anatomically belongs
to the elbow joint

. the inferior radio-ulnar joint, which is anatomically separate
from the wrist joint.

This axial rotation of the forearm introduces a third degree of
freedom into the articular complex of the wrist.

Thus, the hand, the effector extremity of the upper limb, can

be placed in any position to grasp or support an object. This
anatomical arrangement eliminates the need to have a triaxial ball-
and-socket joint at the wrist, which, as we shall see later, would
have given rise to serious mechanical complications.

Axial rotation of the radius is therefore the only logical and
elegant solution, even if it necessitates the pfesence of a second
bone, the radius, which by itself not only supports the hand but
also rotates around the ulna, thanks to the two radio-ulnar joints.

This architectural design of the second segment of the anterior
and posterior limbs appeared 400 mllllon years ago when certain
species of fish left the sea to colonize the land and transform
into tetrapod amphibians, thanks to changes in their flns. Our
remote marine ancesto! the crossopterygian, already had this
bony arrangement.
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Requirements for measuring
pronation-supination

Pronation-supination can only be studied when
the elbow is flexed at 90" and resting against the
body. In fact, if the elbow is extended, the forearm
is collinear with the arm and axial rotation of the
former is compounded with that of the latter
because of axial rotation at the shoulder.

Vith the elbow flexed at 9Oo:

. The position of reference or the intermediate
position or the position of null rotation
(Fig. 1) is defined as the position attained when
the thumb points superiorly. The palm faces
medially and there is no pronation or supination
of the arm.It is from this position that the
fanges of the movements of pronation and
supination are measured.

. The position of supination is achieved
(Fig.2) with the palm facing superiorly and
the thumb pointing laterally.

. The position of pronation is achieved
(Fig 3) with the palm facing inferiorly and
the thumb pointing medially. In fact, when
one views the forearm and the hand head-on,
i.e. along their collinear long axes:

- The hand in the intermediate position
(Fig.4) lies in a vertical plane parallel to the
sagittal plane of symmetry of the body.

- The hand in the position of supination
Gig.5) lies in ahoizontal plane and so the
range of the movement of supination is 90".

- The hancl in the position of pronation
(Fig 6) fails to reach the horizontal plane,
and so the range of the movement of
pronation is 85'. (Ve shall see later why
it falls short of 9O'.)

Thus the total amplitude of pronation-supination,
i.e . without associated rotation of the forearm, is

close to 180o.

When the movements of the rotation of the
shoulder are also included, i.e. with the elbow
completely extended, the total range of pronation-
supination is as follows:

. 36O" when the upper limb hangs down
vertically alongside the body

. 27O" when the upper limb is abducted to 90o

. 27Oo when the upper limb is flexed at 90"

. just over 180o when the upper limb lies
vertically in full abduction, conlirming the fact
that. when the arm is abducted at 180'. axial
fotation of the shoulder is virtuallv nil.



* *;sxsBs

LOt

Y

s #rffiffi{*

g s.rffiffils



r

The usefulness of pronatioll-supination

Of the seven degrees of freedom inherent in the
articular chain of the upper limb from shoulder to
hand, pronation-supination is one of the most
important, since it is indispensable for the control
of the orientation of the hand and allows the
hand to assume the best position for grasping an

object lying within a spherical sector of space

centred on the shoulder and for carrying that
object to the mouth. Thus pronation-supination
is indispensable for self-feeding. It also allows
the hand to reach any point on the body for
protection or grooming. In addition it plays an

essential role in all actions of the hand, especially
in doing work.

Thanks to pronation-supination, the hand (Fig.7)
can support a ttay, compress an object down-
wards or lean on a stable object.

It also allows one to spin or rotate an object
grasped with the middle of the palm and the fingers,
as when using a screwdriver (Fig.S), when the
axis of the tool coincides with that of pronation-
supination. Since a handle is grasped obliquely

by the entire palm (Fig. p), pronation-supination
alters the orientation of the tool as a result of
conical rotation. The asymmetry of the hand allows

the handle of the tool to lie an1-where in space

along the segment of a cone centred on the axis of
pronation-supination. Hence the hammer can hit
the nail at any controllable angle.

This observation exemplifies one aspect of the

functional coupling of pronation -supination
and the wrist joint, another aspect being the

dependence of abcluction-adduction of the wrist
on pfonation-supination. In pronation or in the

intermediate position the hand is usually ulnarly
deviated in an attempt to bring the dynamic
tripod of prehension into line with the axis of
pronation-supination. In the position of supina-

tion the hand is radially deviated, favouring a

supportive grip, e.g. carrying a tray.

This functional coupling makes it imperative to
integrate the function of the inferior radio-ulnar
joint with that of the wrist, though mechanically the

former is linked to the superior radio-ulnar joint.
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The radio-ulnar complex

The arrangement of the bones

The two bones of the forearm (Fig. 10) are now
considered to form a rectangular radio-ulnar
complex (Fig. 11) split by a diagonal running
obliquely and medially (Fig 12) and dividing it
into two parts: a medial part corfesponding to the
ulna and alateral part cofresponding to the raclius.

This diagonal is effectively the hinge (Fig. 13) that
allows the lateral (radial) part to rotate anteriody
for 180" and to swing in front of the medial (ulnar)
part (Fig. 14).

Such an arrangement would not account for the
cutritus valgus (Fig. 36, p.89) Thus, the angles

are adjusted at the levels of the oblique inter-
space of the elbow joint (Fig.15) so that the
hinge is shifted into a vertical position (Fig. 16)

and the cubitus ualgus (recl arrow) is restored in
extension- supination.

In the anatomical position, corresponding to the
position of complete supination, the two bones
(Fig. 17, anterior view) are arranged side by side in
the same plane and parallel to each other. The
diagram (Fig. 18) brings out their curvatlrres in e

slightly exaggerated form. A posterior view (Fig.

19) shows the same arrangement but inverted and
with similady inverted cltrvatllres, as illustrated

by the diagram in Figure 20. The two bones are
joined by the interosseous membrane, which
forms a flexible hinge.

'il4ren the radius is pronated (Fig. 21) it crosses

the ulna anteriody CFLS. 22). A posterior view
(Fig.23) shows the opposite, with the ulna par-

tially masking the radius, which is visible only at

both ends (Frq,.21).

It is important to point out that the two bones of
the forearm in the position of supination are

concave anteriody (Fig.25), as is well clemon-
strated in the side-view diagram of the two bones
(Fig.2(r).The importance of this arrangement lies

in the fact that during pronation (Fig.27) the
radius crosses over the ulna (Fig. 28),and thus its
distal head can extend farther posteriorly with
fespect to the ulna because the concavities of the
two bones face each other.

This biconcave arrangement increases the range

of pronation and explains why it is so important
to restore it (especially the radial concavity)
when one corfects displacements of the bones
caused by double fractures of the forearm. To

allow the radial shaft to remain buckled an-

terior$ is to accept beforehancl some limitation of
pfonation.
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The interosseous membrane

The interosseous membrane plays an essential
role in keeping together the two bones of the fore-
arm during pronation-supination (Fig. 29,anterior
view; Fig.30, posterior view) but is not the only
stfucture with this function.The other stfuctlrres
involved include these:

. the quadrate ligament (8), joining the
superior ends of the two bones

. the annular ligament of the superior radio-
ulnar joint (9), which is reinforced by the
anterior fibres of the latetal collateral
ligament of the elbow (10), by the anterior
fibres of the medial collateral ligament of
the elbow (11) from farther away, and posteri-
orly by the posterior fibres of the medial
collateral ligament of the shoulder (12)

. the anterior (13) and the posterior (11)
ligaments of the inferior radio-ulnar ioint,
as well as the articular disc (not shown), which
unite the distal encls of the two bones.

The interosseous membrane runs from the
medial border of the radius to the lateral border of
the ulna.It is made up of two bands of obliquely
criss-crossing fibres. The description of these
fibres is based on the recent work of L. Poitevin
(2001), among others.

. The anterior band consists of fibres running
obliquely inferiorly and medially from the
radius with the lowest flbres running the most
obliquely. In this continuolls band there are

three distinct reinforcing bundles:

- the proxirnal bundle (1), almost
horizontal

- the middle descending bundle (2), the
central bundle of Hotchkiss

- the distal descending bundle (3), the
most oblique.

. The direction of this sheet of fibres (black and
red arrows) prevents the radius from being
displaced superiorly (white arrow).

. The posterior band, much less cohesive, is

made up of fibres running obliquely in the
opposite direction, i.e. superior$ and medially
from the radius. T$o well-defined bundles
can be identilied:

- the proxirnal ascending bundle (4),

always present and strong

- the distal ascending bundle (5), separatecl

from the former by a translucent space (6),

which allows the anterior bundle to be seen.

. The direction of these fibres @lack and recl

arrows) prevents the clistal displacement of the
radius (white arrow).

The two proximal bundles are attached to the

medial border of the raclius at the level of the

clear$ visible interosseous tubercle of the radius
(7), located 8.4 cm below the interspace of the

elbow joint.

This flexible hinge (Fig.31) provides most of the

mechanical link between the two bones both
transversely and longitudinally:

. After the ligaments of the radio-ulnar joints
have been cut, and even after the ulnar ancl

radial heads have been resected, it is by itself
able to maintain the contact between the two
bones and to prevent displacement of the
radius along its long axis.

. Its posterior libres prevent distal displacement
of the radius (Fig. 32), which is not checked by
any bony contact.

Proximal clisplacement of the radius (Fig.33)
stretches its anterior fibres.'When the elbow is
extendecl, the radius transmits 6O% of the restrain-
ing force generated by the membrane while absorb-
ing 82% of the restrainin5a force generated at the
wrist joint. In this direction, displacement of the

radius is finally checkecl by the impact of the
radialhead on the humeral condyle. A severe

trauma can callse fracture of the radial head.

Tears in the interosseous mernbrane (Figs J4
and 35) are rare and most often go unrecognized.
The anterior fibres tear only when the superior
radio-ulnar joint is dislocated or when the radial
head is broken, since proximal displacement of
the radius is normally checked by its impact on
the humeral conclyle. W.hen the posterior fibres
are torn distal displacement is checked only by
direct contact with the carpal bones.
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Longitudinal displacement of the raclius beyond
the ulna is opposed not only by the interosseous
membrane but also by the long muscles of the
hand and of the fingers (Fig. 36), i.e. the flexors
(flexctr digitorum superficialis, palmaris longus
andflexor carpi rad.ialis) arising from the medial
epicondyle, ancl the extensors (extensor cligito-
rum communis, extensor carpi rad,ialis lc.tngus,

extensor co.rpi radialis breuis, extensr,tr carpi
ulnaris) arising from the lateral epicondyle. Three
muscles of the elbow joint (the supinator, the
pronator teres and th'e bracbioradialis) also con-
tribute to this eff'ect (Fig.37).

When heavy loads are cattied or when the
arm is stretched lengthwise by the weight of
the body, these muscles help to maintain the
stability of the radius along its long axis and to
keep the afticular surfaces of the elbow in close

contact.

One can explain the mechanical role of the
fibres of the interosseous membrane by look-
ing at the movement of one of its e lementary fibres
(Fig.38) as follows. Starting from its initial position
(1), its lateral eclge can move only along a circle
with centre (O) anchorecl in the ulna. Vhether
this movement (S) occurs superiorly (2) or inferi-
ody (3), it inevitably brings closer the interosse ous

margins of the radius and the ulna by a distance n.
The arrangement of the fibres running obliquely
relative to the clirection of pull increases its effi-
ciency. One can therefore state that the combina-
tion of two layers of fibres criss-crossing
obliquely is more efficient than a single layer
of transverse fitrres.

Another mechanism that ensures the approx-
imation of these bones is providecl by the

attachment of some of the forearm muscles, in
particular the flexors, to the anterior and posterior
surfaces of the interosseous membrane (Fig.39).
At rest (a), the gap between the two bones is maxi-
mal. In contrast, the pull of the flexors @) stretches
the membrane , reduces the gap between the two
bones and increases the coaptation of the artictl-
lar surfaces of both radio-ulnar joints when there
is the greatest need.

Finally, the forces acting during rotation are con-

siclerable; in men the couple producing pronation
generates a force equal to 7O kg/cm and that
producing supination 85 kg/cm;in women these

values are recluced by 5O%. The interosseolls
membrane acts as a sofit stop checking pronation,
thanks to the muscles of the anterior compart-
ment of the forearm. During supination 1Fig.40)
the flexors attached to it (Fig. 41) become more
and more compressed (FiS. 42) and stretch the
membrane fartheq thus bringing the raclius and

the ulna closer toFaether. The intervening mus-

cles initially prevent the direct contact of the
radius and the ulna, which can lead to fractures.
In the ref'erence position (the zero position) the
fibres of the membrane are maximally stretched,
ancl it is therefore the preferred position of
immobilization.

Until now, the interosseous membrane has been the
gfeat unknown in the fofearm, for it certainly
plays an essential role. It is possible that selective
stuclies using MRI will further our knowledge of
its ftinctional anatomy.
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The functional anatomy of the superior
radio-ulnar joint

The superior radio-ulnar ioint is a trochoid
(pivot) joint with cylindrical surfaces and one
degree of freedom, i.e. rotation about the long
axis of the two intedocked cylinders. It can there-
fore be compared mechanically to a system of
ball-bearings (Fig. 44).It consists of two nearly
cylindrical surfaces.

Tlae radial head (Fig. 45) has a cartilage-coated
rim (1), which is wicler anteriody and medially
and corresponds to the central component (l)
of the ball-bearing system. Its superior facet has

a concave surface, which corresponds to the
segment of a sphere (2) and articulates (Fig.49,
sagittal section) with the capitulum humeri (9).
Since the latter does not extend posteriody, only
the anterior half of the radial head is in contact
with it during extension. Its rim is bevelled (3),

and we have seen the significance of this obser-

vation 1p 87).

A fibro-osseous ring (F ig. 13, after Te stut), cleady
visible after removal of the radial head, corres-
ponds to the ollter compartment of the ball-
bearing system (Fi:g. 44, 5 and 6). It consists of
the following:

. The tadial notch of the ulna (6) is coated
by cartilage, concave antero-posteriody and
separatecl by a blunt ridge (7) from the
trochlear notch (Figs 46-48,8).

t

. The annular ligament (5, shown intact in Figs

43 and 5O and cut in Figs 46 and 47) is made up
of a strong librous band attached by its ends to
the anterior ancl posterior margins of the radial
notch of the ulna ancl is lined internally by
cartilage continuous with that lining the radial
notch. Therefore it serves as a ligarnent by
surrounding the radial head and pressing it
against the radial notch of the ulna, and also as

an articular surface in contact with the radial
heacl. Unlike the radial notch. it is flexible.

Another ligament related to the joint is the quad-
rate ligarnent (1), which is shown cut with the
radial head tilted (Fig. 47, after Testut). In Figure
48 (superior view, after Testut) it is shown intact
with the olecranon and the annular ligament
sectioned. It is a Iibrous band inserted into the
inferior borcler of the radial notch of the ulna
and into the base of the inner rim of the radial
head (Fig. 50, coronal section). Its two borders are

strengthened by the radiating fibres of the inferior
border of the annular ligament. Inferior to the
radial insertion of the ligament lies the radial tuber-
osity, into which is inserted the biceps (11).

The ligament reinforces the distal aspect of the
capsule. The rest of the capsule (10) encloses
within a single anatomical cavity the two joints
at the elbow: the ulno-humeral and the radio-
humeral foints.
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The functional anatomy of the inferior
radio-ulnar joint

Architecture and mechanical
features of the distal end of the ulna

Like its homologue, the superior radio-ulnar ioint,
the inferior radio-ulnar joint is a trochoid (pivot)
joint with roughly cylindrical surfaces and only
one degree of freedom, i.e. rotation about the axes

of the two intedocked cylindrical surfaces. The
first of these cylinclrical surfaces belongs to the
ulnar heacl.It is possible to view the distal end of
the ulna (Fig. 51) as the result of the telescoping of
a diaphyseal cylinder (1) into an epiphyseal cone
(2), in such a way that the axis of the cone is dis-
placed laterally and falls out of line with that of the
cylinder. From this composite structure (Fig.52) a

horizontal plane (3) removes a conical segment
(Fig. 53,4),leaving a distal cup-shaped surface cor-
responding to the distal end of the ulnar head (7).

Next (Fig. 54) a cutting cylinder (5) shaves off a

solid crescent (6) and thus shapes (Fig. 55) the
outline of the ulnar head (7). Note that the cutting
cylinder (5) is concentric neither with the diaphy-
seal cylinder (1) nor with the epiphyseal cone (2),

as it is displacecl laterally. Hence the shape of
the articular surface, which resembles a crescent
'wrapped'over a cylinder with its anterior and pos-

terior horns'encasing'the sryloid process (8) dis-
placed to the postero-medial aspect of the epiphysis.

In reality this surface is not quite cylindrical, but
rather conical (Fig. 56). The inferior apex of the

cone has an axis (x) parallel to that of the ulnar
shaft (y) and the cone has the shape of a cask (Fig.

57), as it has been fashioned by a surface conYex

outwarcls (h) All things considered, the distal sur-

face of the ulnar head is not really cylinclrical but
resembles a conical cask, which, when viewecl

head-on and to the side, is at its highest (h) anteri-

orly ancl slightly laterally.

The inferior surface of the ulnar head (Fig. 58) is

relatively flat and semi-lunar, with its point of max-

imal wiclth corresponding to the highest point (h)

on its periphery. Thus the following are aligned

along the plane of symmetry (arrow): the inser-

tion of the medial fibres of the extensof retinacu-
lum (green square) on the styloid process; the
main insertion of the apex of the triangular articu-
lar clisc (red star) on the styloid process;the centre
of curvature of the distal surface of the ulna (black

cross);ancl the highest point on its periphery (h).

On the medial aspect of the distal end of the radius
(Fig. 59) lies the ulnar notch corresponding to
the peripheral surface of the ulnar head.The cur-
vatlrre of this notch is the inverse of that of the
ulnar heacl. i.e. it is concave in both directions and

lies along the surface of a cone with an inferiody
pointing apex ancl a vertical axis (x).In its middle
poftion its height is equal to that of the outef suf-

face of the ulnar head (h).
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Structure of the inferior
radio-ulnar joint

The distal end of the radius has two articwlar
surfaces (Figs 60 and 61):

. The first is its concave inferior (carpal) surface
with a lateral area (8) articulating with the
scaphoid bone and a medial area (16) articula-
ting with the lunate bone. It is the larger of the
articular surfaces and is bounded laterally by
the styloid process (1).It will be described in
greater detail with the wrist joint.

. The second, the ulnar notch (3), lies inside
the fork formed by the two edges of its inter-
osseous border (2).It faces medially (Fig.61),
and is concave antero-posteriody and
proximo-distally. As shown previously, it can
be inscribed on the surface of an inverted
cone.It is at its highest in its mid-position
and articulates with the head of the ulna (4).

At its distal edge is inserted the articular disc (5),
which lies in ahorizontal plane (Fig.6Z, coronal
section) and even when normal often has a cleft
(6) in the micl-portion of its radial insertion. Its
apex is inserted medially into the following:

. the fossa between the styloid process of the ulna
(9) and the inferior surface of the ulnar heacl

. the lateral aspect of the styloid process of the
ulna

. the deeP aspect of the meclial collateral
ligament of the wrist.

The articular disc thus fills the gap between the
ulnar head and the os tfiquetfum and acts as an
elastic cushion, which is compressecl cluring
adduction of the wrist. Its anterior (10) and post-
erior margins are thickened into genuine liga-
ments so that it appears biconcave on section (Fig.
61). Its cartilage-coated superior surface articu-
lates with the inferior surface (7) of the ulnar head
(Fig.60). Its cartilage-coated inferior surface is
flush medially with the catpal surface of the radius
and articulates with the carpal bones. Thus the
articular disc:

. binds together the radius and the ulna

. provides adwalarticwlat surface proximally
for the ulnar head and distally for the carpal
bones.

The ulnar head is not in direct contact with the
carpal bones, since the articular disc forms a

partition between the inferior radio-ulnar and
the wrist joints (Fig. 63), which are also anatomi-
cally distinct joints unless the markedly biconcave
disc is perforated in the middle. Note that such a

perforation can also be of traumatic origin. The
insertion of its base is incomplete and contains a

cleft (6), an age-related change of degenerative
origin, according to some authors. Acting as a

'suspended meniscus'the articular disc forms
with the ulnar notch of the radius a somewhat
flexible articular surface for the ulnar head (Fig.

65). ft is also subjected to a variety of stresses:

traction (blue horizontal arrow), compression
(red vertical arrows) and shearing (green hori-
zontal arrows).These stresses often act in conceft,
and this explains why the articular disc is often
damaged in injuries to the wrist.

The articular disc is the main but not the only
strllcture that binds the inferior radio-ulnar joint
(Fig.66), and it is helped by the anterior (14) and
posterior (not shown here) ligaments of the joint
and also by other structures whose role has

recently been identified:

. the palmar expansion of the dorsal radio-
catpal ligament (13), which goes round the
medial border of the wrist

. the tendon of the extensof carpi ulnaris
(15),which is surrounded by a strong fibrous
sheath and runs in a groove lying medial to
the styloid process of the ulna on the posterior
surface of the ulnar head.

All these structllres form what can be called the
crossroads of the medial ligamentous complex
of the wrist.

The direction of the interspace of the raclio-ulnar
joint varies with indivicluals.In the vast majority of
cases (Fig.62, coronal section) it is oblique inferi-
ody and slightly medially (red arrow);more rarely

Glg.63) it is vertical;ancl exceptionally (Fie.64) it
is oblique inferiorly and slightly laterally.
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radio-ulnar ioint and ulnar variance
Dynamic features of the superior

The main movement (Fig. 67) is rotation of the
radial head (1) about its axis within the Iibro-
osseous ring (2), formed by the annular liga-
ment and the radial notch of the ulna. This
movement is limitecl (Fig.68) by the tension devel-
oped in the quadrate ligament (3),which therefore
acts as a brake in supination (A) and pronation (B).

On the other hand, the radial head is not qllite
cylindrical but slightly oval (Fig. 69);its great axis,
lying obliquely anteroJaterally, measllres 28 mm
and its short axis 24 mm.This explains why the
annular cuff of the radial head cannot be bony and
rigid. The annularligament,which makes up about
three-quarters of the cuff, is flexible and allows
some distortion, while holcling the radial head in
perfect fit in supination (A) and pronation (B).

There are four accessory movements:

* " The cup-shaped surface of the radial head (1)
rotates with respect to the capitulum humeri
(Fig.7l).

*. The bevelled ridge of the radial heacl (4)
(cf. p.87) glides in contact with the capitulo-
trochlear groove of the humerus.

G. The axis of the radial head is translatecl laterally
during pronation (Fig. 70) because of the oval
shape of the head. During pronation (B), the
great axis of the radial head comes to lie
transversely with a lateral shift (e) equal to
half the difference between the two axes of
the radial heacl, i.e. 2 mm in position X'.

This lateral displacement is of capital
importance; it allows the radius to move out
of the way of the ulna just in time for the
radial tuberosity to move into the supinator
fossa of the ulna, where the supinator is
inserted. The white arrow (Fig.67) indicates
this'creeping' moyement of the raclial
tuberosity'between'the radius and the ulna.

#" Moreover, we have alreacly seen that during
pronation (FiS.72) the radius, which lies
lateral to the ulna (a), ovedaps it anteriody
(b) with the following results:

- On the one hand, the axis of the forearm,
which was slightly oblique laterally
because of the cubitus ualgus,becomes
collinear with the axis of the arm (b) and

secondarily with that of the hand.

- On the other hand, the axis of the radius
becomes oblique inferiody and medially
so that the plane of the proximal surface
of the radial head is tilted distally and
laterally during pronation (Fig. 73, b) at an

angle y equal to that of the lateral
inclination of the radius.This accounts for
the change in direction of the articular
surface of the radial head.

The change in the direction of the axis of the radial
shaft takes place around au axis of rotation lying at

the centre of the capitulum humeri (Fig.74),and
it comes to lie anterior (red line) to the diagonal
of the radio-ulnar complex. As this diagonal is

longer than the long side of the rectangle, during
pronation the radius becomes shorter with
respect to the ulna by a distance r, with the fol-
lowing important effects on the inferior radio-
ulnar joint (Fig.75):

. In supination (a) the distal surface of the
ulnar head is overshot by the raclius by
1.5-2 mm, the so-called ulnar vatiantce,
which is cleady seen in anterior radiographs
of the wrist in supination ancl is due to the
thickness of the articular disc. This negative
ulnar variance can become abnormal as its
normal value passes from -2 to 0 of even to
+2 during impaction of the radius, which is

followed by severe ftrnctional disturbances at

the wrist joint.
. In pronation (b) the relatir'-e shortening of

the radius (r), which forms an angle (i) with
the ulna, allows the ulnar head to overshoot for
a distance of 2 mm without any aclverse effects
on a normal wrist. But if the wrist is abnormal,
the already positive ulnar variance with the
relative overshoot of the ulnar head can make
things worse and increase the pain.
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Dynamic features of the inferior
radio-ulnar joint

Let us assume at first that the ulna remains sta-
tionary and only the radius moves.In this case

(Fig. 76) the axis of pronation-supination extends
into the hand along the medial edge of the ulna
and the ffih finger (the axis has a red cross).This
is the case when the forearm is axially rotated
while maintaining contact with the table it is rest-

ing on. The dorsal surface of the thumb will touch
the table in supination (S), and its palmar surface

in pronation (P).

The main movement (Fig.77) is a rotation of
the distal end of the radius about the ulna. This
inferior view reveals the articular surfaces of the
radius and ulna after removal of the wrist bones
and of the articular disc. The radial epiphysis
revolves around the ulnar head, which is taken to
be circular and fixed, since the styloid process of
the ulna (in yellow) is stationary.

. Supination (S) has a range of 90".

. Pronation (P) has a slightly smaller range

of 85".

This movement of rotational spin is well demon-
strated by comparing the radius to a crank. Start-

ing with supination (Fig.78), the upper branch
of the crank (with the handle corresponding to the
radial head) rotates around its long axis (dashed red
line), while during pronation (Fig. 76) the lower

branch of the crank undergoes a circumferential
spin, i.e. a rotatiort combined with a displace-
ment along a circular path (pink arrow).

The lower branch of the crank turns along the sur-

face of a cylinder, which corresponds to the ulnar

head, and its rotation on itself is demonstrated by

the change of direction of the red arrow (Fig. 78)

towards the blue arrow (Fig.79).The radial styloid
process faces laterally during supination and medi-

ally during pronation.This circumferential spin is

similar to that of the moon, which rotates around
the Earth while maintaining the same face towards
it;only recently has the hidden face of our satellite

been seen.'ff/hen the radius revolves around the

ulna from supination to pronation, the geometric

congruence ofthe articular surfaces varies (Fig. 80),

for these feasons:

. On the one hand, the articular surfaces are not
geometrically perfect and have variable radii of
cufvatl-rre , which tend to be shortest at their
centfes.

. On the other hand, the radius of curvature of
the ulnar notch of the radius (blue circle with
centre r) is slightly greater than that of the
ulnar head (red circle with centre u).It is in
the intermediate position, also called'zero
position', that the congruence of the articular
surfaces is maximal.
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It is only in the intermediate position (Fig.81)
that articular congrllence is maximal.Thus supina-

tion (Fig.82) and pronation (Fig.83) are associatecl

with a relative loss of congruence, since only a

small part of the ulnar head comes into contact
with the ulnar notch of the radius. At the same

time their raclii of curvatllre are cliff'erent, adversely
affecting articlllar congruence.

In full pronation, there is a true posterior sub-

luxation of the ulnar head (Fig.88),which tends to
'escape'posteriody (black arrow), as it is poody
retained by the posterior ligament of the radio-
ulnar joint (in green).It is kept in place essentially

by the tendon of the extensor carpi ulnaris
(e.c.n.), which is helcl in its groove by a strong
fibrous sheath ancl'brings back'the ulnar head

towards the ulnar notch of the radius (white arrow);
the pronator quadratus (p.q.) has a sinrilar func-

tion. In the position of maximal congruence, the
highest point on the peripheral surface of the ulnar
head corresponds to the highest point of the ulnar
notch, when the radii of curvature coincide ancl

maximize contact between the articular surfiaces.

During movements of pronation-supination
(Figs 85-87), the articttlar disc literally sweeps the
inferior surface of the ulnar heacl like a windscreen
wiper. On this inf'erior surface (Fig. 84), three
points are alignecl along its greater diameter: the
centre of the sq4oid pfocess of the ulna (green

square), the site of insertion of the apex of the
articular disc (red star) in the groove lying between
the stvloid process and the afticular surface , and

the centre of curvature of the periphery of the

ulnar heacl (black cross). Since the ulnar insertion
of the articular disc is ofFcentre, tension devel-
oped in the ligament varies significantly with
its position, being minimal in full supination (Fig.

87) and in ftrll pronation (Fig.86), owing to its rela-

tive shortening (e).The shortening is explained by
the fact that, when a raclius of the large circle (e.g.

one fibre of the articular disc)'sweeps'the surface

of the small circle, it behaves like a secant of the
small circle whose length varies with its ptlsition.
This accounts for the variations in the tension
developecl by the fibres of the articular disc.

Consequently, the tension is maximal in the
position of maximal articular congruence,i.e .

the position corresponding to the highest point on

the periphery of the ulnar heacl, since the length
of the ligament between its insertion ancl the
periphery of the head coincicles with the longest

diameter. The articular disc, however, is reinforced

by two bands (one anterior ancl one posterior),

which are moderately stretchecl in the intermedi-
ate position (Fig. U5).In supination the anterior

band (Fig. t37) is stretchecl maximally and the pos-

terior is maximally relaxecl, while in pronation
(Fig. U6) the opposite occurs;this is the result of

the diff'erent excltfsions of the articular clisc. These

diagrams also show that, because of the differen-
tial clistribution of tension in the disc, the small

cleft at the base of its insertion becomes clistorte d.

Likewise, the central cleft, if of traumatic origin
and not :r normal variation, will tend to enlarge

cluring pronation-sttpination. Thus there is a

position of maximal stability for the radio-ulnar
joint that corresponds roughly to the intermediate
position. It is the 'close-packed' position of
MacConnaill with maximal congrlrence of the

articular surfaces combined with maximal stretch-

ing of the ligaments, but, since it is an intermediate
position, it cannot be viewecl as a tfuly lockecl

position. The diff'erential actions of the articular
disc and interosseous membrane are as follows:
. In full pronation and in full supination,

the articular clisc is partially relaxecl, while the
interosseous membrane is stfetched. Note that
the anterior ancl posterior ligaments of the
inferior radio-ulnar joint, which are weak
condensations of the capsule, play no role in
keeping the artictilar sttrfaces together or in
limiting joint movements.

. In the position of maximal stability, i.e. in
the intermediate position, the articular clisc is

stretched, while the interosseous membrane is

relaxed, except insofar as it is retightenecl by
the muscles attached to it.

. On the whole, the articular surfaces of the joint
are kept together by two anatomical stftlctures:
the interosseous membrane, whose essential

role is underestimated, ancl the articular disc.

Pronation is checkecl by the presence of the mus-

cles of the anterior compartment of the fbrearm
and the impact of the raclius on the ulna. Hence
the importance of the slight anterior concavity of
the radial shaft, which clelays the impact.

Supination is checked by the impact of the post-

erior end of the ulnar notch of the raclius on the
ulnar styloid process cushioned by the interven-
ing tendon of the extensor carpi ulnaris. It is not
restricted by any ligament or direct bony impact,

but it is checked bv the tonus of the pronators.
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The axis of pronation-supination

So far we have cliscussed the function of the in-
ferior radio-ulnar joint in isolation, but it is easy to
understancl that there is a functional coupling
of the inferior and superior radio-ulnar
ioints, which are mechanically linked, since
one joint needs the other in order to function.
This functional coupling depencls on the coupling
of the axes of the joints and the coupling of their
articular congrllence. The two radio-ulnar joints
are coaxial;they can function normally only when
their axes of movement (Fig. 89) are collinear
(XX') and coincide with the hinge of pronation-
supination,which runs centrally through the ulnar
and radial heads. For example, a cloor (Fig. 90)
cannot be opened easily unless the axes of its
hinges are perfectly aligned (a), i.e. collinear. If,
as a result of unforgivably bad workmanship, axes

I and 2 were not collinear (b), the door could not
be opened unless it were cllt into two indepen-
dent pieces that could be opened separately. The
same reasoning applies to these two joints when
the axes are not propedy aligned following a badly
reduced fracture of one or the other of the bones
of the forearm. The loss of collinearity of the
axes impairs pronation- supination.

'When the radius moves relative to the ulna around
the common axis XX' of the two joints (Fig. 89), its
path lies along a segment of a conical surface (C),

which is concave posteriody and has its base

inferiorly and its apex at the centre of the capitu-
lum humeri.

Supposing that the ulna stays pllt, pfonation-
supination is due to the rotation of the radial shaft
around the axis of the inferior radio-ulnar joint,
which is collinear with that of the superior radio-
ulnar joint. In this situation the axis of pronation-
supination coincides with the hinge of pronation-
supination.

I

If pronation-supination occurs arouncl an axis

passing through the thumb, the radius rotates
around the styloid process (Fig.91) of the ulna
around an axis that does not coincide with the

hinge of pronation-supination. As a result, the

inferior end of the ulna moves along a half-circle
inferiody and laterally and then superiorly and

laterally, all the while staying parallel to itself.

The vertical component of this movement can

easily be explained by a concurrent movement of
extension and then of flexion at the humero-ulnar
joint. Its lateral component used to be explained
by a concurrent lateral movement at the elbow,
but it is difficult to imagine how a moyement
of such a range (neady twice the width of the

wrist) could occur in such a tight hinge joint as

the humero-ulnar joint. Recently H.C. Djbay has

proposed a more mechanical and intellectually
satisfying explanation. It is the concurfent lateral
rotation (1.r.) of the humerus on its long axis that
displaces the head laterally (FiS. 92), while the

radius rotates on itself (Fig. 93) around a centre
of rotation (Fie. 94) lying right in the middle of
the radial head. This theory, implying the existence
of a latefal rotation in the scapulo-thoracic'joint',
could be verified by measuring the action poten-

tials of the rotator muscles of the humerus during
pronation- supination.

It is worth noting that this change of orientation
of the radius should calrse the axis of the hand to
tilt medially (Fig.95, red arrow). However, because

of the normal cubitus ualgus (Fig.96), the axis

of the elbow joint is slightly oblique inferiody
and medially, so that the hinge of pronation-
supination comes to lie in a longituclinal plane.

Thus pronation of the radius brings back the axis

of the hancl to lie exactly in that longituclinal plane

@lack arrow).
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If this hypothesis could be confirmed with accu-

rate radiographic and electroml'ographic stuclies,

the lateral rotation of the humerus should range

from 5o to 20" and should occur only during
pronation-supination with the elbow flexecl at

90".rWhen the elbow is fully extendecl, the ulna is
held fixed by the olecranon fitting snugly into its
fossa ancl, if the elbow is tightly immobilized, it
becomes clear that no pronation occurs while full
supination is still possible. This loss of pronation
is offset by medial rotation of the humerus. Thus
cluring elbow extension there is a'point of transi-
tion'where there is no associated rotation of the
humerus. Pronation is also limited to 45o when
the elbow is flexed. The humerus then appears to
be unable to fotate on its long axis, and so the
lateral displacement of the ulnar head must be

explained by a lateral movement in the humero-
radial joint.

Between these two extreme cases previously clis-

cussed, the axis of pronation-supination passes

through the ulnar or radial end of the wrist.In the
usual movement of pronation--supination,
centred on the dynamic tripod of prehen-
sion (Fig.97), the axis is intermediate in location
and lies along a third path,which passes through
the lower end of the radius (Fig. 98) near the ulnar
notch. The radius fotates on itself for neady 180o,

and the ulna is displaced without rotation along
an arc of a circle with the same centre, a displace-
ment made up of a component of extension (ext)
and a component of lateral movement (lat). The
centre of the ulnar head shifts from position O to

position O' while unclergoing circumferential
spin on the axis OO'.

Pronation-supination now becomes a complex
movement (Fig. 99) with an axis ZZ', which
cannot be physically represented in space and

is quite distinct fiom the hinge of pronation-
supination. This hinge, dragged along from axis X

to axis Y by the ulnar head, traces out the suf-

face of a segment of a cone (not shown), concave

antefiody in this case.

In sum, there is not a single movement of
pronation-supination but a series of such
movements,the most common occurring around
an axis that passes through the radius and around
which both bones'rotate', as in a ballet. The axis

of pronation-supination, generally distinct from
the hinge of pronation-supination, is variable
and cannot be physically defined in space.

The fact that this axis cannot be physically repre-

sented in space and is not fixed does not mean

that it does not exist; by the same token the axis of
fotation of the Earth woulcl not exist either.

From the fact that pronation-supination is a move-

ment of rotation it can be clecluced with certainty
that its axis exists in reality though it cannot be

physically defi.ned, that it rarely coincides with the

hinge of pronation-supination, and that its posi-

tion relative to the bones of the forearm clepends

on the type and the stage of pronation-supination
performed.
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In the intermediate position (Fig. 103) congruence
is perfect if the two angles of torsion are identical,
i.e. when the ulnar head is in contact with the
ulnar notch of the radius by its greatest diameter
and the radial head is in contact with the radial
notch of the ulna, also by its greatest diameter.

But if the angles of torsion of the two bones are

not identical,pronation- supination can be speeded
up or delayed. Thus when pronation is speeded up
(Fig. 104), the radial head contacts the ulnar notch
by its short cliameter. Likewise, when supination is

delayed (Fig. 105), the radial head can contact the
ulnar notch in an inappropriate position.

Thus congruence of the two radio-ulnar joints is

attained when the angles of torsion of both bones
are equal and therefofe congrlrence may not
always be attainable. A large statistical studywoulcl
no doubt help to establish the full spectrum of
these variations in the angles of torsion.

The co-congruence of the two
radio-ulnar joints

The ftinctional coupling of the radio-ulnar joints
also depends on their articular co-congruence.
Thus the position of maximal stability for both
ioints is attaine d at the same degree of pronation-
supination (Fig.1O0). In other words, when the
ulnar head (Fig.101) is in contact with the ulnar
notch of the radius at its highest point (h), the
same applies to the radial head (i) relative to the
radial notch of the ulna (Fig. 102). The planes of
symmetry (Fig.100) of the ulnar notch of the
radius (un) and of the radial head (rh), passing
through the highest points on their peripheral sur-

faces, form a solid angle open medially and anteri-
orly (red arrow). This angle of torsion of the
radius is equal to that of the ulna,which is cor-
respondingly measured between the ulnar head
and the radial notch of the ulna.

This angle can vafy from person to pefson, as can
be observed by looking at the distal end of the
ulna along its long axis.
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The muscles of pronation and supination

To understand the mode of action of these muscles,
the shape of the radius must be analysecl mechani-
cally (Fig. 106).The radius comprises three seg-
ments, which together give it roughly the shape
of a crank (c):

t. The neck (the upper segment running
obliquely distally and medially) forms an

obtuse angle with
€, the intermediate segment (the upper half

of the shaft running oblicluely clistally ancl

laterally);the apex (arrow 1) of this obtuse
angle, open laterally, coincides with the
radial tuberosity where the biceps is
insertecl. These two segments make up the
'supinator bend' of the radius.

*. The intermediate segment joins the lower
segment, which runs obliquely clistally and
medially, at an obtuse angle whose apex
(arrow 2) coincides with the site of insertion
of the pronator teres. These two segments
make up the'pronator bend'of the radius.

Note that the'radial crank'is tilted at an angle to
its axis (c).In fact, this axis XX' (red dashed line)
is the axis of pronation-supination and passes

through both ends of the arms of the crank and
not through the arms themselves. Thus the apices
of the two'bends'lie on either side of this axis.

The axis )O('is shared by both raclio-ulnar ioints,
ancl this common axis is essential for pronation-
supination, provided the bones are not fractured
simultaneously or separately. To move this crank
two mechanisms are available (Fig. 107):

'$. to unwind a cord coilecl arouncl one of its
arms (arrow 1)

*, to pull on the apex of one of the bends
(arrow 2).

These mechanisms form the basis of the mode
of action of the rotator muscles. The muscles of
pronation-supination are four in number ancl

fall into two groups. There is for each of these
movements:

t - a short flat muscle (arrow 1), which acts by
'unwinding'

*. a long muscle inserted into the apex of one
of the 'bencls'(arrow 2).

I

Motor muscles of supination

(Fig. 108, anterior view;Figs 111 and 112, the right
inf'erior segment seen from above)

$ " The supinator (1), wouncl arouncl the radial
neck (Fig. 111) ancl inserted into the supinator
fossa of the ulna, acts by'unwinding'.

ft" The biceps (2), inserted into the apex of the
'supinator bend'on the raclial tuberosity
(Fig. 112), acts by pulling on the superior
angle of the crank and attains maximal
efficiency when the elbow is flexed at 90".
It is the most powerful muscle of pronation-
supination (Fig. 108);hence one turns a

screwdriver by supinating the forearm
with the elbow flexed.

Motor muscles of pronation
(Figs 109 and 1 10)

*. The pronator quadratus (4), wrapped
around the inferior end of the ulna, acts by
'unwinding', so that the ulna'unwinds'
around the radius (Fig. 109).

#. The pronator teres (J), inserted into the
apex of the 'pronator bend', acts by traction,
its action is weak, especially when the elbow
is extended.

The pronator muscles are less powerftil than the
supinators, so that to Lrnscfew a jammecl scfeq
one mlrst take advantage of the movement of pro-
nation procluced by abduction at the elbow

T}re bracbioraclialis, despite its French name of
long supinator, is not a supinator but a flexor of
the elbow.It can supinate only fiom the position
of complete pronation to that of zero rotation.
Paradoxically, it becomes a pronator only from the
position of complete supination to that of zero
rotation.

There is only one nerve for pronation - the
median nefve. TWo nerves are necessary for supi-
nation: the radial nerve for the supinator and the
musculo-cutaneous nerve for the biceps. Thus the
function of pronation is more easily lost than that
of supination.
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Why does the forearm have two bones?

In all terrestrial vertebrates the forearm and the
leg have two bones each. This is a fact, but very
few anatomists have answered the question:Vihy
two bones?

Any attempt to provide a logical explanation must
resort to the red.uctio ad. ctbsurdum and imag-

ine a fictional biomechanical model of the forearm
to help explore how it could perform all its actions
with only one bone, an UlRadius.

To grasp objects the arm must be able to adopt
many varied positions, and this implies that the
articular complex from the shoulder must have

seven degrees of freedom, not one more, not
one less! Three degrees of freedom are needed to
allow the upper limb to be placed an]'where in
space, one degree is needed at the elbow for the
hand to be moved away from or towards the shoul-
der and the mouth, and three degrees are neecled
at the wrist for orientation of the hand. The logical
solution then would have been to place a spheri-
cal ball-and-socket joint like the shoulder at the
distal encl of the UlRadius. Let us then imagine the
biomechanical conseqlrences of such a stfllctufe.

At first there are two possibilities, depending on
whether the spherical component of this joint is

distal (Fig. 113) and forms part of the wrist, or is
proximal (Fig. 114) atthe distal encl of the UlRadius.

W'ould the Iirst solution impose fewer complica-
tions on the structure of the wrist? Let us, however,
look at the second solution. A ball-and-socket joint
at the distal end of the UlRadius is cleady a disacl-

vantage. Rotation, involving the two articular sur-

faces and taking place in a very tight space, gener-

ates shearing stresses in all the structures that
bridge the joint, including the tendons (Fig. 115).

The diagram of the wrist in perspective (a) shows

that any rotation of the distal articttlar surface will
shorten these bridging structures by a clistance (r).

A superior cross-section (b) shows that rotation in
both directions (c) and (d) forces the tenclon to
follow a longer path, thus provoking relative short-
ening associated with pseudo-contraction of the
muscle, which is diffrcult to offset, especially if the
hand is moved laterally (Fig. 117) from the straight
position (Fig. 116). The blood vessels face a similar
mechanical problem, which is easily understoocl
from the view taken in perspective (Fig. 118). The
arteries also undergo relative shortening, which is

combinecl with twisting but is more readily offset
because of their corkscrew natufe at fest. In the
solntion with two bones (Fig. 119) the ndialartery
is draggecl over its whole length during rotation of
the radius.
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The problems linked to the relative shortening of
the tendons preclude the placement of powerful
extensors and flexors of the hand in the
forearm. Therefore these muscles extrinsic to
the hand should now be located in the hand
as intrinsic muscles with serious if not cata-

strophic consequences, since the strength of a

muscle is proportional to its volume. One can only
imagine the equivalent mass of flexor muscles
in the palm of the hand (Fig. 121) to realize that
the hand would become almost useless for
grasping an object with the palm,which in the nor-
mal hand (Fig. 120) can accommodate a relatively
large object.

The shape and the volume of the hand would be
vastly altered (FiS.l22); the hand woulcl be trans-
formed into a 'battledore-hand' (a-b), i.e. huge,
cumbersome and cleprived almost entirely of its
functional and aesthetic value (c-d).

Such a structllre woulcl have an effect on that of
the whole body because of the increased weight
of the extremity of the upper limb (Fig. 123). The
barycentre or paftial centre of gravity of the
Llpper limb, normally lying close to the elbow
(blue arrow), would be displacecl distally close to
the wrist (recl arrow). This increase in the moment
of force generated in the upper limb woulcl recluire
strengthening of the scapular girdle and con-
sequently of the lower limb. This would result in a
new type of human being as shown in the com-
posite cliagram,where the left side is normal,while
the right side has become modihed by the simple
transformation of the wrist into a ball-and-socket
joint. This is a different pictlrre from the human
being we know (Fig. 126)!

Since the UlRadius solution is not workable, the
two-bone solution is the only viable one, with
splitting of the UlRadius into the ulna and the
radius. The question now centres on the arratage-
ment of the bones (FiS.l24). Their arrangement
in series is not practical (a), since the poody inte-
grated intedocked joint woulcl be too weak and
would not allow one to lift a piano or even a knap-
sacklThe only solution left is a side-to-side parallel

arrangement with two possibilities: one anterior
to the other (b) and one lateral to the other (c).If
the raclius lies anterior to the ulna (b), flexion at

the elbow is likely to be limited. The more practi-
cal solntion is to have the radius in the same plane
as the ulna but lateral to it, since this takes advan-

tage of t};re cubitus ualgus, i.e. the carrying angle
of the forearm.

The two-bone solution indisptttably makes the
architecture of the elbow and wrist more compli-
cated by bringing in two additional ioints, i.e.

the raclio-ulnar joints, but it solves some problems,
notably that of the vessels, which are no longer
twisted over a short distance, and also that of the
nerves. More important, it solves the muscle prob-
lem, the strong muscles can now be placecl in
the forearm as extrinsic muscles of the hand,
and the intrinsic muscles of the hand, weak and
light, can now become muscles of precision.
Most of the muscles attachecl to the radius fotate
simultaneously with it ancl change in length
without any'parasitic' effect on the fingers during
rotation of the wrist. The few flexor muscles
attached to the ulna also rotate along their entire
length, cancelling any 'parasitic' eff'ect on the
fingers.

The appearance of two bones in the intermediate
segment of the four limbs goes back 400 million
years (Fig. 126;) to the mid-Devonian periocl,when
ouf remote ancestof (an obscure fish, the Eusthe-
nopteron) left the sea fbllowing a change in its
pectoral lins and became a four-leggecl animal like
the modern lizatd <>r crocodile . The rays of its lins
were progfessively reorganized (a-b - c), as follows :

the proximal single ray became the humerus (h),
the subsequent two rays became the raclius (r) and
ulna (u), and the clistal rays gave rise to the wrist
bones and the five fingers. Since that time, the
prototype of the terrestrial vertebrate has
always had two bones in the forearm and in
the leg. Lateq among the more aclvanced verte-
brates, pronation-supination became increasingly
important and attained its maximal efficiency
among the primates and finally in Homo sapiens
(Fig. 126).



6et

*e[;].ls"i*!d
LJ
aAr I 

'l

aaI It I
lJt I

tit
r {lJ

= 
{_}

a.qts u-sJ-
( lf-t
\JU



Mechanical disturbances of pronation
and supination

Fractures of the two bones of
the forearm (Figs 127 and 128,
after Merle d'Aubign6)

The displacement of the fragments varies with the
level of the fracture lines and is determined by the
resultant muscular pull:
. If the fracture line lies in the upper third

of the radius (Fig.I27), the two separate
fragments are acted upon by antagonistic
muscles, i.e. the supinators acting on the upper
fragment and the pronators on the lower
fragment. Thus the gap between the fragments
due to the rotation of one fragment relative to
the other will be maximal with the upper
fragment in extreme supination and the lower
fragment in maximal pronation.

. If the fracture line lies in the rniddle of the
radial shaft (Fig. 128), the gap is less marked,
since the pronation of the lower fragment is
due only to the pronator quadratus and the
supination of the upper fragment is attenuated
by the pronator teres. The gap is then reduced
to half the maximum.

Therefore reduction of the fracture must aim not
only at correcting the angular displacement but
also at restoring the normal cllrvatures of these
bones, especially of the radius, as follows:
. The cufvature in the sagittal plane, concave

anteriody. If it is flattened or reversed, the
range of pronation will be curtailed.

. The cllrvatufe in the coronal plane, essentially
the'pronator bend'. If it is not propedy restored,
the range of pronation will be limited by the
decreased efflciency of the pronator teres.

Dislocations of the radio-ulnar joints

These rarely occur on their own because of the
mechanical linkage between the two bones, and
are usually associated with a fracture.

Dislocation of the inferior radio-ulnar joint

This is often combined with a proximal fracture
of the radial shaft (blue arrow), i.e. the so-callecl

Galezzi's fracture (Fig. 129).Ir is difncult to rreat
because of the persistent instabiliry of the dislo-
cated joint.

Dislocation of the superior
radio-ulnar joint

This has some similarity with the previous and
consists of anterior dislocation of the radial head
(red arrow) associated with a fracture of the ulnar
shaft (Monteggia's fracture) (Fig. I 3 0), produc ed
by direct trauma, e.g. a blow from a club or a trun-
cheon. It is essential to reposition the radial head,
which is rendered unstable by the pull of the
biceps (B), and to repair the annular ligament.

Consequences of the relative
shortening of the radius

The function of the radio-ulnar joint can be dis-
rupted by a relative shortening of the radius due
to any of the following:
. inadequate growth after an unrecognized

fracture in childhood (Fig. 132)
. congenital malformation of the radius, as in

Madelung's disease (Fig. 131)
. fracture of the distal radius, the most common

type being the Colles' fracture, which
predominantly afflicts the eldedy.It procluces a

true dislocation of the inferior radio-ulnar joint
in the coronal and sagittal planes, as follows:

- In the coronalplane,the distal encl of the
radius is tilted laterally (Fig. f 33), causing a
widening of the articular interspace
inferiorly.The pull on the articular disc
(Fig. 134) often uproots the ulnar styloid
process as it snaps at its base . This is the
G€rard-M archant fracture. The
separation (diastasis) of the articular
surfaces is made worse by a more or less
extensive rupture of the interosseous
membrane and of the medial ligament of
the wrist joint.

- In the sagittal plane the posterior tilt
of the fragment of the radial epiplrysis
interferes with pronation-supination.

-
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In the normal state (Fig. 135) the axes of the
radial ancl ulnar articular surfaces coincide.When
the two bones are separated (a) one can see that
the articular surfaces are confarllent. V4ren the
bones are brought together (b) the surfaces fit
snugly one into the other.

'When the distal epiphyseal fragment of the
radius is tilted posteriorly (Fig. 136, a) the
axes of the ulnar ancl raclial articular surfaces
form a solid angle open inferiody and posteri-
ody with loss of congruence of the surfaces, as

shown in diagram (b), where only the surfaces
and their axes are incluclecl. Permanent clislo-
cations of the inferior radio-ulnar joint often
cause serious problems with pfonation-supina-
tion, which can be treated by simple resection
of the ulnar head (Moore-Darrach's opera-
tion) or by a delinitive arthrodesis (immobiliza-
tion) combined with a segmental resection of
the ulnar shaft above the fracture in order to nor-
malize pronation- supination (Kapandii-Sauv6's
operation, Eig. 137).

Functional disturbances of the inferior radio-ulnar
joint can also result from clisturbances in the su-

perior raclio-ulnar joint, i.e. in the Essex-Lopresti
syndrome (Fig. 138). Relative shortening of the

radius can follow resection of the radial head
after a comminutecl fracture (a), excessive wear
andtear of the articular surfaces of the tadio-
humeral joint (b), or a fracture of the raclial neck
with impaction into the head (c). It results in
superior dislocation of the inferior radio-ulnar
joint (d), with an abnormal inferior overshoot of
the ulnar head, which can be measured by using
the ulnar variance index. Only the anterior fibres
(pink) of the interosseous membrane (Fig. 139)

can check the ascent of the radius. If these fibres
afe torn or inadequate, there follows dislocation of
the inferior radio-ulnar joint, i.e. the Essex-Lopresti
syndrome, which is diflicult to treat.

Our knowledge of the functional disturbances of
the inferior raclio-ulnar joint is in a state of flux,
but one can conclude that fractures of the distal
end of the raclius (the most frequent) need to be
well treatecl from the start.
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The position of function and
com pensatory movements

'One supinates with the forearm',as when one
turns a key in a lock (Fig. 140). In fact, when the
upper limb hangs down beside the trunk with the
elbow flexed, supination can take place only by
rotation of the forearm on its long axis at the radio-
ulnar joints. This can be called true supination,
since the shoulder does not participate in this
movement. This explains why paralysis of the
movement of supination cannot be easily com-
pensated. There is some compensation, however,
since complete paralysis rarely occurs, because
the biceps has a different nerve supply (musculo-
cutaneous nerve) from the supinator radial nerve.

'One pronates with the shoulder' (Fig.141).
On the other hand, during pronation the action of
the pronators can be augmented or replaced by
abduction of the shoulder. This movement takes
place when one empties a saucepan. Vhen the
shoulder is abducted at 90", the hand is normally
pronated by 90".

The position of function
of the forearm

For pronation- supination this position lies between
these two positions:
. the interme diate position (Fig.1zr2), e.g. while

holding a hamme r
. the position of semi-pronation at 30-45" while

holding a spoon 1Fig. 143) or when writing
(FiS.l1+4).

The position of ftrnction corresponds to a state of
natural equilibrium between the antagonistic mus-
cle groups so that expenditure of muscular energy
is minimal.

-

The movement of pronation-supination is essen-
tial for carrying food to the mouth. In fact,
when one picks up a piece of food lying on a hori-
zontal plane as on a table or on the ground, grasp-
ing takes place with the hand pronated and the
elbow extended. To carry it to the mouth the
elbow must be bent and the hand supinated to
present it to the mouth. The biceps is the ideal
muscle for this feeding movement, since it is at

once a flexor of the elbow and a supinator of the
forearm.

Besides, supination reduces the degree of
associated elbow flexion. If the same object
had to be carried to the mouth with the arm
pronated, a greatef clegree of elbow flexion would
be required.

The waiter test

As with the shoulder, the overall function of the
elbow can be evaluated by the waiter test. \il/hen

a waiter carries a tray above his shoulder (Fig.

145), his elbow is flexed and his wrist is in full
extension and pronation.When he lays the tray of
glasses down on your table (Fig. l16i),he carries
out a tfiple movement of extension at the elbow,
flexion at the wrist to the straight position and
above al1 full supination. Thus the waiter test
allows one to make a diagnosis of full supination,
even at a distance by telephone. Ifyou can carry a
full glass on a plate without overturning it, you
have full supination, an important movement in
everyday life, e.g. picking up change at a super-
market checkout or even begging at the church
door!
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The Wrist

The wrist is the distal joint of the upper limb and allows the
hand,which is the eff'ector segment,to assume the optimal posi-
tion for prehension.

The articular complcx of the wrist has two degrees of freedom.
When these are combined with pronation-supination, i.e. rota-
tion of the forearm arouncl its long axis, a third degree of free-
dom is added, and the hancl can be oriented at any angle to grasp
or holcl an object.

The nucleus of the wrist is the carpus, consisting of eight small
bones, which over the last 30 -vears have been extensivel,v stucliecl
by anatomists and by hand sllrgeons who operate daily on the
wrist. Thus knowledge of the subject has been completely revampecl
ancl provicles a better understancling of the verl' complex frurc-
tional anatomy of this mechanically disconcerting articular com-
plex, but we still need further stlldy to understand it firlll'.

The articular complex of the wrist consists in actual firct of tw<r
joints, includecl with the inferior radieulnar ioint in the same
fLnctional unit:

. the radio-carpal ioint (wrist joint) between the carpal surface
of the raclius and the proximal row of the carpal bones

. the mid-carpaljoint between the proximal ancl clistal rows of
the carpal bones.
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Movements of the wrist

Movements of the wrist (Fig. 1) occur ar<tund two
axes when the hand is in the anatomical position,
i.c. in ltrll supinrttion.

A transverse axis AA',lying in a coronal
plane ((,) and controlling the movements of
flexion-extension in the sagittal plane (S):

- Flexion (arrow 1):the anterior (palmar)
surfhce of the hand moves towards the
anterior aspect of the forearm.

- Extension (arrow 2):tl-re posterior (clorsal)

surf-ace of tl-rc hand moves towards thc
posterior aspect of the forearm. It is better
to avoid the terms clorsiflexion. which
contfaclicts the action of the extensor
muscles, irnd even more palmar flexion,
which is tautological.

An antero-posterior axis BB', lying in a
sagittal plane (S) ancl controlling movements
of adduction-abduction, which take place in

the coronal plane and are wrongll. called ulnat
cleviation or radial cleviation, following the lead
of anglophone authors:

- Adduction or ulnar deviation (arrow 3):
the hancl moves towards the axis of the
bocly, ancl its medial (palmar) b<trder forms
an obtuse angle with the meclial border of
the fbrearm.

- Abduction or radial cleviation (arrow 4):
the hancl moves away from the axis of the
body', and its later:rl (radial) borcler fbrms an

obtuse angle with the lateral border of the
fbrearm.

In actual f:rct, tlle natural movements of
wrist occur arouncl obliclue axes to produce
following:

. combined flexion and adduction

. combined extension and abduction.

148
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Range of movements of the wrist

Movements of abduction-adduction

The range of these movcments is measurecl from
tlre reference position (Fig. 2), i.e . when thc
'.rxis of thc hancl, which is shown cliirgramma-
ticallv as running through the ntidclle finger ancl

the thircl mct:rcarp:rl, ancl the axis clf the forearm
:rre collinear.

The range of abduction (raclial devi;ttion) cloes

not exceecl 15' 1nig. 3).

The range of adduction (ulnar cleviation) is 45'
(Fig.4), when tneasured as the angle between the
rcf'erence position irnd the linc joining the miclclle
of the wrist ancl the tip of tl-re miclclle frnge r (clashed

blue line).

This range varie s, howevel, being 30' if the axis of
tl-re hancl is trsecl firr measuremcnt and 55' if the
axis of the micldle linger is usecl. This is cluc ttl
the fact that aclclLrction of tl-re hancl is combinecl
with aclcluction of the fingers.

For practical purposcs the rangc of adcluction
1S r+) -

'I'l-re f<rllowing points need to be stressecl.

. The range of zrclcluction (or r.ilnal clevi:rtion)
is 2-3 timcs that of abcluction (or raclial
cle viation).

. T'hc range of- aclcluction is greater in sr.tpination
than in pronatiorr (Steding Bunncll), when it
falls slrort of 25-30".

In general, the range of abchtction ancl aclclttction
is minimal when the rvrist is fully' flexecl or
extenclecl. Lre cause of the tension clevelopecl in thc
carpal ligarncnts.It is maximal when the hand is in
the ref-erence position or slightl,v flexecl. because

the ligan-rents are relaxecl.

Movements of flexion-extension

The range of these movements is measltrecl fion.t

the reference position (Fig. 5), i.e . whcn the wrist
is straight ancl the postcrior aspect of the hand is

in line with the posterior surfnce of the forearm.

Thc range of active flexion (F'ig. 6) is 85', falling
just short of tl-re right angle.

The range of active extension (Fig. 7), u'ronglt,
called clorsiflcxion, is als<t f35', f;rlling short of the
right angle.

As in thc case of- abcluction ancl aclcluction, the
range clf these movements clepencls on thc clegree

of slackncss of the carpal ligaments. Flexion ancl

extension ate maxinitl when the hancl is ueither
:rbd uctecl nor aclcluctecl.

Passive movements of
flexion-extension

Tlre range of passive flexion (Fig.8) exccecls 90o

in prorlrtion. i.e. lOoo.

The range of passive extension (Fig. 9) exceecls

90', i.e. 95', in both pron'ltion aucl supination.
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The movement of circumduction

This is clefinecl as the combination of thc move-
ments of flexion-extension with those of aclcluc-

tion-abcluction. It is thus a single movement, tak-

ing place about the two axes of the wrist joint
simultaneousll'.

When circumduction is at its greatest, the axis of
the hand traces in spirce a conical surfirce , called
the cor-rc of circumcluction (Fig. 10), with its apex
O at tl-re centre of the wrist ;rncl a base delinecl in
the cliagram by, the points Il R, E ancl C, which trace
the path taken by the tip of the micldle finger dur-
ing maximal circr-rmduction.

l'his cone is not regular ancl its base is not circular,
because the range of the various clementar.v move-
ments involved in circumcluction is not symmetri-
cal with respect to the axis of the fbrearm OO'.
Since the range of movement is maximal in the
sagittal plane FOE and minimal in the coronal
plane ROC, the cone is flattenecl from sicle to side

and its base is ellipsoiclal (Fig. 11), with its great

axis FE running postefo-anteriorl,v.

This cllipse is clistortecl medially (Fig. 12) because

of the €areater range of ulnar deviation.Thercfbre
the axis of the cone of circttmduction OA cloes

not coincicle with C)O' but lies on its ulnar side

at an angle of 15o. tsesidcs, the position of the
hand in 15o aclduction is the position of ecluilib-
rium for the muscles controlling ulnar deviation
ancl so is one of the components <tf the position of
ftnction.

In aclclition to the base of the c<;ne of circumcluc-
tion (Fig. 11) one can observe the fbllowing:

. a coronal sectiou of the cone (Fig. 12),
inclucling a positiou of abduction (R), a
position of adcluction (C) ancl the axis of
the cone of circumchtction OA

. a sagittal section of the cone (Fig. 13) with
the position in flexion F ancl the position in
extension E.

Since the rangc of movernents of the wrist is less

in pron'ltion than in supit-t:ttion, it follows that the

cone of circumcluction is less open in pronation.
Nevertheless. bec:rnse of thc combinecl move-

ments of pronation-supinati<tn, the 'flattening' of
the conc of circumcluction can be offset in some

measllrc so that the axis of the hancl can lie
arrywhere within a cone with ntn angle of apertllre
of 160-170'.

In aclditi<-rn, as typicall-v occllrs in biaxial univer-
sal joints, i.e. biirxial joints with two degrees of
freeclom (see the trapezo-metacarpal joint later), a

concllrrent ot successive movement about these

axes gives rise to an automatic rotation, i.e. the
coniunct rotation of MacConaill, ;rround the
long axis of the rnobile se€arnent, i.e. the hancl. As

a resr.rlt, the palm contes to lie obliqueh' with
regarcl to the plane of the antelior aspect of the

forearm. This is clear'-cut only in the positions of
extension-aclch.rction ancl flexion-aclduction. Its

functional signilicance is diff-erent when the thumb
is involvecl.
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The articular complex of the wrist

This consists of two ioints (Fig. f 4):

$. the radio-catpal joint (1) between the
distal end of the radius and the proximal row
of the carpal bones

ff. the mid-carpal joint (2),between the
proximal and clistal rows of the carpal bones.

The radio-carpal joint

This is a condyloid ioint (Fig. 15). The articular
surface of the carpal bones (considered to a first
approximation as a single entity) exhibits two
convexities:
. an attteto-posterior or a sagittal convexity

(arrow 1), with a tfansvefse axisAA' relatecl to
the movements of flexion and extension

. a tfansverse convexity (arrow 2),more marked
than the former, with an antero-posterior axis

BB', relatecl to the movements of adduction
and abduction.

In the skeleton:

. The axis AA' of flexion-extension runs through
the interspace between the lunate and the
capitate.

. The axis BB' of abduction-adduction passes

through the head of the capitate.

The capsular ligarnents fall into two groups:

't 
" The collateral ligaments (Figs 16- 18):

- the radial collateral ligament (1),
extending fiom the radial styloid process
to the scaphoicl

- the ullar collateral ligament (2),
extending from the ulnar styloid process
to the triqlletrum and the pisiform.

The distal insertions of these ligaments lie
more or less at the'exit point'(red dot) of
the axis of flexion and extension (AA').

*. The radio-carpal ligaments (Figs 19-21,
lateral views), which will be cliscussed in
gfeater detail later:

- The anterior radio-carpal ligament
or rather the anterior ligamentous
complex (3) is attached to the anterior
edge of the concave distal surface of the
radius ancl the neck of the capitate.

- The posterior radio-carpal ligament
or rather the posterior ligamentous
complex (4) fbrms a posterior strap for
the joint.

Both these ligaments are anchorecl on the car-

pus at the 'exit points' (red dots) of the axis of
abduction-adduction BB'.

If, to a first approximation, the cafpus is considere d
as a monolithic structufe, as was thought l0 years

ago and is now known to be incorrect (see further
discussion later), the action of the ligaments of
the radio-carpal joint can be broken down as

follows:

. During adduction-abduction (Figs 16-18,
anterior views) the medial and lateral collateral
ligaments are active. During adduction (Fig.

17) the lateral ligament is stretched and the
medial ligament relaxes. During abduction
(Fig. 18) the opposite occurs, with a negligible
contribution fiom the anterior ligament lying
close to the centre of rotation.

. During flexion--extension (Figs 19-21,
lateral views) the anterior and posterior
ligaments are active. From the position of rest
(Fig. 19) the posterior ligament is stretched
duling flexion (Fig.20) and the anterior
ligament is stretchecl cluring extension (Fig.

21), while the collateral ligaments are barely
involvecl.
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The articular surfaces of the radio-carpal joint
(Figs 22 ancl 23;the numbers har,-c the same mean-
ings in both) arc the proximal row of the carpal
bones ancl its co1lc1lve antebrachiirl surf:rce. The
carpal surface (Fig. 23, anterior vicw. with the
Lrones pullecl apart) consists of thc juxtaposecl
proxim;rl surfaccs of the three proximal carp'll
bones arrangecl latcrr>mecliall1', i.e. the scaphoid
(1), the lunate (2) ancl the triquetrum (3), which
are linkecl bf interosseous ligaments (the scapho-
lunate = s.l. ancl the lunato-triquetral = l.t.).
Note that tl-re pisiform bone (4) ancl thc clistal
low of the carpal boncs, i.e. the trapezium (5),
the trapezoid (6), the capitate (7) ancl the
hamate (8), clo not belong to the radio-carpal
joint.These bones arc linkecl by interosseous lig'.t-

ments (ttapezo-trapezoidal = t.t, trapezoido-
capitate = t.c. ancl hamato-capitate = h.c.)

The proximal surf'aces of the scaphoid, hrnate
:rncl triqtretnrm ancl their interosseolls ligaments
are coatecl r,vith cartilage to form a continuous
articular surface, i.e. the c;r4;al surfTrcc of the
raclio-carpal joint.

Tlre lower half of Figure 22 (after Tcstut) shows
the clistal nspect of the joint, i.e. the articular'

surf'aces of the scaphoid (1), thc lunate (2) and

the triquetrum (3). The r,rpper half of Figure 22

shows the concave antebrachial surface of the
joint firrmecl bv the fbllor,ving:

. the distal articular surface of the radius
laterall,v, concave, carti lagc-coatecl ancl dividecl
b,v a blunt crest (9) into two f'ncets correspond-
ing to the scaphoicl (10) ancl the hamate (1l)

. the distal surface of the articular disc (12)

rneclially', coll cave ancl cartilage-coatecl. lts
apex is insertecl at the foot of the ulnar stvloicl
process (13) ancl the ulnar heacl (14), which
overreaches it slightlv anteriodl' ancl posteliorll'.
Its base is occasiorralh' incompletelr- attachecl.

sO that there is a tinl'cleft (15) alkrwing the
raclio-c'llpal ancl the inferior raclio-nlnar joints
to communicate.

Thc cirpsule (16), shorvn intact posteriorh', binds
togcthcr these two sets of- articular surf'aces. The

raclioscnpholnnate ligament ( I 7) carrie s the blood
l-esscls ancl extencls fiom the anterior borcler of
thc clistal racliirl articular surface to thc interosse-
ons scapholun;rte ligament. Its length aucl its flexi-
bilit.v allow it to firllow the carpus as it rnoves on
the raclial articnl;rr surfhce.
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The mid-carpal joint

This joint (Fig. 21. openecl posteriorll' (after
Testut)), ly'ing Lretween the two lows of carpal
bones, consists clf the fbllowing:

,: . the proximal surface (postero-inf'erior
vier,v), made up of thrcc bones arrangecl
latcrornecliallt' as folkrws:

- thc scaphoid, with two slightl,v convex
surf'nccs clistallt', one for the trapezium (1)
ancl thc othcr mecliall,v firr the trapezoicl
(2), ancl a clccply concave (3) meclial facet
for the capitatc

- thc clistal sr.rrface of the lunate (4), with
its clistal concavity articulating with the
heacl of thc capitatc

- the clistal surf'acc of the triquetrum (5),
c o lrc avc cli stall,v aucl laterallr', ?trticulating
witl-r tl-re prorimal surfurcc of the hamate.

Thc pisifirrm bonc, in contact with the
pirlmar snrface of the triquetmm, does not
bekrng to the micl-carpal joint and is not
shown in this cliagram.

"::, the distal surface (postero-snperior vierv),
consisting of tl-re folkrwing bones latero-
rnecliallr':

- tlrc proxim:rl surf'aces of the ttapeziwtn
(6) ancl thc trapezoid (7)

- the heacl of the capitate (8) in contact
u.-ith the scaphoicl ancl the lunate

- tl-re prorimal surf;tce of the hamate (9),
wl-ricl-r is mostlv in contact r'vith the
triqlletrllm Lrut ;rlso has a srnall facet (10)
in contact rvith tl-re lunate.

If one consiclels each low- of carpal lrones as a
single strllcture, then the micl-carpal joint has

two plrfts:

. a lateral part, consisting of plane surfaces
(trapezium ancl tlapezoicl in contact rvitl-r tl-re
base of the scaplLoicl). i.e. a plane joint

. a medial parl, macle up of the snrfaces of tl-re
heacl of the capitate ancl the hzurzrte, convex
in all planes ancl fitting into the concavitl'
offblecl b1,the three proximal caq;al bones,
i.e. a condyloid foint.

Thc head of the capitate forms a central hinge,
on which the lnnate can tilt lateralll' (Fig.25),
rotate arour-rcl its long aris (Fig. 26) lntcl abovc
all tilt antero-posteriorlv (Fig. 27), i.e. postcriodv
(a) into the position of volar intercalatccl sclalnent
instabilitl' ryfSD ancl anteriorlr' (b) into the posi-
tion of clorsal iutercalatecl segme1rt instabilitr-
(DISD (p l(r8).

The clistal rorv of c;rrpal bones forms a relativell,
ligicl stluctuLe, r.vhereas the proximal rou,, which
represents an 'intercalated segment' between
the raclius nncl the clistal rorv, can trnclergo all t1'pes
of movement, incltrcling clisplacements of one
bone relative to another. as a lestilt of the laxitt'
of the ligaments.
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The ligaments of the radio-carpal
and mid-carpal ioints
The clescription of these ligaments is in constant
flux, but we feel that N. Kuhlmann's (1978) ver-
sion offers the best explanation of their role in
stabilizing the wrist joint ancl especiallf in ensur-

ing its adaptation to the constraints imposecl by
moYements of the wrist.

Figure 28 (anterior view) shows:
. the two collateral ligaments of the raclio-carpal

joint
. the antefior racliocarpal ligaments, composed

of two bands

. the ligaments of the micl-carpal joint.

The two collateral ligaments
of the radio-carpal joint
. The ulnar collateral ligament, attachecl

proximally to the ulnar styloicl process :rnd

intricately admixed with the fitrres of the
articular disc at its apex (1).It then clivides

into a posterior stylo-triquettalband (2)
ancl an anterior stylo-pisiform band (3).

Accorcling to modern attthors, this ligament
plays a minor role in the physiology of the wrist.

. 'fhe tadialcollateral ligament, also made up of
two bancls attachecl to the radial styloid process:

- a posterior band, (4), running from the
apex of the styloicl process to a point just
bekrw the lateral aspect of the proximal
articular surfirce of the scaphoid

- an anterior band (5), very thick and strong,

extending fiom the anterior borcler of the
styloicl proccss to the scaphoicl tubercle.

The anterior radio-carpal ligaments
These afe composed of two bancls:

. Laterall)', the anterior radio-lunate band (6),

running oblicprel,v inferiorly ancl medially from
the anterior edge of the radiirl articular surface

to the anterior horn of the lllnatc;hence its
name of anterior brake of the lunate. It is
supplcmented meclially by the anterior ulno-
lunate ligament (7).

. Meclially, the anterior radio-triquetral band
(8) (rccognizecl by N. Kuhlmann) is attached
proximall,v to the meclial half of the anterior
eclge of the distal surface clf the raclius ancl to

the anteriol borclcr of the ulnar notch of the
r:rdius, where its fibres ale interwoven with
those of the anterior ligament of the inf'erior
radio-ulnar joint (9).This triangular ligament,
stout and fesistant, nms inferiody ancl mediallv
to be inserted into the anterior surface of the
triquetrum lateral to its articular surface ftrr the
pisiform. It fbrms the anterior portion of the
'triquetral sling', which will be cliscussed later.

The ligaments of the mid-carpal joint
. The radio-capitate ligament (10), running

obliquely distally ancl medially from the lateral
position of the anterior border of the distal
surface of the radius to the anterior aspect of
the capitate.It lies in the same ligamentolls
plane as the radio-lunate ancl the radio-
tricluetral bands and is thus an anterior
ligament fbr both the radio-citrpal ancl the
micl-carpal joints.

. The lunato-capitate ligament (12), stretching
vertically from the anterior horn of the lunate
to the anterior aspect of the neck of the capitate

ancl clirectly continllolls distally with the radio-

lunate ligament.
. Tlre triquetro-capitate ligament (13),

running oblicluel,v inferiody and laterally from
the anterior aspect of the triquetrum to the
neck of the capitate, where it forms a trlre
ligamentous rela1, station with tl-re two
previously clescribecl ligaments. The anterior
aspect of the capitate contains a point of
conver5aence of ligaments (14), i.e . the apex of
Poirier's V-sl-raped space, where tlre scapho-
capitate ligament is also inserted (11).

. The scapho-trapezial ligament (15),short
but broacl ancl resistant, linking the tubercle
of the scaphoid to the anterior aspect of the
trapezium above its obliclue crest ancl

supplementecl medialll' by the scapho-
trapezoiclal ligarnent (1 (r).

. The triquetro-hannatal ligament (17), which
is in effect the medial ligament of the mid-carpal
joint.

. Finall)., the piso-hamate (18) ancl the piso-
netacarpal ligaments (19), the latter alscr

bekrnging to the carpo-metacarpal joint.
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Figure 2! (posterior view) shows:
. l'lre posterior band (4) of the radial

collateral ligament of the radio-carpal
joint.

. Tlre posterior band (2) of the ulnar
collateral ligament of the radio-carpal
joint, with its fiLrre s intelwoven with those
of the articulal clisc (1).

. The posterior ligament of the radio-carpal
joint, consisting of the two fclllowing bancls

running obliqtrelv clistally ancl meclialll':

- The posterior radio-lunate band (20),
called the posterior brake of the lunate.

- The posterior radio-triquetral band
(21), with its mode of insertion fairl-v

similirr to that of its anterior homologue,
including thc dor.etailing of its libres with
the posterior ligament of tl-re raclio-ulnar
joint (22) on the posterior border of the
ulnirr notch of the rirclitrs. 'fhis bancl
completes tl-re'tricl,retral sling'.

The two transverse posterior straps of the
wrist:

- The proximal band (23), rr-rnning
tfansverse l)' from the postericlr aspect of
the triqlretrun] (25) to that of the scaphoicl
(24) 'ts it relal's through the posterior horn
of the lunate ancl sencls fibres to the radi'.rl

collnteral ligament ancl the posterior radio-
tricluetral ligament.

- The distal band (26), stretching obliquell'
lateralll' ancl slightll' clistall,v fi'om thc
postefior aspect of the tfiqlletrum tO that
of the trapezoicl (27) ancl to that of the
trapezillm (28) akrng the postericlr surface
of the c?rpitate.

The triquetro-hamate ligament (30), whose
posterior fibres arc insertecl into the posteriol'
aspect of tlLe triquetmm,'.rncl whicl-r acts ?ls a

relay station fbr the anterior ligaments.

Finalll', the posterior scapho -tr apezoid
ligament (29).

fi
!1
lll
lr
;l

irll
lr

I
i
i,

i

\:

t:
!

162



e9r

€:* #"ifleg5!*

- \ i'i\q'
1o 'lr.- =

"!i:, ---
."-*-ffi::-_ l/0t

9Z

SZ

tz
Z

LZ

L



The stabilizing role of the ligaments

Stabilization in the coronal plane

T'l-re prime flnction of the ligaments of the wrist is
to stabilize the wrist in the coronal ancl s;rgittirl
planes.

In the coronal plane (Fig.30,diagrammatic view
fronr the front) the ligarnents are essential because
the concave antebrachial surfacc of the wrist joint
faces inf-eliorll' and meclialll', so that as a whole it
can be representecl by a planc running obliquel,v
ploximo-distally' ancl meclio-laterallr. at an angle
of 25-30' with the llorizontal plane. As ir resrilt of
the pull of the longituclinal muscles, when the
calplls is in the straight position, it tends to slip
proximally and medially in thc clirection of
the recl arrow.

On the other hancl, if the carpus is adducted t<r

approximatell, 30' (Fig. 31). thc comprcssir-c
firrce of the muscles (wl-rite arrow) now acts pef-
penclictilar to the pl;rne of movement previously
mentionecl ancl stabilizes tlle carpus b,v bringing
back the carpal bones into the centre of the
joint. Therefore this position of slight adclnction
is the nattral position of the wrist, i.c. the posi-
tion of ftnctiou, coincicling with thc position of
maximal strbilitt,. Converseh' (Fig. 32), when the

wrist is abducted, horvever slightlr', the compres-
sirre firrce of the long muscles accentuates the
instabilit,v ancl tencls to clisplace the carp;rl bones
prcximalh. and meclialll' (recl arrow).

The ulnar ancl raclial collateral ligaments of the
raclio-carpal joint, running lengthwise like the
muscles themselves, ciurnot check this clislocating
effect. As shorvn by Kuhlmann, thc firll brunt is

borne bv the two radio-triquetral bands of the
anterior and posterior ligaments of the tadio-
carpaljoint (Fig. 33), as thel'run oblicluel.v proxi-
nallv ancl lateralll'ancl thus keep the carpal bones
in position (white arrow) b,v preventing their
meclial clisplacement (recl arrclw).

Figure 3,1 (postero-medialview) shows thc distal
encl of the radius after removal of the clistal encl

of the ulna. Nso seen are the ulnar notch of the
radius (1) ancl the tricluetrum (2). flankecl b.v thc
pisiform (3) after remol'al of the other carpal bones
(not shou.n l-rere).'I'he triquetfum ancl the raclius

are linkecl b1, trvo laclio-triquetral ligaments, nnte-
rior (4) ancl posterior (5), which constitr,rte the'tri-
quetral sling', resporrsible for exerting a perma-
nent proximal ancl meclial pull on the tricluetrun-r
1'his sling, zrs we shall see later, pl:ws a vital role in
the mecllanics clf the carpus cluring abduction.
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Stabilization in the sagittal plane

In the sagitt'al plane roughly similar events take
place.

Because the concave proximal articular sur-
face of the radio -carpal joint points distally, and
anteriorl.v (Fig. J5,lateral view,where the centre of
rotation of the lunato-capit?rte ioint is marked by, a

black cross), the proximirl carpal bones tencl to
slicle proximally ancl anteriorly in the direction of
thc rccl arrow, i.e. in a plane parallel to that of the
proximal surfhce of the joint, irt an angle of 2O-25"
to the horizontal.

When the wrist is flexed 30-40' (Fig. 36) the
muscular pull (rccl arrcws) tencls to displace the
carpal bones in a planc perpenclicular to the prox-
imal surface of the radiocarpal joint, thus rcposi-
tioning ancl stabilizing these bones.

Thus the role of the ligaments (Fig. 37) is rela-
tively redr-rcecl. The anterior ligaments are relaxecl

ancl inactive, whereas the postefior brake of the
Iunate ancl the proximal bancl of the transverse
carp'll ligament are stretchecl, thr.rs bringing the
Iunate ancl the antebrachial surf'ace of the joint
ckrser together (recl arrow).

When the wrist is in the straight position (Fig.

3U), the tensions clevekrpecl in the anterior ancl

posterior ligaments are eclual, ancl as a rcsult the
carpal bones are stabilizecl in contact with the

antebrachial surface of the joint.

Rut when the wrist is extended 619. 39) the

tendencl'of the citrpal bones to escape proximallv
ancl anterior\'(recl arrow) is reinforced. Unclcr thesc

circ umstances, the ligaments become essential
(Fig. ,i0), not so much the posterior ones, which
are slackenecl, as the anterior ones, which clevelop
a tension proportional to the degree of extension.
Their deep surfhces displace the hmate and the
heacl of the cirpitate proximallv and posteriorll'
(led arlow), therebl' repositioning and stabilizing
the ploximal row of the carpal bones.
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The dynamic properties of the carpus

The lunate pillar

It is known that the carplls is not a fixed structure,
and the concept of it as a monolith no longer cor-
responds to reality. In fact, one mllst keep in mind
a geometrically vafiable carpus, which alters
its shape as a result of the relative movements
of the bones, producecl by bony contacts and
ligamentous restraints. These elementary move-
ments have been extensively studied by Kuhlmann,
as they occur in the median pillar of the lunate
ancl capitate ancl in the lateral pillar of the scaph-
oid, trapezium ancl trapezoid.

The dynamic properties of the median pillar
depencl on the asymmetrical shape of the lllnate,
which is bulkier and thicker anteriody than poste-
riorll'. Thus the head of the capitate is capped by a

variably shaped lunate, resembling a Phrygian cap
(Fig.41), a Cossack's hat (Fig. 49) ot even a turban
(Fig. 50); rarely it resembles a symmetrical two-
pointecl hat (Fig. 11),and in this case it is the head
of the capitate that is asl.mmetlical, with a greater
oblicluity anteriorly. In about 5O% of subjects, the
lunate resembles a Phrygian cap as it lies wedge-
wise between the capitate ancl the concave articu-
lar surface of the radio-carpal joint. Thus the effec-
tive distance between these two structlrres varies
with the degree of flexion-extension of the wrist.

When the wrist is straight (Fig.45), this distance
corresponds to the mean thickness of the lunate.

When the wrist is extended (Fig. 46), the dis-
tance is less, since it corresp<,rncls to the minimal
thickness of the lunate.

When the wrist is flexed (Fig.47), the distance
is increased, since it corresponds to the full thick-
ness of the bulkier portion of the lunate.

However, the obliquity of the antebrachial sur-
face of the wrist joint is also added to this effec-
tive clistance ancl thus can neutralize some of its
eff'ects. Thus it is when the wrist is straight that
the clistance between the centre of the head of the
capitate and the antebrachial articular surface of
the wrist joint is maximal as measllred along the
long axis of the radius.

When the wrist is extended (Fig. 46),the proxi-
mal 'ascent' of the head of the capitate is partly
cancelled by the clistal'descent'of the posterior edge

of the proximal surf'ace of the wrist joint. When
the wrist is flexed (Ftg.47),its'descent'is partlv
cancelled by the 'nscent'of the anterior border of
the proximal surface of the wrist joint. Thus the

centre of the head of the capitate lies in both cases

roughly at the same level (h), i.e. slightly proximal
to its position when the wrist is straight (Fig.45).

On the other hand, when the wrist is flexed
(Fig.47), this centre unclergoes an anterior dis-
placement (a) equal to more than twice the pos-

terior displacement (p) occurring during exten-
sion. As a result. the tensions and moments of
force developed by the flexor and extensor mus
cles of the wrist are inversely relatecl.

Classicalll', flexion is greater at the radio-carpal
(50') than at the mid-carpal joint (35') ancl con-

versely extension is greater at the mid-carpal (50")
than at the radio-carpal joint (35').This is certainl,v
true for the extreme fanges of movement, but in
movements of small range the degree of flexion
and extension is almost equal in both joints.

Because of the asymmetry of the lunate, the
carpus is very sensitive to the relative location of
the lunate in the articular complex. When the
wrist is in the straight position (Fig.48), the lunate
is helcl down securely by the anterior and poster-
ior ligame ntous 'brakes'. If then the lunate is tilted
anteriorly (Fig.49) or posteriorl.v (Fig. 50) without
any flexion of extension of the capitate relative to
the laclius. it can be observecl that the centre of the
capitate is displaced proximally (e) as well as pos-

teriorly (c) or anteriolly (b) respectively. 11st..
the localizecl instability of the lunate, caused by
rlrpture or overstretching of its anterior (Fig.49) or
of its posterior (Fig. 50) ligamentous 'brake', will
spread through the capitate to the entire carpus.

The stability of the lunate clepends on the intact-
ness of its attachments to the scaphoid and the tri-
quetfum. If its attachment to the scaphoid is bro-
ken, it tilts anteriody (Fig. 51) by extension into
the radio-carpal joint, causing what the Americans
call DISI (clorsal intercalatecl segment instability).
If its attachment to the triquetrum is lost, it tilts
posteriorly (Fig.52) by flexion into the radio-carpal

loint caviry causing VISI (volar intercalated seg-

ment instabilitl). These two terms have become
very important in explaining the pathology of
the carpus.
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The scaphoid pillar

The dynamic properties of the lateral piTlar
depend on the shape and spatial orientation of the
scaphoid.In Figure 53 Gateral view) the scaphoid
is kiclney-shaped or bean-shaped,with its proximal
rounclecl end corresponcling to the concave distal
articular surface of the radius and its distal end
forming the tubercle in contact with the trapezoid
(not shown) and the trapezium.It lies cleady ante-
riol to the trapezoid and the capitate because it is
the starting-point of antepulsion, i.e. move-
ment of the thumb anterior to the plane of
the palm. Consequently the scaphoid is iammed
obliquely between the radius and the trape-
zius,with the degree of obliclueness depencling on
its shape. Thus the scaphoid canbe kidney-shaped
and 'lying down' (Fig. 53), bent and 'sitting
down' (Fig.54) or mostly straight and 'erect'
(Fig.55). The'lying down'scaphoicl is the most fre-
quent type and will be shown in the diagrams.

Because of its elongated shape, the scaphoid has a
long diameter ancl a short cliameter (Fig. 56), so

that contact with the articular surfhce of the radius
ancl the proximal surface of the trapezium varies
with the position of the scaphoid. This underlies
the variations in the effective distance between
these two bones.

In the neutral position (Fig. 57), i.e. when the
wrist is straight, this distance is maximal. Then the
scaphoicl ancl the distal surface of the radius are

in contact at a and a', arrd the scaphoid and the
centre of the proximal surface of the trapezium
are in contact at b and g. The anterior ligaments,
i.e.the raclio-scaphoid (pale green) and the scapho-
trapezial (dark green) ligaments, are neither
stretched nor relaxed.

During extension (Fig.58) the efTective distance
is reduced as the scaphoicl rises and the trapezium
moves posteriody. Contact between the articular
surface of the radius ancl the scaphoid occurs at
c-c', and between the trapezium and the scaphoid
at d-g. The point of contact c' on the radius is

more antefior, while the point of contact cl' on the
clistal surface of the scaphoicl is more posterior.
The tension in the anterior ligaments checks these
movements.

In flexion (Fig. 59), the clistance between the
radius and the trapezium is also reduced, but
more so than during extensi<tn. The scaphoid
lies down completely flat ancl the trapezium slicles

proximalll'. The following finclings deserve special
mention:

'8. The contact points (e, e', f and g) move on
the articular surfaces of the raclins ancl of the
scaphoid (Fig.60) as follows:

- On the radial artictlat surface the
point of contact in extension (c') lies
anterior to the point of contact in the
neutral position (a') and both of these
contact points lie anterior to the contact
point in flexion (e').

- On the proximalafticular surface of
the scaphoid the contact point (e) in
flexion lies anterioq the contact point (c)
in extension lies posterior and the contact
point (a) in the neutral position lies in
between. On the distal articular surface of
the scaphoid the contact points have the
samc relative location, i.e. f fbr flexion
lying anterior, d fbr extension lying pos-
terior ancl b fbr the neutral position lying
in between.The important point in terms
of clisease is that the'lying ckrwn'scaphoid
exefts maximal presslrre on the posterior
part of the radial articular surface
(a' ancl e), which is the seat of incipient
osteoafthfitis secondary to abnofmal
scapho-lunate relationships (see later).

R. The effective diameters of the scaphoid
ab, ccl ancl ef, corresponding to the neutfal
position, extension and flexion respectively,
are almost parallel and almost eclual, with cd
and ef being neady par:rllel, ab ancl ef being
almost equal ancl cd being slightly shorter. So

the anterior tilt of the scaphoid reduces
the'effective distance' between the
radius and the trapezittrn.

"t. The displacement of the trapezium rela-
tive to the radius (Fig.61):in the neutral
position (N), in flexion (F) ancl in extension
(E) the locations of the trapezium lie along
the arc of a circle concentric with that of the
distal surface of the radius, while the trapezium
also rotates on itself through an angle equill
to the angle subtended by the arc of a circle
representing its excursion from F to E. Hence
its proximal surface always points towards
the centre of the circle C.

So farwe have discussecl the concrrrent movements
of the scaphoid anrJ trapezir.rm. Later the isolatecl
movements of the scaphoid will be discussed.
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Movements of the scaphoid

Located in the miclclle of the lateral pillar, the
scaphoid is jammed between the trapezium ancl
the trapezoicl clistally ancl the articular surface of
the radius proximally so that it tencls to tilt antefi
ody during flexion and come to lie underneath
the radius.

. The first stabilizing factor (Fig.62) is its
attachment to the trapezium by the very
important scapho-tra pezial ligament, t<r

the trapezoid by the scapho-trapezoidal
ligament and to the capitate by the
scapho-capitate ligament.

. The second stabilizing factor (Fig.63) is the
strong radio-capitate ligament, extencling fiom
the anterior border of the radial sq4oid process
at the centre of the relay station of the ligaments
to the anterior aspect of the capitate. As it
runs obliquely inf'eriody and meclially, it folms
a tie-like sling along the anterior aspect of the
scaphoicl in a clepression lying between its
proximal articular surface ancl its tubercle.
When stretched, this ligament brings back
the inferior pole of the scaphoid posteriorly
(arrow). More important (Fig. 61+,anterior
view), when the scaphoid tilts anteriorly to
lie down underneath the radius (arrow), the
radio-capitate ligament checks this tilting
movement.

. The third stabilizing factor (Fig.65) is the
tendon of the palntaris lonS;us, which runs
anterior to the scaphoid in a fibrous tunnel

towarcls its inseftion into the anterior surf'ace
of the base of the seconcl metircarpal. Figure 66
(lateral view) clemonstrates perf'ectly how
contraction of tlris tendon (green arrow) pulls
back the scaphoid posteriorly (recl arrow).

The tilting movements of the scaphoid can be

represented diagrammatically in the following
lateral views:

. When the scaphoid lies flat in flexion
(Fig.67) after being pushed by the first two
metacarpals (led arrow), its inf'erior pole slides
on the proximal articular surfaces of the
trapezium and of the trapezoicl (curved red
alrow). This movement is controlled by the
tension developecl in the scapho-trapezial and
the scapho-trtpez<-idal ligaments and also in
the raclio-capitate ligament (shown as a

transparent stfucture). At the same time, its
proximal pole rotates uncler the concave
articular surface <tf the radius and hits its
posterior margin. Furthermore, the contraction
of the palntaris longus pulls it back
posteriorly.

. When the lateral pillar is being stretched
(Fig.6tl) by the first two metacarpals (recl
arrow), the scaphoicl rights itself, helped by
the contraction of tlte palmaris longus,which
checks the elongation of the pillar. Meanwhile
its base slides posteriorly on the trapezium and
the trapezoid, and its proximal pole goes back
into the concavity of the raclial articular
surface.

172



t,Lt

gs +Jd'!#E:d

tss #.Ef!sts



174

The scaphoid-lunate couple

Kuhlmann divides the movements of flexion-
extension of the wrist into for.rr sectors (Fig. 69):

$ " Tlre sector of permanent adaptability I,
extending up to 20". The elementary
movements are small ancl clifficult to
recognize, the ligaments stay slack and the
pressure on the articular surfaces is minimal.
The most common movements take place in
this sectoq ancl normal mobility must be
restorecl here after any operation of tfauma.

*" The sector of everyday movements II,
extending to 4O". The ligaments begin to be
stfetchecl and intra-articular pressufes start
to rise . [Jp to this point, the movements
occurring at the wrist and mid-carpal joints
have roughly the same range.

S" The sector of increasing physiological
restraints III, extending up to 80". The
tensions developecl in the ligaments and the
intra-articulaf pfessufes rise to a maximum
to achieve eventually the locked or close-
packed position of MacConaill.

4" The sector of pathological restraints fV,
exceeding 80o. From this point onwarcls, move-
ment can only occur if ligaments are torn
or forcibly overextended. This event, often
clinically undetectecl, can then lead to insta-
bility s6 the wrist and secondary fracture
or dislocation. as will be discussecl later.

These notions of re straint and locking of the joints
are essential for the understancling of the asyn-
chrony of the locking mechanism of the lunate
and scaphoid pillars during extension of the wrist.

In effect, the locking of the scaphoid pillar in
extension (Fig.71), due to maximal stretching of
the radio-scaphoicl (1) ancl the scapho-trapezial
(2) ligaments and jamming of the scaphoid
between t}:.e trapezium ancl the articular surface
of the radius, precedes the locking of the lunate
pillar in extension (Fig. 70), which is due to
stretching of the anterior radio-lunate (8) and the
lr.rnato-capitate (.1) ligaments and also to the bony
impact of the posterior aspect of the neck of the
capitate on the posterior edge of the proximal
articular surface of the wrist joint (black arrow).

Thus extension goes on in the lunate pillar when
it has already stopped in the scaphoid pillar.

Starting from the position of flexion CFig.72,
lateral view of the lunate and scaphoid together),
at first (Fig.73) the scaphoid and lunate move
together dr.rring extension and then (Fig. 74) the
scaphoicl comes to a halt, while the lunate tilts
forwards 30o more thanks to the elasticity of the
interosseous scapho-lunate ligament. Thus the
total range (S) of movement of the lunate (l) is 30"
greater than that of the scaphoid (s).

This scapho-lunate ligament (Fig.75, view of
the medial aspect of the scaphoicl), shown here in
pink and transparent after it has been excessively
stretched (L), links the two acljacent surfaces of
the scaphoid and lunate. It is stronger ancl thicker
posteriody than anteriorly, ancl its proximal sur-

face is covered b,v cartilage continuous with that
covering the adjacent bones. This ligament is rela-
tively pliable and can be twisted (Fig.76) along its
axis X. Relative to the scaphoid the lunate can
move as follows:

. It can tilt anteriody, into the position of
dorsal intercalated segment instability (DISI),
since the lunate lies posterior to the radius
(hence the other term dorsal instability).

. It can tilt posteriody, into the position of
volar intercalatecl segment instability (VISD

because the lunate comes to lie anterior to the
raclius (hence volar or palmar instability).

In the norrnal state (Fig.77) the lunate lies neatl,v

sicle by sicle with the scaphoid and can move for
3O' 6ig.7U). These relative movements can be rec-
ognizecl by the changes in the scapho-lunar
angle, fbrme cl by the contolrr line of the scaphoid
(blue clotted line) ancl the line running through
the two horns of the lunate (red clotted line). This
angle is measurecl between the extreme positions
of flexion ancl extension of the wrist. Vhen the
scapho-lunate ligament is torn (Fig.79), the
whole of the lunate tilts anteriody into the DISI
position and closes the scapho-lunate angle,which
is normall.v around 60o but can be reclucecl to 0o,

as shown by the two parallel lines in the cliagram.
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The geometrically variable carpus

The carpus is a grouping of eight bones, seven
of which contribute to the geometry of what
can be called the'carpal pillar'. For the last 30

)'eafs, the carpus has no longer been viewed as a

monolithic complex, ancl the complicatecl elemen-
tary movements that influence its stfuctlrre are

now well known. It can be thought of as a bag of
walnuts (Fig. U0) and it is clistorted by the pres-

sufes exerted during movements of the wrist, but
these distortions are not fandom, as in the case of
real walnuts. They are organized and logical,
because the shape of each bone is moulclecl by
its movernents, which are directed by the inter-
osseous ligaments.

Abd uction-add uction

It is during these movements that changes in the
shape of the bones are the most obvious, as evi-

dcncecl by a careflrl study of anterior racliographs.

Abduction

During abduction (F-ig. fll) the whole carpus
rotates arouncl a centre located in the head of
the capitate, while the proximal row of carpal
bones (arrow 1) moves proximallv and medially
so that half of the ltnate comes to lie distal to
the ulnar heacl and the triquetrum pulls away
from the lunate distally. This clisplacement of the
triquetnlm is soon checkecl by the meclial col-
Iateral ligament (M) of the raclio-carpal joint, and
urbove all b1. the'triquetral sling'(S). Thus halted,
the triqlretfum now acts as a check for the hamate.
If abcluction goes on, only the distal row of carpal
bones can move, as fbllows:

. Tlre trapezium trncltrapezoid move proximally
(arrow 2), reclucing the eff-ective clistirnce
between the trapezinm and the raclius.'Wedged
between the trapezium (2) ancl the radius (3),
the scaphoicl shortens bv'lving d<;wn'into
flexion (f ) in tlie raclio-carpal joint (Fig.83) and
extension in the micl-carpal joint (e).

. The capitate moves distally (arrow 4), incleasing
the available space for the lunate, which is held
in check by the anterior raclio-lunate ligament.
It tilts posteriorly (Fig.84) into flexion (f ) in
the radio-carpal joint and presents its widest
diameter. At the surme time the capitate moves

posteriorl-v into extension (e) at the mid-carpal
joint. As the scaphoicl shoftens, the capitate
ancl the hamate can slide proximally under the
lirst row of carpal bones (red arrows). The
triquetlum, helcl in check by its three
ligaments,'climbs' over the hamate towarcls
the heacl of the capitate.When the carpal
bones stop moving relative to one another',
the locked or close-packed position is
reached in abduction.

Adduction

During adduction (Fig.82) the whole carpus starts

to rotate but this time the proximal row moves
distally and lateralll', while the lunate slips com-

pletely under the raclius, ancl the tfapezium and

trapezoicl (arrow 1) move clista"lll', therebl- increas-

ing the available space for the scaphoid. The latter,
pulled distalll' by the scapho-trltpezoiclal ligament,
rights itself (Fig. 86) anteriorlf into extension (e)

;rt the radio-carpal joint ancl lilling the empty space

rmcler the radius. Concullentl.v the trapezium slides

anteriorly uncler the scaphoicl into flexion (f) at

the micl-carpal joint. As the clistal'clescent'of the
scaphoid (arrow 2) is checkecl b.v the lateral liga-

ment of the racli<,r-cirrpal joint (E), adduction pro-

ceecls in the clistal bones, which move lelative to

the proximal bones (red arrows) as fbllows:
. The head of the capitate slips under the

concave surface of the scaphoid, the lunate
slips over the head of the capitate to hit the
hamate, ancl the triquetrum' clescends' distally
along the sl;rnting strfhce of the hamate.

. Meanwhile, the triquetlum rises 'lnteriorl.v
(arrow 3) as it hits the ulnar head (alrow 4),
cushionecl b,v the articular disc, thus transmitting
stresses from the h;rnd tcl the fbrealm.

The capitate moves proximall,v (arrow 5),
reclucing the usefll space fbr the lttnate , which,
as the anterior radio-lnnate ligament slackens,
can tilt anteriody (Fig.85) with extension (e)
at the radio-carpal joint ancl present its
narrowest cliameter. At the same time the
capitate also moves anteriody with flexion (f)
at the micl-carpal joint.

\Vhen the carpal bones come to a halt, the
locked or close-packed position is reached
in adduction.
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Dynamic properties of the
proximal row

If the scaphoicl-lunate couple (inset, p. 177) is
comparecl cluring abcluction (dark) ancl during
aclcluction (light), it is clear that the two bones
unclergo inverse changes. During abduction the
firnctional surface of thc scaphoid clecreases and
looks like a ring on racliogr:rphs, while that of the
Iunirte increases; the converse is tme in adcluc-

tion. These changes result fiorn movements of
flexion-extension in the two joints of the carplls
as fbllows:

. During abduction (Figs 83 ancl 8,1), flcxion
in the raclio-carpal is cancellecl b1'exteusion in
the micl-carpal loint.

. During adduction (Figs 85 and 86), conversell.,
extension in the raclio-carpal is offset b.v flcxion
in the micl-carpal joint.

Thus one can logicalh' clraw the fbllowing colr-

clusions:

. W'rist flexion is couplecl with abduction at
the radio-carpal and with adduction at the
mid-carpal joint.

. Wrist extension is couplecl with adduction
at the radio-carpal and abduction at the
mid-carpal joint.

Tl-rus the rnechanisrn proposecl b1, Henke is

confirmecl.

As regards the shape ancl position of the proxi-
mal pole of the hamate, stntistic:rl racliographic
stuclies have establishecl that it consists mostlv
(71%) of a small tncet in contact with the lun?rte

all the time (Fig.87) ancl is better ablc to transmit
stfesses, whereas in a minoritl' of cases (.29%) its
proximal pole is pointecl (Fig.88) ancl comcs into
colrtact with the lunate onll' during aclcluction.
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The intercalated segment

The proximal row of carpal bones is more mobile
than the clistal row, which can be consiclered as an
almost monolithic stnrctr.rrc in practicc. It lies
between the concave anteblachial surfacc of the
wrist joint ancl the clistal rorv; hence its name of
intercalated segment. This row (Fig.89, anterior
view),with no muscle attachments,is helcl together
bf interosseous ligaments ancl is subjectecl t<r

stresses coming from the acljacent stntctures.V4ren
it is cclmpressccl as a single strllctufe between the
distal row ancl thc articular sr.rrface of the radius its
three bones tilt anteriorll- in flexion and (Fig. 90,
lateral view) stretch the pirlmar interosseous liga-
ments (double vcllow arrow) and the posterior'
radio-carpal ligaments (clouble blue arrow). More-
oveq intedinked as the_v arc b1' the scapho-h.rnate
ligament laterall.v ancl thc triquetro-lunate liga-
ment meclialll', these three boncs do not undergo
exactl)' the same tilting movcmcnt:

. '['he scaphoid lics clown more than the
semilunate tilts antcfiodl', ancl it rotates
slightlf into pronation (blue arrow) on the
heacl of the capitatc (Fig. 89).

. The tfiquetrum slicles on the proximal surface
of the ham'lte along a spilal path ancl rotates
slightly into sulrination (blue arlow).

During these movements the tricl"retrum is clrir''en

bt' its palmal ligaments (Fig. ! l):
. the capito-tricluetral ligamcnt, which forms the

me dial arm of Poirier's V-shape cl spacc (1)
. tlle tricluetrcl-capitate ligamcnt (2)
. the h;rmato-tf iquetral ligament (3).

'fhe movemelrts of thc tfiquctrum (Tri) are essen-

tially guiclecl b,v the 'triquetral sling'(Kuhlmann)
whose anterior (4) ancl posterior (5) bancls (after
lemoval of the raclius) can be seen in the cliagram

The sling imparts to the bone a screwing move-

ment on the hamate (Ham) (I.'ig.92, lateral view
after removal of the capitate) combining flexion
and supinirtion (blue arrow).

This novement is e\ren firore clear-cut during
aclcluction (Fig. 93) as the triquetrlrm is lotated
into sr.rpinirtion try its palmar ligaments, particr.r-

lady the lateral arm of Poirier's V-shapecl space
(recl arrow).

At the samc timcr, thc gap between the ulnar heacl

ancl thc tfiquctfum rlarf()ws, :rs cloes the usefll
space mecliallv bctween thc tricluetrum ancl thc
hamate. as a resnlt of the ulnar cleviation. On the
whole, tl-re l-reight of the meclial portior-r of the
carpLrs is reclucecl.
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Dynamic aspects of
adduction-abduction

During abduction (Fig. 94), anterior radiographs
show that the carpus rotates distal to the proximal
articular surface of the wrist joint arouncl a centfe
located roughll'between the lunate and the capi-
tate (star), with the capitate tilting laterally ancl the
lunate (darker) moving medially to come to lie just
clistal to the inferior raclio-ulnar joint. Laterally the
scaphoicl tilts anteriody in flexion and loses some
of its height; it sinks uncler the radius and presents
its ring-shaped tubercle. In realitl' this rota-
tion occurs arouncl a slightly shifting axis, since
globally the calpus is displaced laterall,v until the
scaphoicl hits the radial sq4oid process, which
extencls farther distally than the ulnlrr styloicl
pfocess. As zr result, abcluction comes to an end
before aclcluction. Meclialll', the triquetrum moves
15 mm away flsm the ulnar head.The range of
this movement, as measllred along the axis of
the thircl metacirrpal, is 15'.

During adduction (Fig.95), the capitate tilts
meclialll' ancl thc whole of the lunate (darker)
moves laterally distal to the raclius towarcls the
articulirr surface of the wrist joint that corresponcls
to the ltnate. Meanwhile the scaphoid moves pos-
teriod_v in extension and pfesents its maximal
height with disappearance of its'ring'.The taper-
ing proxim;rl portion of the hamate comes into
contact with the hnate, and the carplrs lies neatl,v

centrecl clistal to the raclius. The rirnge of this
m()vcment, as measlrred on the third metacarpal,
1s J(l-1+t".

The mid-carpalioint contributes to these move-

ments (Figs 96 trncl 97 , anterior view):
. On the one hand, movements of adduction

ancl abcluction occnr in this joint. In firll
abcluction of 15o it woulcl contribute 8o, ancl

in full aclcluction of 45" it woulcl contribute
15", so that its total contribution to aclcluction
ancl abcluction would amolrnt to 23'. The
lange of these movements would be roughlv
equal in the raclio-carpal ancl the micl-carpal

ioints (Sterling Bunnell).

On the other hand, the two rows of carpal
bones move relative to each othef ?rs the)'
rotate arouncl the krng axis of the carpus:

- During abduction (Fig.96) the proximal
row fotates in a combined movement of
pronation and flexion (arrow PF), while
the distal row cloes the opposite, i.e.
combinirrg supination and extension
(arrow SE), which collnterbalances the
fbrmer movement. As the proximal row
moves, tlre scaphoicl is clisplacecl slightlv
and thus can escape or at least clelay

contact with the raclial styloicl process,
therebl. increasing the range of abcluction.

- During adduction (Fig.97) the opposite
movements take place.The proximal row
rotates in a combinecl movement of supina-
tion and extension (arrow SE), while the
clisvrl row comlrines pronation and flexion
(arrow PF), thus countemcting the movement
of the proximal row

These noyernents have a small range and can
be recognized onl1,b.v careful study of
recliographs t:rken in extrenre positions.
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Dynamic aspects of
flexion-extension

From the previous cliscttssions it is clear that the
racliocarpal ancl mid-carpal joints are functionally
interdependent in all movements of the wrist.

In the reference position for flexion-extension
(Fig. gS,lateral view) the radius (1), the lunate (2),

tlre capitate (3) ancl the third metacarpal (4) are
perfectl,v alignecl along the long axis of the raclius.

The posterior borcler of the distal articular sur-

face of the raclius extends farther clistall-v than the
antefiof bolcler.

The fbllowing two cliagrams provicle a better
r-nclerstanding of the individual contributions
of these two joints:

. During flexion (F'ig.99) the range of
movement is greater in the radio-carpal (50')
rlrrn in the nrid-crrpal joint (J5').

. During extension (Fig. 100) the opposite
is true, uncloubteclly because the posterior
margin of the r:rclius hits the cafpus sooner.
The range is 50o at thc mid-carpal and 35o
at the raclio-carpzrl joint.

Thc total rangc is the same (85') in both joints,
but the maximal ranges of the indiviclual move-
ments are inversell. related. A good way to remem-
ber this is to note that extension irt the radiocarp;rl
joint is chccked soonef becar:se the posterior bor-
der of the radius extcnds farther dowtt clistally.

Henke's mechanism

In his cxplanation of wrist movements the
Gelman an?rtomist Hcnke proposecl a theor.v that
seems likcll' to be confirmed bv fecent observa-

tions. It must be recallecl that in biomechanics
no axis is reall-v containccl in a single ref'erence

plane ancl no itxis is stable. In other worcls, all
axes afe mobile.

Henke defines the two oblique axes of the wrist
as follows (Fig. 101):

. The proximal axis (1) (red), belonging to the
raclio-carpirl j oint, is oblique postero-unteriodl'
;rnd latero-media111'.

. The distal axis (2) (blue), belonging to the
mid-carpal joint, is oblique postero-mediall-v
and meclio-laterall)l

This explains wh1' the mor.ements of flexion and

extension are always combined with other move-

ments, such as movements of axial rotation (Figs

1 02 and 1 03, r), i. e. pronation or sr.rpination, which
cancel each other out as follows:

. During flexion (Fig. 102, antero-meclial
view in perspective) the proximal row
rotates into pronation, thereb.v producing a

composite movement of flexion/abduction/
pronation, whereas the clistal row rotates into
supination in a composite movement of
flexion/adduction/supination. The flexion
components are erdditir.e, while the aclduction/
abduction ancl the pronati<tnlsupination
components cancel each other.

. During extension (Fig. 103, similar view),
the proximal row fotates into supination,
thus proclucing a composite m<tvement of
extension / adduction/supination, whereas
the clistal row rotates into pfonution, thus
pror,'iding a composite mor.'ement of
extension/abduction/pronation. The
components of extension are additir''e, while
the components of adcluction/abduction and
pronatioll/supination cancel each other.
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The transfer of the force couple
of pronation-su pi nation

The wrist considered
as a universal joint

It is wrong to consider the wrist as a joint con-
cerned only with movements of flexion-extension
and of abduction-adcluction and to ignore its role
in transmitting to the hand the force couple gen-
erated during axial totation in the forearm
by the motor muscles of pronation and supina-

tion. This mistake is quite common, since only
the range of the movements of flexion-extension
ancl abduction-addttction are measured, while
measufements afe rarely made of the ranges of
pronation and supination ancl even less of the
force generated during rotation of the hand
against resistance.

As the wrist has two axes it must be considerecl
as a universal joint. Gerolamo Cardano (1501-
1576) invented this t1'pe of joint,which at the start
was usecl to hang a compass and protect it from
the effects of rolling and pitching on a ship.It is

widely used in the automobile inclustry to trans-

mit a couple of rotation between two non-collin-
ear structures, e.g. between the engine and the
front wheels in a car with front-wheel drive.

This joint has two axes (Fig.l0:i), which are

shown diagrammatically as a crossbar (inset) ancl

which allow the transfer of the rotation of the pd-
mar-v axis (red arrow) to the secondary axis (blue
arrow), regardless of the angle formed by these

two axes. This is exactly the role of the wrist (Fig.

105); it does not contain a crossbar like the one
in the cliagram, but it has two joints in series, the

racliocarpal ancl the mid-carpal joints, which can

easily be dislocatecl by rotational fbrces.

This applies to the radio-caryral joint, a poody
interlocked condyloid foint (Fig. 106), which
allows the proximal carpal bones to slip out of the

distal articular surface of the raclius 1bh.re and red

arrows).

How can the motor power of pronation-supina-
tion be transmittecl to the hand as it turns a handle
against resistance (blue arrow) or as it screws or
Llnscrews a nail? The answer lies in the role of the
ligaments that connect the two bones of the fore-

arm to the carpus ancl unite the carpal bones

among themselves.

. Figure 107 (anterior view of the carpus)
shows how the ligaments that run obliquely
proximally and laterally will rotate the carpus
into supination and will resist passive pronation
of the carplls.

. Figure 108 (posterior view of the carpus)
shows how the ligaments that run obliquely in
the opposite clirection will resist passive

supination ancl rotate the carpus into pronation.

The interosseous ligaments of the carpus (Fig.

109) prevent clislocation during pronation ancl

supination, particulady as regards the proximal
bones (Figs 110-111, superior views). The liga-

ments check the gliding movement of the scapl-r-

oicl relative to the lunate and alscl relative to the

distal row during pronation (Fig. 110) ancl supina-

tion (Fig.111).
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The ligaments cannot by themselves keep the
carpLls together :lnd transmit thc fbrce of the
couple of pronation-supination. This has recently
been demonstrated (A. Kapanclji) in a CT scan
study of the wrist using thin slices at 5 mm
intervals durring pronation and supination of the
fbrearm with or without contraction of the flexor
muscles. The serial sections, passing through
the distirl encls of the two bones of the forearm
ancl through the lirst ancl second rows of rneta-
carpal bones, demonstrate the relative movements
of these bones ancl the changes in their spatial
orientation.

In the first series of scans, taken with the palm
of the hand passively kept stationary, the
subject carries out movements of pronation ancl

supinaticrn. The'rotational drif is 47"39' at the
level <rf the fbrearm (Fig. 112) ancl 43O' at the
level of the metacarpus (Fig. 1 13). Thus, when the
flexors are inactive, the rotational clrift between
tlre forearm ancl the hand is 17"30'-430' ,i.e.13o.

In the second series of scans, taken when the
hand tightly grasps a fixed bar with the help
of the flexor muscles, the subject carries out the
same movements of pronation and supin:rtion. The
'rotational drift' is 25" at the level of the fbrearm
(Fig. 1ll) ancl 17" trt the level of the metacalplrs
(Fig. 115). Thus the'rotational drifl'betwcen the
firrearm and the hand is 25-17",i.e .8o. Therefore
contfaction of the flexors aFaainst a resistance has

recluced the 'rotational drift' from 43" to tlo. i.c.
to less than 2oo/o of what it was when only the
ligaments were in plal'.

Tlre inferior radio-ulnar joint is prone to clislo-

cation cluring fiee pronation ancl supination
(Fig. 116), ancl more so when pronation ancl

supination are 'impedecl' b1. other concllrrent
active movements (Fig. I l7), with an increase in
thc ftlrc'es gcncratcd.

In the proximal row of the carpal bones
'impeclecl' pronation-supination (Fig. 118) pro-
duces a'rotational ch'ift'of 30' and also alters the

anterior concavitl. of the ploximal row b-v 7' (Fig.

119). Further improvements in scanning tech-

niques will allow €areater refinement in the studv
of the changes occurring within the wrist cluring
pronation ancl supination. One thing is alreacly

cert;rin, however; it is the contraction of the
muscles, particulady of the flexors, that
keeps together the articular complex of the
wrist. Because the wrist is encased by tendons
(Fig. 120, anterior view; Fig. 121, posterior view),
the muscles act on the articular complex of the

wrist like a clutch, ancl this action is necessar,v for
the couple of force of pronation-supination to be

transmitted fiom the fore;rrm to the afm.

The conctrrfent contraction of Il:'e extensor carpi
ulnaris (Fig.l22) has a positive role to plal' as it
retightens the sling of the annular ligaments and

increases the cohesion of the proximal row of car-

pal bones ancl of the inf-elior raclio-ulnar joint.

Another interesting conclusion is tl-rat this mech-
anism can be studied only in the live subject,
because contraction of the muscles is essential fbr
the cohesion of the wrist.
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Traumatic lesions of the wrist

l'his scan is taken at the level of the hc:tcl of the
capitate (Fig. 123), flankecl latelally by the scaph-
oicl ancl mcclialll' by the proxirnal extension of
the hamate ancl the adjacent tricluetrum ancl

the pisiform. It shows how the concavit]' of the
proximal row of the carp:rl bones varies, clepencl-

ing, on whclhcr thc wrist is irt pronetion or su1'rinrt-

tion. lt is greater in supin:rtion than in pronatiou
because its borclcrs are bronght closel togetl-rer b,v

3 mm (fiom 47 nm to 44 mm), while the angle
between the scaphoicl ;rncl the capitate increascs
posteriody' b.y 2' ancl thirt between the hamate
and the triquetrum increases by 7'.

This concavity is maintainccl (Fig. 124) by the ten-
sion developed in the flexor retinaculum ancl

b,v the anterior interosseous ligaments. During strr-
gical treatment of carpal tunnel s,vnclrome (Fig. 125),
the flexor retin;rculum, which provicles the flexor
muscles with the strongest pulley in the body,
is cut irncl the borclers of thc conc;rvitr- spring
apart fbr 3-5 mm. The anterior interosseous liga-
ments (Fig. 126) are then tlre Only ligaments (black
arrow) that prevent the complctc flattening of this
concavit){herefbre it is better surgically to lengthen
thc flexor retinacuhlm than simply to cut it.

The wrist is the joint most likely to be trauma-
trzed, e .g. falling on the hancl when it is :tbclucted
and extcnclecl. Forced abduction is checkecl bv
two fact(xs:

t. the rcsistance of the ligirments attachecl tcr

the tricluctfum
il. the radial st,vloid process.

Depencling on the position of the scaphoid
relative to the ploximal articular surf'ace of the

wrist joint, either the distal epiphysis of the
radius (Fig. 127) is fi'acturecl with clctachment of
a segment, or tlle scaphoid is fiacturcd in its

micl-portion as it hits the raclial styloicl process
(Fig. 128). In other circumstances, the radial
styloid process is fiacttrecl, often with rupture
of the scapho-lnnate ligament (not shown here),
ancl this mlq not be cliagnosecl rnless s-ystemati-

cirlll. lookecl firr. The component of extension
contributes to the fiacture of the clistal raclius in
one piece (Fig. 129, sagittal section), which then
tilts posterior\'. Jhir sllme tvpe of tratrma can

also fiecluentl.v lcacl to the cletachment of a third
postero-medial fragment (Fig. 130, transverse
section), thus compromising the inf'erior raclio-

ulnar joir-rt.

ln 1,et other circumstanccs, the morrentent of
extension tears the anterior ligamentons attach-
ments of tl-re capitate (Fig. 131), which is then
clisplaced behincl the h:nate still in place, i.e. the
retro-lunate dislocation of the wrist. This
clislocation (Fig. lJ2) crushes the posterior horn
of the lnnate ancl can tclrr its postcrior attach-
ments (Fig. 133), causing its auterior clislocation.
The lunate then lotates on itself for 1fl0', while
the head of the capitate replaces the lunate distal
to the proxim;rl surface of the wrist joint. This
is known as the peri-lunate dislocation of the
wrist, which is cliffrctrlt to cliagnose racliologicall,v
unless one takes stlictlv lateral views ancl abol'e all
three-quarter r.iews.
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The motor muscles of the wrist

The tenclons of the motor muscles of the wrist run along the upper part of the'anatomical
cncasc thc wrist joint ancl belong to the extrinsic snuffbox'ancl are insertecl respectively into the
muscles of thc fingcrs ancl the muscles of the wrist, base of the third metacarpal (6) and the base

onll' <rnc <rf which (the flexor cat'pi ulnarzs) is of the second metacarpal (5).
insertccl into the proximal row of czrrpal bones, i.e.
the pisifrrrm. A view of the medial border of the wrist (Fig

136) shows the following:
Figure 134 (anterior view of the wrist) shows
the following:

. the flexor carpi radialis (1), which runs in a
special groove deep to the Jlexor retinaculunt
bllt separ'.rte from the carpal tunnel and is
insertecl into the anterior strrface of the base of
the second metacarpal and to a lessel degree
into the trapezium and the base of the third
metacarpal

. the palmaris longus (2),less powerftrl, which
is inserted vertically into the.flexor retinaculum
and also sends four pretendinous bands of
fibres into the apex of the palmar aponeurosis

. the flexor carpi ulnaris (3), which passes

anterior to the ulnar styloid process and is
inserted mainly into the proximal surface of
the pisiform and also into the flexor
retinaculum, the horn of the hamate and the
bases of the fourth ancl hfth metacarpals.

A posterior view of the wrist shows the follow-
ing (Fig. 135):

. the extensor carpi ulnaris (4), which passes

anterior to the ulnar stl,loid process in a very
strong fibrotrs sheatl-r and is inserted into the
posterior aspect of the base of the fifth
metacarpal

. the extensor radialis brevis (5) ancl the
extensor carpi radialis longus (6), which

the flexor carpi ulnaris (3), whose efficiencl
as a wrist muscle is increased br. the lever arm
of the pisifbrrn

the extensor carpi ulnaris (4).

These two tendons lie on either sicle of the ulnar
st_vloid process.

A view of the posterior border of the wrist
(Fig. 137) shows the fbllowing:

. the extensor carpi radialis longus (6) and
the extensor carpi radialis brevis (5)

. the abductor pollicis longus (7), inserted
into the lateral aspect of the base of the first
metacarpal

. the extensor pollicis brevis (8), insertecl into
the dorsal surface of the base of the frrst
phalanx of the thumb

. the extensor pollicis longus (9), inserted
into the clorsal surface of the base of the
second phalanx of the thumb.

Tlre radial muscles (extensores carpi radialis)
and the long muscles of the thumb encase the
raclial styloicl process. The anatomical snuffbox
is bour-rcled posterioll,v by the tenclon of the
extensor pollicis lctt'tgus ancl anteriod,v b,v those
of the abductor pctllicis longus and the extensor
pollicis breuis.
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Actions of the muscles of the wrist

The motor muscles of the wrist fall into four
groups, defined functionally in relation to the
axes of the wrist (Fig. 138, transverse section):

. Axis AA' of flexion--extension (red arrows)

. Axis Bts' of adduction-abduction (blue
arrows).

This cliagram shows the distal aspect of a coronal
section through the right wrist so that B is an-
terior, B' posterior, A' lateral and A medial. The
tenclons correspond to the motof muscles of the
wrist and of the lingers (Fig. 139). (The labelling of
the muscles of the fingers is given in detail later
in the text.)

Group I lies in the antero-medial quadrant ancl

consists of the flexor carpi ulnaris (1), which
simultaneously flexes the wrist, as it lies anterior
to the axis AA' and the fifth metacarpal via its
tendinous expansion, ancl also adducts the hancl,

as it lies medial to the axis BB'. The left hancl of
someone playing the violin illustrates this com-
binecl movement of flexion and aclcluction.

Group II lies in the postero-meclial quaclrant ancl

consists of the extensor carpi ulnaris (6),which
simultaneously extencls the wrist, as it lies pos-
telior to the axis AA', ancl aclducts the hancl, as it
lies meclial to the axis BB'.

Group III lies in the antero-lateral quaclrant and
contains the flexor carpi radialis (2) ancl the
palmaris longus (3),which flex the wrist, as they
lie anterior to the axisAA', and abduct the hand, as

they lie lateral to the irxis BB'.

Group fV Les in the postero-lateral quaclrant and
contains the extensor carpi radialis longus (4)
and the extensor carpi radialis brevis (5),
which extend the wrist, as they lie posterior to the
axisAA', ancl abcluct the hancl, as they lie lateral tcr

the axis BB'.

Accorcling to this theory, none of the muscles of
the wrist has a single action. Thus to perform a

pure movement two groups of muscles must be
activated so as to cancel one component as

follows:
. flexion (Flex):group I (FCU) ancl Group III

(FCR + PL)
. extension (Ext): Group II (ECtl) ancl Group N

(the raclial extensors)
. adduction (Add):Group I GCfD ancl Group II

(ECU)

. abduction (Abcl):Group III (PL) and Group IV
(the radial extensors).

Thus are delined the movements of the wrist in
the foul planes of reference, but its natural
movements take place in an oblique plane:
. flexion-adduction
. cxtcnsion-abrlrrction.

Furthelmore, the electrical stimulation expcri-
ments of Duchenne de Boulogne (1867) have
revealed the following facts:

. C)nly the extensor carpi raclialis longus (4)
extends ancl abclucts. The extertsor car.pi
radialis breuis is exclusively an extensor;
hence its physiological importance.

. The palntaris lr.tngus is a clirect flexoq as is the

flexor catpi radialis longus, which also flexes
the second carpo-metacarpal joint while
pronating the hand. Theflexor carpi raclialis,
when driven electricalll., does not produce
abdnction, ancl it contracts cluring raclial
deviation at the wfist to counterbalance the
extensor component of the extertsor carpi
radialis longus,which is the main abductor
muscle.

. The motof muscles of the fingers, i.e.Jlexor
cl i g i to r u m s up e rJi c i a I i s (1 2), Jl e x o r ctr i.q i t r t r u m
profundus (7) and, to a lesser clegree,Jlexor
pollicis lonp4us (13) can move the wrist uncler
cerlaiu conditions.

. The flexors of the fingers flex the wrist only if
flexion of the lingers is preventecl before these
rnuscles have firllv contfacted.
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If the hand holcls a large object like a bottle, the
flexors of the fingers can contribute to flexion of
the wrist.

Likewise, the extensors of the fingers (8), with the
lrelp of the extensor cligiti ntinimi (14) and of the
extensor inclicis (15), contribute to wrist exten-
sion if the hst is clenched:

. The abductor pollicis longus (9) and the
extensor pollicis brevis (10) abduct the
wrist tnless their action is c<;unterbalanced by
that of tbe extensor carpi ttlnaris. If the latter
contracts simultaneousll', it,rt",.O thumb
abcluction is producecl by the abcluctor
potticis longus. The synergistic :tction of the
extensor carpi ulnarzs is therefbre essential

for abduction of the thumb and in this sense

this nruscle can be callecl a'stabllizer' of the
wrist.

. The extensor pollicis longus (11), which
produces thumb extension ancl retropulsion,
can also cause ;rbcluction ancl extension of the
wrist when the Jlexor cat"pi ulnarzs is inactive.

. Another stabilizer of the wrist is the extensor
carpi radialis longus (4), which is essential
for maintaining the hand in the nelttral
position, ancl its paralysis causes permanent
ulnar cleviation.

The synergistic and stabilizing
action of the muscles of the
wrist (Fig. 140)

The extensor muscles of the wrist act synergisti-
cally with the flexors of the Iingers:

. During extension of the wrist (D, impropedy
called dorsiflexion, the fingers are aLltomaticall.v

flexecl and, to extend the fingers in this
position, a voluntary movement is lecluired.

. Moreover. it is when the wrist is extenclecl that

the flexors can act with maximum efhciencl',
because the flexor tenclons are then lelatively
shorter than when the wrist is either straight
or flexed. The strength of the digital flexors,
measured by a clynamometer when the wrist is

flexed, is only a qu?rrter of what it is when the
wrist is extenclecl.

The flexor muscles of the wrist act synergistically
with the extensors of the fingers:

. Vlhen the wrist is flexecl (b), extension of
the proximal phalanx fbllows automaticalll'.
A voluntary movement is needed to flex the
fingers towarcls the palm, ancl this flexiott is

weak. Contraction of the digital flexors limits
flexion of the wrist, and the range of wrist
flexion can be increased by 10" by extencling
the fingers.

This clelicate balance of- muscle action can easily

be upset. A cleformity resr"rlting fiom an unreduced
(lolle s'fracture changes the orient:rtion of the ante-

brachial surfnce of the wrist joint ancl, by stretch-

ing the extensors of the wrist, interferes with the

efficienc.v of the cligital flexors.

The functional position of the wrist

This (Fig. 141) corresponcls to the position of
maximal ef'frcienc.v of the mot(x muscles of the

fingers, especially of the flexors. This position is

clefined b,v:

. slight extension (clorsiflexiolr ) of the wrist to
4.()-1\"

. slight ulnar cleviation (adduction) to 15o.

It is in this position of the wrist that the hand is
best adapted fbr its function of prehension.
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FIVE
TheHand

The human hancl is a remarkable instrllment, capable of perfbrm-
ing countless actions thanks to its essential fttnction: prehension.

Prehension is fbund in all forms of 'hancls', from the pincers of the
lobster to the hancl of the ape, but it attains perf'ection onlv in
humans. This is clue to a special movement of the thumb,which
brings it into contact with everl' otl-rer finger. Opposition of the
thumb, despite what is often written about it, is not a httman pre-

rogirtive; it is also pfesent in the great apes but its range is more
limitecl than in man. On the other hancl, some cpraclrimanttal apes

have f<rur hands, as indicatecl bv their name, ancl so have fbttr
thnmbs.

From the firnctional point of view, the hirnd is the efl'ector extreln-
ity of the upper limb, which supports it mechanically ancl allows
it to ackrpt tlle most favourable position for any given action.The
hancl, howeveq is not onl.v a motof orlaan bttt is also a very sensitive
and accurirte sensory feceptor that feecls back information essen-

tial for its own pcrfbrmancc. Finall,v, it lets the cercbral cortex know
how bulkv ancl how far awa.v objects are and is thus responsible for
the clevelopment of visu:tl appreciation. Without the hand our
vision of the wodd would tre flat and lacking in contrast.

More critical th'ln the fact that the thumb is opposable is the
hand-brain couple. The brain directs the hand ancl in tttrn the
hancl has moclified the human brain. The hand therefore f<rrms with
the brain an inseparable interacting functional couple, ancl

this close interirction is responsible fbl man's fearsome ability
to alter nature at will fbr better ol for worse ancl to clominate
other species. This is a seriotts responsibilitrr





The prehensile ability of the hand
The human hand owes its prehensile ability to its
architecture. which allows it to close down on
itself either when the fist is clenched or when the
hand is wrapped around an object.

'il/hen the hand is opened wide (Fig. 1, anterior
view), the palm is revealed (1),lying distal to the
wrist (9) and articulating with the Iive fingers.
This anterior aspect of the hand is called the
palrnat surface. The palm is hollow centrally,
ancl this allows it to receive objects of different
sizes. It is bounded on either side by two convex
erninences or projections, i.e. laterally by the
larger thenar eminence (4) at the base of the
thumb, and medially by the less prominent hypo-
thenar eminence (7), which forms the medial
(ulnar) border of the hand (27) and gives attach-
ment distally to the shortest flnger (the little
finger or pinkie), separated from the ring finger
by the fourrh interdigital cleft (13).

The palm is criss-crossed by the palmar creases,
which vary from person to person and form the
basis of the pseudo-science of palmistry. Their
pseudo-scientific names will be given here along
with their anatomic names, as follows:
. The distal paltnar crease (2) or 'head line'is

the most distal and stands at the medial border
of the palm.

. The middle palmar crease (3) or'heart line'
is proximal to the former and stafts at the
lateral border of the palm.

. The proximal pal-rnar crease (5) or'life line'
is the most proximal and lies on the medial bor-
der of the thenar eminence. As it runs obliquely,
it forms the floor of the palrnar gutter.

There is also a less obvious cfease, which runs
lengthwise along the medial borcler of the hypo-
thenar eminence and can be brought out by clos-
ing the palm transversely. It is the hypothenar
cfease or the'luck line'and is the most variable of
all four creases. Contraction of a superflcial mus-
cle,the palmat"is breuis,brings out a dimple (8) at
the medial border of the hypothenar eminence.

The description of these creases is not given
gratuitously, since they are important landmarks
on the palm. Their hollowness is due to theif
Iibrous attachments to the deep structures and
ensllres that the palm remains hollow in all posi-
tions of the hand. Surgically these creases provide
landmarks for deeper stfuctufes and must nevef
be cut perpendiculady to prevent the formation
of retractile adhesions that can limit the function
of the hancl.

-

The five fingers fall into two groups: four long
fingers and one short finger (the thumb). The
long flngers have clifferent lengths. The longest,
the middle finger, lies in the centre;the next in
length is the index fi.nger, the most lateral; the
next is the ring finger, medial to the middle fin-
ger;and the shortest and most medial is the little
finger (the pinkie). These long fingers have three
creases on their palmar aspects, indicating the
presence of three phalanges:

"$ 
" The distal interphalangeal crease (17) is

usually single,lies slightly distal to the distal
interphalangeal (DIP) joint and bounds the
pulp proximally (18). The dorsal surface of
the third phalanx is lilled by a nail, which is

surroundecl by an overhanging nail fold (37)
and develops from the nail matrix (38),
located under the skin between the base of
the nail and the distal dorsal crease.

H" The proxirnal interphalangeal crease
(14) is always double,lies at the same level
as the undedying joint ancl bounds the
second phalanx (16) proximally.

#. The digito-palmar crease (12), single or
double,lies at the junction of the finger ancl
the palm, proximal to the interphalangeal
joint, and bounds the Iirst phalanx (15)
proximally.

These creases, just like their palmar colrnterpafts,
tether the skin.

The thumb, a short finger, is unique and lies prox-
imal to the other fingers.It is attached to the pal-
mar aspect of the lateral (radial) border of
the palm. It has only two phalanges, and one
tnetacarpal (Fig. 3, 32), the first metacarpal, which
is more mobile than the others and ftinctions like
a phalanx. It has two palmar creases. The single
interphalangeal crease (2 3) borders proximally
the second phalanx, which corresponds to the
pulp (22) and lies slightly distal to the interphalan-
geal joint. The metacarpo-phalangeal crease is
always double (20 and 2l) andlies proximal to the
interphalangeal joint.

The heel of the thenar eminence (6) corre-
sponds to the tubercle of the scaphoid.

Proximally the junction between the palm and the
wrist bears multiple tfansverse cfeases, i.e. the
creases of flexion of the wrist (9), which lie
distal to the radio-carpal joint. At the wrist can be
seen the prominent tendon of the Jlexor carpi
radialis (10), which forms the meclial border of
the palpation site of the xadialartery (77).
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When the hand gets ready to grip an object (Fig.3,
lateral view) the long fingers are stretched by the
extensors, and the clegree of extension decreases
from the index to the little linger,while the thumb
is extencled and abducted because of the depth of
the first interdigital cleft (19). The metacarpo-
phalangeal ioint (33) stands out slightly, unlike
the trapezo-rnetacarpal joint (31). Proximally
lies the anatornical snuffbox (28), bounded by
the tenclon of the extensor pollicis longus (30).
At the lateral border of the wrist lies the radial
styloid process (29), and at the postero-medial
border lie s the prof ection of the ulnar }llead (34),
which disappears dLrring supination.

\flhen the hand gets ready to grip an object (Fig.2,
medial view) it twists on itself with distortion of
the palm, caused by the displacement of the meta-
carpals, which is more marked latero-medially,
especially for the fifth metacarpal. The bases of
the interdigital clefts (26) are more prominenr
on their palmar surfaces. The heads of the meta-
carpals (25) ancl the extensors (24) stand out.
The proxirnal (35) and the distal (36) inter-
phalangeal creases are always well deflned.
Between the distal interphalangeal crease ancl the
proximal edge of the nail lies the nail matrix (38)
buried under the skin.

'illhen the hand is in use the importance of the five
fingers varies.The hancl is made up of three zones
(Fig.4):

'E. The zone of prehension I, the thumb,
which is cleady the most important
functionally because it can be opposed to
the other hngers.Its loss virtually clestroys
the functional capacity of the hand and
therefore any risk to the thumb must be
avoided, e.€1. the wearing of a ring, which
can lead to a catastrophic ar,ulsion of the
thumb if the ring is acciclentally caught.

#, The zone of prehension II, made up of the
middle finger and, more important, of the
index;these are essential for the bidigital
grip (thumb/inclex), i.e. the grip of precision,
and for the tridigital grip (thumb/index/
middle flnger), used as a means of feeding by
more than half of the wodcl's population.

S" The zone of prehension III on the meclial
(ulnar) sicle of the hand consists of the ring
finger and the little finger, which are
essential to ensure the strength of a full
paknar grip or of any firm grip.It is used
in power grips, e.g. when gripping tool-
handles, and is absolutely indispensable.
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The architecture of the hand

The hand can change its shape to grasp objects.

On a flat surface, e.g. a glass pane (Fig. 5), the
hand spreads out and becomes flattened as it
makes contact (Fig.6) at the thenar eminence (1),
the hypothenar eminence (2), the metacarpal
heads (3) ancl the palmar surface of the phalanges
(4). Only the infero-lateral aspect of the palm does
not touch the glass.

When it needs to grip a large object, the hand
becomes hollow, with the formation of three
arches running in three different directions:

t " Transversely (Fig.7), the carpal arch XOY
corresponds to the concavity of the wrist
and is continuous distally with the
tnetacarpal arch formed by the metacarpal
heads. The long axis of the carpal glltter
crosses the lunate, the capitate and the third
metacarpal.

tr. Longitudinally, the carpo-rnetacarpo-
phalangeal arches fan out from the wrist
and are formed for each finger by the
corresponding metacarpal bone and
phalanges. These arches are concave on the
palmar surface and the keystone of each
arch lies at the level of the metacarpo-
phalangeal ioint, so that any muscular
imbalance at this point interferes with the
concaviry of the arch. The two most
important longitudinal arches are these:

- the arch of the middle finger OD3
(Fig.7), which is collinear with the axis
of the carpal gutter

- the arch of the index flnger OD2
(Fig. 8), which most often interacts with
that of the thumb.

S. Obliquely (Figs 7-9),the opposition or
diagonal arches consist of the following:

- The most important is the one linking
the thumb and the index finger (D1-D2).

- The most extrerne (Figs.7-9) is that
linking the thumb to the little flnger
(D1-D5).

-

As a whole, when the hand becomes hollow
(Fig.S), it forms an anteriody concave gutte!
whose borders bear these three landmarks:

t" the thumb (D1),which alone forms the
lateral border

3" the index finger (D2) and the little finger
(D5), which form the medial border

#. across these two borders of the gutter lie the
four oblique arches of opposition.

This palmar gutter, which runs obliquely at all

levels (shown by the large blue arrow inside the
palm, Figs 8 and !), is crossed by the various
opposition arches.

It stretches from the base of the hypothenar emi
nence (Fig.7, D - where the pisiform bone can

be palpated - to the second metacarpal head
(Fig.7, Z) and corresponcls to the palmar crease

known as the'life line'. This is also the direction
taken by a cylindrical object, e.g. the handle of a

tool, when gripped by the hand.

Conversely, when the flngers are maximally sepa-

rated (Fig. 10), the hand is flattened and the great-

est distance between the pulp of the thumb and
that of the little finger is called the span. A pianist
must have a span of at least an octave.

Finally it is impossible not to notice that in all its
positions a normal healthy hand has a harmo-
nious architecture (Fig. ll) with well-delined
structural elements, shown here as spirals link-
ing the homologous joints and converging to a

focal point (star). These afe very useful to painters
and draughtsmen as well as to sufgeons, who use

them to differentiate between a normal and an

abnormal hand, whose disorganized architecture
is obvious. Thus the structurally and function-
ally normal coincides with the aesthetically
pleasing.
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When the fingers are voluntarily spread out
(Fig.12), the axes of the live flngers converge
towards the base of the thenar eminence ovedy-
ing the easily palpated tubercle of the scaphoid.
In the hancl the movements of the Iingers in the
coronal plane, i.e. adduction and abduction,
are referred not to the plane of symmetfy of the
body but to the long axis of the hand, which runs
through the third tnetacarpal bone and the
middle finger. Therefore the movements of the
fingers should be callecl separation instead of
abdnction (Fig.72), and approximation instead
of adduction (Fig.13). During these movements
the middle finger is almost stationary but it is

possible to abduct and adduct this Iinger volun-
tarily, i.e. with respect to the axis of the body.

When the fingers are voluntarily brought
together (Fig. 15), their axes are not parallel but
converge towards a point lying far distal to the
hand. This is due to the fact that the fingers are not
cylindrical but taper distally towards their pulps.

\flhen the fingers are allowecl to assume anatttal
position (Fig. 14), i.e. a position from which they
can be both approximated and separated, they lie
a short distance away from one another but their
axes do not meet at one point. In the example
given, the last three fingers are parallel and the

first three fingers diverge from one another, while
the middle finger represents the axis of the hand

and also the'zone of transition'.

When the fist is clenched while the distal inter-
phalangeal joints are still extended (Fig.13), the

axes of the two distal phalanges of the four fingers

ancl the axis of the thumb (discounting its termi-
nal phalanx) converge at a point corresponding to
the 'radial pulse'. Note that in this situation the

axis of the index is parallel to the long axis of the

hand, while the axes of the other lingers become
progressively more oblique the farther they are

from the index. The reason for this arrangement
and its usefulness will be discussed later.
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The carpus

This forms a guttef, which is concave on the
anterior (palmar) side and is transformed into a
tunnel by the flexor retinaculurn, inserted on
either side of the gutter.

This gutter arrangement is well seen when one
examines the skeleton of the hand with the wrist
in hyperextension (Fig. 16) or when one examines
radiographs of the hand taken along an axis collin-
ear with that of the carpal tunnel. Its two borders
consist of the following:

1, laterally, the tubercle of the scaphoid (1) and
the crest of the trapezium (2)

3. medially, the pisiform (3) and the hook of the
hamate (1).

(These numbers label the same structures in the
other diagrams.)

In the transvefse direction, the gutter affange
ment is conhrmed bv two horizontal sections
as follows:

"8. The first section (Fig. 17) passes through
the proximal row of the carpalbones
(Fig. 19, levelA) and shows, lateromedially,
the scaphoid (1), the head of the capitate (5)
encased by the two horns of the lunate, the
triquetrum (7) and the pisiform (J).

ff. The second section (Fig. 18), passing through
the distal row (Fig. l9,level B), shows,
latero-medially, the trapezium (2), tlre
trapezoid (6), the capitate (5) and the hamate

(4).ln the distal section (Fig. 18), theJlexor
retinaculum is shown as dashed lines (green).

During hollowing of the palm, the carpal tunnel
also deepens because of the small movements
occurring at the various intercarpal joints. These
movements are initiated by the thenar (arrow X)
and the hypothenar (arrow Y) muscles, whose
attachments from the.flexor retinaculum stretch
the ligament (Fig. 18) and bring closer the two
borders of the tunnel (dotted lines).

In the longitudinal direction, the carpus (Fig. 1 9)
can also be viewed as made up of three columns
(Fig.20):

'l 
" The lateral column (a) is the most

important, as it includes the column of the
thumb (Destot), made up of the scaphoid,
the trapezium and the first metacarpal. From
the scaphoid also springs the column of the
index, consisting of the trapezoid and the
second metacarpal.

*" The interrnediate column (b) consists of
the lunate, the capitate and the third
metacarpal, ancl forms the axis of the hand
(as previously shown).

S. The medial column (c), ending in the last
two flngers, consists of the triquetrum and
the hamate, which articulates with the fourth
and fifth metacarpals. The pisiform lies
superficial to the triquetrum and does not
transmit any forces.
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The hollowing of the palm

This is due essentially to the movements of the last
four metacarpals (the first one being ignored at
present) relative to the cafpus. These movements,
occurring at the cafpo-metacarpal joints, consist
of short movements of flexion and extension, as

typical of plane joints, but their range increases
from the second to the fifth metacarpal:

. 'W-hen the hand is flat (Fig.22,seen head-on),
the heads of the last four metacarpals lie on a
straight line (AB).

. Vhen the palm hollows, the heads of the last
three metacarpals move anteriody toA', i.e. in
flexion (Fig.21,lateral view), and the more so
as the last finger is approached. Then the
metacarpal heads lie on a curved lineA'B,
which corresponds to the tfansvefse
metacarpal arch.

Two points need to be macle:

. The second metacarpal heacl (B) does not
move appfeciably, and the flexion-extension
movements at the trapezoid-second
metacarpal joint are also negligible.

. However, the hfth metacarpal head (A), which
is the most mobile (Fig.22),moves not only
anteriody but also slightly laterally to
position (A').

This brings us to the analysis of the fifith carpo-
rnetacatpaljoint between the }lrarnate and the
fifth metacarpal.It is a saddle joint (Fig.24) with
slightly cylinclrical surfaces. Its axis is oblique in
two planes, thus explaining why the metacarpal
head moves laterally:

Figure 23 (distal surfhce of the distal row of
carpal bones) shows that the axis )C(' of the
medial facet of the hamate is cleady oblique
lateromedially and postero-anteriody (red
dotted line).

Hence any movement about this axis must
logically carry the fifth metacarpal head
anteriody and laterally.

The axis )O(' of this joint is not quite
perpendicular to the long axis OA of the
metacarpal but forms an acllte angle XOA
with it (FiS.21). This orientation of the axis
also explains why the fifth metacarpal head
moves laterally according to the following
geometrical principles:

Figure 25 explains the phenomenon of
conical rotation. ril/hen a segment OA of the
straight line OZ rotates around an axisYY'
perpenclicular to it, it will describe an arc of
a circle in the plane P to reach OA".

If this same segment OA turns about an
oblique axis XX', it will move not in the same
plane but along a segment of a cone with
apex O tangential to P. After the same
degree of rotation as above, pointA is now in
positionA' at the base of the cone. This point
A'no longer lies in the plane P but in front of
it (as shown in the diagram).If one mentally
combines this geometrical reasoning with the
diagram of the joint (Fig. 24),it becomes clear
why the fifth metacarpal headA leaves the
sagittal plane P and moves slightly lateral to it.
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The metacarpo-phalangeal (MP) joints
These joints are of the condyloid type (Fig.26,
MP joint opened on its posterior aspect) with two
degrees of freedom:
t. flexion--extension in a sagittal plane about

the transverse axisYY' (red)
&" lateral inclinations in the coronal plane

about the antero-posterior axis )C('(blue).

They have two articular surfaces:

t. The tnetacatpal headA is a biconvex afticu-
lar surface, broader anteriody than posteriody.

R" The base of the proximal phalanx B
contains a biconcave articular surface. which
is much smaller in surface area than the head
of the metacarpal. This surface is extended
anteriorly by the fibrocartilaginous
paltnat plate (2),which can be considered
as a back-up for the articular surface. It is
attached to the anterior surface ofthe base
of the phalanx with a small cleft (3), which
functions like a hinge.

In fact, in Figure 27 (sagittal cut during exten-
sion), the deep cartilaginous surface of the pal-
mar plate (2) is in contact with the metacafpal
head. During flexion (Fig. 28), the plate moves
past the rnetacarpal head and turns upon the
hingeJike cleft (3) to glide along the palmar
surface of the rnetacarpaL lt is clear that if
the fibrocartilaginous palmar plate were replaced
by a bony plate lirmly attached to the base of the
phalanx,flexion would be checked eadier by bony
contact. Therefore the plate reconciles two appar-
ently contradictory requirements; it increases the
area of the articular surface and avoids any move-
ment-limiting contact between the bones.

There is also, however, another e ssential condition
for freedom of movement, i.e. a certain degree of
'slack'in the capsule and in the synovium. This is
provided by the posterior (4) and the anterior
(5) recesses of the capsule, and the depth of the
anterior recess is essential for the gliding
movement of the palr.nat plate. On the poste-
rior surface of the base of the phalanx is inserted
the deep band (6) of the extensor tendon.

On either side of the joint there are two types of
ligament:

$ " a ligament joining the metacarpal to the
paltnar plate (p.2l6i) and controlling the
movements of the latter

ff. a collateral ligament, shown cut (1) in
Figure 26, keeping the articular surfaces
together and restraining their movements.

Since their metacarpal insertion (A) does not lie at

the centre of curvature of the metacafpal head
(F ig. 29) but slightly posteriorly, they are slack-
ened in extension and stretched in flexion.
The length is indicated by the double arrow repre-
senting the degree of tension developed.

This state of affairs makes lateral movements difli-
cult, if not impossible, when the MP joint is

flexed. On the contraql, during extension, latetal
movements can occuf with a range of 20-30'
on each side. One of the collateral ligaments is

stretched, while the other is slackened (Fig. 32).

The range of flexion (Fig. 29) is close to 90o,
being jllst at 90o for the index finger and increas-
ing progressively towards the fifth finger
(Fig. 13, p. 221). Moreover, the isolated flexion of
the Iinger (the middle finger here) is checked by
the tension developed in the interdigital palrnat
ligarnent (Fig. 14, p. 221).

The range of active extension varies with the
subject and can reach 3O-1+O" (Fig. 15, p. 221).
Passive extension can reach up to 90o in subjects
with hypedaxity of the ligamenrs (Fig. 16,p.221).
'il4ren flexion of the four segments of the digital
complex formed by the metacarpal and the three
phalanges is studiecl, its curling path (Fig.30)
follows a logarithmic spiral, as shown by the
American surgeon Littler. This spiral, also called
equi-angular,is generatecl by the successive inter-
locking of golden rectangles,which are so called
because the ratio of their length to their width
is 1.618, known as the golden number. This
numbeq q (pronounced phi and known since
Plato), possesses ceftain esoteric features; hence
its name of 'divine proportion'.It is derived from
the Fibonacci sequence (Fibonacci was an Italian
mathematician, 1180-1250), where each number
is the sum of the two preceding numbers,i.e.7,2,
3, 5,8, 13 etc. From the 25th number onwarcls the
ratio between two successive numbers is constant,
i.e. 1.618. (Try it on your computer!)

This simply means that the lengths of the four
bony components of the digital complex are
relatecl in this way. In practice, this relationship is
a necessary condition for the phalanges to roll up
as the hnger cuds.



nullT I
DJOuoQ!,{ r

1
I
I
I
I
I

I

etz

5g a,rn613

e18uelceg ueplog

--- tsltt'

\
I
I
I

I
I

I
gu arn6!i



--

During extension at the MP joint (Fig. 31, coro-
nal section), the collateral ligaments are relaxed
and in equilibrium, allowing latetal movements
to occur (Fig. 32). One ligament is stretched while
the other is slackened. The interossei initiate
these movements. Conversely, during flexion, the
tension developed in the lateral ligaments stabi-
lizes the joint.

Another important consequence of this state of
affairs is that the MP joints must never be immo-
bilized in extension for fear of producing almost
irreversible stiffness. The slack collateral ligaments
can shorten in extension but cannot do so in flex-
ion, as they are maximally stretched.

The shape of the tnetacatpal heads and the
length and direction of the ligaments are critical
in influencing at once the obliquity of flexion of
the fingers (see later) and their ulnar deviations in
rheumatoid arthritis (according to Tubiana).

The head of the second tnetacarpal (Fig.33,
inferior view of the right side) is clearly asymmet-
rical, being significantly swollen postero-mediallv
and flattened lateralll'. The medial collateral liga-

ment is thicker and longer than the lateral,which
is inserted more posteriody.

The head of the third rnetacarpal (Fig. 34) is

similady asymmetrical but its asymmetry is less

marked. Its ligaments are similar.

The head of the fourth rnetacarpal (Fig. 35) is

more symmetrical, with posterior swelling equal
on both sides. Its ligaments are similar in thick-
ness and obliquity, with the lateral being slightly
longer.

The head of the fifth netacarpal (Fig.36) shows
a pattern of asymmetry opposite to that of the
second and thircl metacafpals. Its ligaments are

similar to those of the fourth.
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The ligamentous complex of the
metacarpo-phalangeal (MP) joints

The collateral ligaments of the MP joints belong to
a complex ligamentous system, which holds
and 'centres' the tendons of the extensors and
flexors.

Figure 37 (a postero-lateral andlateralview of
the ioint) also shows the tendons encasing the
MP joint posteriody and anteriorly between the
metacarpal M and the first phalanx Pl:

. The extensor digitorum (1), on the dorsal
surface of the capsule, sends a deep
expansion (a) to be inserted into the base of
the first phalanx.It then divides into the
central slip (b) and the two lateral slips (c),
which receive the insertions of the interossei
(not shown). Just before the deep expansion
leaves the tendon, small sagittal bands (d)
become detached from the lateral borders of
the muscle and cross the lateral aspects of the
joint before gaining insertion into the deep
transverse rnetacatpal ligament (4). Thus,
during flexion at the joint, the extensor tendon
is kept in the axis of movement as it crosses
the convex dorsal surfaces of the metacarpal
head. This is an unstable position.

. The flexor digitorum profundus (2) ancl
the flexor digitorum superficialis (3) enter
the rnetacarpal pulley (5), which starts at
the level of the palmar plate (6) and extends
(5') to the palmar surface of the first phalanx
(P1), where the superfi.cialis tendon splits into
two slips (l') just before being pierced by the
profundus tendon (2).

The ioint capsule (7) is reinforced by the collat-
eral ligament, attached to the lateral tutrercle
(8) of the metacarpal head posterior to the line of
the centfes of curvature (see above) and composed
of three components:

* " a metacarpo-phalangeal bundle (9),
running obliquely distally and anteriody
towards the base of the first phalanx

*. a bundle linking the rnetacarpal and the
paknar plate (10), running anteriody to
insert into the edges of the palmar plate (6),

which is thus pressed against the metacarpal
head and stabilized

3" a thinner bundle linking the phalanx to
the palmar plate (11), which helps to
'recall' the plate during extension.

The deep transverse rnetacarpal ligament (4)

is attached to the adjacent borclers of the palmar
plates of the MP joints, so that its flbres span the
ftrll width of the hand at the level of these ,oints. It
contributes to the formation of the fibrous tunnels
for the interossei (not shown) and lies posterior to
the tendon of the lumbrical (not shown).

The metacarpal pulley (5), attached to the lat-

eral borders of the palmar plate, thus literally hangs

from the metacarpal heacl by the ligament linking
the metacarpal to the palmar plate (6) and by the
palmar plate itself.

This pulley plays an important role during flex-
ion at the MP joint:
. When intact (Fig. l8), the pulley, whose flbres

roll up clistally (red arrow), redirects the
'detaching component'of force (white arrow)
back towards the metacarpal head. Hence the
flexor tendons stay close to the joint and the
phalangeal head is stabilized.

. In disease states (Fig. 39), e.g. rheumatoid
arthritis, when the ligaments are swollen and
finally ruptured, this'detaching component'
of force is directed not towards the metacarpal
head but towards the base of the lirst phalanx,
causing anterior and proximal dislocation of
the metacarpal heacl, which becomes more
prominent.

. This condition (Fig.40) can to some degree
be treated by excision of the proximal part of
the metacarpal pulley but this leads to loss of
efficiencv of the flexors.
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The tendons of the common extensor (Fig. 41),
which converge on the dorsal aspect of the wrist,
are strongly pulled medially on their ulnar side
(white arrows) because of the angle of diver-
gence formed by the long axes of the metacarpal
and the first phalanx. This angle is greater for the
index finger (14) and the middle flnger (13")
than for the ring finger (4) and for the little fin-
ger (8'). Only the radial sagittal band of the
extensor tendon,lying on the radial side,opposes
this tendency for the extensor tendon to be dis-
placed medially on the convex dorsal surface of
the metacarpal head.

In rheumatoid arthritis (Fig. 42, seen at the
level of the metacarpal heads), the collateral
ligaments (10) degenerate and release the
paLrnar plate (6), which gives attachment to the
rnetacarpal pulley (5), holding the tendons of
the flexor digitorum profunclus (2) and super-

ficialis (l). The radial sagittal band (d) is also

slackened or ruptured, resulting in ulnar displace-
ment of the extensor tendon (1) into the inter-
tnetacatpal gutter, which normally contains only
the tendons of the interossei (12) and of the
lurnbricals (13), as they lie anterior and posterior
respectively to the deep transvefse tnetacatpal
hgarnent (4).
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The range of movements of the MP ioints

Flexion has a range of about 90" @ig. 4l).k
falls just short of 90" for the index but increases
progressively for the other fingers. Moreover, iso-

lated flexion of one finger (the middle finger here)
is checked (Fig. 14) by the tension developecl in
the palmar interdigital ligament.

The range of active extension varies with the
subject ancl can reach 3O-4O' (Fig. 45). Passive
extension can reach 90' in people with very lax
ligaments (Fig.16). of all the fingers (except the
thumb), the index finger (Fig.47) has the great-

est fange of lateral movements (30';, and, as it is
easily moved on its own, the terms abduction (A)
ancl adduction (B) can be used here. The index
owes its name to this great mobility (index =

indicator).

By a combination of various degrees of abduction
(A), adduction (B), extension (C) and flexion (D),
the index finger (Fig.48) can perform the move-
ments of circurnduction, which take place
within the cone of circumduction. This is

detrned by its base (ACBD) and its apex (the MP
joint). This cone is flattened transversely because

of the gfeater range of the movements of flexion

and extension. Its axis (white arrow) corresponds
to the position of equilibrium or the position
of function.

Condyloid joints clo not normally have a third
degree offreedom and do not show axial rotation,
and this applies to the MP joints of the four fingers

as regards active axial rotation. However, because

of the laxity of the ligaments, some passive axial
rotation is possible with a range of 60' (Roud).

Note that for the index finger the range of passive

medial rotation or pfonation is much greater (45")

than that of lateral rotation or supination, which is
almost zero.

Even if a trlle active axial rotation is not found at

the MP joints, there is automatic rotation in the

direction of supination, caused by the asymmetry
of the metacarpal head and the unequal length
and tension of the collateral ligaments. This move-

ment, which is similar to that seen in the interpha-
langeal joint of the thumb, is greater in the more
medial fingers and is maximal for the little lingeq
where it contributes to the movement of that
hnger towards the opposing thumb.
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The interphalangeal (lP) ioints

These are hinge ioints with one degree of
freedom:
. The head of the phalanx (A) is pulley-

shapecl (Fig.50) with only one transverse axis
(Fig.49,XX'), about which flexion and
extension take place in the sagittal plane.

. The base of the immediately distal
phalanx (B) bears two shallow facets, which
are in contact with the pulley-shaped head of
the proximal phalanx. The shallow crest that
sepafates these two facets comes to rest within
the central groove of the pulley. As in the MP
joints - and for the same mechanical reasons

- the articular surface is wiclened by the
paLrnar plate (2). Note that the numbers
have the same meaning as in Figure 53.

During flexion (Fig.51) the palmar plate glides
along the palmar surface of the first phalanx.

Figure 52 (lateral view) shows the collateral
ligaments (1),the expansions of the extensor
tendon (6) and the anterior capsulat liga-
ments (7). The collateral ligaments 

^restretched during flexion to a greater degree
than those of the MP joints. The pulley-shaped
phalanx (Fig. 50, A) is broader anteriorly, so that
the tension in the ligaments is increased and a

larger articular surface is available to the head of
the clistal phalanx.Therefore no lateral movements
oc('ur during flexion.

These ligaments are also stretched in full exten-
sion, which is the position of atrsolute lateral
stability. Conversely, they become slack in inter-
mecliate positions of flexion, which mlrst nevef
be used during immobilization because of the risk
of shortening of the ligaments and stiffening of
the joint.

-

Stiffening in flexion can also be due to shorten-
ing of the 'brakes of extension', recently
describecl by anglophone authors at the level of
the proximal interphalangeal (PIP) joints and called
the check rein ligaments (Fig. 53, PIP joint
viewed from the palm and proximally). They
consist of a bundle of longitudinal fibres (8),

coursing over the palmar surface of the palmar
plate (2) on either side of the tendons of theJlexor
digitorum profunclus (11) and superrtcialis (12),

bridging the ligamentous pulleys of the second
(10) and the first (not shown) phalanges, and

forming the lateral edge of the cruciate fibres (9)

of the pulley of the PIP joint. These check rein
ligaments prevent hyperextension of the PIP joint
and, when they retract, callse stiffening of the
joint during flexion.They must then be surgically
excised.

On the whole, the IP joints, especially the proxi-
mal, must be immobilized in a position close to
full extension.

The range of flexion at the PIP joints (Fig. 54)
exceeds 90o, so that in flexion l>2 ancl Pl form
an aclrte angle. (In this cliagram the phalanges are

not seen strictly from the side so that the angles

appear obtuse.) As in the case of MP joints,flexion
increases in range from the seconcl to the fifth fln-
ger to reach a maximum of 135" in the latter.

The range of flexion at the DIP joints (Fig.55) is
slightly less than 90o, so that the angle between P2

and P3 remains obtuse. As in the PIP joints, this
range increases from the second to the tifth flnger
to attain a maximum of 90" in the latter.

The range of active extension (Fig. 56) at the IP
joints is nil at the PIP joints (P) and nil or trivial
(5') at the DIP joints (D).
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Passive extension is nil at the PIP joint (Fig.57)
but appreciable (30') at the DIP joint.

Since the IP joints have only one degree of free-
dom, there are no active lateral movements, blrt
there are passive movements (Fig. 58) in the
DIP joint. The PIP joint is very stable laterally,and
this explains the problems that arise when one of
its collateral ligaments is torn.

The plane containing the movements of
flexion for each of the last four digits (Fig. 59)
deserves special mention:

. The index is flexed in a strictly sagittal plane
(P) passing near the base of the thenar
eminence.

. As shown previously (Fig. 13, p.2o7),the axes
ofthe fingers during flexion all converge at a
point corresponding to the distal margin of the
'radial pulse'. This can occur only if the last
three flngers are flexed not in a sagittal plane
like the index finger but in an increasingly
oblique plane latero-medially.

. The oblique direction of the axes of the little
finger and of the ring linger are shown by the
blue arrows pointing towards the star. Thanks
to the obliquity of their axes of flexion, the
more medial Iingers can oppose the thumb,
just as the index finger does.

The diagram in Figure 60 uses strips of cardboard
to demonstrate how this type of flexion occufs:

. A nafrow piece of cardboard (a) represents the
joints of the finger with the metacarpal (M)
and the three phalanges (P,, P, and Pu).

. If the fold in the cardboard strip representing
the axis of flexion of an IP joint is
perpendicular XX" to the long axis of the
strip, the phalanx will bend in the sagittal
plane (d) and cover the adjacent phalanx
exactly.

. If, on the other hand, the fold is slightly
oblique medially XX',flexion will not occur
in the sagittal plane and the flexed phalanx (b)
will overshoot the adjacent phalanx laterally.

. Thus only a slight obliquity of the axis of
flexion is required, because it is multiplied by
a factor of 3 CXX',YY' and ZZ'),so that when
the little finger is fully flexed (c), its obliquity
brings it into contact with the thumb.

. The same demonstration applies, though to a
decreasing extent, to the ring finger and the
middle flnger.

In real life, the axes of flexion of the MP and IP
joints are not Iixed or unchanging. They are

perpendicular to the joint in fuIl extension and
become progressively more oblique during flex-
ion. This change in the orientation of the axis of
flexion is due to the asymanetry of the articrtlat
surfaces of the MP (see above) and of the IP
joints and also because the collateral ligaments
are stretched differentially, as will be shown
later for the MP and IP joints of the thumb.
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The tunnels and synovial sheaths
of the flexor tendons

During theil course through the concave regions
of the hand these tendons need to be tethered to
the bones by fibrous sheaths or else they would,
under tension, take the chordal path bridging
the borders of the concavities. This woulcl mean a
relative lengthening of the tendons with respect
to the bones and a decrease in their efficiencr'.

The flrstfibfo-osseous tunnelis the carpaltun-
nel (Fig. 62, after Rouvidre), which lets through
all the flexor tendons (red arrow) as they pass

from the forearm to the hand. The two borders of
the tunnel are bridged by the flexor retinacu-
lum (FR) (Fig.61, see-through view of the hand).
This combination creates the most important
fibro-osseous pulley in the human body.

The section of the carpal tunnel (Fig.63) shows
lying in two planes the tendons of the flexor
communis superficialis (2) and profundus (3),
as well as the tendon of the flexor pollicis lon-
gus (4). The tendon of the flexor carpi radialis
(5) runs through a special compartment of its own
before reaching its insertion into the second meta-
carpal (FiS.62). Medially tlne flexor cat"pi ulnaris
(FCU) runs outside the tunnel to its insertion into
the pisiform. The median nerve (Fig.63,6) also
passes through this tunnel, where it can be com-
pressed by narrowing of the tunnel, unlike the
ulnar nerve (7),which,with its companion artery,
passes through a special tunnel (Guyon's canal;
anterior to tlre Jlexor retimaculutn.

At the level of the fingers the flexor tendons are
tethered by three arouate pulleys formed by
transverse fibres (Figs 61 and 61);the first (A,)
lies just proximal to the metacarpal head, the
second (A,) on the palmar surface of P, and the
third (Ar) on the anterior surface of Pr. Between
these arcuate pulleys with transverse fibres the
tendons are held down continuously by oblique
and cruciate fibres, which are less thick and
criss-cross the joints so as to allow the phalanges
to move propedy during flexion. These cruciform
pulleys are A, on the palmar aspect of the MP
joint and .4.4 anterior to the PIP joint. Thus, along
with the slightly concave palmar surf'ace of the

phalanges, these pulleys form true fibro-osseous
tunnels (inset).

The synovial sheaths (Fig.61) allow the tendons
to glide smoothly within their tunnels, a little like
the brake linings of a bicycle. Each of the fingers
in the middle has its own sheath. i.e. the index
linger (S2), the middle finger (S,) and the ring
finger (S.).'Ihese sheaths have the simplest possi-

ble structure (Fig. 65, simplified diagram);the ten-
don t (only one is shown for simplicity's sake) is

surrouncled by a synovial sheath (partly resected
in the diagram),with two layers:a visceral layer (a)

in contact with the tendon, and a parietal layer (b)
that lines the cleep surface of the fibro-osseous
tunnel. Between these two layers lies a potential
but closed cavity (c) (which is shown here abnor-
mally distended);it contains no air but only a small
amollnt of synovial fluid to facilitate the sliding
of one layer on the other. At each end of the sheath
the two layers are continuous and form two peri-
tendinous recesses (d).

Section A shows this simple arrangement. When
the tendon moves in its tunnel, the viscerallayet
slides over the parietal layer, just as the articu-
lated caterpillar tracks of an all-terrain r,'ehicle
move relative to the ground, i.e. only the upper
layer moves relative to the lower layer, which
remains in contact with the grouncl. If an infection
develops between the two layers, they become
adherent to each other ancl the tendon cannot
glide in its tunnel, since it is now'jammed'like
the cable of a rusty brake. As a result of these ten-
dinous adhesions. the tendon has become
functionally useless.

In sorne places in the middle portion of the sheath
(section B), the two la1'els are separated by the
bloocl vessels (e) supplying the tendon, forming
a meso-tendon, i.e. a sort of longitudinal sling
(vinculum tendinis,f) holding the tendon within
its synovial sheath (c). This description is a very
simplified vefsion, especially as regards the syno-
vial sheaths, and for further details a textbook of
anatomy should be consulted.
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In the palm of the hand the tendons glide inside Anatomically it is important to observe the

three synovial sheaths (Fig. 61), which are, following:
latero-medially:

. the flexor pollicis longus sheath (Sfp),

continuous with the digital sheath of the
thumb

. the intermediate sheath (Si), investing the
index tendon of the flexor digitorum with-
out being continlrolls with its digital sheath

. the common flexor sheath (Scf),whose
proximal recess (pr) extends back to the
antefior surfaces of the wrist. It does not
entifely surround the tendons and has the
following three prolongations :

- anteriody, the pretendinous recess (8)

- posteriody, the retro-tendinous fecess
(10)

- the intertendinous fecess between the
superfi,cial and deep tendons (9).

The common flexor sheath mefges and communi-
cates with the digital sheath of the ffih flnger.

The synovial sheaths of the flexor tendons
staft in the forearm proximal to the flexor
retinaculum (Fig.61).

The sheaths of the three middle flngers extend
back to the middle of the palm and their
superficial recesses correspond to the distal
paltnar crease (dpc) for the third and fourth
lingers and to the middle paknar crease
(mpc) for the index linger. The proximal
(thenar) palmar crease (ppc) corresponds
to the third ray of the hand in its proximal
portion.

The flexor skin creases (Fig.54,red arrows) -
except for the proximal crease - lie just
proximal to the corresponcling joints, where
the skin is in direct contact with the synovial
sheath,which can be readily infected by
an insect bite.

Note also that the dorsal skin creases (white
arrows) lie proximal to their joints.
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The tendons of the long flexors
of the fingers

The strong and bulla digital flexors lie in the
anterior compaftment of the forearm and are thus
extrinsic rnuscles, since they act on the hancl
and the lingers via their long tendons, whose
insert"ions are unusual f Fig.661.

The most superflcial muscle, i.e. the flexor digi-
torum superficialis (FDS) (blue in the diagram),
is inserted into Pr, and so its insertion is proximal
to that of the deep muscle, i.e. the flexor digito-
rum profundus (FDP) (yellow).Therefore these
two tendons must inevitably cross each other
in space and must do so symmetrically to
avoid any unwanted component of force .The only
solution is fbr one tendon to perforate the other.
Logically one woulcl expect the proJundus to'per-
forate' the superrtcialis since it is inserted distally,
and this is exactly what happens. These classic
anatomic diagrams clemonstrate how these two
tendons cross each other at the level of meta-
calpal (M) and of P,, P2 ancl Pu.

The superficialis tendon (blue) divides into two
slips (Fig. 67) at the level of the MP joint, and these
two slips wrap themselves round tl:'e profundus
tendon before reuniting at the PIP joint proximal
to their insertion into the sicles of Pr.This is fur-
ther illustrated in Figure 68 ancl in Figure 69
(projectecl view).

A blown-up view (Fig.70) also shows the meso-
tendons (vincula tendinum), which are synovial
slings that carry the blood supply to the tendons
(Lundborg et al.).They fall into two sets:

-$. the fi.rst set, related to the FDS, with two
pathways of vascular sqrply:

- proximal(zone A), consisting of small
longitudinal intratendinous vessels (1)
and the vessels coursing down at the
proximal end of the synovial sheath (5)

- distal (zone B), consisting of the vessels
in the short meso-tendon or vinculum
breve (3) at the level of the two lateral
insertions of the FDS into P2.

Between these two zones there is an
avascular zone (.4),located at the division of
the FDS tendon.

#, the second set, related to the flexor
digitorum profundus (FDP), with three
pathways of vascular supply:

- proximal (zone A), consisting of two
types of vessel (5 and 6) similar to those
of the FDS

- intermediate (zone B), consisting of
vessels running successively through the
long meso-tendon ot uinculum longum
(7) and the short meso-tendon or the
uinculum breue of FDS

- distal (zone C), consisting of vessels
running through the short meso-tendons
inserted into Pr (8).

Thus for the FDP there are three avascular
zones:

. a short zone (9) between zone s A ancl B

. a short zone (10) between zones B and C

. a peripheral zone (11) I mm wide and equal to
a quarter of the tendon's diameter. It belongs
to what hancl surgeons call the no-man's land
and lies close to the PIP joint.

Hand surgeons must be familiar with the
blood supply of these tendons if they want
to pfeserve them in optimal condition. Moreover,
slrtlrres placed in these avascular zones run a

higher risk of giving way.
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Theoretically possible is a simpler arrangement
where the tendons would not have to cross each
other; the tendon inserted on P, would be deep
and the tendon inserted on Pu would be superfi-
cial. \fhat is the need for the complicated cross-
ing of these tendons? Without being guilty of tele-
ological reasoning, one can be allowed to point
out (Fig.7l) that by staying superficial right down
to its insertion, the superficialzs tendon forms a
greater angle of traction with P, than it would
by running closer to the bone. Thus its angle
of traction is widened and its efficiency
enhanced (Fig.74), provicling a logical explana-
tion for why the superficialzs tendon is perforated
by tlae profundus and not vice versa. The actions
of these two muscles can be deduced from their
points of insertion.

. The flexor digitorum superficialis (FDS)
(Fig.71) is inserted into P, and so flexes the
PIP joint.It has little effect on the DIP joint
and is a weak flexor of the MP joint only
when the PIP joint is fully flexed.Its efficiency
is maximal when the MP joint is kept extended
by contraction of the extensor digitorum
(synergistic action). Its angle of traction
increases as P, is flexed and so does its
efficiency.

. The flexor digitorum profundus (FDP)

Gig.72),inserted at the base of Pu, is primarily
a flexor of Pu,but this flexion is soon fbllowed

by flexion of P, because there is no dedicatecl
extensor to oppose this action. Therefore to
measure the strength of tl:re.flexor profundus,
P2 must be kept extended manually. V/hen P,

andP, are manually flexed to 90" the
profunclus is unable to flex P, because it has
become too slack for any useful contraction.
It works best when P, is kept extended by
contraction of the extensor digitorum
(antagonistic-synergistic action). Despite
these limitations the FDP is an important
muscle, as will be illustrated later.

. The radial extensors (RE) and the extensor
d.igitorum (ED) are synergistic with the
flexors (Fig.73).

All these tenclons would be ineffectual without
pulleys A1*A3-A5 $ig. 75), which keep the ten-
dons in contact with the metacarpal and pha-
langeal bones. It is easy to understand the role
of these pulleys (Fig. 76). Compared with its
normal position (a), the FDP tendon is artificially
lengthened to @) if pulleyA, is removed, to (c) if
A, is removed and to (d) if A, is removed..il/hen
the tendon'bowstrings'(d) (i.e takes a clirect path
between the two ends of the bony arch), it loses
all its power because of its relative lengthening.
Fortunately there is still the skin to hold in the ten-
donl The practical conclusion is that the pulleys
rnust be maintained as well as possible and
rnust be repaired when they are damaged.
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. the four tendons of the extensof digitorum
(J), accompanied deeply by the tendon of the
extensor indicis (3'), which joins distally the
tendon of the extensor cligitorum for the
index finger

. the extensor pollicis longus (4)

. the extensor carpi radialis longus (!) and
the extensor carpi radialis brevis (5')

. the extensor pollicis brevis (6) and the
abductor pollicis longus (6').

Inside these flbro-osseous tunnels the tendons are
invested by synovial sheaths (Fig. 78), which
extend proximally beyond the extemsor retinacu-
lum and distally for some distance on the dorsal
aspect of the hand.

The tendons of the extensor muscles
of the fingers

These extensofs are mostly extrinsic muscles of
the hand and they also run inside fibro-osseous
tunnels, but, since their course is on the whole
convex, the tunnels are fewer than those for the
flexors. These tunnels are found only at the wrist,
where the tendons become concave outwards
during wrist extension. The tunnel at the wrist is
fbrmed by the distal ends of the radius and ulna
and by the extensor retinaculum (Fig.77) and
is subdivided into six tunnels containing the
following tendons medio-laterally (fiom left to
right in the diagram ):

. the extensor carpi ulnaris (1)

. the extensor digiti minimi (2), which joins
more distally the tendon of the extensor
digitorum for the little finger
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On the dorsal surface of the hand there are small
intertendinous bands between the extensor
muscles, and they run mostly obliquely and distally
between the extensors of the ring finger and those
of the middle and index flngers. Their distribu-
tion, however, is very variable, and their ofienta-
tion may change from oblique to tfansverse so

that, instead of substituting for and helping
the function of the extensofs, these bands can
impair the independence of the lingers, a serious
handicap fbr pianists. It is rumoured that the
famous composef Robert Schumann sectioned
one of these bothersome bands himself!

Functionally the extensor digitorum is essen-

tially an extensor of the MP ioint.It is a power-
ful extensor and active in all positions of the wrist,
but its action is facilitated by flexion at the wrist
(Fig.7D.It extends P, (Figs 80 and 81, the bones
of the hand) via the lO-12 mm long extensor
expansion (1),which arises from the deep surface

of the tendon, crosses the MP joint without blend-
ing with its capsular fibres and is inserted at the
base of P,, as shown in Figure 8O (posterior view),
where the tendon has been partially resected (4)
to reveal the deep expansion (1).

On the other hand, its action on P, via its median
band (2) and on P, via its two lateral bands (3)
depends on the degree of tension in the tendon
and consequently on the position of the wrist
(Fig.79) and also on the degree of flexion at
the MP joint:

. This action is appreciable only when the wrist
is flexecl (A).

. It is partial and weak when the wrist is
straight (B).

. It is nil when the wrist is extended (C).

In effect the action of the extensor cligitorum on

P, and Po depends on the degree of tension in the

digital flexors:

. If these flexors are talrt because the wrist or the

MP joint is extended,the extensor cligitorum
cannot by itself extend the two distal phalanges.

. Ii on the other hand, these flexors are relaxed
by flexion of the wrist or of the MP joint or are

accidentally cut, the extensor cligitorum can
easily extend the last two phalanges.

The tendons of the extensor indicis and of the

extensor digiti minimi behave in the same way
as those of the extensor digitorum with which
they blend. They allow the index and little fingers
to be extended singly, e.g. when'making horns'
with the index and little flnger, the'iettatore'ges-
ture of the Neapolitans.

The accessory movements produced by the exten-
sor tenclons of the index finger (according to
Duchenne de Boulogne) are lateral inclinations
(Tig. 82). The extensor indicis (A) abducts while
the extensor cligitorum (B) adducts, but only
when the interossei are inactivated by flexion of
P, and P. and extension of P1.
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The interossei and the lumbrical muscles

The attachments of the interossei are summa-
ized diagrammatically in Figures 83-85, since we
are interestecl only in the way these insertions
influence the actions of the muscles. Functionally
the interossei have two actions at the MP joints:
latetal movements and flexion--extension.
Their ability to bend the flnger to one side or the
other depends on the attachment of some of their
tendinous insertions into the lateral tuberosity of
P, (1). Occasionally there is a separate belly of
muscle, particulady in the first dorsal interosseus
(Winslow).

The direction of the muscle determines the direc-
tion of the lateral rnovements:

. Vlhen the muscle collfses towards the axis
of the hand (third finger), e.g. the dorsal
interossei (Fig. 83, green), it causes separation
of the fingers (blue arrows).It is clear that if
the second and third interossei contfact
simultaneously, their opposing actions on the
middle finger are cancelled. Abduction of the
little finger is produced by the abductor
digiti minimi (Fig. 84, 5), which is equivalent

to a postefior interosseus. Abduction of the
thumb produced by the abductor pollicis
brevis (6) is of small range ancl is offset by the
abductor pollicis longus, which acts on the
first metacarpal (M,).

. When the line of traction of the muscle is

directed towards the axis of the hand, e.g.

paltnat interossei (Fig. 84, pink), the muscle
pulls the fingers closer together (pink arrow).

The dorsal interossei are bulkier and more
powerful than the palmar interossei, which are

thus less efficient in approximating the fingers.

The attachments of the interossei to the metacar-
pals are shown in detail in Figure 85:

. the attachments of the dorsal interossei
(green) to two adiacent metacarpals with their
tendons running towards the middle linger

. the attachments of the palrnar interossei
(pink) to a single metacarpal, the one farthest
away from the middle finger, which receives
no interosseus; their tendons are shown
running away from the little finger.
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The tendons of the interossei, encased within
fibrous sheaths continuous with the trans-
vefse tnetacarpal ligarnent, cannot be dislo-
cated anteriody during flexion of the MP joints,
since they are kept in place by the anterior$
located transverse ligament. The first dorsal inter-
osseus lacks this suppoft and, when its flbrous
sheath is damaged in rheumatoid arthritis, its ten-
don slips anteriorly and it is changed from an
abductor into a flexor muscle.

The actions of the interossei in flexion-extension
cannot be understood until the structure of the
dorsal digital expansion has been described in
detail (Figs 86-88).

. The interosseous tendon gives off a flbrous
band, which passes over the dorsal surface
of P. to blend with similar fibres from the
contralateral muscle and form the dorsal
interosseous expansion (2). Figure 87
(after removal of the phalanges) shows the
deep surface of the dorsal expansion and the
interosseous tendon, which, after sending
fibres to insert (1) into the lateral tubercle of
Pr, now consists of a relatively thick pafi (2)
and a thinner part (2'), whose flbres run
obliquely to join the lateral bands (7) of the
extensor expansion. The thick part (2) slides
on the dorsal aspects of P, and of the MP joint
with an intervening synovial bursa (9), distal
to which lies the deep band (4) of the
extensor expansion.

. There is a third expansion of the
interosseous tendon, i.e . a thin band (3),
which splits into two groups of fibres before
blending with the fibres of the extensor
expansion (8) as follows:

- A triangularband (10), formed by a few
oblique flbres running towards the median
band of the extensor expansion. It is
extremely important in that it pulls back
the fibres of the extensor when the PIP
joint is extended. This triangular band is
attached distally to the two lateral borders
of the median band (15) of the extensor
expansion before its insertion into Pr.

- A second lateral band (12), formed by
fusion of the bulk of the fibres of the
third part with the lateral band of the
extensor expansion iust proximal to the
PIP joint.It is inserted with its contralateral
homologue into the dorsal surface of the
base of P,.

Note that the lateral band (Fig. 88, 12) does not
run posterior but postero-lateral to the PIP joint,
where it is tethered to the capsule by a few trans-
verse fibres, i.e. the capsular expansion (11).

The four lumbrical muscles (Fig.89), numbered
latero-medially, arise from the radial aspects of the
flexor tendons of the FDP for the first two and
from the edge of the adjacent tendons for the last
two. These are the only muscles in the human
body that arise from tendons. Their tendons (13)
run distally and then curve medially. They are

at lirst separated from the tendons of the interos-
sei (Fig. 88) by the deep transverse metacarpal
ligament (14), so that they come to lie in the
palmar compartment of the hand. They then blend
(Figs 87 and 88) with the third expansion of the
interosseous tendon distal to the interosseous
expansion.
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Extension of the fingers
It is producecl by the combined action of the
extensor digitorum (ED), the interossei (IO),
the lumbricals (LD and even to some extent of
the Jlexor digitorutm superrtcialis (FDS). These
muscles are synergists-antagonists, depending on
the position of the MP joint and of the wrist.
The oblique retinacular ligament contributes
purely passively; it also coordinates the move-
ments of the last two phalanges.

Extensor digitorum (ED)

As shown before (yt.236i ,ED is a true P, extensor
acting on P, and Pu only when the flexors are
relaxed by wrist flexion, MP joint flexion or sec-
tion of their tendons. On an anatomical model
tfaction on ED completely extends P, ancl incom-
pletely extends P. and P.. The tension developed
in the various insertions of ED depends strictly on
the degree of flexion of the phalanges:

. Passive flexion of P, (Fig. 9O) slackens by 3 mm
the median band ancl the deep band so that ED
has no more effect on P, ancl Pr.

. Passive flexion of P, (Fig. P1):

- slackens by 3 mm the lateral bands (a) as

they'skid'anteriorly (b) under the pull of
the capsular expansion (Fig.88, 11). During
P, extension these regain their dorsal
position thanks to the elasticity of the
triangular bancl (Fig. 87, 10)

- slackens by 7-8 mm the deep band (c),
which then loses its direct effect on P, but
ED can still indirectly extend P, via P2 if the
latter is stabilized in flexion by FDS, which
thus synergizes with ED during MP joint
extension (Fig.92). The components e" and
f " cancel out, while e' and f ' add up,
producing two components acting on Pr,
i.e. an axial component (A) and an extensor
component (B), the latter also including
part of the action of FDS (R. Tubiana and
P Valentin).

The interossei (lO)

They flex P, and extend P, and Pr, but their
actions depend on the degree of flexion of the MP
joint and the state of contraction of ED:

. With the MP ioint extended (Fig.93) by ED
contraction, the extensor hood (a) is pullecl
over the MP joint towards the dorsum of the

metacarpal (Steding Bunnell). The lateral bancls

can then be stretched (b) and extencl P, and Pr.

. With the MP joint flexed (Fig.94) by ED
relaxation (a) and contraction of the lumbrical
(not shown here):

- the extensor hood slicles over the dorsum
of P, @) for 7 mm (Sterling Bunnell)

- the IO and the lumbrical acting on the
extensor expansion strongly flex the MP
joint, so that the lateral bands (d), held
down by the extensor hood, slacken ancl
can no longer extend P, and Po, the more
so as the MP joint is flexed further

- at this stage ED becomes an efficient
extensor of P, and P..

Thus there is a synergistic balance between
the extensor actions of ED ancl IO on P, and P.
(Sterling Bunnell):

. With the MP joint flexed at 9O" ED is ftilly
active on P, ancl P3, 2s zfe the lumbricals,
which retighten the lateral bancls (Fig.96)
while lO are inactivc.

. With the MP joint in the intermediate
position, ED and IO are sl.nergistic.

. With the MP ioint extended (Figs 93 and95)
ED has no effect on P, and P., whereas IO are
maximally active as they retighten the lateral
bands (b).

The lumbricals (LX)

They flex P, and extend P, and P, but, unlike
IO, they act whatever the degree of flexion at the
MP joint. They are thus extremely valuable for
finger movements. They owe their efficiency to
two anatomical factors:
. Lying more anteriody than IO and palmar to

the transvefse metacafpal ligament, they form
a JJ" angle of traction with P, (Fig. 95) and
can therefore flex the MP joint even when it is
hyperextended. They are thus the flexor
starters of Pr, since the IO only act
seconclarily on the dorsal expansion.

. They are inserted (Fig.96) into the lateral
bands distal to the extensor hood, which does
not bind down their tendons; hence their
ability to retighten the extensors of P,
and P3,regardless ofthe degree offlexion of
the MP joint.
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Eyler and Marquee and Landsmeer have shown
that sometimes the interossei have two separate

insertions, one for dorsal expansion and the other
for lateral expansion:

. According to Recklinghausen, the lumbricals
(Fig. 97) promote extension of P, and P, by
slackening the distal portion of the FDP tendon
(a) from which they arise (b). Because of their
diagonal coufse, their contraction ftinctionally
displaces the FDP insertion from the palmar to
the dorsal aspect ofP, and thus changes FDP

into an extensor like an interosseus. This system

is like a transistor that shunts current in one
direction or the other, depending on its state of
excitation. This transistor effect uses a weak
muscle (the lumbrical) to shunt the power of
a stfon€a flexor muscle (FDP) into the extensor
grid. From their numerous pfopfioceptive
receptofs the lumbricals gather essential
information (P Rabischong) for the coordina-
tion of the extensors and flexors as they run
transversely from one group to the other.

. The oblique retinacular ligament (RL), flrst
described by Landsmeer in 1949,consists of
Iibres (Fig.98) arising from the palmar surface

of P, (a) and blending with the lateral extensor
expansion of the extensor digitorum before it
insefts into P.. But, more important, its fibres,
unlike those of the lateral expansions, run
across the PIP joint palmar to its axis (c).

Therefore (Fig. 99) extension of the PIP joint
stretches the flbres of RL ancl causes a 4Oo

automatic extension of the DIP ioint with

^range 
equal to half its maximum; in other

wofds, the DIP joint moves from a flexed
position of 8Oo to one of 4O".This tightening
of the RL by extension of the PIP joint is easily

demonstrated as follows (Fig. 100). If the RL is

cut at b, passive extension of P, is not
followed by the automatic extension of
P, and the two cut ends of RL stay apart by a
distance cd or e, where d is the final position
of b after rotation around a,and c is the final
position of b on Prafter rotation around O.

Conversely, with RL intact, passive flexion of
the DIP joint causes automatic flexion of the
PIP ioint.
Contracture of RL flxes the hand in a'button-
hole'deformity caused by rupture of the extensor
expansion and leads to hyperextension of the
DIP ioint, as in advanced cases of Dupultren's
contfactllfe.

In summary, it is possible to establish the effects

of muscular contfaction on flexion ancl extension

of the flngers as follows:
. Simultaneous extension of P, + P2 + P3

(Fig. 101, A):

- synergism ofED + IO + LX

- passive and automatic involvement of the
retinacular ligament.

. Isolated extension of P,: ED:

- + flexion of Pr: FDS (agonist of ED) with
relaxation of the IO

- + flexion of Pu: FDP + relaxation of IO + LX

- + flexion of Pr:FDS + relaxation of IO + IX

- + extension of P,:LX and IO. (This last
movement is very difficult.)

. Isolated flexion of Pr: LX (starters) and IO, the
latter antagonizing ED:

- + extension of P, and P. (Fig. 101, C): lum-

bricals, which are extensors in all portions
of the MP joint, ancl synergistic antagonism
of ED and the interossei (Fig. 1Ol, B)

- + flexion of Pr: FDS

- + extension of P.:lumbricals (a difficult
movement because flexion of the PIP joint
relaxes the lateral expansions)

- + flexion of Pr: FDS

- + flexion of Po: FDS, whose action is made
easier by the'skidding'of the lateral
expansions cluring flexion of the PIP joint.

The everyday rnovements of the fingers illus-

tfate these various combinations as follows:
. During writing (first studied by Duchenne de

Boulogne):

- 'When the pencil is moved forwards (Fig.

102),the interosseus flexes P, and extends
P. and Pu.

- 'il/hen the pencil is brought back (Fig. 103),

ED extends P, ancl FDS flexes Pr.

. .il{hen the hand assumes the shape of a hook
(Fig. 104) FDS ancl FDP both contract and the
interossei relax. This movement is essential for
mountain climbers as they clutch at the
vertical face of a rock.

. During tapping movements of the fingers
(Fig.l05) ED extends P,,while FDS and FDP

flex P, and Pu. This is the initial position of the
pianist's fingers. The Iinger strikes the key as

the interossei and lumbricals contract and
flex the MP joint, while ED relaxes.
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Abnormal positions of the hand and fingers

These can result from either cleflciency of ovefac-
tivity of one of the muscles described. The follow-
ing conditions produce abnormal positions of
the fingers (Fig. 106):

. Rupture of the extensor expansion (a) at
the level of the triangular band, which runs
between the two lateral bands and whose
elasticity is necessary to bring these bancls

back to their original dorsal position when the
PIP joint moves back into extension. As a

result the posterior surface of the joint
herniates through the torn extensof expansion
and the lateral bands remain clisplaced in mid-
flexion on either side of the PIP joint while the
DIP joint is hyperextended. This'buttonhole
deformity'can also be produced by cutting
ED at the PIP joint.

. Rupture of the extensor tendon 1b; just
proximal to its insertion into P. causes flexion
of I'0, which can be reduced passively but not
actively and is due to the activity of FDII now
unbalanced by ED.This leads to the 'mallet
finger' deformity.

. Ruptufe of the long extensor tendon
distal to the MP foint (c) causes flexion of
the joint because the action of the interossei
preclominates over that of ED. This is the
intrinsic plus deformity, which arises
because the interossei become more
powerful tlran ED.

. Rupture or deficiency of FDS (d) leads to
hyperextension of the PIP joint because of
the enhancecl activity of the interossei. This
'inverted position'of the joint is accompanied
by a slight flexion of the DIP joint due to
relative shortening of FDP following
hyperextension of the PIP joint. Hence the
name of 'swan-neck deformity'.

. Paralysis or sectioning of the FDP tendon
(e) prevents all active flexion of the distal
phalanx.

. Deficiency of the interossei (f) is followed
by hyperextension of the MP ioint clue to
the contraction of ED and hyperflexion of
the two distal phalanges caused by the
combined action of FDS and FDP This
paralysis of the intrinsic muscles disrupts the

longitudinal arch at the level of its keystone.
This claw-hand or intrinsic minus position
(Fig. 108) is seen mainly with paralysis of the
ulnar nerve, which supplies the interossei,
and this is why this defbrmity is also called the

ulnar claw.It is associated with atrophy of
the hypothenar eminence and of the
interosseous spaces.

The loss of the extensors of the wrist and
of the fingers, most commonly caused by
tadial nerve paralysis, produces'wrist
drop'(Fig. 107), i.e. increased flexion of the
wrist, flexion of the MP joint and extension of
the two distal phalanges owing to contraction
of the interossei.

In Dupuy-tren's contracture (Fig. 109),
caused by shortening of the pretendinous
fibres of the central paLtnar aponeurosis,
the fingers are irreducibly flexed, with flexion
of the MP ancl PIP joints and extension of the
DIP joint. The last two Iingers are usually the
most severely involvecl, the middle finger ancl

the index linger are involvecl later in the
progression of the disease, ancl the thumb is

involvecl only exceptionally.

Volkman's contracture (Fig. 110) is caused
by ischaemic shoftening of the flexor muscles
as a result of arterial insufficiency. The fingers
assume a hook-like position, which is particu-
larly obvious during extension (a) and is
attenuated when the wrist is flexed (b) and
the flexors are slackenecl.

The hook-like deformity (Fig. 111) can also

be due to suppurative synovitis of the
cofirrnon flexor sheath. It becomes more
markecl from the lateral to the medial fingers
(the fifth frnger being the most af1licted).Any
attempt at reversing it is extremely painful.

Finally the hand can become fixed in a
position of massive ulnar drift (Fig. 112,

taken fiom the painting Tbe Musicians'Branul
by Georges Latour), when all the lingers are

markedly deviated medially so that the meta-
carpal heads become abnormally prominent.
This deformity allows one to make the
(retrospective) diagnosis of rheumatoid
arthritis.
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The muscles of the hypothenar eminence

These are three in number (Fig. 113):

t. Flexor digiti rninirni brevis (1), inserted
into the ulnar aspect of the base of P,, runs
obliquely distally and medially from its fleshy
origin located in the palmar surface of the

flexor retinaculum and the hook of the
hamate.

ft, nAdductor quinti/abductor digiti minimi
(2), which adducts the Iinger towards the
plane of symmetry of the body, is inserted
like an interosseus. Its flat tendon divides
into two slips:one inserted (along with the

Jlexor digiti minimi breuis) into the ulnar
aspect ofP, by a dorsal expansion shared
with the fourth anterior interosseus; and the
other into the ulnar border of the dorsal
digital expansion of the ED.It arises from the
anterior surface of theJlexor retinaculum
and from the pisiform.

3" Opponens digiti minimi (3) runs distally
and medially from its origin at the distal
border of the flexor retinaculum and the
hook of the hamate, skirts round the anterior
border of the flfth metacarpal (Fig. 113) and
is inserted into its ulnar margin.

-

Physiological actions

The physiological actions of these muscles are as

follows:

. Opponens digiti minimi (Fig. 114) flexes the
fifth carpo-metacarpal joint about the axis )C('
and pulls the metacarpal anteriorly (arrow l)
and laterally (arrow 2) along an oblique path
collinear with the axis of the fleshy belly of the
muscle (pink and white arrow). But at the
same time, it rotates the metacarpal around its
long axis (marked by a cross) into supination
(arrow 3) so that the anterior aspect ofthe
metacarpal now faces laterally towards the
thumb. Hence its name of opponens is justilied,
since it brings the little finger into
opposition with the thurnb.

. Flexor digiti minirni brevis (1) and
"adductor quinti/abductor digiti minimi
(2) together have roughly similar actions
(Fig. 1 15):

- Flexor digiti minirni brevis (blue arrow)
flexes the MP joint and abducts the little
finger from the axis of the hand.

- 
*Adductor quinti/abductor digiti
minirni (red arrow) also abducts the
finger relative to the axis of the hand and
so can be viewed as similar to a posterior
interosseus. Like the interossei, it flexes P,

via the digital interosseous expansion and
extends the two clistal phalanges via its
lateral extensor expansion.

* Tlrc autlror uses ddductor quinti inFrench for the English abcluctor digiti minimi. This cliscrepancv in terminology is clue to the fact that the

alrthor uses the plane of symmetrv of the body rather than the axis of the hand as his point of ref'erence for the lateral movements of the little
finger in the coronal plane.
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The thumb plays a unique role in the function of
the hancl, being essential for the formation of
the pollici-digital pincers with each of the fin-
gers ancl for the development of a powerful
grip with the help of the other four fi.ngers.It
can also take part in actions associated with the
gripping of obiects by the same hand. With-
out the thumb the hand loses most of its
capabilities.

The thumb owes its pre-eminent role to its loca-
tion anterior to the palm and to the other fingers
(Fig.116), which allows it to move towards the
lingers individually or together (the movement of
opposition) or away from them (the movement
of counter-opposition") to release the grip. It
also owes its role to its great functional adapt-
ability secondary to the peculiar organization of
its osteo-articular column and its motor muscles.

The osteo-articular column of the thumb (Fig.
117) consists of five bones forming the lateral ray
of the hand:

S. the scaphoid (S)

*" the trapeziwrn (TZ), which embryologically
is homologous to a metacarpal

#, the first rnetacarpal (M,)

4. the first phalanx (P,)

S" the second phalanx (Pr).

The thumb

.E 

" If it is shorter (as after partial amputation),
it cannot carry out opposition because it is
too short and cannot be sufficiently
adducted and flexed.

*, If it is longer (as the congenitally
malformed thumb with three phalanges),
the delicate termino-terminal (tip-totip)
opposition can be hampered by inadequate
flexion of the DIP joint of the finger in
opposition.

This illustrates Occam's principle of universal
economy(also known as Occam's razor),which
states that optimal function is ensured by a mini
mum of structural components and otganiza-
tion. Thus, for the thumb, five components are
needed and are sufficient to ensure optimal
function.

There are four ioints in the column of the
thumb:

'8 " the scapho-trapezial (ST) joint, which, as

we have seen already, allows the trapezium
to move anteriody for a short distance along
the distal tubercle-bearing surface of the
scaphoid, i.e. a movement of flexion of
small range

#" the trapezo-netacatpal (TU) ioint with
two degrees of freedom

#. the metacarpo-phalangeal (MP) joint
Anatomically the thumb has only two phalanges, with two degrees of freedom

but, more important, it is attached to the hand at a S, the interphalangeal (IP) ioint with only
point far more proximal than the other fingers. one degree of freedom.
Thus its column is far shorter and its tip reaches
only as far as the middle of P, of the index flnger. Thus all five degrees of freedom are necessary
This is in fact its optimal length for two reasons: and are adequate to achieve opposition.
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Opposition of the thumb

This is the movement bringing into contact
the pulp of the thumb with that of any other
finger to form the pollici-digital pincers, and it
is the basis of the functional capability of the hand.
V/hen it is lost, the hand is almost useless, and
complex surgical procedures are carried out to
festore these pincers from the residual stfuctures
subserving this movement. These operations rely
on the replacement of the thumb by another
finger (the pollicization of a finger).

During opposition the thumb moves to meet
another finger (see later, p.289), most often the
index finger. This movement is the sum of the
elementary movements:

"t, Antepulsion of M, and secondarily of Pr.

3" Adduction of M, and ulnar flexion of Pt

towards the radial border of Mr. The range of
movements increases as the thumb opposes
the more medial fingers and is maximal
when the thumb opposes the little finger.

3. Axial rotation of M, and P, in the
direction of pronation.

The lirst two movements depend on the com-

bined action of the abductor pollicis lomgus arul

of the lateral muscles of the thenar gfoup.

Axial rotation deserves more detailed analysis.

It can be illustrated by Sterling Bunnell's exper-
iment (Figs f 18-120), which can easily be per-

formed on oneself as follows. First, place markers
on the bones concerned (one matchstick trans-

versely across the nail, one pefpendicular to each

phalanx and a fourth one perpendicular to the

metacarpal). Now bring the hand into the starting
position CFig. 118) with the palm wide open, the

thenar eminence flattened and the thumb in maxi-

mal extension and abduction. Then move the

thumb to oppose the index finger, i.e. in the inter-
mediate position (Fig. 119), and finally move the

thumb farther to oppose the little flngeq in the

extreme position (Fig. 120).'illhen the hand is
viewed head-on in a mirror, one can observe that
the plane of the nail has undergone an axial rota-

tion of 9O-l2O'.
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It is incorrect to asslrme that this axial rotation has

occurred entirely in theTM and MP joints.

To test this (Fig. l2I),let us Lrse a mechanical
model of the thumb (developed by the author).
The strip of cardboard representing the thumb
articulates with the palm around an axis O for
movements of abduction-adduction and is folded
along three lines perpendicular to the long axis
of the strip representing the three distal joints of
the thumb.

When one sllccessively performs the following
two movements on the model. i.e. l20o abduc-
tion around O and 180'flexion along the three
folds, one completes the movement of opposition.
Arrow 3 moves directly towards the fburth and
fifth flngers, although the strip has not been
axially rotated. The axial rotation is the geometric
resultant of the combined movements of abduc-
tion and flexion. In real life, however, owing to
mechanical factors at the joints, abduction cannot
exceed 60'. Under these conditions (Fig. 122),tlire
axial rotation is no longer enough to move P,
(arrow 3) towards the last finger, and P, then
moves anteriody and proximally.

To perform opposition despite this limited degree
of abduction (Fig. 123),a torsion of the strip must
needs occuf, i.e. a certain degree of axial fotation
associated with flexion of the different segments.

On the model this is easily achievecl by making the
axes of flexion oblique (dotted lines), so that flex-
ion is inevitably associated with an axial rotation.
In real life, however, this axial rotation is not due

to the obliquity of the axes of flexion but is the
result of a combination of many factors:

. An automatic axial rotation resulting from
the composite movement taking place around
the two axes of the TM joint (see later) as the
lateral thenar muscles contfact. This active and

automatic rotation is mainly responsible for
opposition of the thumb.

. An active axialrotation due to a movement
of pronation in the MP loint produced by the

Jlexor pollicis breuis and the abcluctor" pollicis
breuis (see above).

. An autornatic axial rotation into pronation
at the IP joint (see later).

The 'play'in theTM and MP joints,which is due to
the laxity of the ligaments when the lateral thenar
muscles contract. is yet another factor but is not
essential.

By passively rotating the second phalanx of the
thumb helcl between the thumb and the index fln-
gef, the range of this movement can be measurecl

empirically;it lies between 60o and 80o.
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The geometry of thumb opposition

Geometrically speaking (Fig. 124), opposition
of the thumb consists of moving the thumb in
such a way that a point A' on its pulp or pad
becomes tangential to a corfesponding pointA on
the pulp of another finger, e.g. the index, and that
the tangential planes of A and A' merge in space
into a single point (A +A').

For two points to coincide in space (Fig. 125),
three degrees offreedom are necessary in keeping
with the three space coordinates X,Y and Z. Two
additional degrees of freedom afe necessary for
the planes of the pulps to coincide perfectly by
rotation around axes t and u. Since the pulps can-
not rotate into a back-to-back position, a third
degree of freedom around an axis perpendicular
to the preceding ones is not needed.

In sum, to achieve the coincidence of these pulpar
planes five degrees of freedom are required:

. three for coincidence of the points of contact

. two for more or less extensive coincidence of
the pulpar planes.

It can easily be demonstfated that each axis of a
joint represents a degree offreedom and that these
degrees of freedom can be added numerically.
Thus thefive degrees of freedomofthecolumn
of the thumb are both necessary and ade-
quate to achieve opposition of the thumb.

Let us consider in one plane only (Fig. 126) the
movements of the three mobile segments (Mr, Pt

ancl P2) of the column of the thumb about the
three axes of flexionYY' for theTM joint, f, for the
MP f oint and f, for the IP joint.It is clear that two

degrees of freedom are needed to position the tip
of P, at a point H in the plane. If no movement is

allowed about f, and fr, then there is only one way
of reaching H, but the introduction of a third
degree of freedom allows H to be reached from
many angles. The diagram contains two pulpar
orientations, O and O', at an angle of u and B

respectively. It is clear that three degrees of free-

dom are needecl.

In space (Fig. 127), the addition of a fourth degree

of freedom around the second axisYrYr' of theTM
joint increases by one the range of orientations for
the pulp of the thumb, which can now face in yet

another direction and can choose any position to
oppose another finger.

The addition ofa fifth degree offreedom (Fig. 128),

introduced by the second axis of the MP joint,
improves the degree of coincidence of the two
pulpar planes by allowing them to rotate slightly
with respect to each other around their point of
contact. In fact, we can see that the axis of flexion
f, of the MP joint is strictly transverse only during
direct flexion but is mostly oblique in one direc-
tion or another:

. Oblique in fr:flexion is associated with ulnar
deviation and supination.

. Oblique in fo: flexion is associated with radial
deviation and pronation.

Therefore, thanks to the flve degrees of freedom
available in the mechanical system of the column
of the thumb, the pulp of the thumb can be
brought into contact with that of any other
finger in multiple ways.
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The trapezo-metacarpal (TM) joint

Topographic features of the
articular surfaces

The TM joint, lying at the base of the mobile col-
umn of the thumb, plays a vital role in the
movernents of the thumb, especiallyin oppo-
sition, by allowing the thumb to take up any
position in space. Anatomists have labelled the
TM joint as the 'joint of mutual interlocking',
which is not very meaningful, or as the saddle
joint (Fig. 129), which is better, since it draws
attention to its saddle shape , concave in one direc-
tion and convex in the other. In reality it consists
of two saddle-shaped surface s, i.e. one on the distal
surface of the TZ and the other on the base of Mr;
these surfaces afe congruent only after a 9Oo rota-
tion, when the convexity of one surface fi.ts into
the concavity of the other and vice versa.

A very acclrrate topographic stucly, carried out by
an Italian investigator (A. Caroli) using serial sec-

tions ancl mounting procedures, clemonstrates
(Fig. 130) that the trapezial (a) and the metacarpal
(b) surfaces clo actually have a double inverse cur-
vatlrre in the shape of a saddle, but their congru-
ence (c) is not perfect.

The exact contolrrs of these articular surfaces
have been studiecl extensively but still remain con-
troversial. The first accurate accollnt comes from
a Scottish investigator (K. Kuczynski,1974).

Vhen theTM joint is openecl and the base of Mr is
tilted laterally (Fig. 131), the articular surfaces of
the trapezium (TZ) and of the first metacarpal
(M,) show the fbllowing features:

. The trapezial surface ('lZ)bearc amedian
ridge (CD), which is slightly bent so that its
concavity faces medially and anteriorly. The
dorsal part of this ridge (C) is cleady more

pointed than that of its palmar part (D), which
is almost flat. This riclge is indented transversely
in its middle portion by a ftrrrow (AB) running
antero-laterally from its postero-lateral border A
to its antero-meclial borcler B. More impoftant,
this ftlrrow is curvecl, with its convexity
pointing antero-laterally. The postero-lateral
part (E) is almost flat.

. The metacarpal surface (Mr) is inversely
shaped, with a ridge A'B' corresponding to the
furrowAB of TZ,and a furrow C'D'
corresponding to the ridge CD onTZ.

Vhen applied toTZ (Fig.732),Mr overhangs the

borders of TZ at the encls a and b of the furrow.
Also, on the section (Fig. 133), it is clear that the

congfllence of these surfaces is far from perf'ect,

since their radii of curvatlrre are slightly different.
When they are firmly pressed togethet however,
the intedocking of the surfaces prevents any axial
rotation of M, (Kuczynski). Because the saddle is

curvecl along its long axis, Kuczynski compares it
to a soft sadclle placed on the back of a scoliotic
horse (Fig. 134). It can also be likened to a pass
curving between two rnountains (Fig.135).
Thus the path (blue arrow) of a truck going

uphill forms an angle R with that (pink arrow) of
the same truck going downhill on the other side

of the pass. According to Kuczynski, this angle,

which is eclual to 90" between points A and B of
the furrow <>nTZ, accollnts for the axial rotation
of M, durin€l opposition of the thumb. This could
only be true if the base of M, swept the entire
length of the trapezial furrow (like the trlrck on
the mountain pass) and caused total clislocation
of the joint in one or both directions. Since the
displacement of M, is only partial in real life, we
believe that another mechanism (to be dis-

cussed later) underlies this rotation.
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Coaptation of the articular surfaces

The capsule of theTM joint is considered to be lax
with consiclerable play, which, according to classi-

cal authors and even some modern authors, is
responsible for the axial rotation of M,. This is
incorrect, as we shall see later.

In fact, the laxity of the capsule allows only the
articular surface of M, to move ovef that of TZ,
but the joint works by axial compression like a
pivot (Fig. 136). Thus M, can assume any position
in space, just like a pylon, whose direction can be
altered by varying the degree of stretch of any one
of its stays, which correspond here to the thenar
muscles.These muscles therefore keep the articu-
lar surfaces together in all positions.

Likewise the ligaments of the TM joint direct the
movements at the joint and keep the articular sur-

faces together by changing their degree of stretch.
Their anatomy and their functions have recently
been described by J.-Y de la Cafflnidre (1970).
There ate many other accounts of their ligaments
but de la Caffinidre's remains valid because of
its coherence and simplicity. Four ligaments are

recognized (Fig.137 , anterior view; Fig. 118, poste-
rior view):

{, The intermetacarpal ligament (IML) (4),
which is a short thick band of Iibres bridging
the bases of M, and M, in the most proximal
region of the flrst interdigital cleft.

€. The oblique postero-medial ligament
(OPML) (3),long recognized as a wide but
thin band applied to the joint posteriorly
and coursing anteriody round the medial
aspect of the base of M,.

S. The oblique antero-medial ligament
(OAML) (2), running from the distal tip of
the ridge onTZ to the base of Mr.It crosses

the anterior aspect of the joint
after wrapping itself round the lateral
aspect of the base of Mr.

4" The straight antero-lateral ligament
(SALI) (1), stretching directly fromTZ to
the base of M1 antero-laterally to the joint.
Its medial border,well deflned and sharp,
bounds a small gap in the capsule, through
which runs a synovial sheath for the tendon
of the abductor pollicis longus (APL).

According to de la Caffinidre, these ligaments
can be paired as follows:

. IML and SALL:the widening and the
narrowing of the first interdigital cleft in the
plane of the palm are checked by IML ancl

SALL respectively.
. OPML and OAML:these are stretched

e ssentially during rotation of M,, with OPML
limiting pronation and OAML limiting
supination.
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The role of the ligaments

In reality we feel that the situation is more com-
plex, since one must also describe the action of the
ligaments relative to the movements of ante-
pulsion/retropulsion and of flexion--exten-
sion of M, (which we will further define later).

During movements of antepulsion and retro-
pulsion we observe the following:

. Figure 139 (antetior view, taken in
anteposition (A)) shows that OAML is
stretched, SALL is slackened and OPML is
stretched posteriorly (Fig. 140).

. Figure I4l (anterior view taken in
retroposition (R)) shows that SALL is
stretched, OAML is slackened and OPML is
also slackened posterio rly (Fig. I 42).

. IML (Fig. 143, anterior view) is tightened in
anteposition, when it pulls the base of M,
towards Mr, and in retroposition, when it pulls
back M,, which is already displaced onTZ. It is
relaxed only in the intermediate position,which
bisects the angle formed by its extreme positions.

During movements of flexion<xtension:
. During extension (E) (Fig 144),the anterior

ligaments SALL ancl OAML are stretched and
OPML is slackened.

. During flexion (F) (Fig. 115),the opposite
takes place , with slackening of SALL ancl OAML
and stretching of OPML.

Being wrapped around the base of M, in opposite
directions (Fi9.146, axial view of M, lying onTZ

ancl M, ancl M3), OPML and OAML maintain the
stability of M, during its axial rotation as follows:

. OAML is stretched during pronation (P) ancl
so would produce supination, if it were
pathologically shortened.

. OPML is stretched during supination (S),

so that, if it were to act alone, it would
pronate M,.

During opposition, which combines anteposi-
tion and flexion, all the ligaments are stretched
except SALL, which runs parallel to the contract-
ing muscles (abd,uctor pollicis breuis, opponens
pollicis andflexor pollicis longus).It is worth not-
ing that the most stretched of these ligaments is

OPML, which maintains the posterior stability of
the joint. Opposition thus corresponds to the
close-packed position of the TM joint, as already
noted by MacConaill. It is the position in which
the articular surfaces are the most closely apposecl,

thus preventing, with the help of the two con-

currently stretched oblique ligaments, any axial
rotation of M, and so any degree of play within
the joint.

In the intermediate position, which will be
defined later, all the ligaments are relaxed and
'play'is at a maximum within theTM joint,without
any advantage during axial rotation of M,.It is in
this position that one can passively demonstrate
the 'play'in theTM joint, which is thus not involvecl
cluring opposition.

In counter-opposition,onlythe OAML is stretched,
thus favouring some degree of axial rotation of Mr

into supination.
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Geometrical analysis of the
articular surfaces

If the axial rotation of M, cannot be explained by
the play in the joint or by the action of the liga-
ments, the explanation mllst rest with the struc-
ture of the articular surfaces. It is wofth stress-
ing that such an explanation is accepted for the
hip joint.

Mathematically speaking, saddle-shaped sur-
faces have negative curvatufe, i.e. they are
convex in one direction and concave in the othef,
so that they cannot be closed on themselves, like
a sphere, which is the perfect example of posi-
tive curvature. The non-Euclidean properties
of these surfaces have become better known since
Gauss and Riemann.

These saclclle-shapecl surfaces have been likened
to the following:

. A segment of a circular hyperboloid
according to Bausenhart and Littler (Fi9.147):
the surface of revolution (cleep green) is gener-
ated by the hyperbola (HH) revolving around
its conjugate axis along a circular path (CC).

. A segment of a parabolrc hyperboloid
(Fig. 148):the surface (pink) is generated by
a hyperbola (HH) revolving along a parabolic
path (PP).

. A segment of a hyperbolic hyperboloid
(Fig. 149): the surface (blue) is generated by
the hyperbola (HH) revolving along a

hyperbolic path (H'H').

Ve feel that it is more instructive to liken these
saddle-shaped surfaces to an axial segment of a
torus (Fig. 150;C = circle geflerating the toroiclal
surface). The inner border of a tyre, which pro-
vides a good representation of a torus, has a con-
cave surface whose cefltfe lies on the axis of the
wheel )C('. and a convex surface whose centfe
lies on the axis of the tyre. In reality there is a
series of axes p, q, s etc., with q corresponding to

the centre of the saddle. This toroidal surface
with negative curvatufe, cllt out on the axial
surface of the toflls, therefore has two main
orthogonal axes and conseqllently two degrees
of freedom corresponding to its two cufvatures.

If we take into account Kuczynski's clescription,
which stresses the lateral curvatlrre of the riclge of
the saddle (the 'scoliotic horse', Eig. 131, p.259),
then this axial segment mlrst be demarcated asym-

metrically (Fig. 151) on the surface of the torus, as

if the saddle had slipped to one side on the back
of a normal horse.The long axis, the ridge of the
saddle (nm), is bent to one side so that the radii u,

v, w, passing through every point of the ridge,
converge at a point O', which lies on the axis XX'
of the torlls outsicle its plane of symmetry and
thus fails to coincide with the centre O of the
torus. This saddle-shapecl surface still corresponds
to an asymmetrical toroidal surface with neg-
ative curvatufe, which has two main orthogonal
axes and two clegrees of freedom.

Under these conditions, it is logical and permissi
ble to construct a theoretical model of the
TM joint, just as the hip joint is biomechanically
modellecl as a ball-and-socket structure, although
it is well known that the femoral head is not
perfbctly spherical.

The mechanical model of a biaxial ioint is
the universal joint* (Fig. 152), with its two inter-
secting orthogonal axes XX' and YY' allowing
movements to occllr in two planes AB ancl CD at
right angles to each other.

Likewise, two saddle-shaped surfaces (a and
b) lylng one on top of the other (Fig. 153)
allow movements to occlrr relative to each other
(FiS. 751) and in planes AB and CD respectively.
But a study of the mechanics of the universal joint
reveals that biaxial joints have an accessory move-
ment, i.e. automatic rotation of the motrile
part on its long axis (i.e. the first rnetacar
pal). This will be further discussed later.

'ln Frcnch this joint is called the cardan after its inventor, Getolamo Carclano (1501-1576)
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Axial rotation

To understand the illustrations discussed on this
page, the reacler is advised to cut out pieces of
cardboard and glue them together in orcler to con-
struct a mechanical model of the column of
the thumb, with a universal joint at its base
(corresponding to the TM joint) and two hinge
foints (corresponding to the MP and the IP joints),
which link its three bony segmenrs (Fig. 155).
Start by cutting out three pieces from a strip of
cardboard 1 mm thick. The first piece T (blue)
represents t}"rle trapezitm (TZ), and it has a fold
(shown as a solid line) corresponding to a hinge.
The second piece (yellow) has three parallel folds,
which run in the same clirection and separate
the first metacarpal M,, the first phalanx P, and
the second phalanx P,,. In order to obtain neat
folds, use a sharp blacle to make a superficial cut
into the back of the cardboard, and thus facilitate
folding on its front. The third piece (in blue ancl
yellow) is a circle with a diameter equal to the
width of the strip of cardboard. On each of its
two surfaces clraw a diameter;these two diameters
should be perpendicular to each other.

When these pieces are ready they are glued
together as follows. The blue piece is glued to one
face of the circle so that the fold coincicles with
the diameter;the yellow piece is gluecl to the other
face of the circle after being rotatecl 90o so that
its fold coincides with the diameter. These two
folds form the universal joint. The model is now
ready and will allow us to demonstrate in space
the automatic axial rotation of the mobile seg-

ment thanks to the mechanical propefties of
the universal joint.

Begin by mobilizing the universal joint on its
own (Figs 156- 159):

. Fold the two hinges separately ancl then
simultaneously (Fig. 156). At hinge 1, the
yellow piece revolves while staying in its own
plane.At hinge 2, the yellow piece moves in
two directions perpendicular to its own plane.

. Yon will notice (Fig. 157) that when the
yellow piece is rotated about axis 1, it always
moves in the same direction (a). This is an
example of aflat rotation, i.e. rotation in
one plane.

. If, before rotating the yellow piece arolrncl axis
f $ig. 158), you move it upwards through an
angle (a), you will notice that, as it rotates (b)
around axis 1, it changes direction while
heading for the same point O, which
corresponds to the summit of the cone
clescribed by the mobile segment. This is
an example of conical rotation.

. If the yellow piece is flexed ftrrther to 90"
(Fig. 159), it changes direction progressively
relative to its rotation R around axis 1. This is
an example of cylindrical rotation, which
foreshadows the axial rotation of the column
of the thumb.You can now understancl what
happens during opposition of the thumb (Fig.

160). As a 90'flexion cannot occlrr along the
second axis of the TM joint, represented in
the moclel by axis 2 of the universal joint, this
flexion is spread over the three hinge
joints.

The first movement of flexion is of moclerate range
and involves Mr at theTM joint;the seconcl involves
P, at the MP joint, taking place arouncl an axis 3;
the third is flexion of P, at the IP joint around an
axis 4.

Thus the pulp of the thumb, carriecl by Pr, can
always face towards O while undergoing a cylin-
clrical rotation arouncl its long axis.

In summary, this axial rotation of the column of
the thumb is basically due to the mechanical
properties of the universal joint located
between TZ and M,, in particular the automatic
rotation typical of this joint, i.e. the coniunct
rotation of MacConaill. Its value can be calcu-
lated using a simple trigonometric formula that
takes into account the two rotations; this is not
included here.

Of course between zefo alltomatic conjoint rota-
tion in the case of plane rotation ancl maximal
conjoint rotation in the case of cylindrical rota-
tion all intermediate values are possible in biaxial
universal joints.

Thus the axialrotation of the thumb is due to
the coordinated function of the TM, MP and
IP joints, but the initiating movement occurs in
the key joint, i.e. the TM joint.
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The movements of the first
metacarpal (M,)

M, can undergo single or combined movements
about its two orthogonal axes and automatic
axial rotation that results from the movements
taking place about these two axes.'We must
detine the position in space of the two main
axes of the TM ioint, which do not lie in the
usual three planes of reference.

If, on the skeleton (Fig. 161), a metallic pin is
inserted through the centre of the mean curvatufe
of the articular surfaces of TZ and M,, the follow-
ing can be observed:

. The axis (1) corresponding to the concave
curvatllre of TZ is seen to pass through the
base of M,.

. The axis (2) corresponding to the concave
surface of the saddle-shaped M, passes

throughTZ. Of course, these axes afe not
fixed in rcaliq but vary in position with the
movements. (The pin repfesents only the mean
position.) To a first approximation, however,
we may consider these axes as the two axes of
the TM loint, keeping in mind that this model is
only a partial representation of reality meant to
help in the understanding of a complex
problem. These two orthogonal axes,which
are perpendicular to each other but do not
convefge in space, form a universal joint.
Hence it is reasonable to view theTM joint as

endowed with the mechanical properties of a

universal joint.

The joint has two important additional
characteristics:
. Firstly, axis 1 is parallel to the axes of flexion-

extension occurring at the MP joint (3) and at
the IP joint (4).'$(ze will soon discnss the
conseqllences of this arfangement.

. Secondly, axis I is perpendicular in space to
axes 2, 3 and l,and so lies in the plane of
flexion for P, and P,, i.e. in the plane of
flexion of the column of the thumb.

Finally, an important point: the two orthogonal
axes 1 and2 of theTM joint are oblique relative
to the three planes of reference, i.e. coronal
(C), sagittal (S) and transverse (T). Hence the pure
rnovements of M, take place in a plane oblique
to the three planes of reference; they therefore
cannot be described in terms of classical anatomy,
at least as regards abduction, which occurs in a

coronal plane. Recent studies have made it clear
that the axis of flexion-extension of M, passes

throughTZ, that the axis of abduction-adduction
lies at the base of M,, and that these axes are close
to each other. On the other hand, they do not form
a right angle in space and so are not orthogonal;
they actually form an acute angle close to 42".
This joint can still be likened to a universal joint,
but it is active only in preferential sectors in accor-
dance with its known functions.
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The pure movements of M, (Fig. 162) relative
to the ttapezial system of reference can be
defined as follows:

. Around axis )O(' (axis 1 of the previous
diagram), which we call the main axis
because it allows the thumb to'select'a
particular finger during opposition, the
movements of antepulsion and fetro-
pulsion take place. During these the column
of the thumb moves in a plane AOR perpen-
dictrlar to axis I and parallel to that of the
thumbnail:

- During retropulsion (R), the thumb is
moved posteriody to reach the plane of
the palm while staying at an angle of 60'
with Mr.

- During antepulsion (A), the thumb
moves anteriody to a position almost
perpendicular to the palm of the hand.
This movement is confusingly called
abduction by anglophone authors.

. Around the axis YY' (axis 2 of the previous
diagram),which we call the secondary axis,
occur the movements of flexion-extension in
a plane FOE perpendicular to axis 2 of the
previous diagram:

- During extension (E), M, moves
posterior$ and laterally and the range of
extension is increased by extension of P,
and P2, so that the column of the thumb
comes to lie almost in the plane of the palm.

- During flexion (F), P, moves distally
anterior$ and medially without crossing
the sagittal plane, which passes through Mr,

and the range of flexion is increased by
flexion of the phalanges, so that the pulp
of the thumb touches the palm at the base
of the little finger.

Thus the concept of flexion and extension of
M, is perfectly iustified by the occurrence of
similar movements at the other two joints of the
column of the thumb.

Aside from these pure movements of antepulsion-
retropulsion and of flexion-extension, all the
other movements of M' are complex, i.e.
combined with varying degrees of successive or
conclrffent movement about the two axes and
with the resultant automatic or conjunct axial
rotation.The latter plays a vital role in opposition
of the thumb.

The movements of flexion-extension and antepul-
sion-retfopnlsion of M, start from the neutral
position or the position of rest of the thumb
muscles (Fig. 163). This position is also defined
as the position of electromyographic silence
(Hamonet and Valentin), when the relaxecl mus-

cles give rise to no recordable action potentials.
It (N) has also been deflned radiographically as

the position where M, and M, form an angle of
30" in the coronal plane (C), an angle of 4Oo in the
sagittal plane (S) and an angle of 10" in the trans-
verse plane (T).

This position (N) also corresponds to the position
of relaxation of the ligaments and maximal con-

farlrence of the articular surfaces, which ovedie
each other almost perfectly.
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Measurement of the
movements of M,

Now that we have described the real movements
of Mr, how do we measure these movements in
practice? The problem is complicated by the cur-
rent use of three methods.

In the first rnethod, which conld be called the
classical method (Fi9.164),M, is made to move in
a rectangular solid of reference, formed by the
three perpendicular planes, i.e. transverse (T),
coronal (C) and sagittal (S). The latter two planes
intersect along the long axis of M, and the plane
of intersection of the three planes passes through
the TM joint. The reference position is achieved
when M, touches M, in the plane of the palm,
which is roughly the same plane as C.

TWo comments deserve attention:

t. This position is not natural.

*, M, cannot strictly be made to lie parallel
to Mr.

Atrduction (arrow 1) occurs when M, moves
away from M, in plane f; and the converse applies
to adduction.

Flexion (arrow 2) or anterior (palmar) displace-
ment occurs when M, moves anteriody, and
extension or posterior (dorsal) displacement
occurs when M, moves posteriody.

The position of M, is thus clefined by two angles
(Fig. 165): the angle (a) for abduction (Ab) and

adduction (Add), and the angle @) for flexion or
anterior displacement (A) and extension or poste-
rior displacement (P).

This method has two disadvantages:

't. The movements are measlrfed as proiections
on abstract planes and not as real angles.

?" Axial fotation is not measured.

The second method, which could be called the
modern methocl as proposed by Duparc, de la
Caffinidre and Pineau (Fig. 1661. determines not
movement but rather positions of M, according to
a system of polar coorclinates. The position of M,
is defined by its position on a cone whose axis
coincides with the long axis of M, and whose
apex lies at theTM joint. The half-angle at the apex
of the cone (arrow 1) is its angle of separation,
which is valid only when M, moves along the
surface of the cone. The position of M, is estab-

lished precisely by the angle (arrow 2) between
the plane passing through M, and M, and the
coronal plane (C).

With respect to the rectangular solicl of reference
(Fig. 167), this angle (b) is called by these authors
the angle of rotation in space, which is tautolo-
gical, since fotation must take place in space. It
would be more appropriate to call it the angle of
circumduction,since the movement of M, on the
surface of the cone is analogous to circumcluction.

The value of this second method, relative to the
first, rests on the ease with which these two angles

can be measured with a protractor.
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Radiographic features of the TM
joint and of the trapezial system

The following discussion is based on radio-
graphic studies, including radiographs taken
head-on and from the side at specific angles,
as defined by the author in 1980. The principle
involved is to orient the main X-ray beam so as to
take into account the oblicluity of the axes of the
joint and to demonstrate the true curvatures of
the articular surfaces without any distortions
in perspective, as observed in radiographs of the
hand being taken head-on and from the side at the
so-callecl classical angles. In this way one accu-
rately measures both the range of the pure move-
ments of the TM joint and its structural character-
istics, which are very important in its physiology
ancl pathology.

On the basis of radiographs taken of the hand from
the front ancl from the side at specific angles, we
propose a third method of measurement of
the ranges of movernent of the TM joint, i.e. the
trap ezial system of reference.

On an anterior radiograph of the column of
the thumb (Fig. 168), the curvaturc of TZ ancl the
convex curvature of M, are seen strictly in profile
without the benefit of any perspective. A raclio-
graph is then taken in retroposition R and another
in anteposition A. The ranges of movement are
measured between the long axes of M, and Mr.By
subtracting the value obtained in retroposition

from that obtained in anteposition one obtains the
fange of antepulsion-retropulsion:
. Retropulsion causes the axis of M, to come to

lie almost parallel to that of Mr.
. Antepulsion widens the angle between M, and

Mz up to 5O-60'.

The range of antepulsion-retropulsion is 22"
* po, varying with the sex of the subject:

. In men it is 19o + 8o.

. In women it is 24 ! 9".

On a radiograph of the column of the thumb
taken in profile (Fig.169) the convex curvature
of TZ and the concave curvature of M1 are seen
without any distortion. One radiograph is taken in
extension (E) and another in flexion (F).

. Extension widens the distance between Ml
andM2,which form an angle of 3O-4O".

. Flexion brings Ml closer to M2 and causes
them to become almost parallel.

The range of flexion--extension is 17o * Qo

depending on the sex of the subject:

. In men it is 16o + 8o.

. In women it is 18o * 9o.

AII things considered, the range of movements at
the TM joint is much smaller than would be
expected for the great degree of mobility of the
column of the thumb.



SSe ;}.!s:&{S

9LZ

g*F #.c5rsc$



The structural and functional
features of the TM joint

Structural and functional studies of 330 cases,
carried out in 1993 byA.I. Kapandji andT. Kapandji,
revealed the following:

. The range of the movements of TZ (Fig.

170) is 2.9o t 2o between antepulsion (A) and
retropulsion (R), a small range but none the
less real.

. The base of M. (Fig. 171) in retroposition
is almost dislocated laterally on the trapezial
saddle but in anteposition (Fig. U2) it
regains its place within the concavity of the
trapezial saddle.

. A head-on view (Fig. 173) shows evidence of
early rhizarthrosis, i.e. the base of Mt fails
to move snugly into the trapezial saddle and
stays stuck to the cantle (the raised hind part)
of the saddle during antepulsion. Normally on
radiographs taken from the side (Fig. 174) the
'beak'of the base of M, fits perfectly under the
convex surface of TZ.

. In early rhtzafihrosis (Fig. 175) the beaklike
base of M, does not regain its normal position

and remains stuck to the convex surface of TZ
under the pull of the tendon of the abductor
pollicis longus (white).

The measurement of the angle between the
base and the ridge of the saddle made on
anterior racliographs is of vital importance in
the diagnosis of eady rhizarthrosis.
Normally (Fig. 176), this angle, as measured
between the axis of M, and that of the
trapezial saddle, has a mean value of 127" and
the intermetacarpal ligament (green) is able to
bring back the base of M, on to the lrapezial
saddle.

When this angle approaches 140o (FiS.l77)
one can suspect the eady development of
rhizarthrosis, especially if the patient feels
pain occasionally over theTM joint. The
congenital condition of the'sliding saddle',
i.e. dysplasia of the trapezial saddle ,

predisposes to rhizarthrosis of theTM joint,
since in the long run the intermetacarpal
ligament loses its ability to bring back the
base of Mr, and produces a state of chronic
lateral subluxation, which wears out the
trapezial surface and reduces the width of
the joint space.



dd-s *rE:ffi!:ds{ L 4}rfi#}:s

trd& €.rFrs!*

Sgt e.Emi1;!;j

FdL #"rs!ffix*

bd{. *insq*

{JAt s.fi'E#{d

LLZ

ttt *.$fiffig$

/i I t,
l rl
I.l
l:l t.l
l,'I
rl

ta
lt la
I rl

{j( i



The metacarpo-phalangeal (MP) ioint
of the thumb

The MP joint of the thumb is considered by
anatomists to be of the condyloid variety, though
anglophone authors think of it as an ellipsoid joint.
Like every condyloid joint, it has two degrees of
freeclom, allowing flexion-extension ancl lateral
inclinations. In reality, as a result of its complex
biomechanical structttre, it has also a third degree
of freedom allowing axial rotation of P, (pro-
nation and supination), which is both passive and
active and essential for thumb opposition.

In Figure f 78 (the joint is opened anteriorly and Pt

is displaced posteriody ancl proximally) the head
of M, (1) appears biconvex, being longer than it is
wide ancl expanded anteriody by two asymmetri-
cal swellings, with the medial swelling (a) being
more prominent than the lateral one (b). To the
cartilage-coated biconcave base of P, (2) and its
anterior border is attached the fibrocaftiTagi-
nous palmar plate (3), which bears two sesa-
moid bones near its distal edge. The medial (4)
and the external (5) sesamoicl bones have a carti-
laginous surface continuous with that of the pal-

mar plate. The medial (6) and the lateral (7)
sesamoid rnuscles are attached to these sesa-

moicl bones. The capsule, seen slicecl in the dia-
gram (8),is thickened on either side by the medial
(9) and the lateral (10) collateral ligaments
attaching M, to the palmar plate. Also seen are the
anterior (11) and the posterior (12) recesses
of the capsule and the collateral ligaments, the
medial ligament (13) being shorter than the lateral
(14). The afrows XX' and YY' represent respec-
tively the axis of flexion--extension and the
axis of later al inclinations.

Figure 179 @ntetiorview) shows the same struc-
tures, i.e. Ml (15) below and P, (16) above, and
provides a more detailed view of the palmar plate
(3) and the medial (1) and the lateral (5) sesamoicl
bones.These bones are linkecl bv the intersesa-

moid ligament (not shown), are attached to the

head of M, by the meclial (18) and lateral (19)

collateral ligaments of the MP joint, and are bound
to the base of P, by the straight (20) ancl crossed
(21) flbres of the phalango-sesamoid ligament.
The meclial sesamoid muscles (6) are inserted
into the meclial sesamoid bone and send an expan-

sion to the base of P, (22),which partially masks

the medial ligament (13).The phalangeal expan-
sion (23) of the lateral sesamoid muscles (7)

has been clrt to display the lateral collateral liga-

ment (14).

In Figures 180 (medial view) and 181 (.lateral
view) can also be seen the posterior (24) and
the anterior (25) recesses of the capsule, the
insertion of the tendon of the extensor pollicis
brevis (26;) ancl the clearly off-centre metacarpal
attachment of the medial (13) and lateral (14)
collateral ligaments and of the ligaments attaching
the metacarpal to the palmar plate (18 and 19).

One can see that the medial collateral ligament is

shorter and more readily tightened than the lateral
so that the movements of the base of P, are less

marked on the meclial than on the lateral aspect of
the head of M,. A transparent diagram of the head

of M, (Fig. 186, p. 2t31) explains how the differen-
tial clisplacement of M, medially (SM) ancl laterally
(SL) produces an axial rotation into pronation of
the base of Pr, when the lateral sesamoid muscles
(7) contract more vigorously than the medial
sesamoid muscles (6).

This differential displacement is further enhanced
by the asyrnrnetry of the head of M, (Fig. 182,

seen head-on) with its more prominent medial
swelling (a) extending less distally than its lat-
eral swelling (b).Thus laterally the base of P,

moves farther anteriody and distally, giving rise to
a combined movement of flexion, pronation and
radial deviation of P,.
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The extent of the lateral inclinations and axial
fotation of P, depend on its degre e of flexion.

In the neutral position or in extension (Fig.

1 83), the collateral ligaments (1 ) are slack, while
the palmar plate (2) and the ligaments attach-
ing M, to the plate (3) are taut, thus prevent-
ing axial rotation ancl lateral movements. This is
therefore the first locked position ancl it occurs in
extension, as the sesamoids (4) arc firmly applied
to the metacarpal head. Note that the posterior
(5) and anterior (6) synovial recesses are

relaxed in the intermediate position.

In the intermediate or mid-flexion position
(Fig. 184) the collateral ligaments (1) are again
slack, the lateral more than the medial one, while
the palmar plate (2) and the ligaments bincling it
to M, are slackened as the sesamoid bones (4)
slip under the anterior swellings of the head
of M,.

This is the position of maximal mobility,where
lateral inclinations and axial rotation can be pro-
duced by the sesamoicl muscles. Thus contraction
of the medial sesamoid muscles leads to ulnar
deviation and more limited supination, while that
of the lateral sesamoid muscles produces radial
cleviation and pronation.

In full flexion (Fig. 185) the palmar plate and
the ligament attaching it to M, are slackened,
while the collateral ligaments are rnaximally
stretched, so that the base of P, undergoes radial
deviation and pronation. The joint is literally
locked by the interaction of the collateral liga-
ments and the posterior synovial recess (5), when
the thumb is in the extreme position of thumb-
to-little finger opposition produced by the pre-

dominant, if not exclusive, action of the lateral
thenar muscles. This corresponds to the close-

packed position of MacConaill. It is the second
locked position ancl occurs in flexion.

Figure 186 (superior view, with the base of P,

tfansparent) shows how P, is pronated mostly
by the lateral sesamoid muscles (SL).

On the whole the MP joint of the thumb can

undergo three types of rnovement (Kapandji,
1980), starting from the neutral position (Fig. 187,

posterior view of the head of Mr, showing the axes

of the various movements):

. Pufe flexion (arrow 1) around a transvefse
axis f,, produced by the balanced action of the
medial and lateral sesamoid muscles up to the
position of mid-flexion.

. Two types of complex movements combining
flexion, lateral deviation and axial rotation:

- Combined flexion, ulnar deviation and
supination (arrow 2) around a mobile
oblique axis fr, giving rise to a conical
rotation;this is procluced largely by the
medial sesamoid muscles.

- Combined flexion, radial deviation
and pronation (arrow 3) around a mobile
axis f., which is more oblique than f, and
points in the other direction. Again there
is conical rotation produced largely by the
latenl sesamoid muscles.

Thus full flexion is always combined with radial
cleviation and pronation because of the asymmet-
rical shape of the head of M, and the unequal
degree of stretching of the collateral ligaments,
both of which prornote the overall opposi-
tion of the column of the thumb.
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Movements of the MP joint
of the thumb

The position of reference for this ioint is

achieved when the thumb is straight and the
axes of P, and M, are collinear (Fig. 188). To under-
stand the elementary movements of the joints
of the fingers, it is a good idea to construct two
trihedral structures with three matchsticks
arranged orthogonally and to glue each of these
structures on either side of the joint.

Starting from this position, no active or passive
extension is possible in a normal person.

Active flexion (Fig. 189) is 6O-70', while pas-
sive flexion can attain 8Oo or even 90". The
elementary components of this movement afe
well brought out with the use of the trihedral
stfuctures.

In the position of reference (Fig. 190, dorsal
view) the trihedral structures are glued so that
the matchsticks are parallel or collinear. In this

way the components of rotation and lateral devia-

tion can be observed.

In the position of mid-flexion one can volun-
tafily contract either the medial or the lateral
sesamoid muscles.

When the medial sesamoid muscles contract
(Fig. 191, distal view with the thumb lying slightly
anterior to the plane of the palm; Fig 192, proxi-
mal view with the thumb lying in the plane of the
palm), with the help of the matchsticks one can

observe ulnar deviation of a few degrees and supi-

nation of 5-7".

When the lateral sesamoid muscles contract
(Fig. 193, distal view;Fig.l94,proximal view), one

can observe radial deviation (well shown in Fig.

194), which is greater than the previous ulnar
deviation, and pronation of 20".

W.e shall discuss later the ftrll significance of this
combined movement of flexion, radial deviation
and pronation cluring opposition of the thumb.
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Combined lateral and rotational
movements of the MP joint
of the thumb

In full palu.nar cylindrical grips, the grip is
firmly locked by the action of the lateral sesa-
moid muscles at the MP joint.Vhen the thumb is
inactive (Tig. 195) and stays parallel to the axis of
the cylinder, the grip is incompletely locked and
the object can easily slip through the gap between
the fingertips and the thenar eminence.

If, on the other hand, the thurnb moves towards
the fingers (Fig. 196), the object cannot escape.
The radial deviation of P1, seen clearly with the
help of the trihedral structures, brings M, into full
anteposition. Thus the thumb takes the shortest,
i.e. circular, path (D around the cylinder;this path
would be elliptical and longer (cl) without the
radial devialion of P,.

Radial deviation is therefore essential for
locking the grip, the more so as the ring formed
around the object by the thumb and the index
finger is more completely closed and is the short-
est (Fig. 197).It't position a the thumb lies along
the axis of the cylinder and the ring-like structure
of the grip is absent. In positions b-e, the ring
closes progressively, and linally in position f the
thumb is perpendicular to the long axis of the cyl-
inder. The ring is now completely closed and the
grip is locked. Furthermore, pronation of P, (Fig.

198), shown by the 12" angle formecl by the two

transverse matchsticks, allows the thumb to apply
itself to the object with the bulk of its palmar

surfrace instead of its medial border. Thus, by
increasing the surface of contact, pronation of P,

helps to strengthen the grip.

If a srnall cylinder is being held (Fig. 199), the

thumb comes to ovedie the index partially, and so

the ring of grip is narrower, the locking is more
complete and the grip is stronger.

Thus the functional characteristics of the MP joint
of the thumb and of its motormuscles are remark-
ably adapted for prehension.

The stability of the MP joint of the thumb depends
on a combination of articular and muscular
factors. Normally, during opposition of the thumb
(Fig. 200), the successive joints of the index finger
and of the thumb are stabilized by the action of
antagonistic muscles (small arrows). Under cer-

tain circumstances (Fig.201, according to Steding
Bunnell), the MP joint goes into extension rather
than flexion, i.e. inversion of movements (white
arrow):

. when paralysis of the abductor pollicis breuis
and of the Jlexor pollicis breuis allows P, to be

tilted posteriorly
. when shortening of the muscles of the first

interosseous space draws M, closer to M,
. when weakness of the abductor pollicis

longus prevents abduction of M,.
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The interphalangeal (lP) ioint of the thumb

At first glance the IP joint of the thumb is straight-
forwarcl.It is a hinge foint with a fixed transverse
axis, which runs through the centre of curvature
of the conc$es of the articular surface of P, and
about which occur movements of flexion and
extension.

Flexion (Fig. 2O2), when active, is 75-80" as

measnrecl by a goniometer (Fig. 2O3) and reaches

90o when passive.

Extension (Fig.204) is 5- I 0' when active,whereas
passive hyperextension (Fig. 205') can be quite
markecl, i.e. 30o, among certain profbssionals such
as sculptors, who use their thumbs as spatulas to
press the clay.

These movements are a little mofe complex in
real life, since cluring flexion P, undergoes a
movement of automatic medial rotation into
pronation.

In Figure 206 (anatomical model) two parallel pins
have been insertecl, one (a) into the heacl of P, and
the other (b) into the base of P, with the IP joint
in full extension (A). Vhen the IP joint is flexed
(B), the pins come to lie at an angle of 5-l0o open
medially, i.e. in the direction of pronation.

A similar experiment done on a living subject
using parallel matchsticks stuck to the posterior
surfaces of P, and P, gives a similar result, when
P, is flexed, it is pronated 5-10'.

This observation can be explained partly by the
mechanical properties of the articular surfaces.

Figure 2O7 (joint opened posteriorly) shows right
away the differences between the two condyles;
the medial condyle is more prominent and longet
anteriorly and medially than the lateral condyle
(Fig. 208). The radius of curvature of the lateral
condyle is shorter, so that its anterior surface
'drops'more abruptly towards the surface of the
palm. Therefore the medial collateral ligament
is stretched sooner than the lateral counterpaft
during flexion and so brings the medial aspect of
the base of P, to a halt, while its lateral aspect goes

on moving.

In other words (Fig. 209), the excursion of P, is
shorter on the medial condyle (AA') of P, than it
is on the lateral condyle (tsB'), and as a result P,
is medially rotated. There is no single axis of
flexion-extension bllt rather a series of instan-
taneous axes between the initial position (i) and
the final position (f). These axes trace the base

circle of a cone with its apex at their point of con-

ver€lence O, which lies distal to the thumb.

If a model of the IP joint is made with cardboard
(Fig. 210), the strip must be foldecl along an axis
that is not perpenclicular to that of the'finger'but
at an angle of 5-10' to it. The phalanx, when
flexed, will then unclergo conical rotation, indicat-
ing a change in its clirection proportional to the
clegree of flexidn.

This component of rotation at the IP joint contrib-
utes, as we shall see lateq to the overall movement
of pronation of the thumb cluring opposition.
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The motor muscles of the thumb

The thumb has nine motor muscles, and this
abundance of dedicated muscles, as compared
with the other fingers, determines its greater
mobility and its essentiality.

These muscles fall into two groups:

1" The extrinsic or long muscles, four in all
and lodged mostly in the forearm. Three of
these afe extensors and abductors and
are used to release the grip; the fourth is a
flexor and is used to lock the grip.

2. The intrinsic muscles,lying within the
thenar eminence and the first osseous space.
These five muscles allow the hand to
achieve avafiet:y of grips and above all allow
the thumb to be opposed. They are weak
muscles andare more involved in precise
and coordinated movements.

To understand the action of these muscles on the
column of the thumb,their paths relative to the
two theoretical axes of the TM joint must be
defined. These axes (Fig. 2l2), i.e. the axis YY' for
flexion-extension, lying parallel to the axes of
flexion of the MP joint (f,) and of the IP joint (fr),
and the axis )O(' of antepulsion-retropulsion
demarcate four quadfants as follows:

't. Quadrant X'Y' lying dorsal to the axisYY' of
flexion-extension of the TM joint and lateral
to the axis XX' of antepulsion-retropulsion,
contains one muscle, the abductor pollicis
longus (1). As this muscle lies close to axis

X', it produces antepulsion only weakly but
extends M, powerfully (Fig. 2l[,lateral and
proximal view of the thumb 'running away').

#. Quadrant X'Y, lying medial to axis )o('and
dorsal to axisYY', contains the tendons of
the extensor pollicis brevis (2) and of the
extensor pollicis longus (l).

S, Quadrant XY (F1g.213),lying palmar to axis

YY' and palmat to axis XX', contains two
muscles, which lie in the lirst interosseous
space and produce retropulsion combined
with slight flexion of theTM joint:

- the adductor pollicis with its two
bundles (8)

- the first palmar interosseus (9), if
present.

These two muscles adduct M, and naffow
the first interdigital cleft or web space by
bringing M, closer to Mr.

4, Quadrant XY' (Eig.2l3),lying palmar to
axisYY' and lateral to axis )C(', contains
the muscles of opposition, which produce
combined flexion and antepulsion of M,:

- the opponens pollicis (6)

- the abductor pollicis brevis (7).

The last two muscles lie on axis )C('and thus are

flexors of theTM joint:

't. the flexor pollicis longus (4)

*, the flexor pollicis brevis (5).
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A brief review of the anatomy of these motor
muscles of the thumb will shed consiclerable light
on their physiology.They fall into two groups:the
extrinsic and the intrinsic muscles.

The extrinsic muscles

. The abductor pollicis longus (l) (Fig.274,
anterior view), inserted into the antero-latelal
aspect of the base of M,

. The extensor pollicis brevis (2) (Fig.2I5,
lateral view) running parallel to the previotts
muscle and inserted into the base of P,

. The extensor pollicis longus (3), inserted
posteriody into the dorsal aspect of the base

of Pr.

Two points must be made regarding these three
muscles:

"$ 
" Anatomically speaking, their three

tendons, present on the dorsal ancl lateral
aspects of the thumb, bound a triangular
space with its apex located distally, i.e. the
anatomical snuffbox.In the floor of this
space fun the parallel tendons of the
extensor carpi radialis longus (10) and
of the extensor carpi radialis brevis (11).

*. Functionally speaking, each of these three
muscles acts on a pafticulaf segment of the
thumb ancl all three are extensors, whereas
the flexor pollicis longus (4) is a palmar
muscle.It traverses the carpal tunnel, runs
tretween the two heads of the flexor
pollicis brevis and slips between the two
sesamoid bones of the MP joint of the thumb
(Fig.274),to be inselted into the palmar
aspect of the base of Pr.

The intrinsic muscles

These (Figs 2 14 and. 215) fall into two groups: the
lateral grolrp and the medial group.

The lateral group

The lateral group consists of three muscles sup-
plied by the median nerve. They are as follows,
from deep to superficial:

,€. The flexor pollicis brevis (5), which arises
by two lleacls, one from the cleep carpal

surface of the carpal tunnel ancl the other
from the lower border of the flexor
retimaculum and the tubercle of TZ. Its
single tendon is inserted into the outer
sesamoid bone and the lateral tubercle of
the base of P,. Its general direction is
oblique distally and laterally.

R, The opponens pollicis (6), arising from
t}ee flexor retinaculunt (lateral palmar
surface) runs distally, laterally ancl posteriody
to be insertecl into the anterior aspect of M,.

3. The abductor pollicis brevis (7) arises

from the flexor retinaculum proximal to
the origin of the opponens and the crest
of the scaphoid and lies superficial to the
opponens,forming the superflcial plane of
the thenar eminence.It is insertecl into the
lateral tubercle of the base of Pr, but some
of its lateral fibres join the dorsal digital
expansion of the thumb along with the first
anterior interosseus (9). The abductor
cloes not lie on the radial side of the
metacarpal but anteriody and medially ancl

runs in the same direction as the opponens,
i.e . distally,laterally ancl posteriorly. Contrary

. to what its name would suggest, the abductor
does not move the column of the thumb
laterally but moves it proximally and medially.
These three muscles form the lateral group,
since they are inserted into the lateral
aspects of M, and Pr.TheJlexor pollicis
breuis and the abductor pollicis breuis are
called the lateral sesamoid muscles.

The medial group

The medial gfoup consists of two muscles sup-

plied by the ulnar nerve and inserted into the
medial side of the MP joint:

T, the first palmar interosseus (9) insertecl
by tendon into the medial tubercle of the
base of P, ancl into the dorsal expansion

*. the adductor pollicis (8) with its transverse
and oblique heacls converging by a common
tendon upon its insertion into the medial
sesamoid bone and the medial aspect of P,.

For reasons of symmetry these two muscles are

called the medial sesamoid muscles and are

synergists-antagonists of the lateral sesamoid
muscles.
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The actions of the extrinsic muscles
of the thumb

The abductor pollicis longus (Fig.218) moves
M, laterally and anteriorly. Therefore it produces
both atrduction and antepulsion of Mr, espe-

cially when the wrist is slightly flexed.This ante-
pulsion is due to the fact that the abductor tendon
runs anterior to the tendons of the muscles of the
anatomical snuffbox (Fig. 215, p. 291).'Vhen the
wrist is not stabilized by the radial extensors,
especially tlire breuis,the abductor pollicis ktngus
also flexes the wrist;when the wrist is extended,
it produces retropulsion of M,.

Functionally speaking, the force couple formed
by the abductor pollicis longus and the lateral
group of intrinsic muscles plays a very impor-
tant role in opposition. For opposition to start, Mr
must be raised directly above the plane of the
palm so that the thenar eminence forms a conical
mass at the edge of the palm. This action is pro-
duce d by this functional couple of muscles (p .291)
in the following two stages:

't. In the first stage (Fig. 216, M, is stylized),
the atrductor pollicis longus (1) extends
M, anteriody and laterally from position I to
position II.

*, In the second stage (Fig. 217), from
position II the lateral group of muscles, i.e .

flexor breuis (5), abductctr breuis (7) and
opponens (6), tilt M, anteriorly and medially
into position III while rotating it slightly on
its long axis.

This movement has been divided into two succes-

sive stages for clescriptive purposes, but in reality
these stages occur simultaneously and the final
position III of M, is the resultant of the simultan-
eous forces exeftecl by these two sets of muscles.

The extensor pollicis brevis (Fig.219) has two
actions:

$, It extends P, over Mr.

*. It moves M, and the thumb directly laterally,
and therefore is a true abductor of the

thumb by producing extension-retropulsion
at theTM joint. For pure abduction to occur,
the wrist joint must be stabilized by the
synergistic contraction of the Jlexor carpi
ulnaris and especially of the extensor carpi
ulnaris;otherwise the extensor pollicis
breuis also produces abduction at the wrist.

The extensor pollicis longus has three actions
(Fig.22o):

't. It extends P, over Pr.

*, It extends P, over Mr.

S, It moves M, medially and posteriorly.
Medially it'closes' the first interosseous
space and thus adducts M,;posteriody it
causes retropulsion of M, because it is bent
at the distal tubercle of the radius (Lister's
tubercle , Fig. 211). It is therefore an
antagonist of the muscles of opposition,
since it helps to flatten the palm and makes
the pulp of the thumb face anteriorly.

The extensor pollicis longus forms a functional
set of antagonistic-synergistic muscles with the

lateral group of thenar muscles. In fact, when
one wants to extend P, without extending the

thumb, these external thenar muscles must act

to stabilize M, and P, and pfevent their exten-
sion. They therefore act as brakes on the extensor
pollicis longus, and if the thenar muscles are

paralysed the thumb is irresistibly moved meclially
and posteriody. An accessory action of the exten-
sor pollicis longus is extension of the wrist,
unless cancellecl by the action of the flexor carpi
radialis.

The flexor pollicis longus (FiS.22l) flexes P,
over P, and secondarily flexes P, over Mr. For
flexion of P, to occuf alone, t}:re extensor pollicis
breuis must contfact and pfevent flexion of Pt

(synergistic action).'We shall see later the indis-
pensable role of the Jlexor pollicis longus in
terminal prehension.
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The actions of the medial group
of thenar muscles (the medial
sesamoid muscles)

The adductor pollicis (Fig.222, 8), with its
oblique (upper white arrow) and its transverse
(lower white arrow) heads, acts on the thre e bones
of the thumb:

T. Contraction of the adductor (Fig.223,
cliagrammatic section) moves M, to a
position of equilibrium (A) slightly lateral
ancl anterior to Mr. The direction of the
movement produced by the muscle depends
on the starting-point of M, (Duchenne de
Boulogne), as follows:

- The adductor is effectively an adductor
if M, starts from a position of full
abduction (1).

- The adductor becomes an abductor if
M, starts from a position of full
adduction (2).

- If M1 is initially in a position of ftill
retfoposition uncler the pull of the
extensor,pollicis longus (3), the adcluctor
brings M, back into anteposition.

- It brings M, back into retroposition if M:I

is already in anteposition as a result of
contraction of the abductor pollicis
breuis (4).

- The position of rest of M, corresponds to
R halfway between I and 3.

Electromyographic sfudies have shown
that the adductor pollicis is active not only
during adduction but also during retropul-
sion of the thumb, cluring full palmar
prehension, during subterminal or pulpar
(pulp-to-pulp) prehension, and especially
during subtermino-lateral or pulpo-lateral

(pulp-to-side) prehension.When the thumb
opposes the other fingers, the add,uctor
pctllicis becomes progressively more active as

the thumb opposes the meclial hngers. Hence
it is maximally active when the thumb
opposes the little finger. The adductor is
inactive during abduction, antepulsion and
termino-terminal (tip-to-tip) prehension.

Later electromyographic studies
(Hamonet, de la Caffiniire ancl Opsomer)
have conlirmed that it is particulady active
when the thumb and M, are brought closer
together during all phases of opposition.It is

less active in the long path of opposition
than in the short path (Fig.224,cliagram
showing the action of the adcluctor,
according to Hamonet, de la Caffinidre and
Opsomer).

#. On P, (Fig. 222) Lt has a triple action:slight
flexion, ulnar deviation ancl lateral axial
rotation or supination (curved white arrow).

S. On P2 it acts as an extensor insofar as its
insertion blends with that of the first
interosseus.

The first paltnat interosseus has very similar
actions:

. adduction, i.e. M, is drawn towards the axis of
the hand

. flexion of P, via the dorsal extensor expansion

. extension of P, via the lateral extensor
expansion.

The global contraction of the medial thenar
muscles brings the pulp of the thumb into con-
tact with the radial aspect of P, of the inclex (Fig.

222) and also procluces supination of the column
of the thumb. These muscles, supplied by the ulnar
nerve, are essential for holding an object flrmly
between the thumb and the index finger.
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The actions of the lateral group
of thenar muscles

The opponens pollicis (6) has three actions
corresponding to those of the opponens digiti
minimi.

The electromyographic diagram (Fig. 226, after
Hamonet et al.) brings out its components:

. antepulsion of M, with respect to the carpus,
especially in the long path of opposition

. adduction bringing M, and M, closer together
during maximal movements of opposition

. axial rotation in the direction of
pronation.

As these three simultaneolls movements are essen-
tial for opposition, this muscle deserves its name.
The opponens therefore is active in every type of
grip involving the thumb.In addition, electromyo-
graphic studies have shown that it is paradoxically
recruited during abduction when it stabilizes the
column of the thumb.

The abductor pollicis trrevis (7 and 7') pulls
apart M, and M, at the end of opposition (Fig.227,
electromyographic diagram, after Hamonet et al.):

. It moves M, anteriofly and rnedially during
the long path of opposition, i.e. when M, and

. It produces flexion of P, on M, with some
radial deviation on its lateral border.

. It causes axial rotation of P, into pronation
(medial rotation).

. Finally, it extends P, on P, via an expansion,
which joins the extensor pollicis longus.

When it contracts on its own as a result of electri-
cal stimulation, it brings the pulp of the thumb
into contact with the index and the middle finger
(Fig.225).It is thus an essential muscle for opposi-
tion.As shown previously,it forms with the abcl.uc-
tor pollicis longus a force couple essential for
opposition.

The flexor pollicis brevis (Fi9.228,5 and 5')
takes part in the overall movements produced by
the lateral group of thenar muscles. Nevertheless,
when it is made to contract on its own by electri-
cal stimulation (Duchenne de Boulogne), it is pri
marily an adductor, as it brings the pulp of the
thumb into opposition with the last two digits. On
the other hand, its ability to move M, into antepo-
sition is more restricted because its deep head
(5') antagonizes its superficial head (5) cluring this
movement. It produces a marked degree of medial
fotation into pronation. Action potentials recorded
from the superlicial head (Fig. 229, ciiagram after
Hamonet et al.) demonstrate that it has a similar
action to that of the opponens and is maximally
active during the long path of opposition.

It also flexes P, on M, with the help of the
abductor pollicis breuis,another medial sesamoid
muscle, and of the first palmar interosseus, both
of which form the dorsal expansion of P,. The
combined action of the lateral thenar mus-
cles produces opposition of the thumb with
the help of the abductor pollicis longus.

Extension of P, can be produced (Duchenne de
Boulogne) by three sets of muscles, which act
differentially as follows:

1" By the extensor pollicis longus in
combination with extension of P, and
flattening of the thenar eminence.These
movements occur when one opens ancl
flattens the hand.

P, By the medial group of thenar muscles
(first anterior interosseus) in combination
with adduction of the thumb. These
movements take place when the pulp of the
thumb is opposed to the lateral aspect of P,
of the index (Fig.249,p. 309).

&" By the lateral group of thenar muscles,
especially the abd.uctor pollicis breuis,when
the pulp of the thumb opposes the other
fingers.



L6Z

\ i\,
lr^

, V:J

ggg *;mfigg

d*fl ;p.r*9i!-{

ggg *.enSgE

ggg a;*S;g



Opposition of the thumb

Opposition is the essential movement of the
thurnb, because it allows the pulp of the thumb
to come into contact with that of any other finger
to form the pollici-digital pincer. There is thus
not one movement of opposition but a series of
movements, which uncledie a wide variety of
static and dynamic grips, depending on the
number of Iingers involved and the ways they are
called into action. Thus the thumb only assumes its
full functional signfficance when it is recruitecl in
conjunction with the other flngers and vice versa.
Without the thumb the hand is virtually use-
less, and complicated surgical procedures have
been developed to reconstitute the thumb from the
other structures of the hand, e.g. pollicization of
a finger of, mofe recently, transplantation.

The full spectrum of the movements of opposi-
tion lies within a conical sector of space, whose
apex lies at theTM joint, i.e. the cone of opposi-

tion. This cone is markedly distorted because its
base is restricted by'the short and long paths of
opposition' Q. Duparc and J.-Y de la Caflinidre).

The long path of opposition (Fig.230) has been
well illustrated by Steding Bunnell's classical match-
stick experiment (Fig. 2J4,p. 30 1).

The short path of opposition (Fig. 231) is
delined as'an almost linear movement of M, in
one plane so that its head comes pfogfessively to
lie anterior to Mr'. This crawling movement of
the thumb across the palm is seldom used and
of little ftinctional value.It should not be classified
as a movement of opposition, since it is not associ-
ated with a rotational component, which, as we
shall see later, is of fundamental importance in
opposition. Furthermore, this crawling movement
of the thumb is still present when opposition is

impairecl by dysfunction of the median nerve.
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Mechanically speaking, thumb opposition is a

complex rnovement variably made up of three
components: antepulsion, flexion and pfona-
tion of the osteoarticular column of the thumb.

Antepulsion

Antepulsion (Fi5.232) is the movement that brings
the thumb to lie anterior to the plane of the
palm, so that the thenar eminence looks like a

cone at the proximal lateral angle of the hand. It
occurs essentially at the TM joint and to a lesser
degree at the MP joint, where radial deviation
makes the thumb look more erect. This movement
of M, away from M, is called abduction in the
anglophone literature, which contradicts the pres-
ence of a second component of adduction in the
movement of the thumb medially. Thus it is better
to use abduction only when M, moves away from
M, strictly in the coronal plane.

Flexion

Flexion (Fig.233) moves the entire column of the
thumb medially and so is classically called adduc-
tion. But we have already shown that it is a move-
ment of flexion involving all the joints of the col-
Llmn, as follows:

. It involves mostly the TM joint, but movement
in this joint cannot bring M, past the sagittal
plane running through the axis of Mr.It is thus
truly a movement of flexion, as it is continuous
with flexion at the MP joint.

. The MP ioint promotes flexion to a variable
degree depending on the finger'targeted'for
opposition.

. The IP ioint allows flexion to reach
completion by prolonging the movement of
flexion at the MP joint.

Pronation

Pronation is an essential component of the oppo-
sition of the thumb in that it allows the pulps of
the thumb and the lingers to achieve full contact.
It can be deflned as the change in the spatial orien-
tation of P, so that it faces in different directions
depending on the degree of rotation on its long
axis.The term pronation is used by analogy with
the movement of the forearm and has the same

meaning.This meclial rotation of P, is produced by
the summation of movements, which occur
to a variable degree and by various mecha-
nisms in the column of the thumb. This is well
demonstrated by Sterling Bunnell's matchstick
experirnent (Fig. 231). A matchstick is glued
across the base of the nail of the thumb ancl the
hand is viewecl heacl-on. (You can perform this
experiment on yourself while looking in a mirror.)
The angle between its initial position (I) (with the
hdnd flat) and its final position (II) in ftill opposi-
tion (with the thumb touching the little flnger) is
9O-12O".It was lirst thought that this rotation of
the column of the thumb was the result of the
laxity of the capsule of the TM joint, but recent
studies have shown that it is precisely in full oppo-
sition that theTM joint is in the close-packed posi-
tion with a minimal degree of play. It is now recog-
nized that the rotation occurring at theTM joint is
due to the mechantical properties of this
biaxial ioint. Moreoveq abiaxial prosthesis of
theTM joint allows opposition to occur normally.
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The component of pronation

Pronation of the column of the thumb results from
two types of rotation: automatic 'coniunct'
rotation and voluntary of 'adjunct' rotation.

Automatic'conjunct' rotation

Automatic'conjunct'rotation is due to the move-
ment at the TM joint, as shown previously. The
MP and IP joints contribute to this rotation by
adding their movement of flexion to that of the
TM joint. As a result the long axis of P, comes to
lie almost parallel to the axis )O(' of antepulsion-
retropulsion, and P, undergoes a cylindrical rota-
tion so that any rotation in theTM joint about that
axis causes the pulp of the thumb to rotate to the
same clegree.

From the initial position (Fi9.235, antero-supe-
rior view of the moclel) to the final position
(Fie.236;) the changes in the spatial orientation of
P, during its opposition to P, of the little finger
have occurred about four axes )O(', YY', frand f,
without any twisting of the cardboard, which
would signify free 'play'at one of the joints.

When this movement is examined in detail
(Fig.237),it is found to consist of four successive
or rather simultaneous movements, as follows:

'E, at the TM joint, rotation of TZ around the
axis XX'from position 1 to position 2,i.e.in

the direction of antepulsion (arrow 1), so
that the axisY,Yr'comes to lie atYrYr'

#. at the TM joint, rotation of M, (arrow 2)
from position 2 to position 3 by flexion
around the axisY.Yr'

#, at the MP ioint, flexion of P, around the
axis f,

4" at the IP ioint, flexion of P, around the
axis fr.

Thus we have demonstrated, not by theoretical
argllments but by practical experiments, that the
universal TM joint plays an essential role in the
axial rotation of the thumb.

Voluntary or'adjunct' rotation

Voluntary or'adjunct'rotation (Fig. 238) is well
brought out by Iixing matchsticks transversely to
the three mobile segments of the thumb and
moving the thumb into full opposition. One can
see that axial rotation into pronation of neady 30'
takes place at two ioints:
. atthe MP joint, where a24 pronation is

produced by the abductor pollicis breuis and
theflexor pollicis breais. (This is active
rotation.)

. attlr,e IP joint,where a7" pronation,purely
automaticr occurs as a result of conical
rotation (Fig.206).
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Opposition and counter-opposition

W'e have seen the crucial role played by the TM
joint during opposition of the thumb, but the
MP and IP joints ate critical in determining
which of the four flngers the thumb will select for
opposition. In fact it is the presence of variable
degrees of flexion at these ioints that allows
the thumb to pick a linger for opposition.

When the thurnb and index are opposed prrlp
to pulp (Fig.239'),there is very little flexion at the
MP joint, with no pronation or radial deviation of
P,, which is prevented by the medial collateral
ligament. The IP joint is extended. There are other
modes of opposition between the thumb and
the index linger, e .g. termino-terminal (tip-to-tip),
when the MP joint is in full extension and the IP
joint is flexed.

When the thumb is opposed to the little fin-
ger tip to tip (Fig. 21o),the MP joint is flexed with
concurrent radial deviation and pronation of P1,

while the IP joint is flexed. During pulp-to-pulp
opposition the IP joint is extencled.

Opposition with the ring finger and the mid-
dle finger occufs as a result of an intermediate
clegree of flexion at the MP joint, with concurrent
radial deviation and pronation of P,.

Thus one can say that, cluring opposition, once the
base of M, has started to move from any initial
position, it is the MP joint that allows the
thurnb to choose a finger for opposition.

Opposition, essential as it is for gripping an object,
would be useless without counter-opposition,

which allows the hand to release its grip or to get

ready to grip very large objects. This movement
(Fig.2Ll),which brings the thumb into the plane
of the palm, consists of three components starting
from the position of opposition:

. extension

. retropulsion

. supination of the column of the thumb.

The rnotor muscles of counter-opposition
are these:

. the abductor pollicis longus

. the extensor pollicis breuis

. especially the extensor pollicis longus,which
is the only one able to bring the thumb into
full retroposition in the plane of the palm.

The motor nerves of the muscles of the
thumb (Fig.212) are these:

. the radial nerve (R) for countef-opposition

. the ulnar nefve (U) to firm up a grip

. the median nerve (M) for opposition.

The rnovernents used to test the integrity of
the nerve supply are these:

. for the radial nerve : extension of the wrist
and of the MP ioints of the four lingers and
extension and raclial abduction of the thumb

. for the ulnar nerve: extension of the distal
phalanges of the fingers and their
approximation or separation

. for the meclian nefve: making a fist and
opposition of the thumb.
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It is dilficult to measure the complex movement
of opposition accurately, since the methods in use
(p.254) do not take into accollnt the axial rotation
of the column of the thumb. In 1986 the author
proposed a method of quantitation that has been
acloptecl more or less universally, i.e. the opposi-
tion and counter-opposition tests.It avoids the
use of any measuring clevice and uses the patient's
bocly as the reference system; it can be applied in
any setting and follows the Hippocratic method.
The result is recordecl as a single number,which
can easily be included in statistical tables.

During tlre total opposition test (TOT) (Fig.24r,
now included in the international classification,
the patient's hancl itself serves as the reference
system, as fbllows. From its starting-point, i.e. the
position of maximal abduction, the thumb will
follow the long path of opposition as it makes
conracr sequentially with the pulps of the other
fingers, the palmar surfhce of the little finger and
the palm itself.

The method of measurement comprises ten
stages fiom opposition zeto to maximal
opposition:

. Stage 0: the pulp of the thumb touches the
outer border of P, of the index finger; the hand
is flat and there is no opposition of the thumb.

. Stage 1: the pulp of the thumb touches the
external border of P., of the inclex finger
following a slight clegree of anteposition of the
thumb ancl a slight flexion of the index linger.

. Stage 2: the pulp of the thumb reaches the
lateral border of P. of the index, which has
undergone some flexion, while the column of
the thumb moves farther into anteposition.

. Stage 3: the tip of the thumb touches the tip
of Pu of the index linger, which is flexed, while
the column of the thumb is slightly adductecl.

. Stage 4:the tip of the thumb reaches the tip
of P. of the midclle linger as the thumb is

adducted furtheq the MP joint is slightly flexed
and the IP joint stays extencled.

. Stage 5: the thumb reaches the tip of Pu of the
ring flnger as the thumb moves farther into
aclduction and anteposition, the MP joint is
flexed some more and the IP joint is slightly
flexed.

. Stage 6: the thumb reaches the tip of P. of the
little fingeq while the thumb and the MP joint
lie in maximal anteposition and the right IP
joint stays extencled.

. Stage 7: the thumb touches the slightly flexecl
little linger at the level of the distal inter-
phalangeal crease, while the IP joint is more
llexecl ancl flexion of the MP joint is maximal.

. Stage 8:the thumb reaches the slightly flexed
little finger at the level of the proximal inter-
phalangeal crease, while the IP joint is more
flexed and theTM and MP joints are maximally
flexed.

. Stage 9: the thumb touches the base of the
little finger at the level of the cligito-palmar
crease, while the IP joint becomes fully flexecl.

. Stage 1O:the thumb reaches the palm at the
level of the distal palmar crease, while the III
TM and MP joints are ftilly flexecl.This point
represents the maximal range of opposition.

If the test gives a result of 10, then opposi-
tion is normal.

However, for this test to retain its ftrll value , the
thumb must follow the long path of opposition,
i.e. there must always be a space between the
thumb and the palm (Fig. 214), especially in
sta€les 6-fO. ft is true that a value of 10 can be
obtained by allowing the thumb to follow the
short path, but then the test is useless.

The test of counter-opposition is carriecl out on
a horizontal plane such as a table (Fig. 245). The
hand to be examinecl is placecl flat on the table,
while the other is placed on its ulnar border in
front of the thumb to serve as control. Counter-
opposition is then measured in four stages:

. Stage O: the thumb cannot actively leave the
surface of the table.

. Stage 1: the clistal end of the thumb is raised
actiYely up to the level of MPJ5.

. Stage 2:the thumb is actively raisecl Llp to the
level of MPJ4

. Stage 3:the thumb is only rarely raised actively
up to the level of MPJ3.

If stage 2 ol stage 3 is reachecl, the efficiency of
the extensor pollicis longus is intact.
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The modes of prehension
The complex anatomical and functional organiza-
tion of the hancl contributes to prehension. The
numerous modes of prehension fall into three
broacl categories: static grips, which can be
likened to pincers, grips associated with gra-
vity and dynarnic grips associated with actions.
In addition to prehension the hand can act as an
instfument of percussion, as a means of contact
ancl in the performance of gestures.These will be
discussed sequentially.

Static grips

These pincer-like grips can be classified into three
groups: digital, paknar and symmetrical.They
do not require the help of gravity.

Digital grips

The pincer-like digital grips can be further sub-

dividecl into bidigit al ancl pluridigital.

A. Bidigital grips give rise to the classic pollici-
digital pincer, usually between the thumb and the
index finger, and they also fall into three types,
clepending on whether opposition occllrs by ter-
minal. subterminal or subtermino-lateral contact.

t, Prehension by terminal (tip-to-tip)
opposition (Figs 246 and 247) is the finest
and most precise.It allows one to holcl a thin
object (FiS.216i) or to pick up a very fine
object like a match or a pin (Fig.247). Tl:.e
thumb and the index finger (or the micldle
finger) are opposed at the tips of their pulps
or even at the edge of their nails when very
fine objects (e.g.a hair) are being gripped.
This requires that the pulp be elastic and
properly supported by the nail, which plays
an all-important fole in this mode of so-called
pulpo-ungual (pulp-to-nail) prehension. It is
the mode of prehension that is most easily
disturbed by any disease of the hand, as it
requires the entire range of movements of
the joints with fulIflexion and especially the
intactness of the muscles and tendons. the
following in particular:

- for the index, the flexor digitorum
profundus tendon, which stabilizes the
flexed P. and must be repaired surgically

at all costs when the flexor tendons have
been cut

- the flexor pollicis longus, which has a
similar action on the thumb and therefore
neecls to be repaired.

H" Prehension by sub-terrninal or pulpar
(pulp-to-pulp) opposition (Fig. 248) is
the most common. It allows one to holcl
relatively larger objects like a pencil or a
sheet of paper. The efliciency of this mode
of prehension can be tested by attempting to
pull a sheet of paper out from between the
thumb ancl the index linger.If prehension is
efficient, the sheet cannot be pulled out. This
test, known as Frornent's sign, assesses the
strength of the adductor pollicis and thus
the integrity of its motor nerve, the ulnar
nerve. In this mode of prehension the thumb
and the index finger (or any other finger) are

in contact on the palmar surfaces of their
pulps. The state of the pulp is of course
important, but not the DIP joint, which can
be frozen by arthrodesis either in extension
or in mid-flexion. The muscles needed for
this mode of prehension are these:

- the index tendon of tl:'e Jlexor digitorum
superficialis tendon, which stabilizes the
flexecl P,

- the thenar muscles, which flex P, of the
thumb: tlire Jlexor pollicis breuis, the first
anterior interosseus, tlne abductor pollicis
bt'euis and especially the adductor pollicis.

S. Prehension by subtermino-lateral or
pulpo-lateral (pulp-to-side) contact (Fig.

249),e.g. holding a coin.It can replace the
first two types when the last two phalanges
of the index finger have been amplltated. The
grip is less fine but none the less strong. The
palmar aspect of the pulp of the thumb presses

on the lateral surface of P,, of the index
finger. This requires the following muscles:

- the lirst dorsal interosseus to stabilize the
index laterally while it is slrpported
medially by the other Iingers

- the.flexor. pollicis breuis, the first palmar
interosseus and above all the adductor
pollicis, whose involvement has been
conflrmed electromyographically.
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4, Interdig ital later o -later al prehe ns io n
(Fig. 250) is the only type of bidigital grip
without involvement of the thumb and is a
grip of secondary importance usually
involving the index and the middle fingers,
as in holdin€a a cigarette or another small
object. The muscles concerned are the
interossei (the seconcl interossei, palmar
and dorsal). The grip is weak with little
precision, but thumb amputees can develop
this grip to an astonishing degree.

B. The pluridigital grips, involving the thumb
ancl more than one finger at a time, are much
stronger than the bidigital grips, which are essen-

tially concerned with prccision.

The tridigital grips (three-point palrnar
pinches) afe the most commonly used and
involve the thumb, and the index ancl middle fin-
gers. The greater part of the world population does

not eat with cutlery and uses this grip to bring
food to the mouth.It is a form of subterminal
(pulp-to-pulp) tridigital prehension (Fig. 2 5 1 ),
as when a ball is held tight between the pulp
of the thumb and those of the index ancl middle
fingers.It is also used when writing with a pencil
(Fig. 252), which is held between the pulps of
the index linger ancl the thumb and the lateral
aspect of the middle finger. The grip is sup-

ported by the latter and also by the first inter-
cligital cleft.

In this sense this grip is clirectional and resembles

s)rmmetrical grips ancl dynamic grips (see later),
since writing results from movements of the
shoulder and of the hand,which slicles on the table

on its ulnar border and its little finger, and also

from the movements of the first three fingers. The

to-and-fro mor.ements of the pencil are producecl
by theflexor pollicis longus and the index tendon
of the Jlexor digitorum superficialis, while the

latefal sesamoid muscles and the second dorsal

interosseus keep the pencil in place.

When the cap of a flask is unscrewed (Fig.

253),the grip is tridigital,with the lateral aspects

of the thumb ancl of P. of the middle flnger hold-
ing the cap on one side and the pulp of the index
finger helping to jam it on the other side. The

thumb presses the cap strongly against the micldle

linger as a result of contraction of all the thenar
muscles. The grip is locked initially by the Jlexor
pollicis longus and finally by theflexor digitorum
superficialis. After the cap is loosenecl, it is

unscrewed without the help of the index by flex-

ing the thumb and extending the middle finger.

This is an example of a dynamic action-associated
grip (see later).

If the cap is loose from the start,it can be unscrewed
by a pulpar tridigital grip, as the thumb is flexed,
the middle finger extended and the index finger
abclucted by the first clorsal interosseus. This is

another dynamic movement-associated grip.
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Tetradigitalgrips are used when objects are larger
ancl must be gripped more firmly, as follows:

Pulpar (pulp-to-pulp) tetradigital grip
(Fig.254),as when the hand takes holcl of a
spherical object like a ping-pong ball. The
thumb and the index and middle fingers make
pulp-to-pulp contact, while the ball is pressed
against the lateral aspect of P, of the ring
finger, whose function is to stop the ball from
slipping away medially.

T etr adlgital grip with pulp o - lateral
contact (Fig.255),as when a lid is unscrewed
The area of contact is extensive, involving the
putps and the palmar surfaces of the flrst
phalanges of the thumb, index finger and
middle finger, and also the pulp and lateral

aspect of the second phalanx of the ring finger,
which stops the lid fiom slipping away
medially. As the thumb and the fingers
surround the lid, the lingers move spirally and
it can be shown that the resultant of the forces
is nil at the centre of the lid, which moves up
towards the MP joint of the index finger.

Pulpar (pulp-to-pulp) tetradigital grip
involving the thumb and three other
fi.ngers (the dynamic quadrupod grip), as

when one holds a charcoal pencil, an artist's
paintbrush or an ordinary pencil (Fi9.256).
The pulp of the thumb presses the object"
firmly against the pulps of the index, middle
and ring fingers, which are almost fully
extendecl. This is also how a violinist or a

cellist holds the bow.
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Pentadigital grips use all the fingers (with the
thumb lying in various positions of opposition), as

is usual when large objects are gripped. However,
even small objects can be grasped by a pulpar
pentadigital grip (disc grip) (Fi9.257),with only
the fifth finger showing lateral contact. As the
object gets bigger, e.g. a tennis ball, the penta-
digital grip involves the pulps and the sides
of the fingers (Fig. 258). The palmar surfaces of
the first four fingers are in contact with the ball
and surround it almost completely. The thumb
opposes these three fingers, while the little finger
is in contact on its lateral surface and prevents
the ball from slipping medially and proximally.
Though not a palmar grip, since the ball is held
by the fingers above the palm, it is actually very
stfong.

Another pentadigital grip (Fig.259) is used to
hold a large hemispherical object, e.g. a bowl,
in the first interdigital cleft. The thumb and the
index flnger, widely extended and separuted from
each other, touch the object along their entire
palmar surfaces. This can only occur if there is
great flexibility of movement and if the lirst inter-

digital cleft can be widened normally,which is not
the case when fractures of M, or traumatic lesions
of the cleft have caused it to retract.The bowl is
also supported (Fig. 260) by the middle, ring and
little fingers, which make contact with their two
distal phalanges.It is thus a purely digital and not
a palmar grip.

The'panorannic' pentadigital grip (the full disc
grip) (Fig. 261) allows one to take hold of a large

flat object, e.g. a saucer. It depends on the very
wide separation of the flngers with the thumb in
full counteropposition, i.e. in extreme retroposi-
tion and extension. The thumb lies diametrically
opposite the little finger (red arrows), and it is

linked to it in space by a semi-circle on which lie
the index and middle fingers. The little finger
lies on the major arc at an angle of 215" with the
thumb. These two flngers are maximally separated,
as when spanning an octave on the piano, and
form a'triangular'grip with the index finger and a

'spider-like' grip with the others, from which
the object cannot escape. Note that the eff,ciency
of this grip depends on the integrity of the DIP
joints and the action of the deep flexors.
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Palmar grips

These involve both the fingers and the palm;there
are two types depending on whether the thumb is

includecl or not.

A. Digito-palntar prehension draws the four
fingers towards the palm (Fig.262).It is of second-

ary importance but in faidy common use, e.g. to
manipulate a handle or hold a steering wheel. The
object of small diameter (3-4 cm) is held between
the flexecl fingers and the palm without involve-
ment of the thumb. The grip is strong up to a point
distally, but proximally, when the obiect is held
close to the wrist, it can easily slip away, since the
grip is not locked. The axis of the grip is perpen-
dicular to the axis of the hand and does not follow
the oblique direction of the palmar gutter. This
digito-palmar grip can also be used to hold a larger
object, e.g. a glass (Frg.263), but the greater the
diameter of the object, the weaker the grip.

B. Full paknar prehension (Figs 264 and 265),

i.e. using the whole palm or the whole hand
(oblique palmar grip), allows one to grip hear,lg

and relatively large objects strongly. The hand
wraps itself around a cylindrical obiect (Fig.

264), and the long axis of the object coincides
with that of the palmar gutter, i.e. it runs obliquely
from the hypothenar eminence to the base of the
index finger. The obliquity of this axis with respect
to the axis of the hand and that of the forearm

corresponds to the obliquity of the handle of a

tool (Fig. 265), which forms an angle of 100-110"
with the bocly of the tool. Unfbrtunately this also

applies to a weapon.It is easy to note that one can

compensate more easily for a wider (120-130")
than a narrower (90') angle, because radial devia-

tion of the wrist is smaller than its ulnar cleviation.

The volume of the object gripped determines the
strength of the grip, which is maximal when the
thumb can touch or near$ touch the index finger.

The thumb in fact forms the only buttress against
the force generated by the other four lingers, and

its efficiency is gfeater the mofe flexed it is. Hence
the diameter of tool handles is determined by this
observation.

The shape of the object gripped is also important,
and nowadays handles are made with depressions
appropriate for the fingers.

The important rnuscles for this mode of prehen-
sion are these :

. tJee flexor digitorum superficialis,the flexor
digitorum profuncl.us and above all the
interossei, which strongly flex the first phalanx
of each finger

. all the muscles of the thenar eminence. the
adductor pollicis breuis and particulady the

.flexor pollicis lomgus,which lock the grip
thanks to flexion of P,.
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Cylindrical pal-rnat grips are used to grasp large
objects (Figs266 and267),but the grip gets weaker
as the object gets bigger. The grip is locked, as we
have already shown, because movements at the
MP joint allow the thumb to move along the direc-
trix of the cylindeg i.e. a circular path, which is
the shortest path needed for the thumb to sur-
round the object. Conversely, the volume of the
object requires maximal widening of the flrst
interdigital cleft.

Spherical palrnar grips may involve three, four
or five fingers.When three (Fig. 268) or four (Fig.

269t) flngers are involved, the most medial finger,
i.e. the middle finger in the tridigital grip or the
ring finger in the tetradigital grip, touches the
object on its lateral aspect and, with the help of
the other fingers (the little finger alone or the
little and ring fingers), it prevents it from escaping
medially.As the obiect is also hetd by the thumb
laterally, the grip is locked distally by the palmar
surface of the flngers involved.
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During spherical pentadigital paLrnar grips
(Fig. 270) the palmar surfaces of the fingers touch
the object. The thumb lies opposite to the little
Iinger, from which it is the most widely separated.
The grip is locked distally by the index and midclle
fingers and proximally by the thenar eminence
and the little finger, and its strength depends on
the cooperation of the'hooked'fingers and of the
palm. This grip is possible only if the interdigital
clefts can be widened to their limits and if the
superlicial and deep flexors of the lingers are

working efficiently. It is much more symmetrical
than the last two, and is thus much closer to the
following types of grip.

Centralized grips

Centralized grips are in fact symmetrical about a

longitudinal axis, which generally coincides with
that of the forearm, as when the conductor holds

his baton (Fig. 271), which is collinear with the
axis of the forearm and extends the inclex finger in
its role of indicator. This collinearity of axes is
essential when one holds a screwdriver (Fig.

272), so that its axis coincides with the axis of
pronation-supination of the forearm during the
screwing or unscrewing of a nail. This is also the
case when one holds a fork (Fi9.273) or a knife,
which essentially elongates the hand distally. In
every case, a long object is llrmly gripped in a

palmar grip using the thumb and the last three
lingers, while the index plays a vital role in deter-
mining the direction of the tool.

gsfilaa,lized or directional grips are in com-
mon use andare achieved onlywhen the last three
Iingers can be flexed, the index finger completely
extended with its flexors in good trim, and the
thumb can be minimally opposed without the
need of flexion of its IP joint.
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Gravity-assisted grips

So far only grips where gravity is not involved have
been discussed, and they can occur even in a

spaceship. There are others that depend criti-
cally on the action of gravity and are in regular
use on Earth. If gravity is zero, the muscles atrophy,
and if it is stronger than on Earth (as on Jupiter),
the muscles must undergo hypertrophy. This is
another way of 'doping'for athletes but it must be
unpleasant to live in a centrifuge!

In these gravity-assisted grips, the hand acts as

a supporting platform, e.g.when it supports a

tray (Fig.27L),provided the hand can be flattened
with the palm facing anterior$ in supination and
with the fingers straight or can form a tripod under
an object. The former movement is the basis of
the waiter test.

Under the force of gravity the hand can act as a
spoon, as when it contains seeds (Fig. 275), flour
or a liquid.The hollow of the hand is then extended
by the concaviry of the fingers as they are brought
closer together by the palmar interossei in order
to stop any leaks. The thumb is very important
in that it closes the palmar gutter laterally. It is

half-flexed and pulled against M, ancl P, of the
index linger by its adductor. A larger shell can be
formed by holding both hands together (Fig.276i)

and placing both half-shells side by side along
their ulnar borders like an offering-bowl.

All these gravity-assisted modes of prehension
require the integrity of supination. Without it,
the palm, which is the only part of the hand that
can form a concave sufface, cannot face anteriody,
since the shoulder is unable to offset this loss of
supination.

The tridigital grip of a bowl (Fi5.277) needs
the help of gravity, as the circumference of the
bowl is held between two prongs, formed by the
thumb and the middle finger, and a hook formed
by the index finger. This grip depends on flill
stability of the thumb and of the middle finger
and on the integrity of the tendon of the Jlexor
rligitorum profundus for the middle finger,
whose third phalanx holds the sickle-shaped fold
of the bowl. The aclcluctor pollicis breuis is also

indispensable.

Grips with one or rnore hooked fingers (the
hook grips), as when carrying a paiT or a suit-
case or trying to cling to a rocky surface, also

depend on gravity by opposing it and depend on
the integrity of the flexors, in particular of the

flexor cligitorum profunclus, which can be rup-
tured accidentally when mountain clirnbers
perform certain grips.



eea *r91sld

.:i":

'.'i

:::.:."'

eze

sde *iEiffi!d

Fds *.*ft9?*



Dynam ic movement-associated
grips

The static grips so far clescribed do not include all
the possible grips of the hand.The hand can also
act while gripping.Ife call these grips move-
ment-associated or dynamic grips. Some of
these actions are simple.'W-hen a small top is
twided (Fig. 278), it is helcl tangentially between
the thumb and the index finger;when a rnarble is
shot (Fig.279)by a sudden flick of P, of the thumb
prcrduced by the contraction of the extensor pol-
licis longu.s, it is lirst held in the hollow of the
inclex fully flexed by theflexor digitorum profun-
dus. Other actions are more complex, with the
hand acting on itself, i.e. 'in-hand rnanipula-
tion'. In this case, the object held by one part of
the hancl is acted upon by another part of the
hand. These dynamic grips where the hand acts
on itself are countless, as for example:

. Lighting a cigatette lighter (Fig.280), which
is very much like flicking a marble. The lighter
is helcl in the hollow of the index ancl of the
other fingers, while the clawecl thumb is
pressecl on its top with the help of theJlexor
pollicis lon.gus and the thenar muscles.

. Squeezing the top of a spray can (Fig. 281):
this time the can is helcl by a palmar grip and
the flexed index is pressed on the top by
contraction of the flexor digitorum profund,us.

. Cutting with scissors (Fig.282):the handles
are threaded on to the thumb and the middle
or ring finger. The thumb muscles provide the
fbrce needed to close the scissors (the thenar
muscles) and to open them (extensor pollicis
longus). Opening the scissors, when
excessively repeated during wofk, can lead to
fuptlrre of the extensor longus. The index
flnger impafts direction to the scissofs, turning
this grip into a directional dynamic grip.

. Eating with chopsticks (Fig. 283):one stick
is jammed in the first interdigital cleft by the
ring finger and stays put while the other stick,
held in a tridigital grip with the thumb, index
Iinger and middle finger, forms a pincer with
its partner. This is certainly a goocl test of
manual dexterity for Europeans, while Asians
use chopsticks almost unconsciously from a
vefy young age.

. Tying knots with one hand (Fig. 284): this
is also a test of manual dexterity that not
everyone can perform. It relies on the
independent but coordinated action of two
bidigital pincers, i.e. the one formed by the
index linger and the middle linger in lateral
apposition and the other formed by the thumb
and the ring linger. This is a rarely used form
of pollici-digital grip. Surgeons use a closely
related grip to tie knots with one hand. Such
complex actions involving only one hancl are

very commonly used by jugglers and
conjurers, whose cleady above-average
manual dexterity needs to be maintained by
daily exercises.

. The lefit hand of the violinist (Fig. 285)
or of the guitarist achieves a very flexible
clynamic grip. The thumb supports the neck
of the violin and by moving up and down
balances the force applied by the other four
fingers as they play the notes. This pressure on
the strings must be at once precise, firm ancl

modulatecl to produce the vitrrato. These
complex actions can be perfbrmed only after
many years of training and daily practice.

Readers can {ind for themselves the infinite variety
of dynamic grips that constitute the most elaborate
form of activity of the hand when it is endowed
with its full functional capacity and can form the
basis of functional tests.
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Percussion - contact - gestures

The human hand is used not only for prehension
but also as an instrument of percussion:

. When one uses a calculatof, a typewriter or
a computer at work (Fig. 286) or when one
plays the piano, each finger behaving like a
little hammer, hitting the keyboard as a result
of the coordinated action of the interossei and
digital flexors, in particular the profundus.
The difficulty lies in acquiring functional
independence of the fingers and of the hands,
and this requires special training of the brain
and muscles and constant pfactice .

. Vhen blows are dealt by the fist in
boxing (Fig.287),by the ulnar border or
distal extremity of the fingers in karate or by
the outspread hand when a slap is given.

. \(hen snapping one's fingers by making the
middle flnger shoot forcibly from the tip to
the base of the thumb.

The touch of the hand is softer when it caresses
(Fig.288), an action of fundamental importance in
social and particulady affective interaction. Note
that an intact cutaneolrs sensitivity is essential for
both the hand that caresses and the hand caressed.
In some cases, contact with two hands may cause
healing, as in the laying on of hands,which may be
effective even at a distance. Finally, the most banal
gestllre of everyday life in theVest, the handshake
(Fig.289), represents a social contact charged with
symbolic meaning.

The perfofmance of gestures is an irreplace-
able function of the hand. In fact, gestures are

performed by close cooperation between the
face and the hand and are under subcortical
control, since they disappear in Parkinsonism.

This language of face anl'd hand is codified in
the language of deaf-mutes, but the gamut of
instinctive gestures constitutes a second
language, which, unlike the spoken language, is

universally understood. This mode of expression
is made up of countless instinctive gestures that
may show geographical differences but are
generally understood all over the wodd, as, for
example, the fist raisecl in threat (Fig. 287), the
peace greeting with the hand wide open, the
fi nger pointing accusingly (Fig. 290, represent-
ing the finger of St Thomas in the Retable of
Issenbeim of Matthias Grtinewald), and {inally
applause expressing approval. This gamut of
gestures is further developed professionally by
actors, but it is an integral part of every human
being's behaviour. Its goal is to undedine ancl stress
particular facial expressions, but often it dispenses
with words and suffices by itself to express feel-
ings and situations. Hence the extensive use of
the 'posturing hand' in painting and sculp-
ture. This role of the hand is as important as its
role in gripping and feeling. In certain crafts, as in
pottery, the hand is multifunctional (Fig.291); it
is the effector organ modelling the object, the
sensory ofgan that fecognizes and modffies its
shape continuously, and finally the organ of
symbolic expression when it offers the object
of its creation to mankind. It is the complete-
ness of the creative gesture that rnakes it so
valuable.
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The positions of function
and of immobilization

The functional position of the hand, first
clescribed by S. Bunnell as the resting position of
the hand, is quite different from that observed
dnring sleep (Fig.292,the Hand of Adam,accord-
ing to Michelangelo). The latter position, called
the position of relaxation, is also maintained
by the wounded hand so as to reduce pain and
consists of the following: forearm pronatecl, wrist
flexecl, thumb in adduction-retroposition, the flrst
intercligital cleft closed and the lingers relatively
extenclecl, particularly at the level of the MP joints.

The functional position (Figs 293 and 294) was
redefinecl by Littler (1951) as follows:forearm in
semi-pronation; wrist in 30" extension and adcluc-

tion; the thumb (particulady M,) collinear with
the radius and forming an angle of 45" with M2;

the MP and IP joints of the thumb almost straight;
the fingers slightly flexed and their MP joints flexed,
with the clegree of flexion increasing towards the
little flnger. As a whole, this position of function
corresponds to that in which prehension
could take place in the presence of minimal
articular mobility,l.e. if one or more of the joints
of the fingers and thumb were ankalosed, or to
that in which recovery of useful movements would
be relatively easy,since opposition is alreacly almost
maximal and could be completed by a few degrees
of flexion in any of the still active joints.

There are in practice, howeveq three positions
of immobilnzation, as defined by R. Tubiana
(r973)

The temporary or 'protective'
position of immobilization

The temporary or'protective' position of immobi-
lization (Fig.295), which aims at preserving the
mobility of the hancl in the long run:
. forearm in mid-flexion and pronation with the

elbow flexecl at 100"

. wfist in extension at 2O" and in slight
adduction

. the lingers flexed, the more so as they are

more meclial, as follows:

- the MP joints flexed between 50o and 80o,

the more so, the less flexed the PIP joints

- the IP joints moderately flexed, the less so

to recluce tension and the risk of ischaemia
from arterial insufliciency

- the PIP joints flexed between 10o and 40o

ancl the DIP joints between 10" and 20o

- the thumb in the initial stage of opposition:
in slight adduction but also in anteposition,
keeping the interdigital cleft open;the MP
ancl IP joints in very slight extension, so

that the pulp of the thumb faces those of
the inclex and middle fi.ngers.

The positions of definitive
immobilization or functional fixation

The positions of definitive immobllization or func-
tional fixation clepend on the individual case:

As regarcls the wrist:

- When the lingers are still able to grip, the
wrist should be arthrodesed in 25"
extension so as to place the hand in a
gripping position.

- V/hen the lingers are unable to grip, it is
better to lix the wrist in flexion.

- If both wrists are fusecl for life, then it is
imperative to fix one in flexion to facilitate
perineal hygiene .If a cane is to be used, it is
necessary to flx the wrist in a straight posi-
tion; if two canes afe to be used, the wrist
of the dominant hancl shoulcl be lixed in 10o

extension and the other hand in 10o flexion.

The fbrearm is immobilized in more or less firll
pronation.

The MP joints are flxed in flexion ranging from
35" for the index to 50o for the little flnger.

The IP joints are fixed in flexion from 40o to 60o.

TheTM joint is arthrodesed in a position that
suits each case but, every time one of the
elements of the pollicidigital pincer is
permanently put out of action, the functional
capabilities of the other still mobile elements
must be considered.
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The non-functional positions
of 'tem p orary i m mobi I i zation'
or'partial relaxation'

These should be used for the shortest possible
time in order to stabilize a fracture or to slacken
tissue tension around a suturecl tendon or nefve.
As a result of venous or lymphatic stasis, there is

a serious risk of developing stiffness, which can
be considerably reduced if the joints are actively
exercised:

. After the median nefve, the ulnar nerve
or the flexor tendons have been sutured.
the wrist can be safely kept in flexion at 4O"

for 3 weeks. but it is crucial to immobilize
the MP joints in approximately 80'flexion
while keeping the IP joints in their natural
state of extension, since recovery of
extension is difficult to obtain after forced
flexion.

. Aftef the dorsal structures have been
repaired,the joints must be immobilized in
extension but the MP joints must be kept in at
least 10" flexion. The IP joints should be flexed
at 2Oo, if the damage occurrecl proximal to the
MP joints, but they should be fixed in the
neutfal position if the damage was done at

the level of P,.

. When'buttonhole' lesions are tepaited,
the PIP joint is immobilized in extension and
the DIP joint in flexion so as to pull the
extensor tendons distally.

. Conversely, if the DIP joint is close to the
site of the lesion. it should be immobilized in
extension and the PIP joint in flexion so as to
relax the latenl expansions of the extensofs.

Whatever the position adopted, one must remem-
ber that any prolonged period of immobilization
always callses some functional loss, and so immo-
bilization must be as brief as possible .
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Partially amputated hands
and fictional hands
The stucly of fictional hands is not simply a
thought experiment; it also provides a better
understancling of the structural rationale behind
the human hand. The types of hand that can be
imagined fall into two categories: asymmetrical
and symmetrical.

Asymmetrical hands are derivecl from the nor-
mal hand by reducing or increasing the number of
fingers or by inverting its symmetry.

"E 
" An increase in the number of fingers, i.e.

a sixth or seventh finger added to the ulnar
border of the little finger, would certainly in
theory strengthen the full palmar grip, but it
also gives rise to unacceptable functional
complications. These supernumerary fingers
are due to a congenital malformation and
should be amputated.

*" A decrease in the number of fingers to
four or three would reduce the functional
capability of the hand.In some monkeys of
CentralAmerica the Lrpper limb has a hand
with four fingers and no thumb;this hand is
only able to cling to branches, whereas the
lower limb has a hand with five fingers,
including a thumb capable of opposition.The
hand with three fingers (Fig.296),as seen
after certain forms of amputation, retains the
tridigital and bidigital grips, which are the
most commonly usecl and the most precise,
but has lost the full palmar grip needed to
grip the handle of a tool or the butt of a rifle.
In the hand with two fingers (Fig.297),the
thumb and the index finger can still form a

hook ancl a bidigital pincer in order to grip
small objects, but tridigital and ftrll palmar
grips are impossible.Yet unexpected success
can be obtained when such a hand is

retained of feconstructed in some patients.

3" Following amputation of the little finger for
deflnitive treatment of Dupuytren's contrac-
tllre or following alrulsion of the ring finger
after the ring is'caught', hand surgeons may
consicler the reconstruction of a hand with
four fingers.V4rether this involves the
complete resection of the fifth ray of the
hand (Fig.298) or intermetacarpal resec-
tion of the fourth ray of the hand (Fig.

299),the aesthetic ancl functional results can

be very satisfactory, and this deformity may

go unnoticed by the casual observer. Who
has noticed that Mickey Mouse's hand
(Fig. 300) has only four fingers?

Let us imagine a symmetrically inverted hand,
i.e. a hand with five fingers anl'd an ulnar
thumb located medially. Such a hand woulcl
have a palmar glrtter that ran obliquely in the
opposite direction. Thus in the nelltral position of
pronation-supination the head of the hammer,
instead of lying obliquely proximally, would lie
obliquely distally. This change of orientation woulcl
prevent one from hitting a nail on the head unless
the neutral position of pronation-supination were
reversed by +180o, i.e. with the palm pointing
laterally!The ulna woulcl override the raclius and
the insertion of the biceps on the radius would
recluce its efficiency. In sum, the entire architec-
ture of the upper limb would have to be changed
without any obvions functional advantage. This
demonstration ab absurdo therefore ftrlly justif,es
the normal location of the thumb on the radial
side of the hand.

Let us finally imagine symrnetrical hands, with
two thumbs, one medial and one lateral, flanking
two or three fingers. In the symrnetrical hand
with three fingers, the simplest form (Fig. 101),
the following grips would be possible:two pollici-
digital, bipollical (between the two thumbs) and
tridigital (Fig.302) with the two thumbs opposing
the index.Thus four precision grips would be pos-

sible. A ftrll palmar grip would also be possible
between the two thumbs and the palm and the
index. Though faidy strong, this grip would have a

serious disadvantage; because of its symmetry, the
hanclle of any tool would lie perpenclicular to the
long axis of the forearm.'We have already seen that,
for a tool to be propedy oriented, the obliquity of
the handle must be combined with movements of
pronation-supination of the hand. The same would
apply to symmetrical hands with two or three
intermediate flngers (Fig. 303), i.e. a hand with
five fingers, inclucling two thumbs. Parrots have fwo
posteriody locatecl fingers and these form a sym-

metrical claw,which allows them to stand firmly on
a branch, but this is not a solution to our problem!
Another consequence of the symmetrical hand
with two thumbswoulclbe the needfora symmetri-
cal arrangement of the stfuctures of the forearm,
which would exclucle pronation-supination.
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The motor and sensory function
of the upper limb
This page is meant to be a memory aid for the
motor and sensory supply to the hancl.

A synoptic table of the motor nerves of the
upper limb (Fig. 304) lists the nerve(s) that
supply each of the muscles identified by their
names using the International Classification. Thefe
is no need to itemize this list in detail. One should
study it carefully and absorb it with emphasis on
the ovedapping of nerve supply, double innerva-

tion ancl also the interconnections between the
nefve trunks,which can explain some paracloxical

finclings in cases of neurological deflcit or aber-

rant results from some electrical investigations.
This exchange among nerve fibres must be envis-

aged like a motorway interchange where cars leave

one motol'way to enter another via exit ramps. The
point of arrival is not actually that of the original
nerve trunk but that of the adjacent trunk. One

must also bear in mind that a large nerve trunk
comes from a variable number of cervical roots
ancl that nerve flbres coming from nefve roots that
do not belong to the trunk under investigation can

end up in unexpected places. There are countless

and unpredictable variations from the average

pattern, which fortunately turns out to be the cor-

fect one tnost of the time.

The axillary nerve (old name: circumflex)

. Arises from the cervical roots C5 and C6.

. Receives sensory information from the deltoid
region.

. Is the motor nerrre to the cleltoicl and thus

responsible for abcluction.

The musculo-cutaneous nerve

. Arises from C5 to C7.

. Receives sensory information from the anterior
surface of the arm and part of the forearm.

. Is the motor nerve for the biceps ancl the
bracbiatis and thus responsible for elbow
flexion.

The median nerve

. Arises from C5 toT1.

. Receives sensofy information from the palmar

surface of the hand down to the fingers (see

later) and partly from the forearm.

. Is the motor nerve for the flexors of the {ingers

and the wrist.
. Is also responsible for opposition of the thumb.

The ulnar nerve

. Arises from C7 toT1.

. Receives sensofy information from the palmar

and dorsal surfaces of the hand and of the
fingers (see later) and partly from the forearm.

. Is the motof nerve of the interossei and the
meclial thenar muscles.

The radial nerve

. Arises from C5 toT1.

. Receives sensory information from the posterior
surface of the arm and of the forearm.

. Is responsible for extension of the elbow, the
wrist ancl the fingers and for abduction of the
thumb.
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Motor and sensory tests of the upper limb

The pulps of the fingers

The dynamic tests of the main motof nefves
allow one to establish whether a nerve trunk is
interrupted or paralysed, as follows:

. The test for the median nerve (Fig.305):
making a fist.

. The test for the ulnar nefve: spreading the
fingers (Fig.306) and bringing the extended
fingers together (Fig. 307).

. The test for t}lLe radial nerve (Fig.308):
active extension of the wrist, extension and
radial abduction of the thumb. Note that only
the MP ioints of the {ingers are extended.The
IP joints stay flexed and are partially extended
only when the wrist is flexed.

. The combined test for tlr'e radial and ulnar
nerves:(Fig. 309) differs from the previotts
test only in that the IP joints are extended at
the same time .

The sensory areas of the hand must be ftrlly
understoocl in order to make accufate diagnoses
of nerve damage:

. It is easy for the palmar surface of the hand
(Fig. 310);the median nerve (pink) supplies
the lateral half and the ulnar nerve (green)
supplies the medial half.The dividing line
passes exactly through the fourth ray.

. The picture is more complicated for the
dorsal surface (Fig. 311), which is supplied
by three nerves:

- Laterally, the radial nerve (in yellow).

- Medially, the ulnar nerve (in green).

- The dividing line between these two
territories runs through the axis of the
hand, i.e. the third ray.

- Only the dorsal surfaces of the proximal
phalanges and of the metacarpals are

supplied by these nerYes.

- The dorsal surfaces of the two distal
phalanges are supplied by the two palmar
nerves. The median nerve (pink) supplies

the dorsal surfaces of the lateral half of the
ring linger and of the other three lateral
fingers; the ulnar nerve supplies the dorsal
surfaces of the medial half of the ring finger
and of the little finger.

In summary, the last two phalanges are suppliecl
by sensory nerves derived from the following:

. the median nerve for the thumb, the inclex
finger and the middle finger

. the ulnar nerve for the little linger

. the median nerve for the lateral half of the ring
finger and the ulnar nerve for its medial half.

The hand, and particularly the pulps of the fingers,
have a rich nerve and blood supply, since the hand
is the main receptor fof one of our five senses:
touch. As a result it has very extensive projections
in the motor and sensory afeas of the cerebral
coftex.

The blood supply to the pulps of the fingers
(Fig. 312) comes from the pahnar and dorsal
digital arteries (only one is shown in red),which
anastomose freely in the pulps and across each of
the IP joints.

The nerve supply (Fig.3l2) comes from the rich
network of fibres derived from the palmar cligital
nerves (only one is shown in green).

The pulp itself (Fig. 313) is made up of highly
specializecl tissue, i.e. loose areolar connective
tissue with its fibres attached to the periosteum of
the phalanx and to the deep dermis of the finger.
As a result it has flexibility, slnrli.ity and mechani-
cal strength, features essential for its sensory and
motor ftinction. Distally the pulp is buttressed by
the nail bed, which also makes an important
functional c'ontribrrtion.

The pulps of the fingers are invaluable to
craftsmen, artists, pianists and violinists. A
simple whitlow can damage them and destroy
their usefulness.
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Three motor tests for the hand

In addition to the motor tests described in the pre-
cecling pages, there are three tests for the ulnar
nerve that deserve special attention. Two of them
are standard tests and the third is a new one.

.E, Wartenberg's sign (Fig.314) is observed
when the ulnar nefve is completely paralysed
but is particularly useful in recognizing distal
lesions of the nerve, i.e. at the level of Guyon's
canal or the carpal ulnar neurovascular
space. The little finger stays permanently
separated from the ring frnger (black arrow)
and cannot be drawn actively towards the
ring flnger (shown in the background).

*. Froment's sign (Fig.3l5) is observed when
the subject is asked to pinch a sheet of
paper between thumb ancl index finger.
These two digits normally form a ring (seen

in the background).V/hen the ulnar nerve
is paralysecl, the pincer is loose because
t-ae adductctr" pollicis,innervated by the
deep palmar branch of the ulnat nerve, is
paralysecl. The proximal phalanx of the
thumb tilts into extension and the paper
can easily be pulled away, which is not the
case when the nerve is normal.

*" The sign of the weak ulnar hook has

recently been described by the author.
Normally, when the last two fingers are

strongly flexed towards the palm of the hand,
the examiner cannot'unhook'the little linger
by passively extending its distal phalanx. This
test is carried out as fbllows on the patient's
right hand (Fig.316):

- The examineq using both hands, ofTers his
right index to the patient ancl asks him to
grip it tightly between his strongly flexed
last two fingers.

- The examiner then tries with his left
index to extend forcibly the distal
phalanx of the patient's little linger.

- Normally he fails to clo so as the two
hooked frngers resist successfirlly.

- If the ulnar nerve is paralysed, the hook
of the patient's little finger gives way, and
his distal phalanx is tilted into extension
(black arrow).

The same mantruvre can be appliecl to the
ring finger with similar results.

The underlying mechanism for the test

One must remember that the Jlexor digitr,trum
pr.ofundus has a composite innervation (Fig. 317).
The two lateral tendons (pink) for the inclex and
middle fingers are innervated by a branch (2) ot
the meclian nerve (M), while its two medial ten-
dons for the ring flnger and the little flnger are

innervated by a branch (1) of the ulnar nerve (U),
which arises distal to the wrist.

This explains why flexion of the ring flnger and of
the little Iinger can be selectively compromised
when the ulnarnerve is damaged and,more impor-
tant, why the test is positive or negative clepend-
ing on the site of damage to the nerve:

. If the damage has occurred proximal to point
a, the test is positive.

. If the damage has occurred at point b or distal
to it, i.e. at the level of Guyon's canal, the test is
negative, whereas Ffoment's test is positive.

Therefore this test, vefy easy to cafry out ancl very
selective in its results, shoulcl be part of every
complete neurological examination of the upper
limb. It coulcl also be dubbecl the nail-file test,
since it was discovered in a patient who com-
plained that she could no longer file down the nail
of her ring fingel because it kept extending uncler
the pressure exerted by the nail lile.
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The human hand

The human hand has not changed since prehis-
toric times (Fig. 118), as attested by this negative
imprint of a hand, which was undoubtedly left
behind as a signature by one of our distant ances-

tors, a cave artist.

Monkeys also have a similar hand, with an oppos-
able thumb, but the difference lies in the way the
hand is use d, as a result of a tight coupling between
hand and brain.

This hand-brain couple is bidirectional with
reciprocal interaction. The human brain has been

able to progress thanks to the capabilities of the
hand. Thus the complex architecture of the hand
is perfectly logical and adapted to its different
functions. It is an example of oOccam's fazof, of
the principle of universal economy. It is one of the
most beautiful examples of creative evolution.

Human beings, driven by their Promethean ambi-
tions, have already created robots able to grip and
manipulate, but they afe still a long way from
achieving the perfection of the original.

*Williarn of Occam (1285- 13,19) is famous fcrr his aphorism known as Occam's r^7,ot,i.e. entiLt tlon sunt multiplicanda sine necessitate,whicl]

meails that entities shoulcl not be multiplied needlessly In other words, the beautl' of a theor-v is measured b-v its simplicity He was a philoso-

pl.rer ancl a Franciscan theologian working in Oxford and Paris. He was excomnlunicatecl and died during the Plague.
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Assembly

Diagram a shows how the components are
assembled:
. The base (piece D) is formed by bringing m

and m'and n and n'closer together until they
coincide. Then either glue strips m and n on
the dark-shaded surfaces of m' and n' or, if you
wish to disassemble the model afterwards, fit
paper fasteners through the holes marked on
m,m',n and n'.

. Aftef marking the creases for the fingers and
the palm on the hand (piece A), construct the
trapezo-metacarpal (TM) joint as follows:

t " Folcl the semicircular surface g backwards
through 90".

ft, Fold the two triangles forwards to form a
pyramicl with its base lying on top.

S, t<eep the pyramid in place by:

- either gluing tabs h and j over the
surfaces of h' and j' (for the definitive
model)

- or secllring tab k by pushing it through
the slot between h'and j'and fastening
it on the back of k' with 

^ 
p^per fastener

through the circular holes in k and k'.
. Fold C (the thumb) backwards (arrow 1) and

glue it (arrow 2) to the front of B so that f lies
on top of f and all the holes and the lines
representing axis 2 are properly matched.
Then glue this composite strllcture to the
pyramid supporting the thumb by applying g'
on the back of B to g on the front ofA so that
the holes and the lines representing axis 1 are
properly matched.

You have thus constructed the biaxial universal
joint corresponding to theTM joint.

Diagram b shows how yon can attach the hand by
slicling it into the central cleft of D.

Use

Passive mobilization of the model will now allow
you to understand the three basic characteristic
features of the hand:

*. Hollowing of the palm by flexion along
the longitudinal folds, which simulates the
movements of opposition of M4 and, above
all. of M5.

*" Oblique flexion of the fingers,which
makes them converge towards the base of
the thenar eminence. This results from the
increasing degree of obliquity of the axes of
the IP joints and MP joints from the index
to the little flnger (an example of conical
rotation) and is enhanced by the movement
of opposition of the medial metacarpals
(M4 and especially M5).

#, Thumb opposition. You can verify the
occufrence of plane fotation, conical
rotation and cylindrical rotation presented
in the text by making axis 1 (axis xx' in c)
the main axis and axis 2 (axis 1y' in c) the
secondary axis.You can check that flexion
taking place successively in the other joints
of the thumb (the MP ancl the IP joints)
gives rise to cylindrical rotation of the distal
phalanx of the thumb, which changes its
orientation without any major flexion at the
TM joint and any significant axial rotation of
Ml.You will be able to observe that there is
no mechanical play in the joints of the
thumb ancl yet the thumb can move along
the'short and long paths'of opposition
from index to little finger simply by a

change in the orientation of its pnlp, as

occurs in rcal life.

Flexion-pronation of the IP and MP joints is the
result of the obliquity of the folds.

Setting up the 'tendons'

You can activate this model by putting in the
'tendons'(cliagram c). They consist of thin cords
fixecl by knots at their phalangeal insertions
(circular holes each marked with a cross) and
run freely through the 'pulleys' located on the
phalanges and the holes made in the base.

You can easily make these pulleys from small strips
of cardboard 6 mm wide and soft enough to be
bent to form a tunnel. Threacl the ends of these
strips from fiont to back through the narrow slits
made in A and C and glue them on the backs of
A and C after folding them backwards in the
shape of a capital omega.

The double pulley 2-7 (C) is different; it is gluecl
on the fiont for 2 and on the back for 7, forming
two reciprocally inverted capital omegas.
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Colles' fr:rcture 140. l9(r
common flexor shexth 228

infection 246
cone of circumcluction 112.220
cone ofopposition 29iJ

conjunct rotation of MacCon:iill 4, 18. 152

conoid ligament i),r2,i4
coraco-acromial arch 60

coraco-acromill ligament 52

coraco-brachialis rnuscle 36, 68, 96

coraco-brachialis tendon 38
coraco-clavicular ligarnent 5'1

rnedial 52

coraco-glenoid ligarnent 28

coracol-rurneral ligament 2a, 34, 6a

coracoid ligament 52

coronoicl fbssa 82

coronoid process P6

costo-cl:wicular ligament'48
cruciate hbres 222.226
cuhitus ralgus (carr.ving angle of arm) 88. I10

and axis of pronation-sltpination 128

in sr4relior radio-ulnar ioint movements 122

cylindrical grips 284
palmar J18

D
deep tfansvefse metacarpal ligament 216

delto-trapezial aponeurosis i2
deltoicl muscle 36,6o

in abduction 62.61.66
conponents 62
in flexion 62.68
in mecli;rl rotation 62

cliagonal ar-ch of l-rand 204

digital grips 308-15
digito-palmar crease 200

tligito.palrn;rr prrhcn\iun J l()

directional (centralized) gt'ips 320
dislocations

elbow 96
inferior radionlnar joint 1uu

raclio-ulnar joints 100, 71O,112

wrist 174
peri-lunate 190

distal ir-rterphalangeal (DIP) ioint
hl'perextension 24'1

movements 222,224,241
in pentadigital grip 312
positions in hancl immobilization 330

clorsal digital expansion 2'1o

dorsrl inl(rcrl.ttc(l scg,nlent irr.trllilitr (DISI) I68

dorsal radio-carpal ligament 120

'c[roop1' shoulder-' sl.ndrome 36
Dupu.vtren's contractufe 214, 246

surger]y'fcconstruction 332
dynamic movement-associatect Eirips 324

E
elbor'76-103

articular surfhces 80

coaptation 96
clislocation 100

ligamcnts 84
mechanical model 8,1

nerve slrppl,v l0o
phvsiological function 76
position of immobilization/ftrnction 102

resistance to traction/comp|ession 96
surf:rce markings l00

elbow movements
degrecs oflteeclom 80

extension 80,88,92
efhciencl' of muscles 102

landmarks 100
limitations 90
mr:scles 94
range of movements 9u

flexion 78, 80, 82,.38, 9.1

cfficiencl' of muscles 102

intercondl'lar axis 86

lantlmarks 100

limitatiot.ts 90
muscles 92, IJ,1
and pronation-supination 1.14

range of movements 98
range 98
se e ct ls o pronation-supination

electroml'ographic studies

abcluctor pollicis brevis action 296

adductor pollicis action 29l+

opponens pollicis action 296

epicondyles l(X)
rneclian 100

efElonomic mo\.enent cYclcs 18

Essex-Lopresti svndrorne 96, l'12

extension see under speciJic -f oil7l tnoretn ents

extensor carpi radialis brevis muscle 192.191,21)0

extensor carpi radialis brevis tcnclon 234

extensor carpi radialis longrts muscle 92.192.791.290
extensor carpi raclialis longus tenckln 234

extensor carpi ulnaris muscle 188, 192,t94.796
in thumb movement 292

extcnsor carpi ulnaris tenclon 120, 726,234
extensor digiti rninimi muscles 196

extensor digiti minimi tenclons 214,236
extensor cligitomm rnuscles 232, 212, 244'

hvpcrflexion 2.16

(\ren\or dillilr,rum tcntlolls 216. 2.\ t. 256

extcns()r indici> tnttst le I 9(r

extensor inclicis tenclon 234.236
extensof muscles 72
extcnsor pollicis b|evis muscle

in prehcnsion J0.(
in thurnb rnovement 2aa,290.292
in wrist movement l')2,196

extensor pollicis brevis tenclon 2J4,278
exte nsor pollicis longus mrtscle

tests for integritl' 306
in thumb no\.enent 2aa,29o, 292, 296

in wrist movenent 192.196
extcrlsor pollicis longus tenclott 202,231
extensor raclialis br-evis 192

extensor tendons of hancl 2 ltl
in rheunatoid arthritis 218

rupture 246

F
falsc joints 18
Fibonacci scquences 212

trbrrNrsseous tunncls 226. 2J,1

fictional hancls J32
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hancl movements (cont'd)
and forearm pronation-supination 104, 108
gestures 326
gripping 202
percussion 326
rotations and force 186

zones ofprehension 202

see also prehension
'head line' 200
head-shaft angle of humems 24

'heart line' 200
Henke's mechanism 184
'Hippocratie a5scs5ment of shouldcr -4
hookiike deformity 246

hooked-linger grips 322
humerus

axes 4

capitulum of humelus 80,82
capsulo-ligamentous apparatus 28

distal end 80,82
head 21,28

instantaneous centres of rotation 26

long axis 4

trochlea 80,82,88
trochlear groove 88

individualvariations 88
hlpothenar crease 200

hypothenar eminence 200

muscles 248

I

in-lrand manipul^tion )2 1

infra-glenoid tubercle 28

infiaspinatus muscle 36, 60, 64, 6tt
nerve supply 70,100

instantaneous centres of rotation of shoulder 26

interclavicularligament,lS
interdigital clefts 202

interdigital latero-lateral prehension lO8
interdigital palmar ligament 212

intefmediate (r'ef'erence) position see reference position
intermecliate sheath 228

intermetacarpal ligarnent 260

interossei 238,24,0, 242

anterior, lirst 290, 308
defrciency/damtge 246

clorsal 238
insertions 244
palmar 218

fitst 288,290,294
in prehension 116
rheumatoid arthritis 240

interosseolrs membrane 96, 110, 712,171
components 112
mechanical role 114
in pronation-supination 126

tears 112

interosseolrs tenclons 240

expansions 240

interphalangeal creases 2(X), 202

interphalangeal (IP) joints
fingers 222,221

articular surfaces 222
axes 224
degrees offueedom 222

flexion-extension 222, 224

movements, range of 222

passive movements 221

stiflbning it flexktn 222

thumb 250,286
axes 286
axial rotation 266

flexion-extension 286

medial rotation 286
pronation 286

in thumb opposition 3(n,3O2,3O1
see also distal interphalangeal (DIP) joint; proximal

interphalangeal (DIP) ioint
intertendinous bands 236

intrinsic minus deformitv 246

intrinsic plus deformity 246

J
ioints of mutual interlocking 2i8
'jtunping shoulder' 60

K
Kapandji-Sauv6's operation I 42

L
latissimus clorsi muscle 66,72,91
levator scapulae rnuscle 56,58
'1i1'e line' 2OO.2O1

ligame nts
of carpus 186, 188
ofelbow 84,96
in forearrn pronation-supination 1 I 2

of shoulcler 28,48
ofwrist 751,160,762

and force transfer 186, 188

srabilization 164.166
see alsr.t speci/ic ligtmlents

locked position of MacConaill .see close-packecl position of
MacCon:rill

logarithnic spirals 212
long head of biceps tendon see biceps tendon, long heacl of
'luck line' 200
lnmbricals 238, 24,2, 241

transistor eflect 214
lunate 158

mor.ements 17,{

variable shape l6tt
in wrist abdllction-adduction 176. 182

lunate pillar 168
in wrist locking 17,1

lunato-capitate ligament 160

in wrist locking 17,i

M
Madelung's clisease 140
'mallet finger' 246
medial ligamentolrs complex of wrist ligament 120

meclian nerve 226, aO4, 331-5
hancl immobilization afier suture 330
tests 336

menisci
acromio-claviclrlar joint 50
inferior radio-ulnar ioint 1 20

sterno-costo-claviculal joint .18
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palpation site of radial artery 200
'panofamic' pentacligital grD 312
pectora.lis major 36, 40

in abduction 66

in flexion 68
pectoralis minor 56,58
pentadigital grips 312

palmar grips, sphedcal J2O
periarthritis of shoulder (svndforne of rotator cufT rupture)

30,36
phalanges 200,222

.see a/so lingers
physiological ref'erence position 10

pinkie see lingers, little linger
pisitbrm bone 1i8
piso-hamate ligament 160

piso-metacarpal ligarnent 160
pluridigital grips 310, 312, 314
Poirier-sV-shaped space 180
polar coordinates system 16

pollici-digital pincers 252, 298
pollicization of linger 298
posterior radio-carp:rl ligament 162, 164, lfto
plehension 1 98, 200, 2O2, 308-16

muscle s 316
thumb 284
atnes 202

pronation-supination 104-45
axes 128,130
bone arrangement 110

ligaments 112

measufement 106

mechanical disturbances 140. 142

muscles 1J4
nerve supply fbr 13,i
position of funct:ion 14,{

radio-ulnar joints

inf'erior 104, 722,724,126, 188

super:ior lO4,l22
r:rnge of movements 106

sLlpination
full. test lor 741
integriqv of, in gravify-assisted gr4)s 322
true 141

transfer oftirrce couple 186, li3tt
usefirlness 108

pronator quaclratlls muscle I2(r, 13,1

pronator teres muscle 92, 134

proximal interpl-ralangeal (DIP) ioint
movements 222,214
positions in hand irnmobilization 330
stttbihtl, 221
tendon attachment 240

pulpar pentadigital grip 312
pulpar (pulp-to-plrlp) tetradigital grips I 1 2

pulpoungual (pulp-to-nail) prehension 30li

o
quadrate ligament 1 12, 176, 722

R
raclial arter_v palpation site 200

rrdial nerve 3O1,334-t
tests 3J6

raclial styloid process 202

radio-c:rpitate ligament 160, 172

anterior' 160
radio-carpal (wrist) joint 716, 154

articular surf:rces I 56
capsule 156
component bones 156
in wrist abcluction-adduction 176, 178, 182

raclio-c:rrpal li€aanent 751, 160
anterior 1 6,1

clorsal 120

posterior 162, 16.1, 180

radio-lunate ligament 17,1

rrtlir r:caphoid lig:Lrncnt l-4
radio-triqucttal ligaments 164

radio-ulnar complex
bone arrangement 110

colinearit)' 128
interosseolrs membrane 96, 110, 7l2,ll4

components 112

mechanical role I 14

in pronation-supination 126

tcars 1 12

as two bone system
efliciencyy'alternatives 1 J6, 138

origins 138

se e alsr t pronatioll-supination
radio-ulnar joints

angles oftorsion 132

circulf'elential spin 12.1, 130

co-congruence 1J2

disloc:rtions 140.742
lirnctional cor.rpling l2a, 1J2

inferior
articlilar clisc 120. 126

articular surlaces 72O, 124
deglees of freeclom 1 18

clislocation 96, I88
lunctional anaton)' 118, 120

rotation 124
structure 118
in wrist complex 146

and wrist movement 108

superior 80
accessory lnovements 122

elcgrccs oI licedoln I Itr
functional anatomy 116

rotation 122

see alsct pronation-sllpination
radio-ulnar ligaments

inferior 1 12. 120
superior ll6

racliographl of trapezial s1'stem 274

radirrs
axial rotation 10,1

fiactures I 12, 1.trO, 112, l9O
head 80.86

articlllar surfaces t 16

in co-congrllence lJ2
fracture I 12

neck 134

pronator bend 13.1

proxim:rl displacement 712, 114
proximal end 8O

racli:rl tuberositv IJ4
slrortening of .)6,'l 40, 742
supinator bencl 134

ulnarnotch 118.120
in wrist mor-ement 170
i11 wrist stabilization t64
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sub-terminal (pulpar) (pulp-to-pu1p) prehension
subchvius nruscie {8, i6, i8
subdeltoid ioint/serous bursa 22, 38
subscapularis muscle 60, 64

subscapularis tendon 28

subtermino-lateral (pulpoLateral) (pulp-to-side)
prehension lO8

supination see pronation-supination
supinator muscle 134

supraspinatus canal (r0

supraspinatus muscle 36,60
in abduction 64.66
clamage/repair 6O

in flexion 68
supraspinatus tendon 60
' swan-neck' defcr r u.tity 246

sl.novial sheaths 226
infection 228,216

synovitis, suppurative 246

T
tendons 18

of fingers 2aO,232,231,236
bowstringing 232

extensors 234
long flexors 230,232

ofhancl 226,228
in pronation-supination 136, 138

synovial sheaths 226

infection 228.246
of thumb 290
ofwdst 216,218
see also mesotefldons; qDecific tendons

teres maior muscle 68,72
teres minor muscle 36,60,64,68

nerve supply 70,100
terminal (t4r-to-tip) prehension 308
tests

closed fist test 98
counter-opposition 306
full supination 144

nerve intefarity in thumb 304
nerve supply to hand 338
nerve supply to upper limb 336
total opporition tesl (ToD .t06
triple poinr test 20

waiter test 144
tetradigital grips 312
thenar eminence 200
thenal muscles

external/internal groups 2!6
lrtenl 296
medial group 292
in prehension 3oll

thurnb 198, 200,202,250
axes 286
columrr of 2Oa,266,271
degrees of freedom 798, 250,256

ioints 2iO
muscles

extrinsic 2aa, 29O, 292, 29 4, 296

intfinsic 2aa,29o,292
motor 288,290

nerve supply 298,304,

neutral (rest) position 270

308,310 osteo-articular column 250

radiography 274

tendons 290
transp\antation 2!8

thumb rnovements 220, 250,251
abcluction 238.292
antepulsion of first metacarpal 27 O. 27 4, 292
axial rotation 252.251

mechanism 258.261
counter-opposition 262, 30,i, 306

muscles 304
tests 306

gripping 28.1

opposition 252, 254,298, 300
antepulsion-retropulsion in 262, 292, 3OO

automatic (coniunct) rotation 302
components 300,302
cone ofopposition 298

and counter-opposition 3O4, 306
elementary movements 252

flexion 300
geometry 256
importance of 19a,250
long path ofopposition 2!8
movements 198.280
pronation 300.302
short path ofopposition 298
tests 306
voluntary (acljunct) rotation 302

prehension 284
trapezo-metacarpal joint in 258

toroidjoints 46
total opposition test (TOT) 306
transistor effect 241
transverse hurneral ligament 28

trapezialsystem 274
trapezium 158,77O,176
tr-.apezilrs muscle 56, 58, 60, 66, 68

trapezo-metacarpal (TM) joitlt 2O2, 25O, 260

antcpulsiun-rcrroptrlsion 26 2. 29 2

articular surlhces
coaptation 260
geometric analysis 264
radiography 274

topographic features 258

axial rotation 261i, 266

biaxial prosthesis 300
conicai rotation 266

cylinclrical rotation 266
flexion-extensiott 262, 292

functional features 276
intermediate position 262

ligaments 260,262
mechanical mo<lels 261. 266

muscles 2U8

osteoafthfitis 276
radiographic features 271

range of movements 276
'slitling saddle' 276
structufal features 276

theoretical model 264

irr tlrumb (ounler-opposition 262

in thumb opposition 262,300,302
as universal joint 264,266

tfxpczorcl l>u, l,/O
trapezoid ligament t0, i2, 51
triceps muscle a6,L)1,96
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The Physiology of the Joints
Volume One THE UPPER LIMB

The Physiology ctf the Joints provides the reader with a unique
guide to understanding the mechanics of the ioints in the upper limb
with the use of diagrams rather than text. The commentaries are

short (on double page spreads) and the quality, clarity and simplicity
of the drawings and diagrams are such that they could be understood

without any verbal explanation.

This new edition includes:
Novel tests for shoulder and elbow function

A logical explanation of Codman's Paradox

The organization of pronation-supination based on

the presence of two bones in the forearm

The mechanism of transmission of the force couple of
pronation-supination from the forearm to the hand

A new physiological interpretation of the carpus

The explanation of new ideas such as D.l.S.l and V.l.S.l

An account of the overall quantification of thumb opposition,
now internationally recognized

The concept of dynamic, movement-associated grips,

essential for the correct assessment of hand function

The symbolic and emotional value of the hand

A new synoptic table showing the nerves of the upper limb,

as well as a new diagnostic test for detecting ulnar nerve

damage located high in the forearm.

Dr. Adalbert L l(apandji is a member of several

international societies, and, after a long career

in orthopaedic surgery and later in h:rnd sur5lerv.

he is now devoting himself full-time to the new

edition <rf his three-volume workThe Physiology
of the loints, already translated into eleven

languages. As in the earlier editions, Dr. Kapandji
has personally drawn all the diagr:rms itr colour.

Appropriate for:

Manual Therapy
MassageTherapy
Physical Therapy
Osteopathy

ISBN 978-0-4 43-10350-6
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