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Empirical evidence shows that a strong correlation exists between the flexion angles of the distal and proximal interphalangeal
(D.L.P., P.I.P.) joints of the human finger. Several authors measured this functional dependence, stating that the interdependence of D.I.P.
and P.I.P. flexion is different for healthy individuals and patients displaying pathologies. The purpose of our study is to find an analytical
expression for this correlation. Methods: Following closely the anatomical in situ relations, we developed a two-dimensional kinematical
model which expresses analytically the D.I.P.—P.L.P. angle correlation. Numerical values for the model were extracted from one healthy
and one pathological case data set. Results: The analytical form of the model allows for any P.I.P. angle not only to calculate the corre-
sponding D.I.P. angle, but after first order differentiation with respect to the P.I.P. angle, it also shows the rate of change of the D.I.P.
flexion. The model reproduces well the differences in the angular correlation of D.I.P. flexion of the two healthy-pathological data sets.
Displaying the rate of change of D.I.P. flexion versus P.I.P. flexion provides an additional, clear-cut discriminatory tool between normal
and pathological states. Conclusions: Information on differences between normal and pathological flexion of fingers is more pronounced
and easier accessible from the derivatives of the D.I.P.—P.I.P. flexion behaviour than from direct angular correlation data. The analytical
form of our model allows one to establish the rate of change of the D.I.P. angles, resulting in a better analysis of the situations at hand.
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1. Introduction

Some clinicians feel the need to investigate the
correlation between the flexion ranges of the different
finger joints for a clear distinction between a healthy
and a pathological finger. When investigating the
interrelation of quantities in different (e.g., healthy
and pathological) cases, it is often more instructing,
not to compare the direct change of the involved
quantities, but to compare their rate of change, ex-
pressed by the first order derivative. Empirical evi-
dence shows that a strong correlation exists between
the flexion angles of the distal interphalangeal (D.I.P.)

and the proximal interphalangeal (P.I.P.) joint (e.g.,
[1]). This correlation, about which most authors agree,
was experimentally quantified in the fingers of
healthy individuals by Hahn et al. [7] and confirmed
by Holguin et al. [9]. Consequently, the aim of our
study is to find an analytical expression for this cor-
relation, and to establish its first order derivative for
better interpretation.

By different pathologies the interdependence in
the flexion angles can be changed compared to the
normal finger. In order to facilitate the evaluation of
the current state of the finger we propose to model the
involved flexion angle interdependence. Therefore we
develop, starting from anatomy and actual measure-
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ments, a mathematical model giving an analytical ex-
pression for the D.I.P.—P.I.P. angular correlation. Cal-
culating and plotting its first-order derivative with re-
spect to the independent flexion angle then improves
the presentation of different situations and leads to
a clearer tracing and recognition of anomalies.

2. Method

2.1. Anatomy of the finger,
extensor aspect

The extensor assembly (dorsal aponeurosis, exten-
sor apparatus) of the human finger consists of tendon
fibers from the extensor digitorum muscle and the
intrinsic hand muscles viz. the interosseus muscles
and lumbrical muscle. Ligamentous fibers also join
the extensor assembly. The proximal interphalangeal
(P.I.P.) and the distal interphalangeal (D.I.P.) joint of
the finger are extended by the extensor assembly, and
flexed by tendons from respectively flexor digitorum
superficialis muscle and flexor digitorum profundus
muscle.
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Fig. 1. Extensor assembly and diagram
of extensor and flexor tendons of the finger
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Figure 1 gives above the details of extensor and
flexor tendons of an anatomical specimen of the fin-
ger, ulnar aspect, after removal of skin and subcutane-
ous tissues. Below a lateral view represents the sche-
matized sagittal plane. The most distal spiral fiber is
indicated by a somewhat bolder line. See also Van
Zwieten et al. [22].

Whereas the medial bundle of the extensor as-
sembly runs over the dorsum of the proximal inter-
phalangeal joint, the two lateral bundles of both sides
pass the dorso-lateral aspect of this joint, to fuse
more distally into one terminal tendon. This terminal
tendon, however, runs dorsally over the distal inter-
phalangeal joint, independent of its flexion angle.
The spiral fibers of the extensor assembly of the
finger, over the distal part of the first phalanx and at
proximal interphalangeal (P.1.P.) joint level, connect
the lateral bundles or side bands of the extensor as-
sembly on either side of the finger with its medial
bundle or central band. Interposed between central
band and side bands at the insertion of the central band
on the P.I.P. joint, these spiral fibers were sufficiently
described by Hauck [8], Landsmeer [10], Van
Zwieten [20], [21], Tubiana [16], [17], Zancolli and
Cozzi [24], Tubiana et al. [18].

The whole complex of tendinous spiral fibers is cur-
rently held responsible for limiting the palmar displace-
ments of the lateral bands during flexion of the P.I.P.
joint [16]-[18], [20]-[22].

2.2. Kinematical model
of D.I.P.—P.1.P. flexion

The foregoing survey shows that the anatomy of
the finger is rather complex. However, in order to find
the correlation between the two flexion angles, we
established a simplified kinematical model based on
the major parameters governing the flexion. In this
kinematical model, tendons and tendon fiber bundles
in a given finger are supposed to be symmetrical with
respect to its length axis and to behave as inelastic,
non-extensible wires of a given length. A line defined
by the straight dorsum of the middle phalanx gives the
reference from where the flexion angles 6 (P.L.P.
flexion) and ¢ (D.L.P. flexion) are measured. This is
shown in a lateral view in Fig. 2.

During distal interphalangeal flexion simultane-
ously with proximal interphalangeal flexion, the
medial as well as the lateral bundles are located in
a sagittal plane [23]. Representing the finger in
a lateral view in the next analyses is therefore justi-
fied.
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Fig. 2. Definition of the D.I.P.—P.L.P. flexion angles
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The model of the finger flexion, the definition of
all parameters, and the mathematical derivation of the
analytical expression for the angular dependence of
the finger flexion are given in detail in the Appendix.
From the model we derived an analytical mathemati-
cal functional relation between the D.I.P—P.L.P. flex-
ion angles. The P.I.P. angle is arbitrarily chosen as the
independent variable, the D.I.P. angle as the depend-
ent one. For any given P.I.P. angle 6 equation (1) cal-
culates the corresponding D.I.P. angle ¢.

Ja.(0)? +a,(0)* +5(0)—/a,(6)* +a,(0)* —s(6)
(0)= .

R(O)

(1)

The model parameters a,, a, are connected to the
interphalangeal distance d and the length of the most
distal, terminal spiral fiber s. For modelling namely, it
suffices to consider this terminal spiral fiber, as all the
other spiral fibers are coupled to it and will behave
analogously. The radius of curvature of the distal end
of the middle phalanx is denoted as R. Except the
distance d, all other parameters depend on the inde-
pendent variable 6.

In order to get numerical expressions, the model
was applied to two experimental data sets, one set for
a (normal) intrinsic-plus finger (V+), the other for
a (pathological) intrinsic-minus (V—) finger. Data
were derived from one randomly chosen patient with
a V intrinsic-minus finger (crosses in Fig. 4), due to
unilateral ulnar palsy by ulnar nerve compression at
one elbow [11], described by Van Zwieten et al. [23]
From his non-affected hand the normal data were
obtained (crosses in Fig. 3). For both data sets the
phalangeal distance d was assumed as d = 40 mm
[12], the initial angle of the terminal spiral fibers was
assumed as ap = 10° [21]. Data were directly derived
from angles, measured on video stills of healthy and
ulnar-minus fingers in this patient, acquired under
standard conditions by the use of techniques and
methodologies recently described by Hahn et al. [7].

Only with an explicit analytical expression for the
angle dependent spiral fiber length s and the radius of
curvature R of the distal end of the middle phalanx,
can equation (1) be used to describe the experimental

data in an analytical form. We therefore used equation
(1) to evaluate D.I.P. angles ¢ = ¢(0) for 25 different
P.L.P. angles 6, which covered equidistantly the ex-
perimental data range, and with such assumed nu-
merical values for s and R, that the outcome would
fit into the observed angular correlation pattern. The
required numerical values for fiber length s and ra-
dius R were at each angle 6 separately adjusted
manually and empirically and in accordance with
anatomical data, until the resulting coordinate pair
@ = p(6) would reasonably fit into the given observed
data.

This resulted in two discrete data sets of 25 nu-
merical values for both the radius of curvature R and
the terminal spiral fiber length s as a function of angle
6. Both the radius R and the terminal spiral fiber
length s were then expressed by the 6th degree poly-
nomial functions in the variable #, approximating by
least squares fits the empirical data series in radius R
and fiber length s. Inserting the polynomial represen-
tation of the radius R and the fiber length s into equa-
tion (1) resulted in an overall analytical expression
@ = @(0) for the functional dependence of the D.I.P.
angle ¢ on the P.I.P. angle §. The validity of the pro-
cedure is justified by the final result of the calculated
angular correlations, shown by the full lines in Fig. 3
and Fig. 4.

The angular dependence of the radius of curvature
R(6) of the D.I.P. joint was assumed to be equal for
both cases V+ and V—. The same behaviour of the
radius of curvature R for both cases can be justified,
because in a first-order approximation, the radius (al-
though belonging to either data set) cannot be the
cause of the difference between a normal and an ulnar
palsy finger. The model joint curvature, starting from
R =4 mm for 6 = 0°, and first slightly decreasing with
increasing P.I.P. angle, had to be increased by about
33% at 8 = 120° in order to fit the data set. Arguments
for this are the following. During 90° flexion of the
P.L.P. joint, which is not a pure hinge joint, Dumont
et al. [4] measured an increase of 30% of R of
the head of the first phalanx in the sagittal plane.
Although for the D.I.P. joint such data are not yet
available, we may rely on the statements by Schmidt
and Lanz [14] and Zumhasch et al. [25] that the form
of the head of the second phalanx mimics that of the
first phalanx, presuming a similar increase of R in
the D.I.P. joint. So, our numerical data of radius R
are in agreement with current anatomical data on the
curvature of the D.I.P. joint.

When adjusting the length variation for the spiral
fiber s, different results were obtained for the two data
sets V+and V-,
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For V+ the model length of the lateral part of the
terminal spiral fiber had to be shortened nearly line-
arly from the initial value of s(0) = 4 mm to 65% for
6 = 120°. The phenomenon of apparent shortening of
a given spiral fiber during P.L.P. flexion is currently
observed in normal anatomical specimens [21] under
in vitro standard conditions (i.e., from strictly lateral
views) comparable to the ones in the normal intrinsic
plus finger in vivo [2]. The diverging of the condyles,
over which distal spiral fibers run during P.I.P. flex-
ion, creates an up-heaving, and thus shortening effect
for such fibers in particular [21].

For V- the empirical length of the terminal spiral
fiber with the initial value s(0) = 4 mm, slightly de-
creased during the first 60° and had to be increased by
45% towards 0 = 120°.

Such a late increase of a given spiral fiber in a fin-
ger with intrinsic weakness may be the result of al-
tered interosseus muscle elasticity compared to the
normal state [3]. The resulting effect on lateral bands
and spiral fibers in intrinsic weakness was noticed
earlier by Van Der Meulen [19]. In the normal finger
such increase apparently does not occur.

3. Results

For reasons of simplicity, the final numerical ex-
pressions of equation (1) for the V— and V+ cases are
omitted here, but instead the resulting graphs together
with the experimental data are shown in Fig. 3 (V+)
and Fig. 4 (V-). The analytical curves follow in an S-
shape behaviour the measured D.I.P. = f(P.I.P.) angle
values.
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Fig. 3. Experimental data (crosses) and analytical fit (line)
of D.I.LP.—P.L.P. flexion angles for a V-plus finger
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Fig. 4. Experimental data (crosses) and analytical fit (line)
of D.I.P.—P.LP. flexion angles for a V-minus finger

Display of the differences for a normal and a patho-
logical behaviour in the correlation pattern between the
P.I.P. and D.I.P. flexion angle is enhanced by calcu-

lating the first-order derivatives @' = % of equation (1)

for both cases. This was done by the technical comput-
ing software “Maple”™ (http:/www.maplesoft.con).
The mathematical derivative of equation (1) with re-
spect to the angle & gives the rate of change of the
D.L.P. angle, i.e., the amount of D.I.P. flexion angle
per unit P.I.P. flexion angle for all P.I.P. flexion an-
gles. The final analytical expressions of the derivative
of equation (1) with respect to the angle & in their
numerical forms for the V— and V+ cases are omitted
here, but the resulting graphs for the cases V plus and
V minus can be seen in Fig. 5.
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Fig. 5. Calculated derivatives of the analytical fits
of the D.I.P.—P.L.P. flexion angles for a V-plus (solid line)
and a V-minus (dotted line) finger

Both curves show that in function of the P.L.P.
flexion angle the correlation between P.I.P. and D.I.P.
flexion displays a variable response of D.I.P. flexion
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per degree of P.I.P. flexion angle. This response,
however, differs for both cases. In a normal finger
(V+) the maximum of D.L.P. flexion per degree of
P.I.P. flexion reaches nearly 1.4 degree/degree. In an
intrinsic V— finger the maximum reaches only about
one degree D.I.P. per degree P.I.P. flexion. Further on
for V- the D.I.P. flexion peaks at about 10 degrees
lower than the maximum in the normal finger of V+.
Not only reaches the maximum of flexion in an intrin-
sic V— finger only 80% of the maximal flexion of
a normal finger, the ability to flex the D.I.P. joint
more declines faster than in a normal finger when
going to higher P.1.P. values.

4. Discussion

In the anatomy of the finger, the P.I.P. region is
a key element in the understanding of the coupling
of healthy and pathological finger movements, and
in the analysis of the angular correlation between
D.I.P. and P.LI.P. flexion [16]-[18]. In this region
certain bundles of the extensor assembly (i.e., the
medial and lateral bundles and the spiral fibers) and
the P.I.P. joint curvature are of predominant im-
portance [17], [21].

In every P.L.P. flexion a subsequent, and even si-
multaneous D.I.P. flexion is enabled by the following
mechanism. During P.I.P. flexion the lateral bundles
which together constitute the extensor tendon for the
D.LP. joint slide distally, suspended by the spiral fi-
bers, thus allowing correlated D.I.P. flexion. This
suspension is well-described [15], [17], [18], [24], as
is the interdependence of D.I.P. flexion and P.LP.
flexion [7], [22], [23]. The suspension function of the
spiral fibers has recently been recognized and iden-
tified by Durand et al. [5], who performed recon-
structions of pathologically elongated spiral fibers in
a rheumatoid arthritis finger.

Up to now, a mathematical expression of the an-
gular correlation in terms of the above anatomical
structures is not known. Therefore we tried a model-
wise approach, based on two-dimensional geometri-
cal interdependence in the sagittal plane and numeri-
cal values of these structures. To our knowledge,
Gaul [6] is the only one who launched a similar ap-
proach, limited to one dimension. He describes, as
we do, that the D.I.P. flexion is enabled because of
the slackening of the lateral bundles under P.I.P.
flexion. However, when calculating the angular dis-
placement of the distal phalanx, he only includes the
longitudinal component of the lateral bundle dis-

placement into his model, which therefore can be
regarded as a first order approximation to our find-
ings. In our model not only the two-dimensional
distal displacement of the lateral bundles is included,
but assumed to be variable and dependent on the
P.I.P. flexion angle are also the spiral fibers length
and the curvature radius R of the distal end of the
middle phalanx.

Applying the model to a given flexion data set
with discrete angles, we adapted the parameters of
fiber length and curvature radius to fit the experi-
mental data for each angle. This yielded for both
parameters a series of angle dependent values which
then were least square fitted to a polynomial in the
P.I.P. angle, resulting in an analytical expression
for either parameter. Inserting both functions into
the geometric model expression, we obtained the
dependence of the D.I.P angle on the P.I.P. flexion
@ = @(0) in a closed analytical expression, which
closely follows the given experimental data. From
this expression the first-order derivative go'z%

can be calculated analytically.

5. Conclusion

Information on the differences between normal
and pathological flexion of fingers, e.g., in the intrin-
sic-minus hand, also clearly formulated by Scheker
[13], is more pronounced and easier accessible from
the derivatives of the D.I.P.—P.I.P. flexion behaviour
than from the direct angular correlation data. Com-
paring the first-order derivatives, which give the rate
of change of the D.I.P. angles, allows for a better
analysis of the situations at hand than comparing the
direct angle measurements, which should justify the
method proposed here.

Appendix

A.l. Kinematical model
of D.I.P.—P.1.P. flexion

The definition of the necessary quantities is shown
in Fig. A.1, giving a simplified lateral view of the
extensor system with the middle phalanx in its center
and the finger under flexion with the angles € # 0,
o#0.
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Fig. A.1. Finger extensor assembly schematically
in lateral view

By means of the points D, P and S from Fig. A.1,
the length of the distance a(#) and the length of the
(terminal) spiral fiber s(8) can be expressed:

a(0) = distance DS,

s(0) = distance PS.

For the finger in the extended position with the
angles 8 = @ = 0, the distances a and s take on the
initial values a(0) and s(0), which are the lengths of
the lateral tendon and the terminal spiral fiber, re-
spectively.

The distance d between the points D and P, marking
the longitudinal distance between the D.I.P. and the
P.L.P. joint at the dorsal side of the finger, is a constant
which can be derived from anatomical data.

In the extended position of the finger, the spiral fi-
ber s(0) makes an initial angle & with the reference
line.

We assume that for any P.L.P. flexion angle € the
spiral fiber s has rotated around point P over approxi-
mately the same angle 6. The spiral fiber thus makes
the angle (6 + ) with respect to the reference line.
Further on we assume that the length of the lateral part
of the spiral fiber s(¢) changes during rotation and
depends on its angular position (€ + ). Also during
rotation becomes a(d) < a(0), so that a part of the
lateral tendon can move distally.

We introduce a right handed Cartesian coordinate
system with its origin in point P and its y-axis pointing
proximally along the reference line. The lengths a(0),
a(0) can be expressed by their components a,, a, in
this axis system. These components are functions of
the distance d and the fiber lengths s(0), s(8) and
therefore depend on the variable 6. They can be de-
rived by applying some simple trigonometry to the
situation outlined in Fig. A.1, resulting in the follow-
ing expressions

a(0)=4/a,(0)* +a,(0)*, a(8)= \/ax(@)2 +a,(0),

a.(0)=s(0)-sine,, a,(0)=s(0)-sin(@+¢,),

a,(0)=s(0)-cose, +d,
a,(0)=s(0)-cos(0+a,)+d .

When, in a thought experiment, we tighten a string
between the end points P and D, leading it over point
S, then in the extended situation its length equals the
sum {a(0) + s(0)}. Under flexion of the P.I.P. joint
over the angle @ the string will slacken, because the
length {a(6) + s(6)} shortens in comparison with the
extended situation. This means that the tendon can
glide distally along point D over the distance A/ and
lets the distal phalanx rotate around a centre in the
distal end of the middle phalanx. The length differ-
ence Al with

Al ={a(0)+5(0)} —{a(80) +s(0)}

(“the slackening of the rope”) enables D.I.P. flexion
over an angle @ according to

Al=¢-R

with R the radius of curvature of the distal end of the
middle phalanx. We assume a radius of curvature R =
R(¢) dependent on the angle ¢, and as ¢ = ¢(6), we
get R =R(6).

We can finally write

6= @, (0 +a,(0) +5(0)—/a,(6) +a,(8)" —s(0)

R(O)

(1

with R = R(6) and s = s5(6) to be adapted by a best fit
to the experimental data.

A.2. Remark

Neglecting in equation (1) the contribution of the
x-components and assuming R = s = const, we get the
expression derived by Gaul [6]

@(0) =cosa, —cos(a, +0). 2)

Equation (2) describes the angular correlation well
for small P.I.P. values, but deviates strongly from the
experimental data for higher P.I.P. angles.

The assumption R = s = const is partly confirmed
by our results, as we obtain indeed R(0) = s(0), but
only for the values near to zero P.I.P. angle.
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