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Kasturba Medical College an incidence rate of 6%. The significance of carpal tunnel shape and dimensions in
Manipal Academy of Higher Education idiopathic carpal tunnel syndrome has long been debated. Recent studies have exam-

ined the accuracy of previous morphometric studies, as the reported dimensions have
conflicting results. The purpose of this study was to use cadavers to determine the
dimensions and shape of the carpal tunnel using a three-dimensional digitization
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approach.
DOI: Methods. The carpal tunnels of 35 cadavers were evacuated, and 210 silicon molds
10.32098/mlt}.03.2023.18 were created from 70 hands by inserting them into the soft tissue-carpeted tunnel. The
mold was then scanned by a Structured Light Scanner from Steinbichler 3D scanner
LEVEL OF EVIDENCE: 4 to obtain a three-dimensional image of the carpal tunnel, from which various carpal

tunnel measures were calculated.

Results. The width, height, and cross-sectional area (CSA) of the carpal tunnel
decreased significantly from proximal to distal, with a narrow CSA at the distal end.
Furthermore, the ulnar side of the tunnel was observed to be significantly deeper than
the radial side.

Conclusions. In this study our measured dimensions render a truncated elliptical cone-
shaped carpal tunnel tapering distally. Based on our analysis, the CSA of the distal
carpal tunnel may be estimated by knowledge of the proximal tunnel CSA by using the
formula (Distal ;, = 22.137 + 0.734 (Proximal ,). Knowledge of the tunnel’s struc-
tural architecture is important in determining the aetiology of carpal tunnel syndrome
associated with variant anatomy.
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INTRODUCTION

Carpal tunnel syndrome (CTS) is the most common entrap-
ment neuropathy, affecting approximately 6% of the gener-
al population (1). Entrapment neuropathies are caused by
nerve compression as it travels through constrained spaces.
An increase in canal contents or a decrease in canal size raises
the pressure within the tunnel, compressing the median nerve
and causing CTS. Although this only affects a portion of the
median nerve as it travels through the tunnel, it has significant
physical, psychological, and economic consequences (2).
The causative factors of CTS are multifactorial, including
risk factors such as diabetes mellitus, menopause, hypo-
thyroidism, obesity, rheumatoid arthritis, pregnancy, inju-
ry, or trauma (3), and anatomical anomalies (4). Most cases
of CTS encountered do not have an immediate evident
cause. Such cases are usually termed as “idiopathic” and
result usually due to a discordancy between the tunnel size
and the volume of tunnel contents, thus causing an elevat-
ed pressure within the tunnel (5). Predisposing conditions
correlating well with the definition of idiopathic would be
pressure changes within the tunnel owing to the hyper-
trophied synovial membrane of the flexor tendons (6),
anthropometric factors, genetic factors, advancing age as
well as gender (7).

The carpal tunnel morphology is a vital factor in the etiology
and management of CTS (8, 9). Among the morphological
parameters, a narrow tunnel size has been underlined as a
predisposing cause for idiopathic CTS, as a smaller tunnel
results in a reduced space to accommodate tunnel contents
(8, 10-12). The morphology of the carpal tunnel is critical
in the etiology and management of CTS (8, 9). A narrow
tunnel size has been highlighted as a predisposing cause for
idiopathic CTS among the morphological parameters, as a
smaller tunnel results in less space to accommodate tunnel
contents (8, 10-12).

To attest this notion, extensive research began in the
early 1980s using various techniques such as radiography
(13), computed tomography (12, 14), magnetic resonance
imaging (15-18), ultrasonography (19, 20), and molding
(21) to study the morphological characteristics of the
tunnel. The tunnel’s volume, CSA, width, and length
were all calculated using the methods described above.
However, the reported results for volume and CSA vary
greatly across studies. We believe that the inconsistencies
and wide disparities in reported results are due to the
researchers’ disparate approaches and imaging modal-
ities. As a result, the role of the tunnel’s morphology
remains unknown.

The goal of this study was to evaluate the tunnel’s shape by
computing its dimensions using three-dimensional scan-
ning technology. Using the aforementioned method would
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allow for a near-accurate assessment of the tunnel which
would also define the morphological role of the tunnel in
the development of CTS.

MATERIALS AND METHODS

After seeking Institutional Ethical Clearance (this study was
approved by the Kasturba Medical College and Kasturba
Hospital Institutional Ethics Committee (Registration No.
ECR/146/Inst/KA/2013 - Date of approval: November 17,
2015) (IEC 738/2015), 35 cadavers with a mean age of 55
were obtained from the Department of Anatomy.

Cadavers that presented any hand deformity were not
included in the study. Seventy hands of the selected cadav-
ers were dissected after placing them in anatomical position.
Dissection of the tunnel was through an incision along
the lateral margin of the ring finger on the palmar surface.
Following this, a deeper incision was made to carefully
expose the flexor retinaculum and the carpal tunnel. The
median nerve and flexor tendons enclosed in their synovial
sheath were emptied from the tunnel (figure 1A). The tunnel
margins were demarcated by following the bone surfaces.
The proximal border was outlined between the pisiform
and scaphoid tubercle and the distal border between the
hook of the hamate and trapezoidal crest (22). The proxi-
mal and distal border of the flexor retinaculum was traced.
Silicon mold was fit into the carpal tunnel to accommodate
the maximum space permitted from its proximal aspect
(figure 1B). The flexor retinaculum limits the roof of the
tunnel. The retinaculum is composed of collagen fibers and
having a thickness ten times more than the antebrachial
fascia (13), defined the upper limit of the space available,
beyond which the mold could not be fitted. In parallel, it
abutted the soft tissue and the carpal bones in the tunnel
floor to evaluate the actual carpal tunnel area available.
After half an hour, the mold was removed and set aside to
dry. This method was repeated three consecutive times on
every hand to obtain three molds for each hand, and each
was labelled accordingly.

The molds were then scanned by a 3-Dimensional scanner
(figure 1C) to obtain a 3D reconstruction of the tunnel. The
3D scanner used was a Structured Light Scanner/Blue Light
Scanner from Steinbichler (Germany). COMET LAOD is
particularly well suited to measure the surfaces and profiles
of objects varying from sizes as small as a few millimeters to
meters long. Scanning was done by placing it in front of the
scanner, followed by calibration of the machine. The area to
be scanned was prepped by spraying a developer for better
data extraction. The scanned mold was moved around to
get as much data as possible, thereby scanned multiple times
from different angles, then collated to one file and transferred
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into raw data to software for post-processing. Post-process-
ing includes deriving Iges/Step from the STL (STereoLithog-
raphy) Format to CAD (Computer-Aided Design) Model for
engineering applications. The STL files were then viewed in
ParaView. This software is an open-source, multi-platform
data analysis and visualization application to analyze three-di-
mensional structures. A representation of the digitized silicon
mold of the carpal tunnel is shown in figure 1D,E.

Using the slicer tool (a filter that draws a 2-dimensional slice
through a 3D data set), the 3D block was sliced from the
tunnel’s proximal to the distal aspect. The slices were taken
at all blocks” proximal, middle, distal, and two intermediate
sections (figure 1F). Each block was measured for volume,
and each slice was measured for height, width, and CSA,
respectively. The height was measured at the radial, ulnar and
intermediate aspects. The widest distance represented the
carpal tunnel width, and the depth was measured perpendic-
ular to the width. The average value of the three molds of each
hand was considered as the final data for the respective hand.
Using SPSS 16 statistical software, a one-way analysis of vari-
ance was performed to evaluate and analyze the calculated
carpal tunnel dimension differences. To compare the prox-
imal and distal measurements, paired t was used. Using the
Pearson correlation test, the relationships between proximal
and distal CSAs were evaluated. Utilizing linear regression,
the impact of proximal CSA on distal CSA was determined.

Figure 1. (A) Carpal tunnel after evacuation of contents; (B)
Silicon mold in the evacuated carpal tunnel; (C) Scanning of
silicon mold by 3D scanner; (D) Three-dimensional image of
the tunnel; (E) Three-dimensional image of the tunnel viewed
from its proximal and distal extent; (F) Slices taken at five
intervals through the length of the tunnel.
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RESULTS

The 70 cadaveric hands (n = 70) had an average carpal
tunnel length of 23.5 + 2.7 mm and volume of 3,865.5 +
565.7 mm’. The distal tunnel width measuring 18 + 1.2 mm
was significantly (p = 0.000) narrower in comparison with
the proximal tunnel width of 19.7 + 1.4 mm (figure 2). The
similar modifications were observed at the tunnel’s depth.
The mid proximal tunnel depth was significantly larger than
that of the distal end, with 10.09 + 0.9 mm and 9.2 + 0.9 mm
respectively (p = 0.002). The depth at the proximal ulnar
aspect of the tunnel was significantly (p = 0.000) greater
than the radial side, measuring 9.6 + 1.1 mm 9.0 + 0.9 mm.
Distal ulnar and radial depth were 8.35 + 1.0 mm against 7.5
+ 1.0 mm, respectively.

HAMATE

CAPITATE

Figure 2. Impact of proximal cross-sectional area on distal
cross-sectional area.

The internal dimensions of the carpal tunnel significantly
correlated with the cross-sectional area (CSA). Decrease in the
depth and width along the tunnel’s length resulted in a signifi-
cant (p = 0.000) decrease in the tunnel’s CSA, which measures
182 + 16.3 mm? proximally and 156 + 16.2 mm? distally,
rendering an elliptical truncated cone shape to the tunnel.
Paired t-test (table I) compares the measures between the
proximal and distal in cross sectional area, ulnar height,
middle height, radial height and width. From the result, it
can be concluded that there exists a significant difference.
Pearson correlation test revealed a strong positive correla-
tion between the proximal and distal cross-sectional area (r
=0.871) at p < 0.01 (table II).

Linear regression analysis proved that the proximal CSA
was a significant determinant for the distal CSA (p < 0.01)
(table III, figure 3).

From the analysis, the following regression equation can be
formed to predict the impact of proximal cross-sectional on
the distal cross-sectional area:

Distal cross-sectional area = 22.137 + 0.734 (Proximal
cross-sectional area)

Muscles, Ligaments and Tendons Journal 2023;13 (3)



MEeLaNIE Rose Dsouza, ANIL K. BHAT, SNEHA GURUPRASAD KALTHUR, SAMUEL ALLWYN JOSHUA

Table I. Difference between proximal and the distal.

Proximal Distal t P-value
Cross-sectional area 182.514 + 19.547 156.057 + 16.467 16.270 0.000
Ulnar height 9.669 + 0.961 8.337 +£1.082 8.631 0.000
Middle height 10.094 £ 0.973 9.411 +£0.871 15.433 0.000
Radial height 9.023 +1.131 7.589 + 1.086 9.185 0.000
Width 19.743 + 1.486 18.069 + 1.200 12.234 0.000
Table Il. Correlation between proximal and the distal.
Correlation
Proximal cross-sectional area and distal cross-sectional area 0.871%*
Proximal ulnar height and distal ulnar height 0.607**
Proximal middle height and distal middle height 0.966**
Proximal radial height and distal radial height 0.6537**
Proximal width and distal width 0.839**
**Correlation is significant at the 0.01 level (2-tailed).
Table lll. Model summary for the impact of proximal cross-sectional area on distal cross-sectional area.
R R square Adjusted Std. Error of R square Change statistics Sig.
R square the estimate change F Change
F change df1  df2
0.871 0.759 0.751 8.213 0.759 103.696 1 33 0.000
Unstandardized coefficients Standardized coefficients
B Std. Error Beta t Sig.
(Constant) 22.137 13.224 1.674 0.104
Proximal cross-sectional area 0.734 0.072 0.871 10.183 0.000
19 by a three-dimensional analysis indicate that the tunnel is an
15 y =0.7338x + 22,137 i elliptical truncated cone-shaped passage with a wider inlet

R?=0.7586
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Figure 3. Diagrammatic representation of decrease in distal
tunnel depth.

DISCUSSION

Our study mainly focused on the details of the structural
anatomy using a cadaveric approach. The results obtained
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than the outlet and the ulnar depth being significantly more
than the radial. Anatomical narrowing of the carpal tunnel,
particularly at its outlet near the hook of the hamate, has
been proposed as a factor in the development of CTS (13,
23), and our findings support this morphology.

The proximal and distal extents were determined using the
bony landmarks of the tunnel margins, yielding a length of
23.5 + 2.7 mm. Our length determination agrees well with
Cobb et al’s reported length of 21.7 £ 6 mm (13). Corey et
al. (21) reported a shorter tunnel length of 12.7 + 2.5 mm.
The apparent disparity in the measures is due to different
researchers’ definitions of the carpal tunnel boundary. In the
study by Corey ez al. (21), the tunnel boundary was defined
along the edges of the transverse carpal ligament. In contrast,
we followed the bony margins to outline the tunnel’s inlet
and outlet. We observed a reduction in width from the inlet
to the outlet, indicating that the tunnel’s outlet is the segment
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that is contracted. In terms of structure, it agrees with Cobb
et al’s findings (13), which showed that the width tapered
toward the hook of the hamate. However, there is a stark
difference in the computed width values when compared to
ours (table IV). Cobb ez al. evaluated the dimensions from
radiographs after injecting the tunnel with a radio-opaque
material, so the discrepancy can be attributed to a differ-
ence in technique. Their data also indicated that the tunnel’s
width increased beyond the hamate’s hook, as they consid-
ered the base of the third metacarpal to be the tunnel’s distal
extent, thus visualizing the tunnel as an hourglass-shaped
structure (13). In contrast, Corey et al. (21) cadaveric study
revealed that the tunnel’s width remained constant through-
out its length at 19.2 + 1.7 mm. The disparities can be
explained by each individual’s identification of the tunnel’s
extent (table IV).

Knowledge of the tunnel’s depth is crucial for surgical plan-
ning, as it may indicate the required approach for carpal tunnel
release, particularly when performing endoscopic carpal tunnel

release. Elsaman ez a/. (24) used ultrasonography to measure the
depth of the tunnel in the distal aspect in healthy controls and
found it to be 7.91 mm. Corey et al. (21) reported a constant
value of 8.3 + 0.9 mm throughout the tunnel. We measured
the tunnel depth from the inlet to the outlet and observed that
it decreased along the length of the tunnel. The prominence
of capitate along the tunnel floor (figure 2) and thickening of
the transverse carpal ligament along the roof explains the distal
decrease in tunnel depth (25). We also measured the depth
along the tunnel’s medial and lateral margins and discovered
that the depth on the ulnar side was greater than the depth
on the radial side. The greater depth can be attributed to the
curvature of the hamate’s hook. This measurement is critical as
Alp et al. (26) found a strong correlation between the angle of
hamate curvature and tunnel volume, emphasizing its role as
a risk factor for idiopathic carpal tunnel syndrome. Surgically,
this finding is consistent with the Kaplan incision line, as the
ulnar aspect of the tunnel provides more room for instruments
than the radial aspect of the tunnel. No prior studies have

Table IV. Cadaveric estimations of volume, cross-sectional area, width, and depth of the carpal tunnel.

Number Method Volume (mm’) Level of section Cross-sectional ~ Width (mm) Depth (mm)
area (mm2)
Current study 35 Silicon 3,865 + 568 P (anatomical 182 +16.3 19.7+14 10+ 0.9
mold landmarks of inlet)
D (anatomical 156 + 16.2 18+1.2 9.2+09
landmarks of outlet
Corey et al. 10 Silicon 1,737 £ 542 P (proximal 1349+ 23.6 19217 83+09
(2010) mold border of TCL)
D (distal 1349 +23.6 19217 83 +0.9
border of TCL)
Cobb et al. 5 MRI 3400 P (radial 184.7 + 16.65 247 +12
(1992) styloid process)
Hook of hamate 19.8+1.2
D (base of third 155.78 + 11.74 252+15
metacarpal)
Gabra et al. 8 MRI P
(2013) D (hook of hamate 183 +29.7
and ridge of
trapezium)
Zong-Ming Li 8 MRI P
etal (2011)
D (hook of hamate 169.3 £29.3

and ridge of
trapezium)

P: proximal/inlet of the tunnel; D: distal/outlet of the tunnel.
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compared radial and ulnar depths. Consequently, this finding
is reported for the first time.

The current study calculated the tunnel volume, which ranged
from 3,300 mm’ to 4,300 mm’. Our volumetric data is consis-
tent with previous studies ranging from 3,500 mm’ to 4,500
mm’, Corey et al. (21), on the other hand, reported a volume
of 1,737 + 542 mm’. Volume is calculated from the tunnel’s
length, width, and height, which explains the wide disparity in
reported values, as Corey et a/. reported a smaller length, width,
and depth of the tunnel as previously described. Clinically
decreased tunnel volumes would increase the pressure with-
in the tunnel thereby pinching the nerve at the narrow outlet.
The tunnel’s CSA is one of the important morphological
measurements as it provides a comprehensive understanding of
the tunnel’s anatomy. Using CSA as a metric, Dekel ez a/. (11)
determined the association between tunnel stenosis and the
development of idiopathic carpal tunnel syndrome via comput-
ed tomography. In addition, they reported that the narrowest
portion of the tunnel was located distally in healthy subjects.
Several additional authors also cited similar reports. Contrary to
this, recent MRI studies have shown that the area of the hamate’s
hook is larger than the area of the pisiform (31). Correspond-
ingly, Corey et al. found no change in the CSA and width from
the inlet to the outlet in their cadaveric morphological study
(19). However, we found that the tunnel gradually narrowed
from the proximal to the distal extent, exhibiting a narrow CSA
distally at the hook of hamate. Some studies reported CSAs as
high as 275 mm? (11). Gabra ef al. (32) provided a plausible
explanation for this in their study. Using MRI, they calculated
the carpal tunnel area by following an osseous boundary and
balloon-based area. The cross-sectional value of the balloon-
based area (183.9 + 29.7 mm?) was significantly smaller than the
osseous boundary bound area (243.0 + 40.4 mm?). If the CSA
is calculated by following the bony margin of the tunnel floor,
the flexor carpi radialis tendon and soft tissue content flooring
the tunnel may be included within the total cross-sectional area.
Table IV displays the results of other reported cadaveric data.
In this study we attempted to measure and subsequently iden-
tify the shape of the tunnel to almost exact precision. Conse-
quently, we evacuated the tunnel contents, including the nerve,
vessels, and tendons enclosed in their synovium. The mold was
inserted abutting the soft tissue along with the carpal bones.
The intercarpal ligaments over the floor were undisturbed,
hence not included in the estimation of the CSA, thereby calcu-
lating the actual available carpal tunnel area.

Pearson’s correlation shows that that proximal CSA is posi-
tively and significantly related to distal CSA (r = 0.871) at p
< 0.01. This linear relationship implies that an increase in
proximal CSA must normally be accompanied by an increase
in distal CSA. Furthermore, linear regression demonstrates
that the proximal cross-sectional area is a statistically signif-
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icant predictor of the distal cross sectional (p < 0.01) and
the regression model predicts the dependent variable signifi-
cantly well. The impact of proximal cross-sectional area was
found to be positive with B = 0.734 (p < 0.01), indicating that
every unit increase in proximal cross sectional area increases
distal cross sectional area by 0.734 units. This implies that
the tunnel gradually narrows as we move from the inlet to
the outlet. If this relationship changes and the narrowing
become steeper, the pressure distally increases, predisposing
to CTS. The distal carpal tunnel assessment equation may be
helpful in assessing and diagnosing idiopathic CTS. Given
a proximal tunnel CSA, the model provided can be used
to estimate the expected distal tunnel CSA. This estimate
would be useful in determining the role of structural anato-
my in the onset of CTS as well as the best treatment strategy.
The present study has some limitations. It is well known
that soft tissues and water content strongly influence carpal
morphology in live individuals, hence, the volume of the
carpal tunnel in cadavers would differ from the volume of
the carpal tunnel in the living. Additionally, conditions such
as hormonal variations, estrogen and diabetes, can further
alter the internal dimensions of the tunnel. As cadaveric
samples are standardized, we employed the same to study
the shape of the tunnel precisely. Future studies involving
quantitative measurements of the tunnel and its contents
can be conducted utilizing this information. To compre-
hend the morphological differences between the sexes,
these measurements must be analyzed in depth. Similarly,
additional research into the differences in structural anato-
my between patients and controls is required to describe the
association between carpal tunnel morphology and CTS.

CONCLUSIONS

The present study used clear and easily definable anatom-
ical landmarks and attempted to measure the available
carpal tunnel space with 3D visualization. After determin-
ing the volume, length, width, height, and CSA of the carpal
tunnel, we conclude that the tunnel has characteristics of an
elliptical truncated cone, and that the tunnel’s outlet is the
narrowest segment, with the narrowing occurring gradually.
The ulnar aspect of the tunnel was also found to be signifi-
cantly more profound than the radial aspect. The curvature
of the hamate therefore acts as a variable in contributing to
the CSA and volume of the tunnel. Any alteration from the
standard shape or structure of the carpal tunnel may be a
predisposing factor in idiopathic carpal tunnel syndrome.
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