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This study aimed to describe the patterns of move-
ments about radius and ulna in individual degrees of 
forearm rotation. And, we also determined the effect 
of forearm rotation on translation and rotation of the 
radius with reference to the ulna, and to measure the 
relationship between forearm rotation, translation 
and rotation of the radius. Computed tomography of 
multiple, individual forearm positions, from 90° pro-
nation to 90° supination, was conducted in 26 healthy 
volunteers (mean age, 43.9 years) to measure dorso-
volar translation and rotation of the radius in the 
DRUJ in each forearm position. The mean dorsovolar 
translations were within 1.99 mm at 90° pronation to 
-2.03 mm at 90° supination.
The rotations of the radius were 71.20° at 90° prona-
tion and -46.63° at 90° supination. There were strong 
correlations between degrees of forearm rotation and 
dorsovolar translation (r = 0.861, p < 0.001) and rota-
tion of the radius (r = 0.960, p < 0.001), suggesting 
that the DRUJ, carpal joints, and rotatory laxity of 
the carpal ligament, especially in supination, contrib-
ute to forearm supination and pronation. These find-
ings provide an understanding of wrist kinematics, 
are may be useful in reconstructive wrist surgery to 
achieve normal range of motion, and are may be help-
ful for the design of DRUJ reconstruction using pros-
theses.

Keywords : distal radioulnar joint ; carpal joints ; 
computed tomography.

INTRODUCTION

The wrist is a complex, compound joint consist-
ing of the midcarpal joint, radiocarpal joint, and dis-
tal radioulnar joint (DRUJ). The radiocarpal and 
midcarpal joints are primarily responsible for the 
flexion-extension and radio-ulnar movements of the 
wrist, while the DRUJ, together with the proximal 
radioulnar joint (PRUJ), allows pronation-supina-
tion of the wrist (20). 

Motion of DRUJ is not a simple hinge-like mo-
tion, but rather a complex motion ; the difference in 
curvature between the sigmoid notch and ulnar head 
leads to joint incongruity that allows both rotational 
and translational motion (23). DRUJ motion depends 
on the ligament between the radius and ulna and can 
be affected by injury or disease, such as DRUJ in-
stability, malunion of the distal radius, or radioulnar 
synostosis (22). Precise positioning of the DRUJ is 
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crucial following ligament repair or reconstructive 
surgery. Understanding the motion characteristics 
of this complex joint may help to plan treatment, 
including the design of ligament reconstruction pro-
cedures or DRUJ reconstruction using prostheses.

Previous studies have shown that rotation from 
neutral to approximately 50° pronation or 50° supi-
nation is almost rotation of the radius around the 
ulna only, while at positions > 50° rotation, transla-
tional slide of the radius on the ulnar head also oc-
curs (8). The translation of the radius during prona-
tion and supination is characterized by a volar shift 
of the radius during pronation and dorsal shift dur-
ing supination, as demonstrated in a cadaveric 
study (10). 

Many recent studies have tried to establish the 
complex anatomy and biomechanics at the DRUJ 
using various in vitro and in vivo methods. In vivo 
studies have used computed tomography (CT) and 
magnetic resonance imaging (MRI) to examine 
DRUJ kinematics and quantify DRUJ translation 
during rotation (1,18,26). A study in which dorsovo-
lar shear force was applied to the neutral distal ra-
dius demonstrated a mean translation of the DRUJ of 
5.5 mm (15). In another in vivo study using kinemat-
ic analysis with three-dimensional to two-dimen-
sional (3D to 2D) registration techniques that 
matched 3D models with radiographic projections, 
significant differences in translation were reported 
between 30° supination, neutral position, 30° prona-
tion, and 60° pronation when subjects rotated their 
wrist from maximum supination to maximum pro-
nation (12). Still another in vivo study using a finite 
helical axis found that the forearm axis extended 
from the radial head and the PRUJ to the dorsal re-
gion of the ulnar head at the DRUJ (25). An MRI-
based kinematic analysis demonstrated movement, 
within a small range, of the rotational center almost 
through the ulnar head (16). 

The normal arc of the wrist during pronation and 
supination ranges from 150° to 180°. Additional ro-
tation of up to 30° occurs through the carpal 
joints (6). An in vitro study showed that overall wrist 
range of motion (ROM) decreased after proximal 
row carpectomy (3). Another in vivo analysis chron-
icled 34° of axial rotation in the carpus, especially 
in the midcarpal joints, during wrist rotation (7). 

Despite this collective knowledge, little is known 
about the specific correlations between the ulna and 
the radius or axial rotations. Many DRUJ studies 
have been limited by small samples and few angle 
variations during forearm rotation, typically com-
posed of neutral, midpoint, and maximal angles. 
Moreover, the degree of DRUJ involvement in 
ROM is unknown. 

This study aimed to describe the patterns of 
movements about radius and ulna in individual de-
grees of forearm rotation. And, we also determined 
the numerical effect of forearm rotation on transla-
tion and rotation of the radius with reference to the 
ulna, and to measure the relationship between fore-
arm rotation, translation and rotation of the radius.

MATERIALS AND METHODS

Subjects

After institutional review board approval, 26 healthy 
volunteers (26 right and 26 left wrists) were enrolled in 
the study and provided consent. Their mean age was 43.9 
(range, 19-63) years, and 23 volunteers were right hand 
dominant. An experienced senior hand surgeon evaluated 
the participants to exclude any previous upper limb 
pathology. 

Apparatus and imaging

All 52 wrists were examined using CT and a grip 
goniometer designed to rotate the wrist to various angles 
(Fig. 1), consisting of a vertical wooden plate and hand-
grip mounted with the goniometer. The wrist support was 
comprised of a hard spacer attached to the base of the 
apparatus to help maintain longitudinal alignment of the 
wrist. Subjects were positioned nearly prone on the 
device, with the elbow in 45° of flexion and the shoulder 
in neutral rotation and 90° of forward flexion. An adjust-
able support cushion under the subject’s arm and chest 
increased the comfort of the subject during imaging and 
helped maintain their position (Fig. 2). To reduce inter-
ference in the wrist motion from changes in ulnar variance 
related to grip strength, the grip strength in each position 
was the minimum required to maintain the accurate wrist 
position.

The 3D CT data were collected from 128 slices, each 
0.6 mm thick (Siemens, Forchheim, Germany). In 52 
helical CT, acquisition of axial sections of the DRUJ was 
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conducted at neutral rotation (0°) and at 20°, 40°, 60°, 
70°, 80°, and 90° each of forearm pronation and supina-
tion. 

Each image was assessed to determine if adequate 
forearm rotation had been achieved, and subjects with 
inadequate rotation which showed which had inappropri-
ate direction of rotation or unstable motion during CT 
scan are excluded from the study. In examinations of the 
extremities, the principal mechanism of potential radia-
tion injury was skin erythema, a non-stochastic effect. 
The estimated skin entrance dose was 6.5 R per examina-
tion, which was well below the threshold of ≥ 200 R.

Image data analyses

At each wrist position, the image containing the wid-
est sectional area and continuous cortical outline of the 
ulnar head, including the ulnar styloid, was selected for 
consistent results. With each selected axial CT image, 
two parameters were measured using the Marosis M-
view 5.3 picture archiving and communication system 
measurement tools (Marotech, Seoul, Korea) : dorsovo-
lar translation and rotation of the radius. 

Before the measurements, reference lines and points 
were set up. A line (sigmoid connecting line) was drawn 
connecting the dorsal (point “a” on Fig. 3A) and volar 
(point “b” on Fig. 3A) margins of the sigmoid notch to 
reflect radial movements. The center of the ulnar head 
(point “c” on Fig. 3A) was used as a reference point to 
minimize the effect of normal translational motion dur-
ing forearm rotation and was identified with a circle ap-

proximation technique using a transparent computerized 
template. The arc of the circle that could congruently fit 
within the rim of the ulnar head was positioned, and the 
center of this circle was marked as the center of ulnar 
head. The tangent line of the ulnar styloid (point “d” on 
Fig. 3A) was used as an index for the rotational align-
ment of the distal radius because the ulnar head has less 
rotational movement during pronation and supination 
than the distal radius due to the constraints of humeroul-
nar articulation inherent in a simple hinge joint. In the 
axial image, the ulnar styloid axis and radial axis were 
defined as the tangent line of the ulnar styloid and a line 
perpendicular on the sigmoid connecting line, respec-
tively. The angle between the ulnar styloid and radial 
axes (“α” on Fig. 3B) was considered the rotation of the 
radius. 

One vertical line from the midpoint of the sigmoid 
connecting line to the ulna was drawn, and another verti-
cal line was drawn from the first vertical line to the center 
of the ulna. We defined dorsovolar translation as the per-
pendicular distance between the center of the ulnar head 
and sigmoid connecting line (“β” on Fig. 3B), eliminat-
ing the reliance on both the radial aspect of the radius and 
the ulnar styloid. 

The differences in dorsovolar translation and rotation 
of the radius values between the neutral and various an-
gles provided the relative changes in radial motion. For 
purposes of analysis and data presentation, all pronated 
rotations and volar translations of the radius were defined 
as positive, and supinated rotations and dorsal transla-
tions of the radius were defined as negative. 

Fig. 1. — Custom apparatus designed to rotate the wrist to 
various angles during computed tomography.
The apparatus consists of a vertical wooden plate and handgrip 
mounted to a goniometer. For wrist support, a hard spacer is 
attached to the base of the apparatus to maintain longitudinal 
alignment of the wrist.

Fig. 2. — Computed tomography was performed with the 
subject lying pronated, the shoulder in neutral rotation and 90° 
forward flexion, and the elbow in 45° of flexion. 
An adjustable support cushion under the subject’s arm and 
chest increased the comfort of the subject during imaging and 
helped maintain the subject’s position.
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The number of subjects required for the reliability 
study was calculated (27) to ensure that significant agree-
ment would be observed if the correlation was ≥ 0.75 
with an alpha of 0.05 and beta of 0.2. The minimum 
sample size was 43 images for each position. 

RESULTS

Reliability 

Table I shows the ICC for each parameter. All of 
the ICC values showed substantial to almost perfect 
agreement.

Dorsovolar translations

The dorsovolar translations were within 1.99 mm 
(SD : 1.36) at 90° pronation to -2.03 mm (SD : 0.98) 
at 90° supination (Table I, Fig. 4A). There were sig-
nificant differences in the dorsovolar translations 
(p < 0.05) when the forearm rotation was changed 
to each measurement angle between 70° supination 
and 70° pronation, while there were no significant 
differences at > 70° pronation. The dorsovolar 
translation was not significantly different at 70-80° 
supination but was significantly different at 80-90° 
supination. Except the comparison with supination 

Validation and reliability

Two examiners (one orthopedic hand surgeon and one 
general orthopedic surgeon) measured all of the images 
independently at 1.5 times magnification in a blinded and 
randomized manner to determine the interobserver reli-
ability of each method. The same observers repeated the 
measurements 2 weeks later to determine the intraob-
server reliability. Intraclass correlation coefficients (ICC) 
were used to determine the interobserver (two-way ran-
dom-effects ICC model) and intraobserver (one-way 
random-effects ICC model) reliability of each method. 
The interpretation of the ICC values was based on the 
criteria proposed by Landis and Koch (11). ICC values 
0.00-0.20 represented slight agreement, 0.21-0.40 repre-
sented fair agreement, 0.41-0.60 represented moderate 
agreement, 0.61-0.80 represented substantial agreement, 
and > 0.81 represented almost perfect agreement. 

The two observers’ measurements for each subject 
were averaged and considered to be the final value for 
that subject (mean and standard deviation [SD]).

Statistics 

Data are expressed as mean and SD. All statistical 
analyses were performed using SPSS version 20.0 (IBM 
Corp., Armonk, NY). A p-value < 0.05 was considered 
statistically significant. Serial means comparisons were 
conducted using paired t-tests and Pearson correlations. 

Fig. 3. — Reference points and lines for the computed tomography images and details of each parameter.
(A) A line reflecting radial movement was drawn connecting the dorsal (point a) and volar (point b) margins of the sigmoid notch and 
defined as the sigmoid connecting line. The center of the ulnar head (point c) was identified using concentric circles. The tangent line 
of the ulnar styloid (point d) was used as the index for the rotational alignment of the distal radius. (B) The angle between the tangent 
line of the ulnar styloid and vertical line of the sigmoid notch (α) was measured to indicate the rotation of the radius. One vertical line 
from the midpoint of the sigmoid connecting line to the ulna was drawn, and another vertical line was drawn from the previous vertical 
line to the center of the ulna. Dorsovolar translation was defined as the perpendicular distance between the center of the ulnar head and 
sigmoid connecting line (β). This eliminated reliance on both the radial aspect of the radius and the ulnar styloid.

A B
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radius (r = 0.960, p < 0.001, Fig. 5B). There was 
also a strong correlation between dorsovolar trans-
lation and rotation of the radius (r = 0.861, p < 0.001, 
Fig. 5C) (Table III).

DISCUSSION

The aim of this study was to investigate the rela-
tive differences in dorsovolar translation and rota-
tion of the radius in the DRUJ in forearm supination 
and pronation. The most important finding of this 
study was the significant relationship between dor-
sovolar translation and rotation of the radius rela-
tive to the ulna ; greater pronation of the radius cor-
related with greater dorsal translation of the radius. 
Another interesting observation was that the mid-
range of forearm rotation (60° supination to 60° 
pronation) had the largest effect on the dorsovolar 
translation and rotation of the radius. Only 33% and 
13% of the total change in dorsovolar translation 
was accounted for during the late stage of forearm 
rotation, from 60° supination to 90° supination or 
60° pronation to 90° pronation, respectively. The 
findings that largest changes were occurred from 
neutral to mid-supination and mid-pronation are 

and pronation 20°, there were no significant differ-
ences the dorsovolar translations when comparing 
the same degree of rotation in supination and prona-
tion (Table II). 

Rotation of the radius 

Mean value of the rotations of the radius were 
71.20° (SD : 13.98) at 90° pronation and -46.63° 
(SD : 14.30) at 90° supination (Table I, Fig. 4B). At 
each stepwise comparison of forearm rotation com-
parison, the rotation of the radius was significantly 
different compared with the previous stage 
(p < 0.05). At the same degree of rotation in supina-
tion and pronation, there were significant differenc-
es in the rotation of the radius, and larger angles 
were present at every pronation position compared 
with the supination position, except at 20° (Tables I 
and II, Fig. 4C).

Pearson correlation analysis

There were strong independent correlations be-
tween ROM and the dorsovolar translation 
(r = 0.818, p < 0.001, Fig. 5A) and rotation of the 

Table I. — Summary of results about dorsovolar translations and relative angles of radius
Whole wrist angles Dorsovolar translation Relative angles of radius

Mean
(mm)

SD** ICC* Mean
(°)

SD** ICC
Intraobserver

reliability
Interobserver

reliability
Intraobserver

reliability
Interobserver

reliability
pronation 90° 1.99 1.36 .881 .970 .980 71.20 13.98 .964 .982 .948
pronation 80° 1.96 1.32 .904 .971 .986 66.22 11.77 .959 .964 .948
pronation 70° 1.88 1.22 .865 .963 .952 60.35 9.40 .944 .974 .946
pronation 60° 1.74 1.15 .924 .982 .967 51.31 9.29 .938 .978 .885
pronation 40° 1.36 0.71 .810 .872 .863 35.06 7.93 .837 .949 .913
pronation 20° 0.74 0.62 .751 .930 .925 14.89 5.30 .861 .862 .810
Supination 20° -0.76 1.00 .808 .889 .901 -17.92 12.37 .952 .858 .819
Supination 40° -1.10 1.09 .847 .948 .954 -29.41 14.33 .975 .971 .799
Supination 60° -1.36 1.21 .768 .956 .931 -37.78 13.57 .968 .988 .967
Supination 70° -1.56 1.18 .879 .935 .940 -39.59 13.18 .958 .989 .957
Supination 80° -1.87 0.98 .814 .972 .962 -44.60 12.76 .956 .986 .953
Supination 90° -2.03 0.98 .783 .938 .942 -46.63 14.30 .958 .989 .961

Negative value indicated a dorsal displacement in dorsovolar translation and a supinated position in relative angles. *Interclass 
coefficients. **Standard deviation.
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need to manually locate the center of the ulnar head, 
the results displayed high ICC. Moreover, the pres-
ent investigation involved multiple, specific wrist 
positions within the entire pronation and supination 
radius trajectory for detailed analysis of motion 
within a relatively large sample. 

Several previous studies have described transla-
tions of the DRUJ during forearm rotation (1,17,24), 
generally reporting that the ulnar head slightly 
moves in the dorsal direction during pronation and 
in the volar direction during supination. Consider-
ing that these studies utilized an opposite experi-
mental direction than the present study, their results 
are similar to the present results. Dorsovolar trans-
lations were significantly different in the early stag-
es of rotation but not in the late stages, also similar 
to another recent study (12). One possible physio-
logic explanation (5) for the lack of differences in 
the late stages is that the corresponding distal radio-
ulnar ligament becomes taut and restricts translation 
as the wrist approaches the late stages of rotation. 
Proximal structures such as the biceps and supinator 

similar to those of a previous study that investigated 
proximal-distal translation during forearm rota-
tion (19).

The device that we used to determine the kine-
matics of the distal radius during pronation and 
supination allowed customized control of the wrist 
positioning to increase measurement reliability and 
minimize motion at the proximal joints in addition 
to providing more specific results, which should be 
considered strengths of the methodology. Further-
more, the parameters for translation and rotational 
alignment on the CT images showed good intraob-
server and interobserver reliability. Our method to 
quantify translation of the DRUJ was based on the 
radioulnar ratio method (13), which provides consis-
tent measurements suitable for research studies. For 
the present study, the center of the ulnar head was 
chosen as the index of displacement, as it was a 
clearly identifiable landmark on CT that was closest 
to the ulna fovea passing through the postulated axis 
of the DRUJ (10,16) and was the anatomical point of 
distal radioulnar ligament insertion (2). Despite the 

Table II. — Post-hoc pair comparison and comparison between each same degrees

Pair
Comparison

p-value
(Dorsovolar translation)

p-value
(Relative angles of radius)

P*90°-P80° .586 < 0.001
P80°-P70° .558 < 0.001
P70°-P60° .013 < 0.001
P60°-P40° < .001 < 0.001
P40°-P20° < .001 < 0.001
P20°-Neutral < .001 < 0.001
Neutral – S**20° < .001 < 0.001
S20°-S40° < .001 < 0.001
S40°-S60° < .001 < 0.001
S60°-S70 ° .005 .001
S70°-S80° .262 < 0.001
S80°-S90° .012 < 0.001
P90°-S90° .227 < 0.001
P80°-S80° .123 < 0.001
P70°-S70° .448 < 0.001
P60°-S60° .601 < 0.001
P40°-S40° .996 .022
P20°-S20° .004 .008

*P : Pronation, **S : Supination.
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Fig. 4. — Angle analysis during forearm supination and prona-
tion.
Differences in dorsovolar translation (A) and rotation of the 
radius (B) relative to the ulna during forearm supination and 
pronation were determined. A negative value indicates dorsal 
direction of the radius and a supinated position with respect to 
the ulna. (C) Comparison of the rotation of the radius at the 
same degree of rotation in the opposite direction.

C

A

Fig. 5. — Correlation data between wrist range of motion and dorsovolar translation (A) and rotation of the radius (B) and between 
dorsovolar translation and rotation of the radius (C).
Strong correlations were found between wrist ROM and the dorsovolar translation (r = 0.818, p < 0.001) and rotation of radius 
(r = 0.960, p < 0.001). There was also a strong correlation (r = 0.861, p < 0.001) between dorsovolar translation and rotation of the 
radius. A negative value indicates dorsal direction of the radius and a supinated position with respect to the ulna.
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present study, which aimed to analyze axial rotation 
of the normal wrist joint. 

The present study measured pure rotation of the 
radius against the fixed ulna. The hand and the 
metacarpals, which normally move with the rotating 
radius, were held stationary with the help of the 
custom grip goniometer. The distal radius rotated 
simultaneously against the metacarpals and also the 
distal ulna. Our experimental settings minimized 
the attribution of the shoulder and elbow joints to 
the wrist joint. As a result, we determined wrist ro-
tation as the sum of the rotation of the DRUJ and the 
carpal joint, both midcarpal and radiocarpal joint. 
Our data suggest that the rotation of the radius was 
significantly different at every stage of pronation 
and supination, and that pronation movements had a 
larger absolute value than supination, which support 
the findings of another recent study (12). However, 
the total arc of the radius (118°) in the present study 
was different to that previously reported : 157° 
(SD : 9°) (5) and 143.4° (SD : 11.7°) (12) of total 
rotation (maximum supination to maximum prona-
tion) at 45° of elbow flexion, measured without a 
grip goniometer. The grip goniometer limited the 
global wrist motion from 90° pronation to 90° supi-
nation to reduce bias from the individual differences 
in the arc of the wrist. Gupta et al reported a mean 
carpal rotation of 17.1° in supination and 17.0° in 
pronation (7), and other studies (9,20) have reported 
mean rotations of 42° and 45° during full forearm 
rotation. If wrist pronation and supination are con-
sidered to only be the sum of the radioulnar and car-
pal joints, the results appear reasonable for prona-

may also limit translation as the forearm approaches 
terminal supination. During active supination, the 
supinator muscle plays a more prominent role than 
the biceps muscle, accounting for the net displace-
ment of the radius to ulna. However, although the 
total translation during rotation was similar, the pre-
vious study reported specific translations of 1.3 mm 
in maximal supination and 2.6 in maximal prona-
tion, while our results were 2.03 mm in maximal 
supination and 1.99 mm in maximal pronation. 
These differences might be explained by the respec-
tive sample sizes and experimental settings ; in the 
previous study, poor measurement accuracy for out-
of-plane translations (14) likely occurred owing to 
the 3D to 2D model registration technique using 
single-plane fluoroscopy. 

More recent in vivo studies have used CT to de-
termine DRUJ kinematics (1,25) because CT has 
been suggested as the imaging modality of choice to 
evaluate the DRUJ. We chose CT to delineate the 
cross-sectional anatomy of the DRUJ without over-
lapping of adjacent structures. In our setting, the 
wrist alignment was maintained by the customized 
grip goniometer to standardize the amount of rota-
tion between subjects and to set the experimental 
angle as accurately as possible. Other studies have 
applied shear force or resistive rotational torque to 
DRUJ to assess the normal range of dorsovolar 
translation as a means of measuring DRUJ stabili-
ty (15,24) ; as force was perpendicularly applied to 
the radius, the rotational movements of the radius in 
the DRUJ were minimized, with 5.26-5.5-mm total 
translation. The aim was different to that of the 

Table III. — Correlations between wrist angles and each parameter 
Wrist angles DV* RR**

Wrist angles r 1 .818 .960
P value < .001 < .001

DV* r .818 1 .861
P value < .001 < .001

RR** r .960 .861 1
P value < .001 < .001

*Dorsovolar translations, **Relative angles of radius.
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ful for the design of DRUJ reconstruction using 
prostheses.
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