Scientific Article

Carpal Tunnel Cross-Sectional Area Affected
by Soft Tissues Abutting the Carpal Bones

Joseph N. Gabra, BS"2  Zong-Ming Li, PhD':2

THand Research Laboratory, Departments of Biomedical Engineering,
Orthopaedic Surgery, and Physical Medicine and Rehabilitation,

Cleveland Clinic, Cleveland, Ohio

Address for correspondence Zong-Ming Li, PhD, Cleveland Clinic,
9500 Euclid Avenue, ND20, Cleveland, OH 44195
(e-mail: liz4@ccf.org).

2Dpepartment of Chemical and Biomedical Engineering, Cleveland

State University, Cleveland, Ohio

) Wrist Surg 2013;2:73-78.

Abstract

Keywords

= area

= carpal tunnel

= carpal tunnel
syndrome

= stenosis

The carpal tunnel accommodates free movement of its contents, and the tunnel’s cross-
sectional area is a useful morphological parameter for the evaluation of the space available
for the carpal tunnel contents and of potential nerve compression in the tunnel. The
osseous boundary of the carpal bones at the dorsal border of the carpal tunnelis commonly
used to determine the tunnel area, but this boundary contains soft tissues such as
numerous intercarpal ligaments and the flexor carpi radialis tendon. The aims of this study
were to quantify the thickness of the soft tissues abutting the carpal bones and to
investigate how this soft tissue influences the calculation of the carpal tunnel area.
Magnetic resonance images were analyzed for eight cadaveric specimens. A medical
balloon with a physiological pressure was inserted into an evacuated tunnel to identify the
carpal tunnel boundary. The balloon-based (i.e., true carpal tunnel) and osseous-based
carpal tunnel boundaries were extracted and divided into regions corresponding to the
hamate, capitate, trapezoid, trapezium, and transverse carpal ligament (TCL). From the two
boundaries, the overall and regional soft tissue thicknesses and areas were calculated. The
soft tissue thickness was significantly greater for the trapezoid (3.1 + 1.2 mm) and
trapezium (3.4 + 1.0 mm) regions than for the hamate (0.7 &= 0.3 mm) and capitate
(1.2 £ 0.5 mm) regions. The carpal tunnel area using the osseous boundary
(243.0 &+ 40.4 mm?) was significantly larger than the balloon-based area (183.9 +
29.7 mm?) with a ratio of 1.32. In other words, the carpal tunnel area can be estimated
as 76% (= 1/1.32) of the osseous-based area. The abundance of soft tissue in the trapezoid
and trapezium regions can be attributed mainly to the capitotrapezial ligament and the
flexor carpi radialis tendon. Inclusion of such soft tissue leads to overestimations of the
carpal tunnel area. Correct quantification of the carpal tunnel area aids in examining carpal
tunnel stenosis as a potential risk factor for median nerve compression.

The carpal tunnel is an open compartment containing the nine
flexor tendons and the median nerve. The volar border of the
carpal tunnel is composed of the transverse carpal ligament
(TCL), and the dorsal border is formed by the carpal bones
connected by numerous intercarpal ligaments. The proximal
carpal bones are the scaphoid, lunate, triquetrum, and pisiform;
the distal carpal bones are the trapezium, trapezoid, capitate,

and hamate. On the radial aspect of the carpal tunnel the TCL
divides to form a separate compartment for the flexor carpi
radialis tendon. The carpal tunnel is more compliant at the
proximal, pisiform level than at the distal, hamate level,' and the
median nerve is prone to compression at the distal level.>>
Morphological parameters of the carpal tunnel provide
useful information for the diagnosis and the evaluation of
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tunnel stenosis and median nerve compression."'"7 Some
morphological parameters of interest include the carpal
tunnel cross-sectional area (CSA)*’~'2 and the ratio of the
area occupied by the carpal tunnel contents to the tunnel’s
CSA.''-13 However, quantifying morphological parameters is
limited by the imaging modality used. Computed tomography
(CT) is often used to measure the carpal tunnel’s CSA,H7 1214
but this imaging modality is deficient in indentifying specific
soft tissue structures. Some studies were unable to visualize
the TCL when quantifying the tunnel’s CSA,*’ while an
additional study reported difficulty in distinguishing the
flexor carpi radialis tendon from the carpal tunnel.'? Mag-
netic resonance imaging (MRI) can discriminate tissues, but it
provides less detail about osseous structures than CT imaging
does. The limitations associated with each imaging modality
may account for large discrepancies among studies that
measure the carpal tunnel CSA with CT*”1214 or
MRI.9-11.15-19

Inconsistencies among studies that measure the carpal
tunnel CSA may be due to the inclusion of soft tissues that lie
between the carpal tunnel and the osseous boundary. The
purposes of this study were (1) to quantify the thickness
distribution of the soft tissues that abut the carpal tunnel
interior to the carpal bones and (2) to examine the influence
of the thickness distribution on the calculation of the carpal
tunnel CSA. We hypothesized that the thickness of the soft
tissues is unevenly distributed across the bony regions. With
inclusion of the soft tissues into the carpal tunnel CSA
measurement, we hypothesized that the area available for
the carpal tunnel contents would be overestimated.

Methods

MRI data from a previous study,20 consisting of eight fresh
frozen cadaveric hand specimens (47.4 + 5.2 years) with no
previously documented wrist injuries or surgeries, were used
in this study. Briefly summarizing, the carpal tunnel was
evacuated by removing the carpal tunnel contents. A custom
pressure device, consisting of a medical balloon filled with a
magnetic resonance contrast agent, was used to apply a
nominal physiologic pressure of 10 mm Hg within the carpal
tunnel. An extremity MRI system (1.0 T, ONI Medical Systems
Inc., Wilmington, MA) was used to obtain cross-sectional
images of the wrist with a 150 x 150 mm? field of view
and 260 x 192 matrix by a 3D gradient echo (TR = 30 milli-
seconds, TE = 8.9 milliseconds, flip angle = 35°). The cross-
sectional images were oriented perpendicular to the dorsal
surface of the carpal tunnel with 1 mm slice thickness. The
cross-section corresponding to the hook of the hamate and
the ridge of the trapezium were chosen for subsequent
analysis.

The Image] (v1.43, National Institutes of Health, USA)
multi-point tool was used on the MRI data to generate
coordinates of the envelope formed by (a) the TCL and the
osseous boundary of carpal bones (i.e., bone-based boundary)
and (b) the carpal tunnel boundary based on the balloon (i.e.,
balloon-based boundary). See =Fig. 1 as an example. A
convex hull technique was applied to reconstruct the bound-
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Fig. 1 A representative MRI of the carpal tunnel and balloon
cross-section at the hook of the hamate level.

aries. The coordinates were also generated for the attachment
sites of the TCL on the hook of the hamate and the ridge of the
trapezium, as well as the midpoints of the capitohamate, the
capitotrapezoid, and the trapeziotrapezoid joints. All coordi-
nates were entered into a custom MATLAB program (Math-
Works, Natick, MA) for subsequent data analyses.

The coordinates were converted into polar coordinates
(r, 6) with the geometric centroid of the balloon serving as the
origin. Linear interpolation was used to determine the radius
of the boundaries at each degree. The two boundaries were
then organized into five separate regions (~Fig. 2):

1. TCL: from the ridge of the trapezium to the hook of the
hamate

2. Hamate: from the hook of the hamate to the capitohamate
midpoint

3. Capitate: from the capitohamate midpoint to the capito-
trapezoid midpoint

4. Trapezoid: from the capitotrapezoid midpoint to the tra-
peziotrapezoid midpoint

5. Trapezium: from the trapeziotrapezoid midpoint to the
ridge of the trapezium

90°
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Fig.2 Polarplot, from the MRI shown in =Fig. 1, displaying the bone-
based (solid line) and balloon-based (dashed line) boundaries as well as
their regional divisions (* denotes the joint midpoints, and o denotes
the TCL attachment sites).



For each region, the soft tissue thickness, the bone-based
area, and the balloon-based area were calculated. The soft
tissue thickness was calculated at each degree as the differ-
ence between the two radii of the bone-based and the
balloon-based boundaries. The thickness was also normalized
with respect to the carpal arch width, the distance between
the hook of the hamate and the ridge of the trapezium. The
soft tissue thickness in each region was calculated by averag-
ing the thickness distributions within the region. The overall
and the regionalized bone- and balloon-based areas were also
calculated.

A one-way repeated-measures analysis of variance (AN-
OVA) was performed to determine the dependence of the soft
tissue thickness on each region (hamate, capitate, trapezoid,
trapezium, and TCL). Post-hoc Tukey tests were performed for
pairwise comparisons. Carpal tunnel areas based on bone-
and balloon-based boundaries were compared using a Wil-
coxon signed-rank test. All statistical tests were evaluated
with a significance of 0.05.

Results

The carpal arch width was 21.6 + 2.7 mm. The overall soft
tissue thickness (excluding the TCLregion) was 1.6 + 0.4 mm
with a normalized thickness, with respect to the carpal arch
width, of 7.6 + 1.8%. The soft tissue thickness (and normal-
ized values) for the hamate, capitate, trapezoid, and trapezi-
um regions were 0.7 = 0.3 mm (3.1 + 1.2%), 1.2 + 0.5 mm
(5.5 £ 2.6%),3.1 £ 1.2 mm (14.6 & 5.8%), and 3.4 &+ 1.0 mm
(15.7 + 5.0%), respectively (~Fig. 3). The soft tissue thickness
of the TCL region was negligible, 0.2 4+ 0.1 mm (0.9 + 0.5% of
the carpal arch width). The soft tissue thickness was signifi-
cantly different for the different regions (p < 0.001). Specifi-
cally, the soft tissue thicknesses for the trapezoid and
trapezium regions were significantly greater than those of
the hamate and capitate regions (p < 0.001).

The bone- and balloon-based carpal tunnel areas were
significantly different, with values of 243.0 + 40.4 mm? and
183.9 + 29.7 mm?, respectively (p < 0.001). The resulting
ratio of the bone-based area to the balloon-based area was
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Fig. 3 Average soft tissue thickness of the bony regions; * p < 0.001.
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1.32 + 0.07. Likewise, the regional areas for the bone-based
boundary were larger than those of the balloon-based bound-
ary (p < 0.05; =Fig. 4). The regional difference between the
bone-based and the balloon-based areas were 8.6 + 4.5 mm?
for the hamate, 8.3 + 3.6 mm? for the capitate, 15.6 +
6.5 mm? for the trapezoid, and 22.0 + 5.7 mm? for the
trapezium. The area difference for the TCL region was small
at 4.3 + 2.8 mm> The regional area overestimations, in
comparison to the balloon-based values, were 14 + 6%,
54 + 33%, 124 + 59%, 84 + 27%, and 7 + 5% for the hamate,
capitate, trapezoid, trapezium, and TCL regions, respectively.
For the overestimation (32%) of the total area, the contribu-
tion from individual regions were 5 + 2% for the hamate,
5 + 2% for the capitate, 8 + 3% for the trapezoid, 12 + 3% for
the trapezium, and 2 + 1% for the TCL.

Discussion

In this study, a medical balloon filled with an MRI contrast
fluid maintained a constant physiologic pressure and it
clearly defined the balloon-based carpal tunnel boundary.
The balloon-based area was considered to be the true
representation of the carpal tunnel CSA that is available
for the carpal tunnel contents. The bone-based area was
the area enclosed by the carpal bones, dorsally, and the TCL,
volarly, and this area contains structures that are not a
part of the true carpal tunnel, as it includes various
interosseous ligaments and the flexor carpi radialis
tendon.

We found that the soft tissue thickness was unevenly
distributed across the bone regions, with the trapezoid and
trapezium regions having an abundance of soft tissue. This
soft tissue includes intercarpal ligaments and the flexor carpi
radialis tendon. For example, the larger quantity of soft tissue
for the trapezium region is due to the capitotrapezial liga-
ment and the flexor carpi radialis tendon with its fibrooss-
eous tunnel formed by the TCL and the trapezium.® For the
trapezoid region, the soft tissue thickness is due to the
capitotrapezal ligament, which is also a site for developing
fat.?! Inclusion of these soft tissues as a part of the carpal
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Fig. 4 Regional areas for the bone- and balloon-based boundaries.
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tunnel CSA leads to erroneous representation of the open
space available to the flexor tendons and the median nerve
within the carpal tunnel.

Our study has determined that there were differences
between the bone-based and the balloon-based areas. Our
bone-based area measurement agrees well, within one stan-
dard deviation (202.6-283.4 mm?), with the literature.*”12
Dekel et al and Papaioannou et al defined the carpal tunnel as
the osseous boundary and a line connecting the hook of the
hamate and the ridge of the trapezium because the TCL was
not visible within the CT image. Using this description of the
carpal tunnel boundary, the studies reported the carpal
tunnel CSA, averaging data for males and females, to be
232 mm?* and 264 mm? 7 respectively. Merher et al was
able to visualize the TCL within the CT image but stated that it
was difficult to separate the carpal tunnel from the flexor
carpi radialis tendon, resulting in a carpal tunnel CSA of
219 mm?2.'? The inability to visualize and distinguish the
soft tissues (e.g., TCL or flexor carpi radialis tendon) is
associated with the limitations of CT imaging, and MRI has
an advantage for discriminating soft tissues. However, many
MRI studies used the bone boundary to measure the carpal
tunnel CSA, with values ranging from 152 to 382 mm?2.%'%17 A
study using MRI was able to exclude the flexor carpi radialis
tendon from the carpal tunnel CSA measurement, but it still
used the bone boundary, reporting an area of 152 mm?.'?
Despite the imaging modality, using the bone boundary is an
inaccurate method of defining the carpal tunnel CSA because
it includes the flexor carpi radialis tendon and various
intercarpal ligaments covering the carpal bones, which are
extraneous to the carpal tunnel.?

The balloon-based area agrees well with several MRI
studies that use the true carpal tunnel boundary to quantify
the carpal tunnel CSA. Specifically, three studies were within
one standard deviation (30 mm?) of our measurement
of 184 mm?. Bower et al reported a carpal tunnel CSA of
182 mm?'® while Cobb et al reported a tunnel CSA of
183 mm?.'" Mogk and Keir determined a carpal tunnel CSA
of 171 mm?.8 It is therefore reasonable that our balloon-based
area reflects the carpal tunnel area based on the true carpal
tunnel boundaries. Furthermore, the bone-based area is
1.32 times that of the balloon-based area. This implies that
previous studies using the bone-based area overestimated
the carpal tunnel CSA by 32%.47:10.12 Practically, when the
true carpal tunnel border is not easily identifiable, the bone-
boundary can be used to estimate the true carpal tunnel area
using a correction factor of 0.76 (= 1/1.32). Our results are in
agreement with another study that reported a correction
factor of 0.816 for determination of true carpal tunnel volume
accounting for the soft tissues (i.e., interosseous ligaments)
that abut the carpal bones.??

The 32% overestimation of the entire carpal tunnel area
was categorized into the individual bone regions using the
difference between the bone- and balloon-based areas. Our
results show that the contributions to the overestimation in
the total area are primarily due to the trapezium (12%) and
trapezoid (8%) regions. This is attributable mainly to the
bone-based area including the capitotrapezial ligament and
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the flexor carpi radialis tendon. Other intercarpal ligaments
also contributed to the overestimation in the carpal tunnel
area for the hamate (5%) and capitate (5%) regions. The four
bone regions account for 30% of the total overestimation. The
remaining 2% is due to the area difference of the TCL region,
which is attributed to the attachment sites of the TCL on the
hamate and the trapezium.

Overestimation of the carpal tunnel area may explain
discrepancies in literature on whether patients with carpal
tunnel syndrome have a different carpal tunnel CSA com-
pared with controls. For example, two studies reported that
carpal tunnel syndrome patients have a larger CSA.'*10
Interestingly, one of the studies used the true carpal tunnel
boundary,'® and the other study used the bone boundary.'*
Other studies reported that patients had a smaller CSA than
controls.#?3?4 Several studies reported no significant differ-
ence in distal carpal tunnel CSA among controls and carpal
tunnel syndrome patients.”'11217:23.26 |ncorrect measure-
ment of the carpal tunnel CSA can lead to incorrect ratios of
the area occupied by the carpal tunnel contents to the carpal
tunnel area. Merhar et al used the bone-based boundary and
reported no significant difference for the ratio among carpal
tunnel syndrome patients and controls.'? However, the car-
pal tunnel could be more congested than thought if the true
carpal tunnel is concerned. Cobb et al used the true carpal
tunnel boundary and found that carpal tunnel syndrome
patients have a higher content-to-tunnel area ratio compared
with controls.!! Using the true carpal tunnel border, inves-
tigators can more accurately estimate the area ratio of the
carpal tunnel contents to the total carpal tunnel area and
more easily identify the severity of carpal tunnel stenosis. By
using the true carpal tunnel area, investigators can more
clearly discern whether the median nerve is more com-
pressed, and therefore more easily diagnose or evaluate
median nerve compression.

There are a few restrictions in the interpretation of this
study. First, identifying the carpal tunnel and the bone
boundaries can vary between investigators. However, the
balloon boundary was clearly defined in the MRI because of
the contrast agent in the balloon. Second, the findings are
limited to the distal level of the carpal tunnel. We focused on
the distal level of the carpal tunnel, where the median nerve
tends to be more compressed.?? Future studies are needed to
investigate differences in the true and the bone-based CSAs at
various levels along the tunnel. Third, the regional soft tissue
thicknesses and the areas are dependent on the location of
polar origin. The centroid of the balloon-based boundary was
chosen as the polar origin because the balloon-based bound-
ary was reliably identified and it represents the boundary of
the true carpal tunnel.

Overall, this study has shown that an uneven thickness
distribution of soft tissue abuts the carpal tunnel, and the soft
tissue thickness influences the carpal tunnel area. It was
found that the soft tissue thickness is greatest for the trape-
zoid and trapezium regions. Using the osseous boundary of
the carpal tunnel, which includes the soft tissues extraneous
to the carpal tunnel, leads to a 32% overestimation of the
cross-sectional area of the true carpal tunnel area available



for the carpal tunnel contents. This relationship allows for the
prediction of the true carpal tunnel area with a correction
factor of 0.76 for the bone-based area if the true carpal tunnel
boundary cannot be obtained. More accurate estimations of
the area available to the carpal tunnel’s contents can assist in
determining potential risk factors for idiopathic cases of
carpal tunnel syndrome, such as carpal tunnel stenosis.
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