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Abstract
The purpose of this study was to measure the compliance of the carpal tunnel in candidate animal
models of carpal tunnel syndrome, by measuring the resistance when passing a tapered metal rod
through the carpal tunnel. Forepaws from ten dogs, ten rabbits and ten rats with intact carpal
tunnels and ten fresh frozen human wrist cadavers were used. The slopes of the linear part of the
force-displacement curve (a measure of stiffness), normal force and increasing area ratio (InAR)
were significantly different among the four species (p<0.05). Post hoc analysis indicated that the
mean slopes for the human carpal tunnel were the largest indicating the least compliance, while
those of the rat were the least (p<0.05). The features of the compliance for the dog carpal tunnel
were closest to the human. The development of animal models of CTS should consider the
compliance of the carpal tunnel, as it will be more difficult to increase pressure in a more
compliant tunnel.
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INTRODUCTION
Carpal tunnel syndrome (CTS) is a common hand disease in which the median nerve is
compressed at the wrist.1 Most cases are idiopathic.2 Although repetitive hand use is
suspected in some cases,3-5 the correlation with activity in most cases is still unclear.6 The
three pathological hallmarks of CTS are elevated carpal tunnel pressure7-12, fibrosis of the
subsynovial connective tissue (SSCT),13-16 and abnormal nerve function.17 More recent
studies have suggested that the neuropathy is also associated with changes in the gliding
characteristics18,19 and permeability20 of the SSCT.

Clinical studies of CTS are limited by the difficulty of evaluating the early stages of its
pathology. Thus, a validated animal model of CTS is an important need. A good animal
model would have comparable anatomy: a carpal tunnel containing the median nerve,
tendons, and SSCT, as the human carpal tunnel does. In addition, because CTS is
characterized by increased carpal tunnel pressure, the animal carpal tunnel model should
have mechanical characteristics similar to the human carpal tunnel. A model with a very
complaint carpal tunnel might not be useful if the goal is to investigate changes in biology
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within the tunnel that might induce pressure elevation, such as gradual thickening of the
SSCT.

Previous studies have reported animal models of CTS in the rabbit,21-24 rat,25,26 and dog.
27 The rabbit model is commonly used to study CTS28,29. Lim et al.22 determined the
dose-responsiveness for an acute pressure-induced median neuropathy model of human
acute CTS in the rabbit, using saline infusion, showing that significant electrophysiological
changes were caused by pressures greater than 30 mm Hg. Diao et al.21 also investigated the
relationship between pressure and median nerve function in the carpal tunnel in the rabbit
model. Angioplasty catheters were placed in the carpal tunnel to create pressures ranging
from 50 to 80 mm Hg, with similar findings. These experimental models have some
limitations, though. First, it is not clear how much increase in volume of the carpal tunnel
contents is needed to increase carpal tunnel pressure over 30 mmHg in the rabbit model.
Second, human CTS is rarely the result of an acute change in pressure caused by an
expansion of canal contents over minutes or hours, as might occur for example after a
traumatic hematoma. In most cases, human carpal tunnel syndrome develops gradually over
months or years. This suggests that a relative rigidity of the carpal tunnel is a necessary
precondition; otherwise the tunnel would simply expand, and the pressure would not rise.
Thus, it is important to know if the compliance of animal carpal tunnels is comparable to
that of the human carpal tunnel. The purpose of this study was to measure the compliance of
the carpal tunnel in human and potential animal models by measuring the resistance when
passing a tapered metal rod through the carpal tunnel. The null hypothesis was that the
compliance of the carpal tunnels of the various species was not different.

METHODS
Forepaws from ten dogs (weight 22-28kg), ten rabbits (weight 3.6-5.2kg) and ten rats
(approximately 0.5kg in weight) with intact carpal tunnels and ten fresh frozen human wrist
cadavers were used for this study. The animal cadavers were obtained immediately after
sacrifice for other Institutional Animal Care and Uses Committee (IACUC) approved
studies, in which the paws were not involved. This study was approved by our Institutional
Review Board.

Identification and Dissection of Carpal Tunnel
A skin incision was made longitudinally over the carpal tunnel region. The entire transverse
carpal ligament was exposed and carefully dissected without damaging its attachment and
edges. Human transverse carpal ligament is a dense band of fibers with clear distal and
proximal edges, which runs between hamate and pisiform medially to scaphoid and
trapezium laterally. The canine transverse carpal ligament is also a dense band of fibers,
located beneath the flexor digitorum superficialis (FDS) tendon. Therefore, unlike the
human carpal tunnel, the canine carpal tunnel does not include the FDS tendons. Instead, the
canine carpal tunnel contains a single large common FDP tendon, along with the median
nerve and its associated vessels. The rabbit transverse carpal ligament was identified by
locating a palpable nodule of subcutaneous cartilage which forms part of the transverse
carpal ligament. In the rat model, the transverse ligament was identified as running from the
pisiform medially to the falciformis and navicular laterally. Therefore, the carpal tunnel
contents in the human, rabbit, and rat models included the FDP and FDS tendons, the
median nerve and its associated vessels, and the SSCT. After identification of the entire
carpal tunnel, the skin, subcutaneous tissue, and all the tissues in the carpal tunnel were
removed from the specimens, leaving the hollow carpal tunnel intact (Figure 1). The length
and thickness of the transverse carpal ligaments were measured with an electronic digital
caliper.

Tung et al. Page 2

J Orthop Res. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mechanical Evaluation of Carpal Tunnel Compliance
The prepared specimens were mounted on a custom-made testing device. The measurement
system consisted of one mechanical actuator with a linear potentiometer, a 25 lb load cell
(Transducer Techniques, Inc., Temecular, California, USA) and a tapered metal rod. The
experiment set up is shown in Figure 2. Due to differences in size of the carpal tunnel,
different sized rods were used for each species. An 80 mm long metal rod tapering from 10
to 26 mm diameter used for the human specimens, a 53.6 mm long metal rod tapering from
7.6 to 18.6 mm diameter used for the canine specimens, a 40 mm long metal rod tapering
from 4.5 to 12.5 mm diameter used for the rabbit specimens, and a 22.6 mm long metal rod
tapering from 1.2 to 3.2 mm diameter used for the rat specimens. Although the different
sized rods were used for different species, the tangent of the angle of slope of the taper was
the same (0.1) (Figure 3). The tip of the metal rod was connected to the actuator through
Green Spot Dacron trolling line (Cortland Line Co., Inc., Cortland, New York, USA) which
passed through the carpal tunnel. The actuator pulled the metal rod through the carpal tunnel
from proximal to distal. The start position of the metal rod was set to contact as much as
possible of the carpal tunnel entrance without any measurable load. The motor rate of the
actuator was set at 1mm/sec and the sampling rate was set at 20 Hz. The displacement varied
according to species to 35mm, 20mm, 15mm, and 12mm for humans, dogs, rabbits and rats,
respectively. Throughout testing, the specimens were kept moist by spraying with
phosphate-buffered saline. Each specimen was tested five times, and the means of the five
tests were used for data analysis. The normal force on the wall of the carpal tunnel was
deduced from the original force recorded from the load cell adjusted by the tangent angle of
the tapered rod. The relationship between forces is shown in Figure 4.

Data Analyses
The increasing area ratio (InAR) was calculated from the absolute increasing cross sectional
area of the tapered rod during the test divided by the original area of the rod at the start
point. The formula of InAR was defined as following:

Where:

Afinal: final cross sectional area of the rod at the final point;

Aoriginal: original cross sectional area of the rod at the starting point.

Custom-made MATLAB programs were used to calculate the slopes of the linear part of the
curves between the original force and displacement, normal force and InAR. Compliance
was assessed as the inverse of the slopes of the original force/displacement and normal
force/InAR curves, i.e. the higher the compliance the lower the slope.

Statistical Analyses
Statistical analyses were performed with SPSS 13.0 (SPSS Inc., Chicago, Illinois, USA)
software. The results were expressed as mean (±standard deviation, SD). Analysis of
variance (ANOVA) test was used to compare the means of variables among humans, dogs,
rabbits and rats, followed by post hoc analysis with least significant difference (LSD) for
individual comparisons. Statistical significance was set at a level of p<0.05.
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RESULTS
The results for rod radius at the starting point, and the length and thickness of the transverse
carpal ligaments in the four species are shown in Table 1. Human carpal tunnels were the
longest and thickest, while those of rats were the shortest and thinnest.

The mean slopes of the linear part of the original force/displacement curves of the four
species were significantly different (p<0.05). Post hoc analysis indicated that the mean slope
for the human carpal tunnels was the largest and the rat was the least among four species
(p<0.05) (Figure 5A). The mean slopes of the normal force/InAR curves of the human
model was significantly higher than that of dog, rabbit, and rat model (p<0.05). The mean
slope of the normal force/InAR curves of dog model was significantly larger than that of
rabbit and rat model (p < 0.05). However, there was no significant difference between rabbit
and rat in the mean slope of the normal force/InAR curve (Figure 5B).

In order to quantify the difference of InAR across the four species, we chose one of the
typical subjects in each group for comparison and defined the normal force for increasing rat
carpal tunnel area by 50% as a unit, and normalized the normal force for the other three
species. The comparison of InAR and normalized force across the four species are shown in
Figure 6. The force needed to increase the carpal tunnel area by 50% in the human, dog and
rabbit was 18.94, 9.48, 2.45 times of the normal force for the rat, respectively.

DISCUSSION
While it is clear that carpal tunnel syndrome is associated with increased carpal tunnel
pressure,30 the etiology of that pressure elevation is unclear.30 Studies of the etiology of
human CTS have been restricted by the incapability to longitudinally assess the changes
which occur prior to the onset of clinical symptoms. An animal model can overcome this
limitation, and also since provides an opportunity to study the effect of gradually increasing
tunnel pressure on nerve function and morphology. Since carpal tunnel pressure elevation
requires a relatively rigid carpal tunnel, a proper animal model should have not only
comparable anatomy but also mechanical characteristics similar to the human carpal tunnel.
However, there is little literature to compare the mechanical properties among candidate
animal models of CTS.

We have shown that the compliance of carpal tunnels in humans, dogs, rabbits and rats are
significantly different. Humans have the largest tunnel, and the thickest and longest
ligament. Human carpal tunnels are also the stiffest, while those of rats are least stiff. Both
dog and rabbit were intermediate, with the dog carpal tunnel being most similar
mechanically to the human. We do not know why these differences exist, or what causes
them. It is possible that the material properties of the flexor retinaculum are different, or that
it relates to differences in carpal bone anatomy of the strength of the intercarpal ligaments.

Although the carpal tunnels in all four species are composed of carpal bones dorsally and a
transverse carpal ligament volarly, the anatomical structures differ substantially between
species. In humans, the transverse carpal ligament is firmly attached to the hook of the
hamate and pisiform bones on the ulnar side of the carpal tunnel and the tubercle of the
trapezium and distal pole of the scaphoid on the radial side of the carpal tunnel. The
connections between ligament and carpal bones are strong.31 The canine carpus includes
seven small, irregular bones arranged into two rows. The proximal row contains three bones:
intermedioradial carpal, ulnar carpal and accessory carpal. The accessory carpal bone is a
small bone that serves as a lever arm for some of the flexor muscles of the carpus, similar to
the human pisiform. The distal row contains four bones (I-IV). The canine transverse carpal
ligament is mainly attached to the intermedioradial carpal bone medially and the accessory
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carpal laterally, and lies between the FDS and FDP tendons. In rabbits, the carpal bones
consist of three proximal bones and a small accessory carpal bone, and, again, four distal
carpal bones (I-IV). The rabbit transverse carpal ligament contains a triangular-shaped
subcutaneous segment of fibrocartilage which can be palpated and used as a marker for
identification of the ligament. This structure was not present in the other species. In rats,
there are also two rows of carpal bones. The proximal row includes the pisiform, triangular,
lunate, and navicular bones. The distal row contains the hamate, capitate and falciformis
bones. The rat transverse ligament connects the pisiform medially to the falciformis and
navicular laterally.

Of course, compliance of the carpal tunnel is just one factor contributing to the suitability of
an animal model. The human median nerve is large, and there are in addition profundus and
superficialis tendons and considerable tenosynovium and subsynovial connective tissue in
the human carpal tunnel. Among candidate animal models, none of the non-primate models
are ideal: dogs lack superficialis tendons inside the carpal tunnel, rabbits have relatively
small nerves, and rats have very little synovium.28 Only humans and, to some extent, rats,
use their forelimbs for grasping. And, of course, humans do not typically bear weight on
their carpal tunnels, as is the case in the other species we studied.

Based on our findings, we believe that the relative rigidity of the human carpal tunnel, as
compared to other species, may be one factor in understanding the human predilection for
carpal tunnel syndrome. The relative laxity of the rat carpal tunnel, combined with a paucity
of synovial tissue,28 suggests that the rat might not be an ideal model in which to study the
development of CTS. While the rabbit is commonly used to study CTS, its carpal tunnel
stiffness is also quite different from the human case. While the dog has not, to our
knowledge, been used to study carpal tunnel syndrome, our data suggests that it might be a
new model worth pursuing, notwithstanding the differences in tendon anatomy.

This study has several limitations. First, this is an in vitro study. Results in vivo, especially
over time, could be different. Second, our model assumes that the carpal tunnel is round.
However, none of the carpal tunnels we studied were perfectly round. We believe though
that comparing the linear part of the curves, when contact was excellent circumferentially,
decreased the effect of any errors in assumptions based on different shapes of the metal rods
and carpal tunnels.

In conclusion, we have shown that there are significant differences in the stiffness of the
carpal tunnel across species. We suggest that this factor be considered when choosing
animal models of carpal tunnel syndrome, and that the results of this study may be helpful in
developing more relevant animal models of CTS.
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Figure 1.
Carpal tunnel ligaments in the (A) human, (B) dog, (C) rabbit and (D) rat with the each
individual tapered testing rod.
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Figure 2.
The experimental set up for carpal tunnel compliance measurement. The device includes 1)
mechanical actuator with linear potentiometer and load transducer; 2) cable between
mechanical actuator and tapered rod; 3) specimen with transverse carpal tunnel ligament; 4)
tapered metal rod; and 5) testing frame. The arrow showed the direction of the actuator
pulled the metal rod through the carpal tunnel from proximal to distal. (B) The starting
position of the metal rod. (C) The final position of the metal rod.
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Figure 3.
The tapered metal rods for the four specimens. The tangent of the angle of slope θ of the
taper was 0.1.

Tung et al. Page 10

J Orthop Res. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Relationship between the original and normal forces on the wall of carpal tunnel.
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Figure 5.
Slopes of linear part of the curves from (A) original force vs. displacement of the rod; (B)
normal force vs. InAR. (*p<0.05, significant difference)
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Figure 6.
Comparing the linear part of the curves among four species, showing the relationship
between increasing area ratio and normalized force unit among the four species. Normalized
force unit for increasing area ratio was defined as the normal force which increased the rat
area by 50%.
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Table 1

Means (SD) of initial radius of rod, length and thickness of transverse carpal ligaments in humans, dogs,
rabbits and rats.

Number of the Sample Size Humans
(N=10)

Dogs
(N=10)

Rabbits
(N=10)

Rats
(N=10)

Initial Rod Radius (mm) 6.28 (0.48) 4.38 (0.23) 2.39 (0.10) 0.69 (0.06)

Length of Ligament (mm) 26.65 (3.27) 13.03 (1.12) 8.46 (1.39) 2.46 (0.40)

Thickness of Ligament (mm) 2.35 (0.10) 1.31 (0.13) 0.37 (0.05) 0.22 (0.04)
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