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Carpal tunnel syndrome (CTS) is the most common entrapment neuropathy occurring in upper limbs. The
etiology, however, has not been fully understood yet. Median nerve could be compressed by either
increase of carpal tunnel pressure (CTP) or direct impingement when it is forced toward to carpal liga-
ment especially in wrist flexion leading to CTS development. Thus, the increase of carpal tunnel pressure
is considered an important role in CTS development. It has been identified that forces applied to the palm
would affect the CTP. However, the quantitative relationship between palmar contact force and CTP is not
known. The purpose of this study was to quantitatively evaluate the relationship between palmar contact
force and CTP. Eight human cadaveric hands were used. The CTP was measured with a diagnostic
catheter-based pressure transducer inserted into the carpal tunnel. A custom made device was used to
apply forces to the palm for the desired CTP. Palmar contact forces corresponding to the determined
CTP level were recorded respectively. The testing was repeated with different ranges of tension applied
to the flexor digitorum superficialis tendon of the third finger. The tensions were constant at 50 g for the
other flexor tendons and median nerve. The results showed that CTP increased linearly with the force
applied to the palm. When CTP was 30 mmHg, mean values of the contact force to the palm was 293 g
(SD: 15.2) including all tensions. These results would help to understand the effect of daily activities with
hands on CTP.
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1. Introduction

Carpal tunnel syndrome (CTS) is the most common disease
manifested as a peripheral nerve disorder occurring in upper limbs.
Although numerous studies have been conducted to evaluate CTS,
its etiology has not been fully elucidated. Many risk factors are
involved in CTS initiation or progression, such as aging, gender,
forceful and repetitive hand use, wrist joint deformity after trauma
injury and endogenous diseases represented by metabolic disease
including diabetes (English et al., 1995; Mackinnon and Novak,
1997; Masear et al., 1986; Silverstein et al., 1987; Zhou et al,,
2016). Furthermore, carpal tunnel pressure (CTP) in patients with
CTS is usually significantly higher than that in healthy people both
at rest and during activities (Goss and Agee, 2010; Hamanaka et al.,
1995; Ikeda et al., 2006; Lee et al., 2016). If CTP exceeds a certain
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level, usually 30 mmHg, symptoms such as discomfort, tingling
and paresthesia would appear suggesting median nerve disorder
(Coppieters et al., 2012; Goss and Agee, 2010; Prim et al., 2016;
Seradge et al., 1995). According to (Lundborg et al., 1982), sensory
and motor block could occur if the compression is over 60 mmHg
by 10 to 30 min. Also, the wrist posture during work related tasks
such as typing contributes to the CTP elevation (Rempel et al.,
2008). Hence, CTP is a key factor in evaluating CTS. It is also well
known that repetitive operations with hands are related to the
onset and prevalence of CTS (Amadio, 1985, 2001; English et al.,
1995; Hadler, 1993; Latko et al., 1999; Mackinnon and Novak,
1997; Masear et al., 1986; Szabo, 1998; Zhao et al., 2007). When
hands and fingers are used with forceful operation, the shape of
carpal tunnel is distorted by external forces, which decreases the
volume of carpal canal space and results in the increase of CTP
(Keir et al., 1998b; Li et al., 2011; McGorry et al., 2014). If these
activities last for a short period or are intermittent, its effect would
be negligible from the viewpoint of nerve endurance and
reversibility. However, if this situation lasts for a long time or is
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continuously repeated, median nerve would be directly squeezed
by the external force and also indirectly due to the built up of pres-
sure within the carpal tunnel.

It has been reported that externally applied force on the palm
affects CTP (Cobb et al., 1995; Gelberman et al., 1983; Lundborg
et al., 1982; Szabo et al., 1983; Viikari-Juntura and Silverstein,
1999). However, the quantitative relationship between the force
applied to the palm and CTP is not established. The elucidation of
quantitative relationship between the magnitude of the force
applied to the palm and the increase of CTP would lead to a better
comprehension of the CTS pathophysiology focusing on CTP. More-
over, it would be beneficial to quantify the value of the external
force applied to the palm corresponding to normal threshold of
CTP. That may be also taken as an alert in daily life and at work-
place to prevent or minimize the onset and progression of CTS.
The purpose of this study was to investigate the quantitative rela-
tionship between the contact force applied to the palm and CTP
and to evaluate the value of palmar contact force corresponding
to normal threshold of CTP.

2. Material and method

A total of 8 human cadaveric hands (4 males and 4 females,
5 right and 3 left hands, of age ranging from 20 to 80) were
obtained. As an exclusion criteria, specimen with following past
history was excluded; prior wrist or hand disease, volar wrist sur-
gery, known hand/wrist tumor or deformity, cervical radiculopa-
thy, inflammatory arthritis, osteoarthritis in the wrist joint, flexor
tendinitis, hemodialysis, peripheral nerve disease, metabolic dis-
ease, amyloidosis and major trauma to the ipsilateral wrist. Speci-
mens were Kept in a refrigerator for 24 h to defrost before the test.
In order to retain the carpal tunnel as intact as possible, minimum
necessary procedure of inserting pressure sensor was done in this
area. Longitudinal distance of carpal tunnel was defined as 4 cm
from first wrist flexion crease to distal direction. Soft tissues from
the forearm area 6 cm proximal to the first wrist crease were
removed and the flexor tendons and median nerve were exposed
and identified. A 50 g weight was attached to individual tendons
and median nerve except the third flexor digitorum superficialis
(FDS) tendon. Multiple weights of 50, 200, 500, 1000 and 1500 g
were applied to the third FDS to create different tendon tension
conditions. Afterwards, an external fixator was installed between
the distal radius epiphysis and the metacarpal diaphysis of the sec-
ond finger to keep the wrist joint in a neutral supinated position.
The specimen was mounted on a custom-made table and all fingers
were kept in extended position with a Velcro band. A diagnostic
catheter-based pressure transducer (Mikro-Cath, Millar Inc., Hous-
ton, TX) was inserted into carpal tunnel located at 2 cm proximal to
first wrist crease and 0.5 cm ulnar side to the longitudinal middle
line of the palm to measure real time CTP. An ultrasound system
(Verasonics, Inc, Kirkland, WA 98053) was used to confirm the
position of sensor before the measurement (Zhang et al., 2016,
2017; Zhou et al., 2017). In order to increase CTP, a customized
pressing apparatus was designed and used to press the palm,
including a circular plate with 1.2 mm in diameter at the tip and
was propelled by an air cylinder (Airpot, Norwalk, CT). This equip-
ment was able to control the applied force by adjusting the amount
of air flowing. A load cell (Transducer Techniques, Temecula, CA)
was used to measure real time force applied. An analog-to-digital
data acquisition board (DAQPad-6015, National Instruments, Aus-
tin, TX) was used to collect and integrate the signals with a sam-
pling rate of 1000 Hz. LabVIEW software (National Instruments,
Austin, TX) was used as an interface to control and collect data.
The pressed location on the palm was determined with reference
to a previous study (Cobb et al., 1995). The center point pressed

was 0.6 mm proximal to the distal line of the carpal tunnel and
0.6 mm radial to the longitudinal middle line of the palm (Fig. 1).

The real time measurements of CTP and palmar contact force
were simultaneously monitored throughout the test (Fig. 2). The
palmar contact force was gradually increased until the CTP reached
the desired value. The pressing force was recorded when the CTP
was stabilized. Then, the force was released and the CTP went back
to zero. Following 2-3 min relaxation, the test was repeated for the
next desired CTP value. The values of contact force were recorded
when the desired value of CTP reached at 0, 10, 20, 30, 60, 90, 120,
150 mmHg with varied tendon tensions at 50, 200, 500, 1000, and
1500 g respectively.

2.1. Statistical analysis

Two-way ANOVA of repeated measures were used to compare
the palmar contact forces between tendon tensions as well as CTPs.
Caution has been made to the assumption of sphericity. If the
assumption was violated, results were corrected by using Green-
house-Geisser estimates of sphericity. Pair-wise comparison was
conducted through post-hoc Bonferroni test with o = 0.05. In addi-
tion, in order to build the quantitative relationship between pal-
mar contact force and CTP, linear fitting was implemented to find
out the equation and coefficient of determination was also calcu-
lated to determine how fitted they were.

3. Results

The relationship between palmar contact force and CTP under
different tendon tensions is shown in Fig. 3. From statistical anal-
ysis, CTP significantly increased with the increase of palmar con-
tact force (p=.000, partial eta squared=0.925). Statistically
significant difference in palmar contact force was found between
any two CTP conditions (all p <.05). In addition, no significant
increase in palmar contact force was found when tendon tension
increased (p =.312, partial eta squared = 0.149). Mean values of
palmar contact force were 293 g (SD: 15.2) at CTP 30 mmHg,
578 g (SD: 41.1) at CTP 60 mmHg, 840 g (SD: 56.6) at CTP 90
mmHg, 1110g (SD: 94.0) at CTP 120 mmHg and 1393 g (SD:
133.3) at CTP 150 mmHg when they were averaged in all tendon
tensions. There was no interaction between CTP and tendon ten-
sion (p =.163, partial eta squared = 0.243). Linear regression model
was applied on the results with the R? values. The fitted equation
was y=8.4725x+31.001 for 50¢g tension, y=8.4559x +22.318
for 200 g, y = 8.9592x + 8.7638 for 500 g, y = 9.645x — 6.5562 for
1000 g and y =10.598x — 5.4365 for 1500 g. The average fitted
equation over all 5 tensions was calculated to be y = 9.2262x + 10
.018. y represents CTP and x represents palmar contact force. All
results similarly showed linear relationship between palmar con-
tact force and CTP. All R? values showed above 0.99 and standard
error of the estimate of the average fitted line was 8.38.

4. Discussion

Our results showed that CTP linearly increased with contact
force applied to the palm. We also found that tension applied to
the 3rd FDS did not alter the relationship between palmar contact
force and CTP. In addition it was observed that the higher tension
applied, the steeper trend of the line tended. However, the increase
of CTP by tensions was not significant. This indicates that CTP
increase depends much more on the force applied to the palm than
the longitudinal force itself from extrinsic muscle. As Lundborg
et al. described that externally induced compression force to the
median nerve increased CTP (Lundborg et al., 1982), we could
observe the same trend. Furthermore, we could obtain a
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Fig. 2. Real time carpal tunnel pressure and palmar contact force. The upper/lower display screen shows the real time value of carpal tunnel pressure/palmar contact force to

the palm respectively.
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Fig. 3. Relationship between palmar contact force and CTP combing graphs of all
tensions. Equation of the average fitted line of all tensions, standard deviation bars
and R? value are shown.

proportional relationship between CTP and external force applied
to the palm. This may also allude that we should be aware of the
force affecting intra carpal tunnel would be greater than expected
even though the palm does not feel strong, although anatomically
the palm has some soft tissue layers such as skin, fat and connec-
tive tissue between the surface and transverse carpal ligament, and
which function as a cushioning tissue against external forces and
impacts. We believe that this result can be used as a clue to find
out more details about the CTP change affected by external force.

Moreover, this may lead to minimizing the risk exposed to the sit-
uation which adversely affects median nerve function and inter-
rupts applicable works when the external force described above
is applied.

Regardless of the magnitude of tendon tension, the mean values
of palmar contact force were almost the same when CTP was 30
mmHg. The compressive force on the palm to reach CTP 30 mmHg,
which is considered as a threshold value for the onset and the
aggravation of CTS, was indeed moderate (293.7 g). Although
exceeding CTP 30 mmHg while working is very likely and unavoid-
able (Keir et al., 2007; Keir et al., 1998; Rempel et al., 1998; Rempel
and Gerr, 2008; Rempel et al., 2008; You et al., 2014), minimizing
the duration of such activities should be advised. As a future work,
in order to understand the relationship between hand daily activ-
ities and magnitude of the forces applied to the palm in more
detail, an additional investigation would be necessary.

The normal CTP value at rest ranges from O to 38 mmHg, vary-
ing slightly depending on the reporters (Gelberman et al., 1981;
Hamanaka et al., 1995; Luchetti et al., 1989). On the other hand,
CTS patients potentially have higher pressure in the carpal tunnel
as a base condition. The sustained high pressure in the carpal tun-
nel would cause functional damage to the median nerve (Lee et al.,
2016; Luchetti et al., 1998; Murata et al., 2007; Okutsu et al., 1989;
Silverstein et al., 1987; Viikari-Juntura and Silverstein, 1999). Thus,
the higher the CTP, the more compressed the median nerve
becomes. Our results suggest that CTS patients should take precau-
tions when applying contact forces to the palm as this could poten-
tially increase their high baseline CTP. Even in that sense, our
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results would be beneficial to prevent the disease onset and pro-
gression from the view point of preventive medicine.

Since we believe that the range of forces used in this experi-
ment was generally not so large and was less invasive, this quanti-
tative correlation derived from the present experiment would be
also useful for in vivo studies to create a temporary CTP increased
model to simulate carpal tunnel syndrome. Based on previous
studies, ultrasound elastography has been successfully used to
evaluate carpal tunnel pressure (Kubo et al., 2017; Wang et al,,
2012). Before advancing into a stage of large clinical trial on CTS
patients, these results could aid in the development and validation
of noninvasive CTP measurements on healthy subjects.

There were several limitations in this study. Firstly, we verified
this study using a cadaver model, however, it may not necessarily
show the same result in vivo, especially in CTS patients who may
have different pathophysiological conditions. Secondly, we tested
the wrist only in neutral supinated position. Since it has been
shown that wrist angles influence CTP (Rempel et al., 1998,
2008; Werner et al., 1983; Werner and Andary, 2002), it is more
natural to take into account for that. Future studies focusing on
effects of various postures of the wrist would be expected. Thirdly,
we only changed the tendon tension on 3rd FDS tendon, because it
was the tendon closest to median nerve and the pressure sensor
we inserted. Also, according to the partial eta squared values
reflecting effect size, it would be stronger to include more speci-
mens to reinforce the results in terms of tendon tensions. Finally,
we only selected one small area on the palm to apply the force
based on the previous publication that indicated the most sensitive
contact point related to the CTP increased (Cobb et al., 1995). Usu-
ally various locations or the whole palm should be used and
pressed when working with hand activities that leads to carpal
tunnel elevation as evidenced in ergonomic literatures (McGorry
et al., 2014b; Rempel et al., 1998, 1994, 2008). In a future study,
a variety of areas on the palm will be pressed to reflect some prac-
tical activities associate with blue and white collared workers.

We verified the quantitative relationship between palmar con-
tact force and carpal tunnel pressure, deriving a linear relationship
between them. We also found that tendon tension did not alter this
relationship. Mean value of palmar contact force corresponding to
CTP 30 mmHg typically considered as a threshold pressure was
293 g (SD: 15.2). Furthermore, it would be necessary to change
the area and increase the number of contact places on the palm
to augment the consistency of evaluating the relationship between
palmar contact force and daily hand activities.
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