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ABSTRACT

Humans possess an incredible capacity for dexterity, but independent finger control is limited. One factor constraining finger
independence is the connections between the tendons of the extrinsic finger muscles. The aim of this study was to assess to
what extent the linkages between the distal tendons of flexor digitorum profundus (FDP) and those of the flexor digitorum su-
perficialis (FDS) constrain finger independence. Experiments on human fresh frozen cadaveric upper extremities (n=6) were
performed. First, one finger (target) was flexed whereas the other (nontarget) fingers were held in a nearly extended position.
The change (A) in total flexion angle (20; i.e., the sum of angles of the different finger joints) of the target finger from the >0
corresponding to the extended position at the start of the movement until the >© corresponding to the onset of force exertion at
the nontarget fingers was assessed. Second, the distribution of force across the four fingers upon loading the tendon of the target
finger was assessed for two finger positions (extended, 90° flexion of metacarpal phalangeal joint). For both muscles and for all
fingers, the range of independent movement was small (<7°). AY.© at force onset was lowest for fingers immediately adjacent to
the target finger and highest for more distant fingers. For both muscles and for all fingers, some of the target finger force (<14%
for FDP, <2% for FDS) was distributed to the nontarget fingers, which increased (up to 58%) only for FDP in response to target
finger flexion. We conclude that mechanical connections between the FDP and FDS tendons constrain finger independence.
Such constraints become apparent when moving one finger relative to the other fingers.

1 | Introduction this interdependency has been labeled neurological as well as
mechanical [9, 10].

Humans possess an incredible capacity for dexterity. We use

our hands for a large variety of daily tasks, such as writing and
tying shoelaces, but also for more specialized tasks requiring
fine finger movements, such as playing a musical instrument.
It may seem that the possibilities are unlimited, but that is not
the case. When asked to move a single finger, after some inde-
pendent movement [1] the other fingers start moving uninten-
tionally as well [2-4]. Also, in a force producing task, fingers
cannot exert force independently [5-8]. In the past, the cause for

Finger movements are controlled by intrinsic and extrinsic
muscles. The main extrinsic muscles are the extensor digito-
rum (ED), the flexor digitorum profundus (FDP), and the flexor
digitorum superficialis (FDS). For all the extrinsic finger ex-
tensors and flexors, connections between the tendons of each
muscle have been described [11-15]. However, experimental
studies assessing the mechanical consequences of these link-
ages are scarce. Cadaver studies in which the intertendinous
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connective tissue of the ED and the interfinger web were se-
quentially disrupted showed that the interaction between fin-
gers decreased [12]. Using a model of two heads of the FDP and
a stiffness between the tendons, it was demonstrated that finger
interdependence may be caused by intertendinous connections
[16]. In addition, Leijnse described a single case study in which
surgically removing all connections between the FDP tendons
resulted in improved finger independence.

The aim of the present exploratory study was to assess to what
extent the linkages between the distal tendons of FDP and those
of FDS mechanically constrain finger independence. For this
purpose, experiments on human cadaveric upper extremities
were performed to assess the range of independent movement
for each finger and the distribution of force exerted on a sin-
gle tendon proximally, across the four tendons distally, for two
relative finger positions. On the basis of our previous study in
which a range of independent movement was identified for each
finger [1], we hypothesized a similar independent range for the
intertendinous linkages. In agreement with other results from
our laboratory [7], we further predicted that moving one finger
relative to the other fingers will tauten the intertendinous con-
nections and, hence, more force will be transmitted to the neigh-
boring fingers.

2 | Methods
2.1 | Specimen Preparation

Six fresh frozen cadaveric right arms were used for the exper-
iments, as approved by the Biobank Review Committee of the
Vrije Universiteit Medical Center (2017.098). All donors were
male (mean age: 78.2 + 15.6 years). We selected males to limit the
potential effects of osteoporosis, which would cause problems
with the application of bone screws. One donor suffered from

Bone screw to distal [
phalanx (for FDP)  ---

Bone screw to intermediate - -
phalanx (for FDS)

Tubes filled with lead balls
connected to the tendons -----
of either FDS or FDP

arthritis and another from a transient ischemic attack which af-
fected hand function. However, no restrictions in finger move-
ments were observed in the specimen. The hand and lower arm
were amputated approximately 10 cm proximal of the wrist. The
volar forearm skin was removed up to the pisiform bone at the
ulnar side and up to the tubercle of scaphoid bone at the radial
side. If present, the tendon of the palmaris longus was cut near
the wrist. The muscle bellies of FDP and FDS were cut from
their respective distal tendons. For each of the FDP and FDS
tendons, the corresponding finger was identified. A polyester
sewing thread was sutured on the proximal ends of the tendons
so that a load could be attached. To prevent dehydration of the
exposed tissues, a saline solution was applied regularly.

The lower arm was mounted in a frame (Figure 1) by two paral-
lel pins (¢ =3.0mm), both penetrating radius and ulna 5-10cm
apart. The wrist was fixed in a standard position (=20° dorsi-
flexion) by a custom-built external wrist fixator, which was
secured to the radio-dorsal side of the radius with two Schanz-
screws (p=2.5mm) and to the dorsal side of the hand with
three Schanz screws (o =2.5mm) drilled in the second, third,
and fourth metacarpal bone. The hand was secured to the setup
by two threaded pins (9 =2.5mm) drilled in the base of the ra-
dial side of the second and the ulnar side of the fifth metacar-
pal bone.

Stainless steel bone screws (s=2.0mm) were secured to the
dorsal aspect of the distal and intermediate phalanx of the four
fingers (i.e., digits II-V), using similar procedures as described
previously [17]. The screws were used to attach clusters with
three active markers (Optotrak, Northern Digital Inc., Canada),
as well as steel wires (p =1.0mm) for connecting the dorsal side
of the fingers to force transducers (FUTEK miniature S-Beam
JR load cell, model LSB200, capacity 101b, nonlinearity +0.1%,
sensitivity 2mV/V) mounted in the frame. Another cluster was
secured to the second metacarpal bone.

Clusters with

)
/53 active markers
Qi— Steel wires connected

— to force transducers

—

_ Custom built external
wrist fixator

- Connection to setup

Pins through
ulna and radius

FIGURE1 | Schematic view of the specimen in the experimental setup (for details, see main text). Drawing made by G.C. Baan using Anim8or.
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2.2 | Data Collection

Three dimensional positions of the markers in an orthogonal
global coordinate system were recorded by two Optotrak cam-
eras (Optotrak Certus 3020, Northern Digital Inc., Canada) with
a sample frequency of 50 Hz. Force transducers were connected
to an ADC (Porti 8, 24 bits resolution for AUX channels, effec-
tive resolution 1.6 mN/bit; TMSI, Enschede, Netherlands), and
force signals were sampled at 500 Hz. Marker position and force
signals were synchronized by a trigger pulse sent at the initia-
tion of motion tracking, using the external sync port of the sys-
tem control unit of the Optotrak to the ADC.

2.3 | Experimental Protocols

Two experimental protocols were performed: Protocol A to as-
sess the range of independent movement and Protocol B to as-
sess the distribution of a proximally applied force on one tendon
across the four fingers.

2.3.1 | Protocol A

By attaching a 3N weight (i.e., a tube filled with lead balls) to
the proximal tendon ends, a constant load was applied to the
four proximal tendons of either FDS or FDP. The 3N weight was
an arbitrary value, based on pilot experiments. All fingers, ex-
cept for the target finger, were held in a nearly extended position
(i.e., =0° for the metacarpal phalangeal joint—MCP, ~30° for
the proximal interphalangeal joint—PIP and ~20° for the dis-
tal interphalangeal joint—DIP) by their attachment to the force
transducers. As the insertions of the FDP tendons are on the
distal phalanges, the force transducers were linked to the distal
phalanges when measuring mechanical interactions between
the FDP tendons. Similarly, the force transducers were linked to
the intermediate phalanges when measuring the FDS. The con-
nected phalanges were oriented orthogonally to the line of pull
of the force transducers. The target finger was detached from the
force transducer and manually guided in a slow flexion move-
ment caused by the 3N load until maximal finger flexion fol-
lowed by finger extension. This movement was performed three
times for each finger in a fixed order (i.e., index, ring, middle,
and little finger). After all fingers were completed with loading
the tendons of the FDP, the weights were replaced to the tendons
of FDS and the protocol was repeated.

2.3.2 | Protocol B

In a similar way as in Protocol A, a constant load was applied
to the four distal tendons of either FDS or FDP. To assess if
moving one finger relative to the other fingers will tauten the
intertendinous connections and, hence, more force will be
transmitted to the neighboring fingers, two positions of the
target finger were tested. With the fingers held in the “natural”
extended position, described above, a 3N load was applied to
the tendons corresponding to the nontarget fingers and a 10N
load was applied to the tendon corresponding to the target fin-
ger for =55s. Subsequently, the MCP joint of the target finger was
flexed by 90° and the 10 N load was applied for another ~5s. This

procedure was repeated for each FDS tendon and after replac-
ing the weights for each FDP tendon. A somewhat larger weight
(10N) was selected to allow for accurate assessments of the
transmission of low forces to neighboring fingers.

2.4 | Data Analysis

All data analysis was performed using MATLAB (version
R2015b, MathWorks). For the data collected in Protocol A, MCP,
PIP, and DIP joint angles were assessed using a linked-segment-
model, adapted from Mirakhorlo et al. [17]. This model consists
of four rigid bodies per finger (i.e., one metacarpal bone and
three phalanges), seven bony landmarks per finger (i.e., finger-
tip, ulnar and radial aspect of DIP and PIP, dorsal aspect of MCP
and dorsal aspect of metacarpal base) and four rigid bodies for
the hand (i.e., ulnar aspect of the fifth and radial aspect of the
second MCP, ulnar and radial styloid). In a reference measure-
ment with the hand including cluster markers positioned palm
down on a table, these landmarks were digitized in the global co-
ordinate system using a custom-built, four-marker pointer with
a sharp tip. Each bony landmark (BLM) was computed in the
local coordinate system of its respective cluster. Subsequently,
the BLM coordinates were transformed back to the global coor-
dinate system for assessment of joint angles.

Next step was to calculate the middle of the axis for the DIP, PIP,
MCP, and carpometacarpal (CMC) joints, which are needed to
define the hand model (Figure 2). For the DIP and PIP joints,
the middle of the joint axis was defined as the middle of the vec-
tors from the ulnar to radial aspect of each joint. For the MCP
joints, the middle of the joint axis was assessed by calculating
a plane with the cross-product of two vectors both originating
from the center of the line between the ulnar and radial styloid.
One vector is directed toward the ulnar aspect of the fifth MCP
joint, the other toward the radial aspect of the second MCP joint.
The middle of MCP axis was defined as the point where the vec-
tor through the dorsal aspect of the MCP (BLM) perpendicular
to this plane crosses that plane. The middle of the axis of the
CMC joints was assessed by first calculating a plane using the
cross-product of two vectors, both originating from the center
of the line between the ulnar aspect of the fifth MCP and the
radial aspect of second MCP. One vector is directed toward the
ulnar styloid, the other toward the radial styloid. The middle of
the CMC axis was defined in a similar way as for the MCP, but
now using the vector through the dorsal aspect of the proximal
endo of the metacarpal bone. Subsequently, vectors between the
middle of the joint axes defined the four rigid bodies in each fin-
ger. These rigid bodies were used to calculate DIP, PIP, and MCP
joint angles. For the DIP and PIP joints, the angles were calcu-
lated as the angles between the corresponding vectors, whereas
for the MCP joint, the angles were calculated as the angle of the
corresponding vectors projected in the sagittal plane, ignoring
the MCP ad- and abduction angles. When cluster markers were
occluded, joint angles were interpolated with a third order poly-
nomial piecewise cubic Hermite spline and lowpass filtered at
2Hz with a fourth order, zero-lag Butterworth filter. The total
flexion angle (20) was calculated by summing the angles of the
different joints within each finger (i.e., MCP, PIP, and DIP joint
angles in case of FDP; MCP and PIP in case of FDS). The change
in total flexion angle (AY.0) of the target finger from the >©
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FIGURE2 | The bonylandmarks for one finger (middle) and vectors
that were used to define the kinematic hand model. For the proximal
interphalangeal and the distal interphalangeal joints, the middle of the
joint axis was defined as the middle of the vectors from the ulnar to
radial aspect of each joint (circles on middle finger). For the MCP joints,
the middle of the joint axis was assessed by calculating a plane with
the cross-product of two vectors both originating from the center of the
line between the ulnar and radial styloid (black triangle). One vector is
directed toward the ulnar aspect of the fifth MCP joint, the other toward
the radial aspect of the second MCP joint (black circles). The middle of
MCP axis was defined as the point where the vector through the dorsal
aspect of the MCP (BLM) perpendicular to this plane crosses that plane
(black square). The middle of the axis of the carpometacarpal (CMC)
joints was assessed by first calculating a plane using the cross-product
of two vectors, both originating from the center of the line between
the ulnar aspect of the fifth MCP and the radial aspect of second MCP
(gray triangle). One vector is directed toward the ulnar styloid, the other
toward the radial styloid (gray circles). The middle of the CMC axis
was defined in a similar way as for the MCP, but now using the vector
through the dorsal aspect of the proximal endo of the metacarpal bone
(gray square).

corresponding to the extended position at the start of the move-
ment until the >0 corresponding to the onset of force exertion at
the nontarget fingers was assessed.

All force signals were lowpass filtered at 2 Hz with a fourth order,
zero-lag Butterworth filter. For the analysis of data collected in
Protocol A (Figure 3A), force signals were downsampled to the
sampling frequency of the motion capture data system (50 Hz).
First, the onset of flexion of the target finger, observed as a clear
uninterrupted increase in AY.0, was identified by eye. Then, the
time derivative of the force signals of the nontarget fingers was

calculated. The first positive value of this time derivative after
the onset of target-finger flexion was defined as the onset of force
exertion. If no increase in force was detected, force onset was set
to the maximal AY.©. The range of independent movement was
defined as the smallest AY.® across all nontarget fingers.

For the data collected in Protocol B (Figure 3B), the change in
force (AF) upon exertion of the 10N load was calculated for each
finger by subtracting the mean force of the 2s before loading
from the mean of 2s during the loading after peak force was
reached. For each of the nontarget fingers, the relative force
change was calculated as:

relative force change = (AFm,marget/ Z AFaH_ﬁngers> % 100 %
2.5 | Statistical Analysis

All statistical analyses were performed using Jamovi (version
2.3.2). In some cases, during ring finger and little finger move-
ments, not all markers were visible and AY.® could not be calcu-
lated. This led to the exclusion of two data sets for movement of
the ring finger and one for the little finger during FDP loading
and one for movement of the little finger during FDS loading,
reducing the number of samples for statistical analysis.

As for small sample sizes, normality tests have little power [18], we
assumed that the sample was drawn from a normally distributed
population. To test if the range of independent movement differed
between fingers, one-way ANOVAs were performed for each mus-
cle. To test for differences between the nontarget fingers regard-
ing the AY.© at force onset, one-way ANOVAs were performed for
each target finger within in each muscle. If a significant effect was
found, Tukey post hoc tests were performed. To test for effects of
target finger position (extended vs. 90° MCP flexion) on the rela-
tive force exerted by nontarget fingers, two-way mixed ANOVAs
were performed for each target finger within each muscle. In case
of significant interaction effects, Tukey post hoc tests were per-
formed. The significance threshold was set at p=0.05.

3 | Results

3.1 | Protocol A—Range of Independent
Movement

For both muscles and for all fingers, the range of independent
movement was small (A>0 <7°; Figures 4 and 5, see Appendix S1
for the individual data). For the FDP, the range of independent
movement of the index, middle, ring, and little fingers was
7.0+13.3° (mean =+ SD), 1.7+1.5° 1.3+0.5° and 1.3+1.4°, re-
spectively. For the FDS, thiswas 1.1 £0.9°,0.2+0.12° 0.3 £0.2°,
and 0.5+0.5° for index, middle, ring, and little fingers, respec-
tively. For both FDP and FDS, no significant differences in range
of independent movement between target fingers were found
(FDP—F=0.438, p=0.732; FDS—F =2.715, p=0.107).

For both FDP and FDS, differences in A>© at force onset be-
tween the nontarget fingers were observed (see Table 1 for
p-values; see Appendix S2 for the individual data). In general,
the AY.© at force onset was lowest for the fingers immediately
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—— F Middle ﬁnger L 06 ——— Middle
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30 - - 0.4 0.6 1 P L TNy
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FIGURE 3 | Exemplar waveforms of data collected during protocol A (left) and B (right). In both cases, the little finger was the target finger and
the flexor digitorum profundus (FDP) tendons were loaded. On the left, it is shown that flexing (A>0) the little finger results in an almost immediate
increase in force (F) exerted at the ring finger. Variability in finger forces was partly caused by the manual guiding of the target finger. On the right,
the changes in force upon exertion of the 10N load on the tendon of the little finger were measured for the condition in which its MCP joint was flexed
by 90°. Note that a substantial portion of the force was distributed to the adjacent ring finger, but not to the other nontarget fingers.

Ay O target finger (°) AY O target finger (°)
150 - 150 4
120 1 ® 1204 ©
o o o0
90 A o o 90 A o
60 A 604 ©°
30 A ° °© 30 -
o
0 Target Jorel . 0 J Target e,
Index Middle Ring Little Index Middle Ring Little
A O target finger (°) A3 © target finger (°)
150 4 150 - ) o
o
120 4 120 A
B9
90 A — 90 1 ° o
8
60 - 60 -
o
© J o
30 30 o o
0 L _es Target 8 0 ey Target
Index Middle Ring Little Index Middle Ring Little

FIGURE4 | Change in target finger flexion until onset of force exertion at the nontarget fingers during loading of the flexor digitorum profundus
tendons. The individual values (n =4, 5 or 6) and the mean are shown. The change in total flexion angle (AY.©) was calculated by summing the angles
of the different joints. If no increase in force at the tendon was detected, force onset was set to the maximal AY©. Maximal A>© was 108 +15° (mean
+SD), 89 +32° 99 +22° and 106 & 51° for index, middle, ring, and little fingers, respectively (see Appendix S3 for individual data). For results of post
hoc analysis to test for difference between nontarget fingers, see Table 1.
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o
60 A
[¢)
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0| Target = o
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o
90 A
oo
604 =
o
30 A
Target —
0oLl S arge
Index Middle Ring Little
A © target finger (°)
150 -
o
120 A
o
90 A o o
o
60 A
30 A
Target
0 Fo)'e'%) oba 9
Index Middle Ring Little

FIGURES5 | Changein target finger flexion until onset of force exertion at the nontarget fingers during loading of the flexor digitorum superficialis
tendons. The individual values (n=>5 or 6) and the mean are shown. The change in total flexion angle (A>©) was calculated by summing the angles
of the different joints. If no increase in force at the tendon was detected, force onset was set to the maximal AY.©. Maximal AY© was 101 + 18° (mean
+ SD), 103+17°, 103+ 24°, and 103 +25° for index, middle, ring, and little fingers, respectively (see Appendix S3 for individual data). For results of
post hoc analysis to test for difference between nontarget fingers, see Table 1.

TABLE1 | F and p values of one-way ANOVAs and Tukey post hoc tests to test for differences in targeted finger flexion angle (A>©-F) at force

onset by a nontarget finger (NTF).

Index Middle Ring Little

F 4] F 4] F 4] F P
FDP AYO-F NTF 68.9 <0.001 21.1 <0.001 43.6 <0.001 7.8 0.026
Post hoc Index-middle — — <0.001 1.000
Index-ring — 0.999 — 0.059

Index-little — <0.001 <0.001 —
Middle-ring 0.146 — — 0.059

Middle-little <0.001 — 0.999 —

Ring-little 0.002 <0.001 — —
FDS AYO-F NTF 11.1 0.008 2.21 0.170 4.7 0.053 5.8 0.046
Post hoc Index-middle — — — 0.051
Index-ring — — — 0.014

Index-little — — — —
Middle-ring 0.349 — — 0.752

Middle-little 0.005 — — —

Ring-little 0.087 — — —

Note: Analysis has been done for each target finger (index, middle, ring, and little fingers) and flexor digitorum profundus (FDP) and superficialis (FDS) separately. A

bold font depicts a significant effect (p <0.05).
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adjacent to the target finger and highest for the more distant fin-
gers (Figures 4 and 5). For FDP, several more distant fingers did
not exert any force during target finger flexion. For FDS, a force
was exerted by all nontarget fingers at some point during flex-
ion of the target finger. For several cases, force onset occurred
at a lower total flexion angle (AY©) of the target finger in imme-
diately adjacent fingers than in the more distant fingers. These
results indicate that the intertendinous linkages of FDP and FDS
transmit forces almost immediately when moving a single finger
and, thereby, act as a constraint for finger independence.

3.2 | Protocol B—Distribution of Forces

For both muscles and all fingers, some of the force (up to 14%
for the FDP and up to 2% for the FDS in the extended finger
position) exerted on the tendon corresponding to the target
finger was distributed to the nontarget fingers (Figures 6 and
7, See Appendix S4 for the individual data). For loading the
FDP tendons of the middle and little fingers, two-way mixed
ANOVAs indicated a significant interaction between nontar-
get finger and target finger position (Table 2). A significant
increase in relative force was found for only the ring finger in
response to flexion of the middle (p=0.047; from 3% to 29%)
and little fingers (p <0.001, from 14% to 58%; Figure 6). No
significant interactions were found for the conditions in which
the FDS tendons were loaded. However, a significant main ef-
fect of target finger position was found for FDS when loading
the ring finger (Table 2, Figure 7). These results indicate that
intertendinous connections between some of the FDP and FDS
tendons transmit forces and that the extent of such force trans-
mission is increased when moving one finger relative to the
other fingers.
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4 | Discussion

Independent finger control is limited, which is mediated by
neural and musculoskeletal mechanisms [9, 10]. Regarding the
musculoskeletal mechanisms, several candidates have been
described: (i) the complex anatomy of the extrinsic muscles ac-
tuating the fingers, such as a muscle compartment arranged in
series with multiple distal tendons of the FDS muscle [10, 19, 20];
(ii) myofascial force transmission, that is, transmission of forces
from a muscle compartment of one finger to a muscle compart-
ment of a neighboring finger [21, 22]; and (iii) force transmission
via connective tissue linkages between the tendons of extrin-
sic finger muscles and the soft tissue web between the fingers
[11-15]. In this study, we investigated the functional conse-
quences of the connective tissue linkages between the tendons
of FDP and FDS muscles in the human hand. In contrast to our
hypothesis, the range of independent movement as assessed by
the onset of forces exerted by one of the nontarget fingers was
much lower and in some cases even almost absent compared
with observations during voluntary single finger movements [1].
Our results are in agreement with our second hypothesis that
more force will be transmitted to the neighboring tendons in
the condition in which one finger is moved relative to the other
fingers.

4.1 | Range of Independent Movement

When moving a single finger in the present study (Protocol
A), forces were observed in the nontarget fingers after very
small movements of the target finger; that is, a maximal AY.©
of 7° found for the index finger during FDP tendon loading.
In agreement with this finding, immediate movements of
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FIGUREG6 | Distribution offorces of flexor digitorum profundus to nontarget fingers upon the application of a 10N load to the tendon corresponding

to the target finger (Protocol B). The individual values (n=6) and the mean of the relative force exerted by the nontarget fingers expressed as a

percentage of the sum of forces by all fingers are shown. Significant (p <0.05) differences between the two positions of the target finger (extended vs.

flexed) are depicted with an asterisk at the bottom of the figure.

70f11

85U80|7 SUOWWIOD @A1e8.D 3|deol(dde ayy Aq pausenob e ssjore YO ‘@SN JO S9Nl o A%eiq1 aUljUO AB]IA UO (SUORIPLOD-pUe-SLLBY W00 A3 | 1M ARe.q 1 Ul |uO//:SdnY) SUORIPUOD Pue swiie | 8} 88S *[202/20/20] uo Areiqi8uljuo A|IM ‘1ea NL AQ Z89KT SWS/TTTT OT/I0p/wod A8 | AReiq1jeul|uoy/Sdiy wouy papeojumoq ‘9 ‘20z ‘8E80009T



Relative force (%)

20 1 OTarget finger extended
OTarget finger flexed
15 A 9 g
—Mean
10 A
5
B .. 4
Target .E.%% -Si o g
0 o ) Og
-5 4
Index Middle Ring Little
Relative force (%)
20 1
15 A
10 A
5 4 o %o
4.0 09
0 - %s Target a8 o @ %
o o
-5 o
Index Middle Ring Little

Relative force (%)

20 1
15 A
10 A
o
5 4
o 0® >
s
o
o
-5 4
o
Index Middle Ring Little
Relative force (%)
20 1
15 A
10 A o
o
5 4 o
o —
0 oo Target
o | Bap Ehde 0
o
5 1 o
Index Middle Ring Little

FIGURE 7 | Distribution of forces of flexor digitorum superficialis to nontarget fingers upon the application of a 10N load to the tendon

corresponding to the target finger (Protocol B). The individual values (n=6) and the mean of the relative force exerted by the nontarget fingers

expressed as a percentage of the sum of forces by all fingers are shown. No significant differences between the two positions of the target finger

(extended vs. flexed) were found.

TABLE 2 | F and p values of mixed two-way ANOVAs to test for effects of target finger position (extended vs. 90° MCP flexion) on the relative

force exerted by nontarget fingers (NTF).

Index Middle Ring Little
Factors and interactions F P F P F p F P
FDP NTF 1.07 0.367 2.93 0.085 1.49 0.258 14.00  <0.001
TF-position 2.06 0.172 4.26 0.057 4.36 0.054 10.80 0.005
NTF x TF-position 1.63 0.229 4.06 0.039 1.27 0.310 11.40 <0.001
FDS NTF 1.51 0.238 3.24 0.068 0.09 0.915 2.00 0.170
TF-position 0.32 0.582 4.49 0.051 13.17 0.002 0.28 0.608
NTF X TF-position 0.58 0.571 8.26 0.057 1.70 0.217 0.97 0.401

Note: Analysis has been done for each target finger (index, middle, ring, and little fingers) and flexor digitorum profundus (FDP) and superficialis (FDS) separately. A

bold font depicts a significant main effect or interaction (p <0.05).

nontarget fingers have been reported during passive single fin-
ger MCP joint movements [2]. In contrast, passive (i.e., hand
anesthetized by ischemia) movements of a single DIP joint did
not cause movements in the DIP joints of the nontarget fin-
gers [23]. It should be noted that during movements of only
the DIP joint, changes in length and relative position of the
FDP compartment are much smaller than those during move-
ments of the MCP or all joints [17, 24], most likely explaining
this difference. The results of the present study can only be
explained by musculoskeletal mechanisms, a likely mecha-
nism being force transmission via connective tissue linkages
between the tendons. However, interactions via the web space
between fingers cannot be excluded. The web space consists
of the soft tissue between bases of the fingers, including skin

and subcutaneous tissue. It was also reported to affect finger
independence in cadaveric hands, but only when fingers are
hyperextended [12]. As the fingers in the present experiment
were slightly flexed, the contribution of the web space to fin-
ger interactions was deemed minimal.

Previously, we reported for both young and older healthy sub-
jects that during voluntary movements each of the fingers can
move independently for some range [1, 25]. This was reported
for the condition that the other, nontarget fingers were initially
in an extended position, like in the present study. The range var-
ied between fingers from about 20% of the total range of motion
for the middle finger (i.e., a AY© of about 33°) to about 60% for
the index finger (i.e., a AX® of about 93°). This large difference
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in range of independent movement with those found in the
present study suggests that during voluntary movements finger
independence is mediated also by other mechanisms. If during
single finger movements the intertendinous connections of FDP
and FDS are immediately involved, this means that (visually)
independent finger flexion is possible only if the finger extensors
of the nontarget fingers are activated, thereby, counteracting
the exerted flexion forces. In agreement with this, we recently
observed higher levels of activation of the extrinsic extensor
muscles corresponding to the nontarget fingers than that of the
target finger [26]. We therefore conclude that moving a single
finger requires coactivation of finger flexors and extensors due
to the mechanical effects of connective tissue connections be-
tween the tendons of extrinsic finger muscles, even in absence
of observed motion of, or external forces exerted by the other
fingers.

4.2 | Distribution of Forces Among FDP and FDS
Tendons

With all four fingers in the extended position, we observed that
a small portion of the applied forces (up to 14%) was transmit-
ted to the nontarget fingers, particularly when loading the FDP
tendons. Most force was transmitted to the fingers immediately
adjacent to the target finger. These results agree with those
found during static finger pressing [6, 7, 27, 28]. We recently
investigated if the extent of interfinger dependency increases if
fingers are moved relative to each other [7]. In such a case, the
intermuscular [29, 30] and intertendinous connections are ex-
pected to tauten, become stiffer and, hence, transmit more force.
In our study [7], we indeed found that forces exerted by the non-
target fingers increased as a function of target finger movement.
Because this did not result in changes in the muscle activity in
the muscle compartments corresponding to the nontarget mus-
cles, the results were ascribed to mechanical connections. This
conclusion is supported by the findings of the present study, that
is, the distribution forces to nontarget fingers with all fingers
extended increased in the condition that the target finger was
flexed.

Whereas the portion of force distributed to nontarget fingers
was substantial when loading FDP (Figure 6), it remained
rather small for the FDS (Figure 7), even after changing the
relative position of the target finger. This is in agreement with
the description of anatomically dissecting FDS tendons, being
removed from surrounding structures with little effort, versus
that of FDP tendons, being tightly linked to synovial membranes
[13]. These observations suggest that the mechanical effects of
the connective tissue linkages between the FDS tendons are
minimal.

4.3 | Limitations

All specimens were from older people. Previous studies have
observed both increased [25, 31] as decreased finger interde-
pendence [32] with aging, probably explained by differences
in the task. For skin, contradictory changes in stiffness with
aging have been reported [33]. The effects of aging on the in-
tertendinous tissue properties of the extrinsic finger muscles

are unknown, but since effects of age on tendon stiffness
are limited [25, 34, 35], this factor appears to be of limited
importance.

Freezing and thawing the arms may have affected the mechan-
ical properties of the involved tissues. However, it has been
shown that a limited number of freezing-thawing cycles (<3)
does not affect the mechanical properties of human FDS and
flexor pollicis longus tendons [36]. In the present study, we as-
sumed that the same result applies to the other connective tis-
sues in the hand.

Although we did find clear group effects, it should be noted that
the sample size was low (n =6) and the interindividual variabil-
ity was high. The six hands varied greatly in the range of inde-
pendent movement and distribution of forces. This is probably
related to the variation in the presence and properties of the con-
nective linkages between the tendons. Although not assessed in
the present study, substantial interindividual variation has been
reported for the intertendinous connections of FDP [13] and
FDS [15]. A large sample size will be needed to assess if specific
variations are encountered more frequently like those described
for the FDS muscle bellies [10].

5 | Conclusions

We conclude that mechanical connections between the distal
tendons of the FDS and FDP constrain independent control of
the fingers. The mechanical effects of these connections is en-
hanced by moving one finger relative to the other fingers. The
connections between the FDP transmit more force and, hence,
appear to be stiffer than those of FDS.

6 | Perspective

Several functions have been attributed to the linkages between
the tendons of the ED, such as spacing of the tendons and sta-
bilization of the MCP joints [37]. Others have considered link-
ages between the muscle heads and tendons of extrinsic finger
muscles as a cause of focal dystonia in musicians [16, 38] and
the quadriga syndrome [14]. Changing the position of the mid-
dle, ring, and little fingers was shown to affect the activity level
of several intrinsic and extrinsic hand muscles during a pre-
cision pinch task using only the index finger and thumb [39].
The authors conclude that surgeons and hand therapists should
consider all fingers, and their connections, when restoring the
function of a single finger.

There may also be conditions in which these linkages have
functional advantages. In rock climbing, the pocket grip is
used in case a hole does not fit all fingers. In such a case, the
one or two active fingers are held in a relative extended posi-
tion and it is commonly advised to flex the other fingers. The
force exerted by one finger with the other fingers in a flexed
position was found to increase by 20%-48% (depending on
the DIP and PIP joint angles) compared with the condition
in which all fingers were exerting force simultaneously [40].
This functional advantage of intermuscular and intertendi-
nous linkages may also apply to other tasks in which not all
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fingers are used, such as throwing a fast ball or pinching. This
raises the question if the advantages of this structural feature
of our musculoskeletal system should also be exploited in the
design of prosthetic and robotic hands. A first step may be
to add these linkages to biomechanical models of the hand,
which are currently consisting of fully isolated muscle-tendon
units for each finger [24, 41-43].
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