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Abstract
Background—Carpal tunnel syndrome is a disorder caused by increased pressure in the carpal
tunnel associated with repetitive, stereotypical finger actions. Little is known about in vivo
geometrical changes in the carpal tunnel caused by motion at the finger joints and exerting a
fingertip force.

Methods—The hands and forearms of five subjects were scanned using a 3.0T magnetic
resonance imaging scanner. The metacarpophalangeal joint of the index finger was placed in:
flexion, neutral and extension. For each joint posture subjects either produced no active force
(passive condition) or exerted a flexion force to resist a load (~4.0 N) at the fingertip (active
condition). Changes in the radii of curvature, position and transverse plane area of the flexor
digitorum profundus tendons at the carpal tunnel level were measured.

Results—The radius of curvature of the flexor digitorum profundus tendons, at the carpal tunnel
level, was significantly affected by posture of the index finger metacarpophalangeal joint (p<0.05)
and the radii was significantly different between fingers (p<0.05). Actively producing force
caused a significant shift (p<0.05) in the flexor digitorum profundus tendons in the ventral
(palmar) direction. No significant change in the area of an ellipse containing the flexor digitorum
profundus tendons was observed between conditions.

Interpretation—The results show that relatively small changes in the posture and force
production of a single finger can lead to significant changes in the geometry of all the flexor
digitorum profundus tendons in the carpal tunnel. Additionally, voluntary force production at the
fingertip increases the moment arm of the FDP tendons about the wrist joint.
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1. Introduction
During finger actions like in grasping, typing or pressing tasks, fingertip forces result mainly
from changes in the activation of the extrinsic muscles of the hand (Gonzalez et al., 2005;
Goodman & Choueka, 2005). The extrinsic muscles are multi-joints muscles that span the
distal interphalangeal (DIP), proximal interphalangeal (PIP), metacarpophalangeal (MCP)
and wrist joints. A better understanding of the mechanics of the tendons at the wrist joint is
important for understanding the hand and fingers functioning.

Several studies on the effects of joint position on the tendons geometry at the wrist joint
have been performed without applying a force to the tendons (Brand & Hollister, 1999;
Chao et al., 1989) and with artificial load or springs simulating active force (An et al., 1983;
Armstrong & Chaffin, 1978; Brand et al., 1975; Youm et al., 1978). Very few authors have
investigated the in-vivo tendon behavior under varying joint angles and muscle contractions
(Keir & Wells, 1999; Martin et al, 2011). It was previously documented that the paths of the
extrinsic flexor tendons about a joint change due to change in position of that joint and
activation level of that muscle (Keir & Wells, 1999; Martin et al., 2011).

The purpose of this study has been to measure changes in the paths of the flexor digitorum
profundus (FDP) at the carpal tunnel level due to changes in: (1) position of the MCP joint
of the index finger and (2) force produced by the index finger. Based on the study by Keir &
Wells (1999) we expect that we will observe changes in the tendon paths qualitatively
similar to those reported in that study. Whether or not the magnitudes of the changes will be
comparable is unknown.

2. Methods
2.1. Subjects

Five male subjects volunteered for the study. The subjects were young and reported no
history of musculoskeletal injury or disease of the upper limbs. The average (standard
deviation) age, mass, and height of the subjects were 21.8 (2.2) years, 71.7 (8.3) kg, and
179.9 (9.0) cm, respectively. None of the subjects had a history of long-term involvement in
hand or finger activities such as professional typing or playing musical instruments. The
subjects gave informed consent according to the procedures approved by the Institutional
Review Board of the Pennsylvania State University.

2.2. Experimental Procedure
Prior to the MRI scan several anthropometric measures were taken from the subjects (Table
1). Hand length was measured from the most distal crease at the wrist to the tip of the
longest finger. Hand breadth was measured on the palmar surface at the level of the MCP
joints of fingers 2-5 with the fingers in a relaxed state of ab/adduction (i.e. subjects were
instructed not to actively abduct or adduct their fingers). Measurements of the finger
dimensions were taken on the dorsal surface. Phalanx lengths were measured from the
approximate joint centers, based on visual inspection. Phalange circumferences were
measured around the approximate midpoint of each phalange. Individual and four-finger
flexion maximum voluntary contraction (MVC) forces were recorded. Subjects placed their
four fingers on unidimensional force transducers (208C02, PCB Piezotronics, Depew, NY,
USA) and were instructed to press as hard as they could for five seconds. During the MVC
trials the MCP, proximal interphalangeal and distal interphalangeal joints were all in slight
flexion (~10-20°). Although, this configuration is slightly different than that used in the MRI
scans the force production capability of the fingers should not have been significantly
altered. Pilot tests were performed to verify this (data not reported). The MVC was taken as
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the peak force produced during each trial. Two trials of each MVC were recorded and the
average computed.

2.3. MRI Equipment and Scans
The MRI scans were performed using a 3.0 Tesla MRI scanner (Siemens Magnetom Trio
3T, Siemens Corporation, Germany) at the Social, Life, and Engineering Imaging Center
(SLEIC) facility of the Pennsylvania State University by a trained MRI technician. Subjects
were required to lay prone on the scanning table with their right arm extended above their
head. Three index finger MCP joint positions and two force production conditions per
position comprised the experimental conditions. The index finger was in the following MCP
joint postures: 1) neutral (0°), 2) flexed (30° of flexion), and 3) extended (15° of extension).
A custom-made device, consisting of a moveable platform to support the index finger and a
flat platform support for the non-index fingers, was used to place the index finger in each of
the positions (Fig. 1). The distal interphalangeal (DIP), proximal interphalangeal (PIP), and
metacarpophalangeal (MCP) joint postures of the non-index fingers was neutral (0°) for all
scans. There were six conditions in total: 1) passive-extension (PE), 2) passive-neutral (PN),
3) passive-flexion (PF), 4) active-extension (AE), 5) active-neutral (AN), and 6) active-
flexion (AF). The middle, ring, and little fingers were lightly taped together so that their
posture did not change during the scans.

During the MRI scans the “passive” condition scan was performed first followed by the
“active” condition scan for each index finger MCP joint position. After the passive scan
subjects were removed from the scanner and a 400 g mass was hung from the apparatus then
looped around their index fingertip. The suspended load generated a vertical force that
produced an extension moment about the MCP joint. To resist the load, subjects had to
produce a small active flexion force with their index finger. It was necessary to use a low
amount of resistive force (10-15% MVC) since subjects were required to maintain the
contraction for several minutes. This procedure was repeated until scans had been obtained
for each of the three MCP postures (Fig. 2). The order of the scans was the following: 1)
neutral, 2) flexion and 3) extension MCP postures. Two minutes of rest were given after
completion of the active flexion force scans. The entire time to collect all of the scans was
less than one hour.

For each combination of force level and index finger MCP posture, a localization and a T1
weighted 2D sagittal scans were taken (the localization scan is an initial scan in which the
field of view of the MRI scanner is aligned with the anatomy of the subject). The time
required for the localization and 2D axial scans was 0:51 and 1:16 min, respectively. The
voxel size of these images was 0.8 × 0.8 × 7.0 mm (width × height × slice thickness). Using
this slice thickness (7.0 mm), 45 slices were sufficient to scan the forearm and hand of all
subjects. The TR (repetition time) and TE (echo time) values were 700 ms and 7.6 ms,
respectively. The flip angle was 150°. Multiple pilot tests were performed to optimize the
scan quality while minimizing the scan time. Reduction of scan time was important as
longer times caused subjects to become fatigued during the active pressing scans and
uncomfortable since they were instructed not to move during the scans. Fatigue and
discomfort both could potentially lead to movements by the subjects, which would
decreased the scan image quality.

2.4. Image Analysis
The paths of the tendons were obtained by manually digitizing the centroid of each finger’s
tendon in the axial slices (transverse plane). A coordinate system was established in which
the hook of hamate was the origin. The Z-axis was aligned with the longitudinal axis of the
forearm with the proximal to distal direction being positive. The Y-axis was orientated in the
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anterior to posterior (positive) direction and the X-axis was oriented in the lateral to medial
(positive) direction. The procedure was the following: (1) the slice in which the hook of
hamate (HH) could be most clearly identified (Fig. 3A) was obtained and then (2) the image
sequence was advanced six slices in the distal direction (42.0 mm = 6 slices × 7.0 mm/slice).
At this level the FDP tendons of each finger were clearly identifiable. (3) A mouse cursor
was placed over the centroid of each tendon and the X, Y, Z coordinates were recorded. (4)
The image sequence was advanced one slice in the proximal direction and the X, Y, Z
coordinates of the centroid of each tendon were recorded. (5) This was repeated until a total
of ten slices were recorded (last slice was three slices proximal to the HH slice). (6) The X,
Y, Z coordinates of the tip of the HH in the HH slice were recorded and used as the origin of
the coordinate system of the hand (Fig. 3B). The steps 1-6 were repeated twice, by the same
person, and the coordinates were averaged to minimize errors due to noise related to
selecting the centroid of each tendon. The digitizing was performed using OsiriX software
(Rosset et al. 2004).

2.5. Data Analysis
There were three measures of interest: (1) the area of a cross-sectional ellipse containing the
four FDP tendons, (2) the radius of curvature of the FDP tendons in the Y-Z plane (i.e.
sagittal plane) and (3) the Y-direction (i.e. ventral-dorsal direction) shift of the tendons
relative to the PN condition. The ellipse area was computed using the following formula:

(1)

where a was the maximum X-coordinate minus the minimum X-coordinate of the four
tendons and b was the maximum Y-coordinate minus the minimum Y-coordinate of the four
tendons (Fig. 3C). The radius of curvature in the Y-Z plane was computed by using a least
mean squares algorithm to fit a circle to data points. The Y- and Z-coordinates of each
tendon for the middle eight slices (first and last slice were not used) of digitized tendon
coordinates were used to fit the circle. The radius of curvature was equal to 1/radius of the
circle. The shift in the Y-coordinate of the tendons for each of the conditions compared to
the PN condition was computed by subtracting the Y-coordinate of the PN condition from
each of the other conditions.

2.6. Statistical Analysis
Despite only obtaining data from five subjects statistical tests were performed. We ask that
readers keep this fact in mind when interpreting p-values reported in the results section.
Three repeated measure (RM) ANOVAs were performed. One was performed to examine
the ellipse area (FORCE×POSTURE), another for the radius of tendon curvature
(FORCE×POSTURE×FINGER) and the last one for the tendon shift
(FORCE×POSTURE×FINGER). For each RM ANOVA the factor FORCE has two levels
(active, passive), the factor POSTURE has three levels (flexion, neutral, extension) and the
factor FINGER has four levels (index, middle, ring, little). Post hoc analysis was performed
with Tukey post hoc. Repeated measure ANOVAs were performed using the statistical
software SPSS (SPSS Inc., Chicago, IL, USA). Statistical significance was set at alpha =
0.05.

3. Results
3.1 Ellipse Area

The first result concerns the ellipse area. No significant difference (p>0.1) of the ellipse area
due to any of the factors was found. The average ellipse area was 24.5 (9.5) mm2.
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3.2 Radius of Curvature
The second result concerns the radius of curvature in the Y-Z plane (Fig. 4). There is a
significant effect of the POSTURE (F2, 8=4.737, p<0.05): in extension the radius is larger,
with a value of 191.0 (148.9) mm. There is also a significant effect of the FINGER
(F3, 12=12.601, p<0.05). The general trend is that curvature decreases from the index to little
finger. Another significant effect is the interaction of CONDITION × FINGER (F3, 12=4.91,
p<0.05). The index finger tendon has a higher radius of curvature during the active condition
than in passive one: 330.0 (156.0) mm and 166.0 (99.0) mm, respectively. Concerning the
radius of curvature, the last significant effect is the triple interaction of CONDITION ×
POSTURE × FINGER (F6, 24=3.689, p<0.05). Tukey post-hoc shows that the radius of
curvature is higher, i.e. the tendon path is becoming less curved or straighter: (1) for the
index finger in active flexion (289.5 (156.7) mm) than in the passive flexion (156.4 (77.9)
mm), and (2) in the active neutral position (366.1 (124.1) mm) than in the passive neutral
position (108.8 (43.1) mm).

3.3 Tendon Shift
The last result of this study is the tendon shift in the Y-direction (Fig. 5). It was found that
during the active conditions (AF, AN, AE) the tendons shift closer towards the transverse
carpal ligament (i.e. in the palmar direction) than in the passive conditions (PF, PN, PE).
The shift is statistically higher during the active condition (1.7 (0.6) mm), than during the
passive condition (0.7 (0.6) mm; F1, 4=11.046, p<0.05).

4. Discussion
The major finding of this study was that changes in posture and force produced by a single
finger can cause significant changes in the FDP tendon geometry within the carpal tunnel
(Fig. 7). This finding is relevant to clinicians concerned with carpal tunnel syndrome: the
change in tendon geometry can induce different levels of pressure on the median nerve
(Lopes et al., 2011) or can affect the relative tendon movements after a carpal tunnel release
surgery (Yoshii et al., 2008). Biomechanists would have an interest in the functional
implications of the increased moment arms of the FDP tendons about the wrist joint due to
the fairly small force production of a finger. We can expect that higher forces can induce
higher moment arms, not only for the FDP, but for other tendons spanning the wrist joint. To
the best of our knowledge the literature provides a change in the moment arms for the
tendons at the wrist only for different wrist angle (Brand & Hollister, 1999) and not for
different finger configurations, or different levels of forces in these tendons.

The ellipse area was calculated to be compared in vivo during active and passive conditions.
The results demonstrate that this area doesn’t change, which suggests that all the tendons
move in the same direction during a finger movement, in a passive or active condition, as
demonstrated by Keir and Wells (1999). This finding is related to the shift of the tendons in
the palmar direction. It should be noted that, although not statistically significant, the area of
the tendons was larger for all active conditions than for the passive conditions (average
active area was 21.1% larger than passive area). Additionally, the active condition required
only about 10-15% MVC force production of a single finger. The difference in the area of
the tendon cluster may have been found to be larger if the required force production had
been higher. The anatomical limitation in the palmar direction is caused by the transverse
carpal ligament which has a certain degree of compliance thus more force can induce a
larger displacement (in the palmar direction) of the tendon due to the compliance of this
ligament.

The second result concerns the tendon radius of curvature. Previous publications reported
that the radius of curvature was highly dependent on the flexion of the wrist (Keir & Wells,
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1999). Here we have found that the curvature of the tendons also depends on the fingers
action and/or posture. Our findings are similar to those reported in a previous study (Keir &
Wells, 1999) in which the wrist was placed in different postures with active and passive
finger pressing conditions similar to ours. It was reported that flexion of the wrist causes
movements of the flexor tendons towards the transverse carpal ligament, i.e. palmar
direction. In that study the tendons were straighter (i.e. had larger radii of curvature) in the
neutral and extended position of the wrist compared to the flexed position. Perhaps the next
step in this line of research is to measure changes in the paths of tendons due to changes in
position of the finger and wrist joints simultaneously. This will allow us to explore whether
the tendon shift is greater when both joints are moved or if it is possible that the reported
effects (current study and Keir & Wells, 1999) of movement at one joint can be canceled out
by movement of another joint.

Tendon shift results show that the displacement of the tendon is higher during the active
condition. That means that the moment arms of the finger tendons at the wrist joint increase
during the activity of the fingers at different wrist angles. This result was observed also by
Agee et al. (1998) on cadavers. The transverse carpal ligament seems to be highly compliant
(Sucher et al., 2005) which allows for bowstringing of the flexor tendons at the wrist.
Bowstringing is important for the hand biomechanics (Hume et al., 1998; Vigouroux et al.,
2008; Zhao et al., 2000) because very small changes in the moments arms of the tendons can
induce large changes in the tensions in the muscles involved at this joint (Valero-Cuevas et
al., 1998), particularly for the wrist/finger muscles (Paclet & Quaine, 2012).

The results found in this study can be useful to help explain the mechanisms of carpal tunnel
syndrome. Previous research has suggested that the main mechanism of carpal tunnel
syndrome is increased pressure in the carpal tunnel (Gelberman et al., 1981; Luchetti et al.,
1990; Okutsu et al., 1989; Rojviroj et al., 1990; Szabo & Chidgey, 1989). The ellipse area
given by our results reflects the FDP tendons configuration inside the carpal tunnel and
suggests that the increase of the FDP ellipse area means that the tendons exert more lateral
force (i.e. a force in the palmar direction) on the anatomical adjacent tissue. This lateral
force on the sides of the carpal tunnel induced by the tendon shift can be added to the
pressure in the carpal tunnel during changes in finger posture and force production. The
second result, the changes in the radius of curvature, reflects the bowstringing of the tendons
and is congruent with the third observation that shows the tendons shift increase in the Y-
direction (i.e. towards transverse carpal ligament) under activity of the fingers. These two
results indicate that the tendons apply lateral forces on the transverse carpal ligament even
during a small flexion force (10-15% of MVC) produced at the fingertip and in a neutral
position. Therefore, the neutral MCP position is not necessarily a safe position in regards to
the carpal tunnel syndrome. A previous study’s findings support this claim (Keir et al.,
1998).

In order to validate our results and our assumption that the transverse carpal ligament is
compliant, we have compared our results with the Xiu et al. (2005) study. These authors
reported, for the X-axis, an elongation of 2.3 mm for the transverse carpal ligament under a
10 N load. After a basic calculation, based on Xiu et al. (2005) study, this elongation
corresponds to a 5.6 mm possible increment along the Y-axis. Our results on the tendon shift
show an average of 0.94 mm displacement (along the Y-axis) between active and passive
conditions. Our results are clearly in the range of Xiu et al. (2005) results and agree with
other previous studies (Fuss and Wagner, 1996; Sucher et al., 2005), which show similar
results.
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5. Conclusions
In conclusion, this study demonstrated that the tendon path in the carpal tunnel is very
sensitive to the finger activity. The compliance of the carpal transverse ligament allows the
tendons crossing this joint to be affected by a bowstringing phenomenon. A change in the
moment arm (i.e. the tendon distance to joint center of rotation) occurs not only during wrist
movements but also during finger movements and/or extrinsic finger muscles activity - even
for small force values (~10-15% of MVC).
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Figure 1.
Schematic of device used to position index finger during MRI scans. Included is the
coordinate system of the hand/forearm using the hook of hamate as the origin. The Z-axis
was aligned with the longitudinal axis of the forearm with the proximal to distal direction
being positive. The Y-axis was orientated in the anterior to posterior (positive) direction and
the X-axis was oriented in the lateral to medial (positive) direction.
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Figure 2.
Sagittal plane scans from a single subject illustrating the index finger MCP configuration for
the extended, neutral, and flexed positions.
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Figure 3.
A) Slice at the hook of hamate level. The flexor digitorum profundus tendons are bundled
close to the hamate and capitate bones. B) Coordinate system of the hand/forearm using the
hook of hamate as the origin. The Z-axis was aligned with the longitudinal axis of the
forearm with the proximal to distal direction being positive. The Y-axis was orientated in the
anterior to posterior (positive) direction and the X-axis was oriented in the lateral to medial
(positive) direction. C) Schematic of the computation of the ellipse area of the four FDP
tendons. The major axis, a, corresponded to the maximum and minimum location of the
tendons in the x-direction (medial-lateral). The minor axis, b, corresponded to the maximum
and minimum location of the tendons in the y-direction (anterior-posterior).
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Figure 4.
Ellipse area for each condition. Error bars are standard error.

Martin et al. Page 13

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Radius of curvature in the Y-Z plane for the tendons of I, M, R and L fingers for each
condition. Asterisk indicates a significant difference between the conditions. Error bars are
standard errors.
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Figure 6.
Tendon shift in the Y-direction (towards transverse carpal ligament) for the tendons of I, M,
R and L fingers for each condition. All condition values are compared to the passive-neutral
position values. Asterisk indicates a significant difference between the conditions. Error bars
are standard errors.

Martin et al. Page 15

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Schematic of geometric changes of tendons that occurred due to active force production.
The tendons shifted ventrally towards the transverse carpal ligament and the radius of
curvature increased (i.e. tendons straightened).
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Table 1

Anthropometric and maximum voluntary contraction (MVC) measurements taken on subjects. The values
reported are: mean (standard deviation).

Hand Measurements

Hand Length (cm) 19.2 (1.0)

Hand Breadth (cm) 8.7 (0.7)

Wrist Circumference (cm) 16.7 (0.7)

Four-finger MVC (N) 67.0 (12.5)

Finger Measurements

I M R L

Total Length (cm) 9.9 (0.7) 10.9 (0.4) 10.2 (0.8) 8.2 (0.7)

Proximal Phalangeal Length (cm) 4.9 (0.4) 5.3 (0.2) 4.8 (0.6) 4.0 (0.5)

Middle Phalangeal Length (cm) 2.7 (0.2) 3.1 (0.3) 3.2 (0.5) 2.5 (0.4)

Distal Phalangeal Length (cm) 2.4 (0.2) 2.5 (0.2) 2.5 (0.2) 2.3 (0.3)

Proximal Phalangeal Circumference (cm) 6.5 (0.3) 6.4 (0.3) 6.2 (0.3) 5.4 (0.3)

Middle Phalangeal Circumference (cm) 5.7 (0.1) 5.8 (0.2) 5.5 (0.3) 4.8 (0.2)

Distal Phalangeal Circumference (cm) 5.2 (0.2) 5.3 (0.2) 4.9 (0.1) 4.5 (0.1)

MVC (N) 33.8 (7.9) 26.9 (5.1) 22.7 (8.3) 18.2 (4.9)
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