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a b s t r a c t
Background: Deviated wrist postures have been linked to carpal tunnel syndrome development, yet the
effect of posture on carpal tunnel volume remains unclear. The purposes of this study were (i) to evaluate
the effect of boundary deﬁnitions on tunnel volume estimates in neutral and non-neutral (30° ﬂexion, 30°
extension) wrist postures and (ii) to develop a biomechanical wrist simulation to predict posture-related
changes in tunnel volume.
Methods: Two carpal tunnel volume measures were calculated using (i) ulnar bony landmarks and (ii)
radial and ulnar bony landmarks identiﬁed directly from magnetic resonance imaging (MRI) scans. A
third volume measure combined computerized tunnel reconstructions with modelled bone surfaces to
calculate an anatomically landmarked volume. Six individual simulations were then generated to predict
volume in the ﬂexed and extended postures based on individual carpal bone motions.
Findings: Boundary deﬁnitions inﬂuenced the absolute volume in each posture and the relative changes
between postures. Relative to fully reconstructed volumes, radial and ulnar landmarked volumes were
15–25% larger across postures (681 (SD 467) mm3; P = 0.01), while the ulnar-only landmarked volumes
were 10–20% smaller (562 (343) mm3; P < 0.01). Simulation predicted volumes were not signiﬁcantly different from the reconstructed anatomically landmarked volumes, with less inter-individual variability
between postures compared to MRI-based volumes.
Interpretation: Comparison of volume measures indicated the importance of capturing posture-related
changes in the orientation of the proximal and distal tunnel boundaries, and revealed potential sources
of error associated with volume reconstruction. Simulations can enable changes in tunnel dimensions to
be related to bone movements throughout a range of motion.
Ó 2009 Published by Elsevier Ltd.

1. Introduction
Deviated wrist posture has been identiﬁed as a risk factor for
carpal tunnel syndrome (CTS) in the workplace, particularly when
combined with forceful and/or repetitive hand tasks (Armstrong
and Chafﬁn, 1979; Silverstein et al., 1987). Non-neutral postures
have been suggested to compress the median nerve within the carpal tunnel, as evidenced by increased hydrostatic pressure and
mechanical impingement (generally with wrist extension and ﬂexion, respectively) (Smith et al., 1977; Gelberman et al., 1981; Keir
et al., 1997; Keir et al., 1998; Luchetti et al., 1998; Rojviroj et al.,
1990; Weiss et al., 1995). Carpal tunnel pressure varies with wrist
posture and is thought to reﬂect absolute or relative changes in carpal tunnel volume (CTV) (Robbins, 1963; Skie et al., 1990; Yoshioka
et al., 1993; Bower et al., 2006), although the latter has yet to be
demonstrated empirically. Detailed image-based modelling of the

* Corresponding author. Department of Kinesiology, McMaster University, 1280
Main Street West, Hamilton, ON, Canada L8S 4K1.
E-mail address: pjkeir@mcmaster.ca (P.J. Keir).
0268-0033/$ - see front matter Ó 2009 Published by Elsevier Ltd.
doi:10.1016/j.clinbiomech.2009.05.012

carpal tunnel is needed to delineate the relationship between posture-related changes in tunnel shape, volume and pressure.
Anatomically, the carpal tunnel is traditionally deﬁned as the ﬁbro-osseous tunnel on the palmar side of the wrist formed by the
concave arch of the carpal bones and enclosed palmarly by the
transverse carpal ligament (TCL) (Robbins, 1963; Sora and Genser-Strobl, 2005). The TCL attaches ulnarly to the pisiform and
hook of the hamate, and radially to the scaphoid tubercle and ridge
of the trapezium, and is sometimes synonymously called the ﬂexor
retinaculum (FR) (Middleton et al., 1987; Mesgarzadeh et al., 1989;
Nigro, 2001). However, a detailed examination of cadaveric specimens revealed that the FR extends from the distal radius to the distal aspect of the base of the third metacarpal, with the TCL
representing the central portion of the FR which ‘‘serves as the roof
of the anatomic carpal tunnel” (Cobb et al., 1993). Consequently,
Cobb et al. (1993) suggested that the palmar boundary of the
carpal tunnel be redeﬁned to include the fascial extensions proximal and distal to the TCL. Nonetheless, the bony landmarks used to
deﬁne CTV boundaries are variable. Proximal boundary deﬁnitions
have included the radiocarpal joint (Pierre-Jerome et al.,
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1997a,b,c), the distal tip of the radial styloid (Cobb et al., 1992), the
most proximal aspect of the pisiform (Bower et al., 2006), and the
distal edge of the scaphoid (Richman et al., 1987, 1989; Ablove
et al., 1994). Distal boundary deﬁnitions include the distal aspect
of the hook of the hamate (Cobb et al., 1992; Bower et al., 2006),
the bases of the metacarpals (Ablove et al., 1994; Pierre-Jerome
et al., 1997a,b,c), and the appearance of the ﬂexor pollicis longus
tendon diverging from the other ﬂexor tendons (Richman et al.,
1987, 1989). Based on common measurement locations of carpal
tunnel dimensions and pressure reported in the literature, the focus of this communication was placed on the volume deﬁned by
the four bony attachments of the TCL.
Measures of carpal tunnel size, such as cross-sectional area
(CSA), have been determined using magnetic resonance imaging
(MRI) (Cobb et al., 1992; Pierre-Jerome et al., 1997a,b,c; Bower
et al., 2006). Carpal tunnel dimensions are typically reported at
speciﬁc bony landmarks, such as the pisiform and hook of the hamate, and change with wrist ﬂexion and extension (Skie et al.,
1990; Yoshioka et al., 1993; Horch et al., 1997; Bower et al.,
2006), likely due to carpal bone and thus carpal tunnel boundary
movement with wrist motion (c.f. Kobayashi et al., 1997). Furthermore, efforts to determine CTV have been limited to the neutral
wrist (Richman et al., 1987, 1989; Cobb et al., 1992; Pierre-Jerome
et al., 1997a,b,c), with non-neutral wrist postures examined only
recently (Bower et al., 2006). Carpal tunnel volume is typically calculated via integration of areas from sequential digitized slices,
making volume dependent on slice thickness and the number of
slices between proximal and distal landmarks (related to hand/

MRI data

Quantitative
measures

Qualitative
measures

Measurement
features:

wrist size). Thinner slices may allow more consistent landmark
recognition, yet signal strength may be inadequate to identify all
structures. Due to the axial progression of images, previous studies
have assumed (i) that the radial and ulnar aspects of the tunnel are
equal in length and (ii) that the proximal and distal boundaries are
parallel, neither of which may be true (Bower et al., 2006). Given
that posture-related changes in tunnel volume and shape are partially contingent on individual bone motions, it is essential to consider the positions of all four bony attachments of the TCL. Linking
changes in carpal tunnel shape to the wrist bones would enable potential errors associated with volume rendering from MRI to be
assessed.
Three-dimensional visualization improves traditional twodimensional methods by enabling observation and measurement
from multiple perspectives, and would facilitate evaluation of previously unavailable measures (Fig. 1, right-hand column). Computer reconstruction has been used previously to examine
dimensions throughout the carpal tunnel length (Pierre-Jerome
et al., 1997a,b,c); however, CSAs were depicted as circular discs
aligned by the centre point which created a simpliﬁed structure
limited to the neutral wrist. More recently, reconstruction of the
carpal tunnel in neutral, ﬂexed and extended wrist postures was
performed without reshaping each digitized area (Mogk and Keir,
2007; Mogk and Keir, 2008). The process demonstrated the effects
of image orientation on apparent size and shape of the carpal tunnel (Mogk and Keir, 2008), and indicated the need to evaluate posture-related changes in tunnel boundaries (Mogk and Keir, 2007).
By reconstructing bony elements from MRI and incorporating them
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3-dimensional shape
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Orientation of tunnel ends
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Any position along tunnel
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Can vary slice orientation
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Can landmark consistent
measurement locations
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end points (interpolation)
Tunnel reconstruction in
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Fig. 1. The process used to construct and validate the individually scaled models of the wrist and carpal tunnel. Measures used for comparison are aligned horizontally above
the dotted line, with measurement features provided by each data source compared in boxes below the dotted line. Italicized points in the right-hand column pertain to
simulations using bone motions to predict posture-related changes in carpal tunnel size and shape. Previous evaluation of three-dimensional reconstruction is included in
grey to illustrate the progression (adapted from Mogk and Keir, 2007).
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into wrist-speciﬁc simulations, changes in the carpal tunnel can be
linked to bone movement and may better represent CTV as a function of wrist posture.
The purposes of this study were (i) to evaluate carpal tunnel
volume in neutral and deviated wrist postures using several
boundary deﬁnitions and (ii) to develop a wrist simulation to predict posture-related changes in carpal tunnel volume based on carpal bone motions. While landmark selection will alter volume
measurements, we hypothesized that landmark identiﬁcation
using three-dimensional reconstructions of the wrist and carpal
tunnel would improve the consistency of the relative changes in
CTV between postures compared with the two-dimensional methods. Ultimately, the goal of this simulation is to model carpal tunnel pressure and median nerve impingement.

2. Methods
Contours of the bones and carpal tunnel were digitized from
existing MRI data of three splinted wrist postures (30° ﬂexion, neutral and 30° extension) (Bower et al., 2006), and imported into the
MayaTM software package (v7.0, AliasÒ, Toronto, Canada). Of eight
existing image datasets, only six (4 male and 2 female) had sufﬁcient axial range to be modelled. The bones (radius, ulna, eight carpal bones and ﬁve metacarpals) and carpal tunnel were manually
traced from the distal radius to the metacarpal bases, consisting
of 14–24 (3 mm contiguous) slices for each posture, depending
on hand size. The dorsal and palmar carpal tunnel borders were deﬁned as the inner surface of the palmar and transverse carpal ligaments, respectively. The right (dominant) wrist was imaged in
each case, using a 1.5 T imaging system (General Electric, Milwaukee, WI, USA), with the hand positioned in an index ﬁnger pulp
pinch posture. Wrists were splinted in each posture with no
noticeable radial–ulnar deviation. Individuals had a mean age of
26.8 (SD 2.1) years, wrist circumference of 16.3 (1.4) cm and wrist
width of 6.5 (0.6) cm. All volunteers were from the University community, self-identiﬁed as healthy and non-symptomatic at the
time of testing, and reported no history of hand, wrist or forearm
dysfunction.
2.1. Construction and development of individual wrist models
A set of 15 three-dimensional bone surfaces was imported from
a public domain (http://www.3dcadbrowser.com), and an individual scaling factor was determined for each wrist based on capitate
bone dimensions. The capitate bone was selected to establish scaling factors since the capitate appeared in the greatest number of
MRI slices for each individual, as well as in each imaged posture.
The imported capitate bone surface was uniformly scaled (along
all three axes) and, using multiple views, was visually aligned to
ﬁt as closely as possible within the boundaries of the digitized capitate contours from the neutral wrist posture. This scaling factor
was applied to all other bone surfaces, based on recent evidence
that each carpal bone scales homogeneously as a function of wrist
size (Crisco et al., 2005). The radius and ulna were ﬁxed, with the
radius used as a common reference to align all digitized contours
from the three imaged postures.
2.1.1. Carpal tunnel surfaces
A non-uniform rational B-spline function (a form of Bézier
spline) was used to reconstruct the carpal tunnel surfaces from
the digitized x–y coordinates in the neutral wrist posture. Reconstructed contours were divided into two curves using break points
at the TCL bony attachments on each side of the carpal arch to create two functional carpal tunnel surfaces; one representing the ligaments of the bony carpal arch, and the other representing the TCL.

2.1.2. Wrist (carpal bone) motion
For each wrist model, individually scaled bone surfaces were
visually positioned according to the digitized MRI contours. After
positioning all bone surfaces in the neutral posture, bone locations
and orientations were recorded, and the procedure was repeated
for 30° overall wrist ﬂexion and 30° extension. Bone positions
and orientations between these three postures were linearly interpolated to approximate bone motion between the three set positions. Early in the model development, carpal kinematics from
the literature were used to conﬁrm accurate prediction of bone
motions, comparing interpolated bone locations (between end
points) with those measured experimentally in 5° increments of
ﬂexion-extension (Moojen et al., 2002).
Three-dimensional translations and rotations of the individual
carpal bones were used to drive changes in the carpal tunnel surfaces from the neutral posture. Carpal tunnel deformation, relative
to the neutral posture, was the weighted result of bone motions on
each carpal tunnel surface vertex. Tunnel surface vertices were
‘‘bound” to bone surface vertices, such that the inﬂuence of each
bone on a given tunnel surface vertex varied according to the size
and proximity of the bone. Changes in the dorsal tunnel surface
(carpal arch) were based on all eight carpal bones, while the palmar surface (TCL) changed with only the four bony attachments
(scaphoid and pisiform proximally, and trapezium and hamate
distally).
2.2. Carpal tunnel volume calculation
Three CTV calculations were used to evaluate the effect of
boundary deﬁnitions on CTV measured in each wrist posture. The
ﬁrst two measures, termed ‘‘CTV1” and ‘‘CTV2”, used bony landmarks identiﬁed directly from MR images to deﬁne proximal and
distal carpal tunnel boundaries, as has been done traditionally.
CTV1 used ulnar bony landmarks only (pisiform and hamate), while
CTV2 included radial bony landmarks as well (scaphoid and trapezium). These two MRI-based volumes represented mathematical
reconstructions, which reﬂected the constraints of imaging and
thus assumed that (i) the tunnel ends remained parallel regardless
of wrist posture and (ii) the radial and ulnar aspects of the tunnel
were equal in length (Fig. 2a and b). The third measure, ‘‘CTV3”, deﬁned the carpal tunnel anatomically using the same four bony
landmarks as CTV2 without the constraint of parallel ends and
allowing radial and ulnar aspects of different lengths (Fig. 2).
CTV3 was deﬁned according to the TCL attachment sites described
by Cobb et al. (1993), who asserted that the TCL forms the palmar
boundary of the ‘‘anatomic carpal tunnel”. This landmarked volume
represented a static model which combined computerized tunnel
reconstructions (from MRI) with modelled bone surfaces, using
the bone surfaces to identify the carpal tunnel boundaries. The
ends of the tunnel were assumed to be perpendicular to the dorsal
tunnel surface in each posture (Fig. 2e). Individual wrist simulations were evaluated using a ‘‘predicted” volume measure, which
was calculated from each simulation using the same deﬁnitions
as CTV3, but predicted volumes in ﬂexion and extension based on
the motion of the carpal bones. Predicted volumes were the result
of the dorsal and palmar carpal tunnel surface deformations which
occurred as a function of the individual carpal bone motions, relative to the neutral posture. Deﬁnitions for each volume measure
are outlined in Table 1.
2.3. Statistics
Repeated measures ANOVAs were performed to evaluate the effects of wrist posture on the absolute carpal tunnel volume measures (STATISTICA, v6.0, StatSoft, Inc., Tulsa, OK). Signiﬁcance was
set at P = 0.05 with further evaluations using contrast analyses.
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found between boundary deﬁnition and wrist posture (F4,20 =
5.62, P < 0.01). Speciﬁcally, CTV1 decreased from neutral to nonneutral postures, with a mean reduction of 0.9% in ﬂexion and
8.6% in extension (Table 2). CTV2 decreased 11.3% from neutral to
ﬂexion, but increased 2.2% with extension (Table 2). CTV3 decreased signiﬁcantly from neutral to both wrist ﬂexion (6.9%;
P < 0.001) and extension (8.1%; P < 0.001). Examination of the
boundary deﬁnition main effect (F2,10 = 30.23, P < 0.001) revealed
that CTV1 measures were always larger than CTV3 (P = 0.01), which
were larger than CTV2 (P < 0.01). The CTV1 criteria resulted in volumes an average of 18.3% (SD 11.6%) larger than the anatomical
landmarked measure (CTV3) across postures (16.4% in neutral;
23.4% in ﬂexion; 15.1% in extension). Conversely, the CTV2 criteria
resulted in volumes an average of 16.0% (8.9%) smaller than CTV3
across postures (17.8% in neutral; 21.6% in ﬂexion; 8.6% in
extension).
Individual simulations were evaluated by comparing predicted
CTV with the CTV3 values measured in extension and ﬂexion. Qualitative examination indicated that predicted changes to the dorsal
surface (bony carpal arch) closely matched the tunnel reconstructions for each wrist; however, the predicted palmar surface (TCL)
behaviour did not fully capture the extent of ligament surface
tightening observed in extension or bowing in ﬂexion (Fig. 3). Simulations predicted changes in the orientation of the tunnel ends
similar to those seen with CTV3 for each static model. Quantitatively, predicted volumes in ﬂexion and extension were not statistically different from landmarked volumes, with reductions of 6.4%
(1.2%) from neutral to 30° ﬂexion (P < 0.001) and 7.0% (2.1%) for 30°
extension (P < 0.01; Table 2). Cross-sectional areas throughout the
predicted volumes, though not statistically different from reconstructed tunnels, were an average of 1.0% (8.1%) larger in extension
and 3.1% (5.9%) smaller in ﬂexion.
Fig. 2. Schematic comparison of volume measures, illustrating proximal and distal
tunnel boundaries relative to the bony landmarks used to deﬁne them (P = pisiform,
S = scaphoid, H = hamate, T = trapezium), in the neutral posture. (a) CTV1 and (b)
CTV2 boundary deﬁnitions, using 2 and 4 bony landmarks, respectively, as identiﬁed
directly from MRI. (c–e) Landmarked volume (CTV3), using the modelled bone
surfaces to identify speciﬁc bony landmarks to deﬁne proximal and distal
boundaries (dotted lines). Cross-hatched areas outside of the landmarked volume
indicate extra and missing volume based on CTV1 (c and e) and CTV2 (d) criteria,
respectively. Bone surfaces were included in (a) and (b) to allow visual comparison
of the MRI-based volume deﬁnitions with that of the landmarked method of the
static models.

Unless an F-statistic is presented, P-values reﬂect those determined using planned contrasts.
3. Results
The carpal tunnel volumes measured using each boundary definition are summarized in Table 2. A signiﬁcant interaction was

4. Discussion
In this study, carpal tunnel volume (CTV) was evaluated in neutral and non-neutral wrist postures by changing carpal tunnel
boundary deﬁnitions (based on bony landmark identiﬁcation)
using reconstruction and modelling techniques. Individual threedimensional biomechanical simulations were created for six wrists
to predict posture-related changes in CTV through a 60° range of
wrist ﬂexion-extension, based on individual-speciﬁc carpal bone
positions and orientations. Incorporation of completed bone surfaces enabled speciﬁc bony prominences to be consistently located
in each posture, and between individuals, which contributed to the
reduced CTV variability in the static models compared to mathematical volume reconstructions from MRI scans. The described
simulations were the ﬁrst to implement carpal bone motions to
predict changes in carpal tunnel size, shape and orientation.

Table 1
Deﬁnitions of carpal tunnel volume (CTV) measures.
Volume measure

Deﬁnition

Reconstructed tunnel surfaces:
(i) CTV1
– MRI-based calculation, using slices from the most proximal aspect of the pisiform to the most distal aspect of the hamate
– Only ulnar bony landmarks identiﬁed to deﬁne proximal and distal tunnel boundaries
– MRI-based calculation, from the most proximal slice containing both the pisiform and scaphoid tubercle to the most distal slice with the hook of the
(ii) CTV2
hamate and the ridge of the trapezium
– Radial and ulnar bony landmarks used to deﬁne proximal and distal tunnel boundaries
– Static model, using tunnel reconstructions with bone surfaces to deﬁne the proximal border as a line bisecting the pisiform and the scaphoid tubercle,
(iii) CTV3
while the distal border ran between the most distal aspects of the hook of the hamate and trapezial ridge
– The location identiﬁed on each bone corresponded to a speciﬁc vertex on the modelled bone surface
– Represents bony attachments of the transverse carpal ligament, which is the central portion of the ﬂexor retinaculum (Cobb et al., 1993)
Individual simulations:
(iv) ‘‘Predicted”
– Same landmarks as deﬁned for CTV3, with interpolated carpal bone motions driving changes in carpal tunnel volume (relative to neutral) with wrist
ﬂexion and extension
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Table 2
Calculated volume measures (mm3) in neutral and non-neutral wrist postures, for
each male (M) and female (F). MRI-based volumes were more variable between
individuals than landmarked and predicted measures, showing both increases (italics)
and decreases (plain text) in tunnel volume from neutral. Neutral posture landmarked
volume was the starting point for each model. Relative changes in volume from the
neutral posture are in parentheses. Signiﬁcant differences at P < 0.01 are indicated by
letters. Capital letters represent posture contrasts (across columns): A = extension vs.
neutral; B = extension vs. ﬂexion; C = neutral vs. ﬂexion. Lower case letters represent
contrasts between volume measures (across rows): a = CTV1 vs. CTV2; b = CTV1 vs.
CTV3; c = CTV2 vs. CTV3.
Volume measure

CTV1

CTV2

CTV3

Predicted

Wrist #

Wrist posture
30° Extension

Neutral

30° Flexion

M1
M2
M3
M4
F1
F2

4858.7 ( 10.2%)
3915.8 ( 23.5%)
4621.4 (7.6%)
4221.6 ( 10.6%)
3652.0 ( 10.6%)
2261.7 ( 4.1%)

5411.3
5118.3
4295.8
4723.6
4082.8
2358.7

5441.0 (0.5%)
4363.0 ( 14.8%)
4906.8 (14.2%)
4671.7 ( 1.1%)
4080.6 ( 0.1%)
2252.3 ( 4.5%)

Mean
SD
Signiﬁcance

3921.9 ( 8.6%)
925.8 (10.1%)
B, a,b

4331.8
1085.7
a,b

4285.9 ( 0.9%)
1100.2 (9.3%)
B, a,b

M1
M2
M3
M4
F1
F2

3565.4 (4.1%)
3310.7 (2.6%)
3154.8 (1.7%)
3714.7 (4.0%)
3061.7 (4.2%)
1829.4 ( 3.4%)

3426.3
3226.5
3101.1
3573.0
2938.5
1894.0

3412.8
3096.9
2435.9
2977.9
2368.4
1785.8

Mean
SD
Signiﬁcance

3106.1 (2.2%)
671.9 (2.9%)
B, a, c

3026.6
599.1
C, a, c

2679.6 ( 11.3%)
592.6 (9.0%)
B, C, a, c

M1
M2
M3
M4
F1
F2

3824.1
3624.1
3629.2
3596.4
3537.1
2097.8

4247.5
3964.1
3915.0
3838.7
3841.7
2297.2

3869.6
3701.3
3672.2
3640.2
3541.7
2144.6

Mean
SD
Signiﬁcance

3384.8 ( 8.1%)
637.9 (1.3%)
A, B, b, c

3684.0
695.9
A, C, b, c

3428.3 ( 6.9%)
637.9 (1.3%)
B, C, b,c

M1
M2
M3
M4
F1
F2

3931.3
3746.3
3536.2
3651.1
3490.5
2178.8

7.4%)
5.5%)
9.7%)
4.9%)
9.1%)
5.2%)

4247.5
3964.1
3915.0
3838.7
3841.7
2297.2

3941.2
3756.1
3630.1
3631.0
3539.7
2173.4

Mean
SD
Signiﬁcance

3422.4 ( 7.0%)
629.3 (2.1%)
A

3684.0
695.9
A, C

3445.3 ( 6.4%)
638.4 (1.2%)
C

(
(
(
(
(
(

(
(
(
(
(
(

10.0%)
8.6%)
7.3%)
6.3%)
7.9%)
8.7%)

(
(
(
(
(
(

(
(
(
(
(
(

(
(
(
(
(
(

0.4%)
4.0%)
21.5%)
16.7%)
19.4%)
5.7%)

8.9%)
6.6%)
6.2%)
5.2%)
7.8%)
6.6%)

7.2%)
5.2%)
7.3%)
5.4%)
7.9%)
5.4%)

The carpal tunnel simulations coupled carpal tunnel surface
motions with modelled bone motions to allow prediction of posture-related changes in carpal tunnel size, shape and orientation
(including the tunnel ends) in absolute terms and relative to the
neutral posture. Predicted volumes in ﬂexion and extension were
not statistically different from the anatomically landmarked CTV3
values, thus indicating reproduction of posture-related changes
in carpal tunnel shape using carpal bone motion. While the CSA
measures throughout each tunnel were well predicted, subtle qualitative differences were noted with the TCL surface, speciﬁcally the
lack of tightening in extension and bowing with ﬂexion observed in
the MRI reconstructions (Fig. 3). In the current simulations, TCL
surface deformation was solely inﬂuenced by carpal bone motion.
However, qualitative comparison of the palmar surface shape
(Fig. 3) supports the future inclusion of TCL material properties
to improve anatomic ﬁdelity. Further incorporation of musculoten-

dinous units would allow investigation of muscle loading conditions, which transmit forces to the TCL via the ﬁnger ﬂexor
tendons within the tunnel as well as other tendons attached to
the external TCL surface (Keir et al., 1997; Kung et al., 2005). Inclusion of the structures passing through the carpal tunnel is further
supported by recent ﬁnite element modeling of the effects of contact forces and ﬂuid pressure on median nerve compression (Ko
and Brown, 2007). The individual simulations provided continuity
between imaged postures to allow examination of any wrist angle
between 30° ﬂexion and 30° extension, an improvement over the
static models used to calculate landmarked volume. This feature
could be used to identify the posture where the largest volume occurs, while extrapolation to more deviated wrist postures would
expand the modelled range of motion. While not empirically evaluated in the current study, the model could also be used to examine the inﬂuence of atypical bone motions on tunnel dynamics,
which could result from ligament injury (c.f. Werner et al., 2005).
Furthermore, simulations require tunnel reconstruction only for a
single posture, and then use posture-speciﬁc carpal bone positions
and orientations to predict changes in tunnel volume within a given range of motion.
The three carpal tunnel boundary deﬁnitions examined resulted
in signiﬁcant differences in absolute tunnel volume for each posture, and relative volume changes between postures. MRI-based
boundary deﬁnitions consisted of the commonly identiﬁed bony
landmarks used to compare proximal and distal carpal tunnel size
in the literature. On average, the CTV1 method of identifying only
ulnar bony landmarks from MRI produced volumes 681 mm3 (SD
467 mm3) larger than the anatomically landmarked CTV3 measure,
while the radial–ulnar landmark criteria of CTV2 were 562 mm3
(343 mm3) smaller. Consequently, relative to landmarked volume,
CTV1 criteria yielded 15–25% larger volumes across postures,
whereas the CTV2 deﬁnition resulted in 10–20% smaller volumes,
with the largest mean errors in ﬂexion. Although only one study
has calculated CTV in neutral and non-neutral postures (Bower
et al., 2006), the current ﬁndings are pertinent in light of the number of CSA studies that have used bony landmark criteria similar to
CTV1 (Yoshioka et al., 1993; Bower et al., 2006) and CTV2 methods
(Dekel et al., 1980; Merhar et al., 1986;Horch et al., 1997; Monagle
et al., 1999; Uchiyama et al., 2005). A detailed examination of the
effects of wrist posture on carpal tunnel size and shape, including
CSA, are detailed in a companion paper (Mogk and Keir, 2008).
While a gold standard for carpal tunnel volume has yet to be established, the current investigation demonstrated the advantage of
combining bone surface models with three-dimensional tunnel
reconstruction to identify carpal tunnel boundaries, rather than
sole reliance on two-dimensional images and numerical integration. This combined method for volume estimation may facilitate
future examination of the relationship between carpal tunnel volume and pressure, and help to establish a gold standard for CTV
measurement. Indicative of the inherent difﬁculty identifying tunnel boundaries directly from MRI, the relative changes in volume
from neutral were markedly more variable using MRI-based
boundary deﬁnitions (upwards of 10%) compared to landmarked
(<2%) (Table 2). Most notably, both MRI-based landmark strategies
showed both increases and decreases in volume relative to the
neutral posture, while the anatomically landmarked CTV3 measure
resulted in consistent decreases with both ﬂexion and extension.
The posture-related decreases in CTV3 are compatible with reported increases in carpal tunnel pressure (Gelberman et al.,
1981; Keir et al., 1997; Luchetti et al., 1998). The decreased variability observed with anatomically landmarked CTVs is attributable to the combined use of speciﬁc bone surface vertices as
bony landmarks and inclusion of posture-related changes in the
orientation of the tunnel ends. These ﬁndings support our choice
to use the anatomically landmarked volume as the starting point
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Fig. 3. Comparison of carpal tunnel surfaces with the contours digitized from MRI reveals non-physiological ‘‘bellying” of the palmar surface in extension (top, i.e. ligament
surface lies palmar to digitized contours), but lack of ‘‘bellying” in ﬂexion (bottom, i.e. digitized contours lie palmar to ligament surface).

for the wrist simulations. Unlike previous computer reconstructions which isolated the carpal tunnel (Pierre-Jerome et al.,
1997a,b; Mogk and Keir, 2007), the current anatomical landmarking procedure directly linked the carpal tunnel with the carpal
bone surfaces, which allowed reliable identiﬁcation of landmark
sites between postures and individuals. Moreover, the current
method of combining computerized tunnel reconstructions with
modelled bone surfaces is easily adaptable to investigate other
boundary deﬁnitions used in the literature (Table 3). For example,
ﬂexor tendon convergence slightly distal to the capitate-lunate
joint and divergence distal to the long ﬁnger carpometacarpal joint
(Richman et al., 1987, 1989) roughly correspond to the proximal
and distal anatomic limits of the ﬂexor retinaculum, respectively
(Cobb et al., 1993).
The current evaluation of the carpal tunnel, using modelled
bone surfaces to deﬁne proximal and distal carpal tunnel boundaries, has made suspected issues with MRI-based boundary identiﬁcation more apparent. It is typically assumed that the ends of the
tunnel are parallel, perhaps by default, due to imaging plane constraints. We have demonstrated the potential effect of this
assumption. When all four TCL bony attachment points are used,
radial–ulnar asymmetry becomes apparent, with the ulnar aspect
of the tunnel longer than the radial in all postures (Fig. 2). Similar
proximal-distal asymmetry has been reported using a sagittal tunnel slice in a neutral posture, with the distal aspect of the tunnel
showing a greater degree of extension than the proximal end
(Keberle et al., 2000). Additionally, tunnel end orientation varies
with posture (more so at the distal end), but the orientation of
the carpal tunnel is not necessarily a direct reﬂection of external
wrist angle (Mogk and Keir, 2007). These factors likely explain previously reported high inter-subject variability in posture-related
volume changes (Bower et al., 2006).
There are several limitations to the current study. First, computerized reconstructions of the carpal tunnel were based on twodimensional MR images, and would have beneﬁted from the use
of three-dimensional imaging methods. Although coarser than desired, the 3 mm slice thickness used was comparable to previous
CTV reconstruction studies (ranging from 3 to 5 mm) and offered

sufﬁcient slices through each bone to resolve scaling factors and
bone positions for each individual. Second, a common set of bone
surfaces was used in each wrist-speciﬁc model, with each bone
scaled uniformly according to wrist size. While this negated individual variation in relative bone size and shape, small differences
in landmark locations are unlikely to signiﬁcantly alter absolute
tunnel volume, especially since bone positions were determined
on an individual basis for each posture. Finally, the dorsal and palmar tunnel borders were digitized as the inner surfaces of the palmar and transverse carpal ligaments, respectively; thus, the
modelled tunnel surfaces effectively ‘‘ﬂoat” amid the carpal bone
surfaces. With no physical connection to the bones, the current
model assumes that carpal tunnel motion is a function of the
weighted average of surrounding bone motions, independent of
interaction forces between the ligament and carpal bones.
Inclusion of the bones that surround and anatomically deﬁne
the carpal tunnel enabled the development of wrist-speciﬁc simulations which predicted posture-related carpal tunnel kinematics,
and created the framework for future examination of the mechanisms of median nerve trauma. Relating the carpal tunnel to the
bones deﬁning it veriﬁed concerns regarding the use of MRI-based
boundary deﬁnitions to estimate carpal tunnel volume, and enabled the evaluation of potential errors. This assessment of volume
reconstruction justiﬁed the use of landmarked volume in creating
each simulation, and revealed consistent posture-related changes
in tunnel volume between individuals. When making clinical decisions based on carpal tunnel volumes, it is important that the speciﬁc landmarks are noted so that the volume may be compared to
those in the literature. Ideally, all appropriate landmarks should be
used. The current results indicate that tunnel volume is likely only
a partial mechanism for posture-related changes in pressure, and
that the soft tissue structures passing through and entering the
carpal tunnel are also important elements. While the current
investigation concentrated on volume measures, the ability to
identify consistent bone surface landmarks may prove valuable
in investigating the role of anthropometric parameters in predisposing certain individuals to CTS. Future uses of the model will
facilitate the examination of factors that contribute to median
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Table 3
Summary of studies evaluating carpal tunnel volume (mm3), and the image criteria used to deﬁne the proximal (P) and distal (D) carpal tunnel boundaries in extended (E), neutral
(N) and ﬂexed (F) wrist postures.
Study

Subject group

# Of subjects

Volume (mm3)

Condition
E

Current study

Bower et al. (2006)

Pierre-Jerome et al.
(1997a)

Healthy

Healthy

Asymptomatic
CTS

4M,2F

4M,4F

N

CTV1

3922

4332

4286

CTV2

3106

3027

2680

CTV3

3385

3684

3428

Pinch (0 N)

3475

3737

3722

Correcteda
Pinch (10N)
Correcteda

3312
3503
3339

3742

3553
3646
3481

28 F (56
wrists)
27 F (36
wrists)

10778

CTS

28 F (31
wrists)

Pre-op
Post-op

11512
13803

Pierre-Jerome et al.
(1997c)

Asymptomatic

30 F
27 F

25–45 y.o.
Over 45 y.o.

10329
11086

Ablove et al. (1994)

Endoscopic
release

11 Patients

Pre-op

6100

Subcutaneous
release

6 Patients

Post-op
Pre-op

7500
4600

Post-op

5800

Cadavers

4 (5 wrists)

Richman et al. (1989)

CTS

Richman et al. (1987)
a
b

Cadavers

4200

Correctedb

3430

6M,6F

Pre-op

6300

15 Wrists

Post-op (6
wk)
Post-op (8
mo)

7800

Imaged
Correctedb

5840
4760

5 (10 wrists)

–
–
–
–
–
–

proximal slice through pisiform
distal slice through hook of hamate (HH)
proximal slice through pisiform and scaphoid tubercle
most distal image with HH and ridge of trapezium (TR)
line bisecting pisiform and scaphoid tubercle
line between distal HH to distal TR

P – most proximal slice through pisiform
D – most distal slice through hook of hamate

P – ﬁrst slice through radiocarpal joint
D – ﬁrst slice through bases of metacarpals

P – distal edge of the scaphoid
D – appearance of the base of the third metacarpal

Imaged

8 Wrists

P
D
P
D
P
D

10439

Pierre-Jerome et al.
(1997b)

Cobb et al. (1992)

Carpal tunnel boundary deﬁnitions

F

P – distal tip of radial styloid
D – distal aspect of hook of hamate
P – FCR tendon lying on palmar surface of scaphoid (i.e. outside
carpal canal)
D – FPL tendon diverging from other ﬂexor tendons

7500

‘‘Corrected” values involved the application of an incremental angle change between the proximal and distal ends for the deviated wrist postures.
‘‘Corrected” values corresponded to volumes determined using silicone molds.

nerve compression, including the relationship between volume
and pressure, impingement and force transfer from the ﬂexor
tendons.
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