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Abstract
The purpose of this study was to investigate the effect of carpal tunnel pressure on the gliding
characteristics of flexor tendons within the carpal tunnel. Eight fresh human cadaver wrists and
hands were used. A balloon was inserted into the carpal tunnel to elevate the pressure. The mean
gliding resistance of the middle finger flexor digitorum superficialis tendon was measured with the
following six conditions 1) as a baseline, before balloon insertion; 2) balloon with 0 mmHg
pressure; 3) 30 mmHg; 4) 60 mmHg; 5) 90 mmHg; 6) 120 mmHg. The gliding resistance of flexor
tendon gradually increased as the carpal tunnel pressure was elevated. At pressures above 60
mmHg, the increase in gliding resistance became significant compared to the baseline condition.
This study helps us to understand the relationship between carpal tunnel pressure, which is
elevated in the patient with carpal tunnel syndrome (CTS) and tendon gliding resistance, which is
a component of the work of flexion. These findings suggest that patients with CTS may have to
expend more energy to accomplish specific motions, which may in turn affect symptoms of hand
pain, weakness and fatigue, seen commonly in such patients.
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INTRODUCTION
Carpal tunnel syndrome in one of the most common compression neuropathies, with an
estimated lifetime risk of 10% and a prevalence of about 3% (1–3). It is generally accepted
that repetitive hand motion is a risk factor for CTS (4–7).

While the etiology of CTS is in most cases idiopathic, it is known that CTS is a result of
increased pressure within the carpal tunnel, which is a confined anatomic space bounded by
the carpal bones on the dorsal side, the trapezium on the radial side, the hook of the hamate
on the ulnar side and the flexor retinaculum on the volar side (8–10). However, while the
effect of increase pressure on the median nerve has been well studied, the effect of pressure
on tendon function has received little attention, even though tendons make up the majority
of the cross section of the carpal tunnel contents. The purpose of this study was to
investigate the effect of pressure changes on the gliding resistance of a representative
tendon, the middle finger flexor digitorum superficialis (FDS), within the carpal tunnel in a
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human cadaver model. We hypothesized that the gliding resistance would increase with
carpal tunnel pressure elevation.

MATERIAL AND METHODS
After IRB review and approval, eight human fresh frozen cadavers, amputated
approximately 15 cm proximal to the wrist joint, were harvested and thawed at room
temperature immediately prior to testing. The cadaver donors included 5 males and 3
females, with an average age of 76 years (range 40 – 91). There were 5 right and 3 left upper
extremities. A medical record review was performed on each cadaver donor, to obtain
demographic data and to be sure the individual did not have a recorded antemortem
diagnosis of CTS. The flexor digitorum superficialis (FDS) tendons of the second, third and
fourth digits were exposed proximal and distal to the flexor retinaculum, maintaining the
carpal tunnel region intact. A 2 N load was attached to the proximal ends of each of the three
FDS tendons by a cable, to maintain the tension on these three tendons. Marks were placed
on the tendons and on the flexor retinaculum, a fixed reference point. Then the tendon
excursion was measured from full flexion to full extension of all three fingers at the wrist
fixed in the neutral position (0o extension). After the tendon excursions of all three fingers
together were recorded, the tendons were dissected from their distal attachments, and the
index, middle, ring and small fingers were amputated at the MCP joint level, leaving the
flexor retinaculum intact. A custom-designed external fixator was used to fix the wrist in the
neutral position. The specimen was then mounted on the testing apparatus by clamping the
proximal end of the radius and ulna in a custom made clamping device (Figure 1). Load
transducers were connected to the distal (F1) and proximal (F2) ends of the middle finger
FDS tendon using a nylon cord. The proximal end of all three FDS tendons (index, middle
and ring fingers) was connected to a mechanical actuator. Three 2-Newton loads were
attached; one to each of the distal ends of the index, middle and ring finger FDS tendons.
Three 1 N loads were attached, one to each of the distal ends of the index, middle and ring
finger FDP tendons, in order to maintain a minimal level of tension in the FDP tendons.

The actuator pulled the FDP tendons proximally against the weight at a rate of 2.0 mm/sec.
This movement of the tendon toward the actuator was regarded as flexion. The actuator
movement was then reversed, causing the tendons to be pulled distally by the distal 2N load.
This movement of the tendon toward the load was regarded as extension. In simulating
making a fist motion, the excursion of the FDS tendon with the least excursion was used as
the excursion for all three tendons. Therefore, during testing, all FDS tendons moved within
a physiological range. The readings from the load transducers (F1, F2 in Figure 1) and the
corresponding excursions were recorded by a computer workstation at a sampling rate of 20
Hz. After measurement of the baseline intact condition was done, a custom-made balloon
was inserted beneath of the FDP tendons so that the interface between the retinaculum and
FDS tendons was not interfered with and the balloon did not contact the FDS tendons. The
proximal end of the balloon was connected by a catheter to a three-way stopcock (Terumo
Terufusion Co., Ltd, Thailand). The other two ends of three-way stopcock were connected to
a sphygmomanometer (Tycos, USA) and syringe. Saline solution was injected into the
balloon to elevate the carpal tunnel pressure, which was measured by the
sphygmomanometer. The FDS gliding resistance was measured in the following six
conditions, 1) as a baseline, before the balloon insertion; 2) balloon with 0 mmHg pressure;
3) 30 mmHg; 4) 60 mmHg; 5) 90 mmHg; 6) 120 mmHg. All specimens were kept moist
throughout testing by frequently spraying a saline mist on them.

Data Analysis
In each construct tested, the gliding resistance of the middle finger tendon was measured.
Mean gliding resistance (MGR) was calculated based on the force values measured
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throughout the range of excursion by the following formula: (F2f-F1f) + (F1e-F2e)/2. As
F1f = F1e = 2 Newton (the applied load), the MGR formula simplifies to (F2f–F2e)/2. The
PGR was the measured peak force during flexion (F2f-F1f) (11).

Our sample size requirements were determined by a power calculation. Prior studies of
gliding resistance of the extensor digitorum communis of the index finger at the wrist level
(12) reported a normal gliding resistance of 0.06 +/−0.02 N in the wrist neutral position,
while in 60° of wrist flexion, the friction increased to 0.17 +/−0.06 (12). Assuming similar
variability in our data, a sample of 8 specimens would provide 80% power to detect a
difference of 0.07 N between any two of the ten testing conditions (alpha = 0.05, beta =
0.20). This level of detection appeared to be reasonable from a clinical point of view.

Data obtained from the gliding tests were analyzed using one factor repeated ANOVA to
assess whether there were measured differences among the different groups, followed by a
Tukey-Kramer post-hoc test for individual comparisons. A p < 0.05 significance level was
used in all cases.

RESULTS
The mean gliding resistance of the middle FDS tendon at baseline and with the balloon set at
0 mmHg was significantly lower than that of the 60, 90 and 120 mmHg groups (p < 0.05).
There was no significant difference among baseline, 0 and 30 mmHg groups, and no
significant difference was also obtained between 60 and 90 mmHg groups. The mean
gliding resistance of the 30 mmHg group was significantly lower than the 90 and 120 mmHg
groups (p < 0.05). The mean gliding resistance in 120 mmHg was significantly higher than
all the other groups (p < 0.05) (Figure 2).

DISCUSSION
It is generally accepted that repetitive hand motion is one of the risk factors that evoke
carpal tunnel syndrome, the most common compression neuropathy (7;13–15). Subsynovial
connective tissue (SSCT) fibrosis is often observed as a pathological feature in carpal tunnel
syndrome (16–19). SSCT is the major structure surrounding the tendons and nerve within
the carpal tunnel and forms a unique gliding environment (20–23).

While the etiology of CTS is usually unknown, one hypothesis (17) is that injury to the
SSCT may be a cause, with subsequent changes in SSCT permeability (24) and stiffness
(25) leading to progressive SSCT thickening, increased carpal tunnel pressure and, finally,
carpal tunnel syndrome.

Given the possible etiology of the carpal tunnel syndrome described above, a thorough
knowledge of the tendon kinematics in the carpal tunnel region becomes valuable. One
recent study by Zhao et al. measured the gliding resistance of flexor tendons in this region
and demonstrated that gliding resistance was increased with the wrist in flexion (26). Some
clinical studies have shown that carpal tunnel pressure is also increased with wrist flexion
(8;27;28). In the current study, we have demonstrated that the carpal tunnel pressure directly
affects the gliding resistance of flexor tendons, i.e. the gliding resistance increases when the
pressure is increased

Although an increase in carpal tunnel pressure is a characteristic of carpal tunnel syndrome,
the increase in pressure varies according to hand motion, activity and position, in addition to
the measurement methods chosen (10;29–33). The carpal tunnel pressure in the patients with
carpal tunnel syndrome typically exceeds a threshold of 30 mmHg (34–38), but levels of 100
mmHg or more can be attained at 90 degrees of wrist dorsiflexion (8). More recently, Goss
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and Agee have reported that carpel tunnel pressure could reach as much as 1000 mmHg with
forceful gripping (39). The pressure increments in the current study therefore are clinically
relevant. When the carpal tunnel pressure rose above 60 mm Hg, the gliding resistance was
significantly increased compared to the baseline condition. These finding suggest that
patients with elevated carpal tunnel pressure, as is found in patients with CTS, may suffer
some impairment of tendon function, as well as the obvious nerve pathology.

There are several limitations to our study. A cadaver model cannot perfectly mimic in vivo
conditions. Especially, the artificially increased pressure by balloon inflation is different
from the in vivo situation, in which hydrostatic pressure builds up within a closed
compartment and combines with complex soft tissue pathological changes, such as fibrosis,
edema and tissue hypertrophy. Second, the gliding resistance of the FDP tendons and the
other FDS tendons was not measured. The middle finger FDS tendon was chosen for the
assessment because it is closest to the median nerve. Third, the gliding resistance was
measured only in the wrist in neutral position with a 2N tension on the tendon. Other wrist
positions or loads were not tested. The neutral position was selected because gliding
resistance in the wrist neutral position is low, compared to wrist flexion or extension (26).
We selected the a 2 N load as it is similar to the load recorded in vivo during unrestricted
active finger motion (40). Increased loading, which may simulate different levels of forceful
hand work, may present different gliding characteristics. Finally, the gliding resistance was
measured with a relatively slow velocity and at room temperature. The effects of these non-
physiological conditions are unknown.

In summary, this study revealed for the first time the relationship between flexion tendon
gliding resistance and carpal tunnel pressure. We demonstrated that the middle finger FDS
gliding resistance increased when the carpal tunnel pressure increased, especially when the
pressure exceeded 60 mmHg, a pressure commonly noted in the CTS patient. Even this
small amount of increased gliding resistance may affect tendon function over time. For
example, patients with CTS may have to expend more energy to accomplish specific
motions, which may in turn affect symptoms of hand pain, weakness and fatigue, seen
commonly in such patients.

In conclusion, this study helps us to understand the relationship between carpal tunnel
pressure, which is elevated in the patient with CTS and tendon gliding resistance, which is a
component of the work of flexion. This understanding may in turn shed some light on the
way in which tendon function might be compromised in patients with CTS.
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Figure 1.
Testing Apparatus
1. Actuator with potentiometer;
2. Load transducer (F2) connected to the proximal end of the III FDS tendon;
3. Specimen;
4. Three Fingers (index, middle and ring);
5. Retianculum;
6. Three fingers (index, middle and ring) FDP tendons;
7. Load transducer (F1) connected to the distal end of the III FDS tendon;
8. Three 2-Newton weights attached to the FDS tendons;
9. Three 1-Newton weights attached to the FDP tendons;
10. External fixator to control the wrist angle;
11. Catheter with a three-stopcock;
12. Sphygmomanometer;
13. Syringe
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Figure 2.
Mean gliding resistance of the middle FDS tendon in all six conditions. Different letter
indicates significant difference (p < 0.05) (a < b < c < d. If a same letter appears, there is no
significant difference. For example, there is no difference between a and ab, ab and bc, bc
and c).
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