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Abstract
The radioulnar ligaments are the major stabilizers of the distal radioulnar joint under 
dynamic loading; however, anatomical detail regarding their attachment on the mid-
dle and distal thirds of the styloid process of the ulna remains unclear. Because previ-
ous anatomical studies included only old cadavers, their anatomical findings might 
not reflect the morphological features of younger and healthy specimens. This study 
investigated the anatomical features of the distal ulna, particularly the styloid pro-
cess, to determine the attachment of the radioulnar ligaments to the styloid process 
and verified their direction and attachment to the styloid process in younger and 
healthy donors using magnetic resonance imaging (MRI). We investigated the mor-
phological features of the distal ulna of 12 cadaveric wrists using micro-computed 
tomography (micro-CT). We also visualized and measured the distribution of the cor-
tical bone thickness. We histologically analyzed three specimens in the axial plane 
and macroscopically analyzed seven specimens to examine the attachment of the 
radioulnar ligaments to the styloid process. In addition, we evaluated five wrists from 
living volunteers using 3.0 Tesla MRI. The distal ulna has a ridge on the dorsoradial 
aspect of the styloid process that corresponds to the attachment of the radioulnar 
ligaments. Micro-CT images after data processing revealed that the cortical thick-
ness of the dorsoradial quadrant was thicker than that of the other quadrant at the 
proximal slice of the styloid process (p < 0.01), and that of the dorsoulnar (p = 0.021) 
and ulnopalmar (p < 0.01) quadrants at the middle slice. Histological analyses showed 
that the radioulnar ligaments were attached to the middle and distal thirds of the sty-
loid process via chondral-apophyseal entheses. The direction of the fiber was dorsal 
in the middle third of the styloid process and changed to palmar in the distal third 
of the styloid process. The direction and attachment of the radioulnar ligaments on 
the styloid process were confirmed using MRI for younger and healthy participants. 
The radioulnar ligaments were attached to the dorsoradial ridge of the styloid pro-
cess, which was confirmed by cortical bone thickening, histology at the attachment 
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1  | INTRODUC TION

The triangular fibrocartilage complex stabilizes the distal radioulnar 
joint (Palmer and Werner, 1981). In particular, the radioulnar liga-
ments, which connect the disk proper and distal ulna, have been 
considered the major stabilizers of the distal radioulnar joint under 
dynamic loading (Bain et al., 2015; Haugstvedt et al., 2006; Nakamura 
and Makita, 2000; Rein et al., 2015). The fovea is important for the 
attachment of the radioulnar ligaments on the distal ulna; it is re-
ferred to as either the deep radioulnar ligament (Hagert, 1994) or the 
triangular ligament (Nakamura and Makita, 2000; Nakamura et al., 
2001; Nakamura and Yabe, 2000; Nakamura et al., 1996). However, 
anatomical detail regarding the attachment of the radioulnar liga-
ments to the middle and distal thirds of the styloid process remains 
unclear (Hagert, 1994; Nakamura and Yabe, 2000; Ishii et al., 1998). 
Moreover, because previous anatomical studies included either aged 
cadavers (af Ekenstam and Hagert, 1985; Nakamura and Makita, 
2000; Nakamura et al., 1996; Nakamura et al., 2001; Semisch et al., 
2016) or specimens in which the age is unknown (Ishii et al., 1998; 
Palmer and Werner, 1981), these anatomical findings might not re-
flect the morphological features of younger and healthy specimens.

Bone is highly adaptive when undergoing mechanical stress 
loads (Wolff, 1892). Previous reports have described that high ten-
sile stresses via dense connective tissues, such as the tendon, lig-
ament, and aponeurosis, affect the morphology and cortical bone 
thickness of the attachment (Tamaki et al., 2014; Nozaki et al., 2015; 
Norman et al., 2017; Sato et al., 2018). The distal ulna is known to be 
shaped by the cartilage surface, fovea, sulcus of the extensor carpi 
ulnaris, and styloid process. However, the morphological features of 
the distal ulna, particularly the styloid process, concerning the ten-
sile stress of the radioulnar ligaments, have rarely been discussed. 
These morphological features could potentially identify the mechan-
ically active part of the attachment of the radioulnar ligaments to the 
styloid process.

The first aim of this study was to characterize the anatomical fea-
tures of the distal ulna using bony morphological, histological, and 
macroscopic methods. The second aim was to verify the direction 
and attachment of the radioulnar ligaments to the styloid process 
in younger and healthy donors using magnetic resonance imaging 
(MRI). We hypothesized that the distal ulna, particularly the styloid 
process, would have anatomical characteristics that correspond to 
the attachment of the radioulnar ligaments, and that the findings 
could be visualized in vivo using MRI.

2  | MATERIAL S AND METHODS

2.1 | Specimen preparation and micro-computed 
tomography imaging

Thirteen wrists, including hands from nine Japanese cadavers, were 
obtained for this study. All cadavers were donated to the Department 
of Anatomy of the Tokyo Medical and Dental University. The study 
design was approved by the Ethics Committee at our institution.

We fixed all cadavers in 8% formalin and preserved them in 30% 
ethanol. Specimens with remarkable deformation around the dis-
tal radioulnar joint or remarkable instability of the distal radioulnar 
joint were excluded. We sectioned all specimens to obtain the wrist 
using a diamond band pathology saw (EXAKT 312; EXAKTAdvanced 
Technologies). We obtained three-dimensional images of the 13 wrist 
blocks using a micro-computed tomography (micro-CT) scanner (in-
speXio SMX-100 CT; SHIMADZU) and application software (VGStudio 
Max 2.0). The micro-CT parameters were as follows: voltage 100 kV, 
current 80  µA current, source-to-detector distance 700  mm, 
source-to-rotation center distance 500 mm, pitch 0.179, slice thick-
ness 0.200 mm, field of view (xy) 91.55 mm, field of view (z) 45.0 mm, 
matrix 512 x 512, voxel size 0.179 mm/voxel. After obtaining three-di-
mensional images, one specimen was found to have severe calcifica-
tion on the distal ulna. Therefore, we used 12 specimens (three right 
and nine left) from nine cadavers (two males and seven females; aver-
age age, 83.6 years; age range, 49–96 years) for the analyses.

2.2 | Cortical thickness mapping of the styloid 
process of the ulna

To visualize the distribution of the cortical bone thickness on the sty-
loid process of the ulna, we utilized 8-bit images of the 12 specimens 
obtained as described previously. Image J open source image process-
ing software (National Institutes of Health) and the plugin BoneJ (Doube 
et al., 2010) were used to define the thickness at a point by measuring 
the diameter of the greatest sphere that fit within the structure of inter-
est (Kleinman, 2007; Doube et al., 2010). The cortical bone thickness of 
the styloid process of the ulna was mapped in three dimensions. Thicker 
points of the cortical bone were represented by brighter colors. We ob-
served the dorsal, radial, palmar, and ulnar aspects of the styloid process.

To quantify the cortical bone thickness of the styloid process, we 
used axial images that were colored to indicate thickness. Each styloid 

sites, and in vivo MR imaging. The directions of the radioulnar ligaments sterically 
intersected, which would satisfy both slipping stability and rotational mobility. These 
anatomical findings may provide the basis for biomechanical consideration of distal 
radioulnar joint stabilization.
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process was divided into four quadrants using two lines drawn through 
the center of the styloid process: one line drawn parallel to the pal-
mar-to-dorsal long axis of the ulnar head, and another line drawn per-
pendicular to the dorsoradial, dorsoulnar, palmoradial, and palmoulnar 
quadrants. Two radiologists (SH and TN) independently measured the 
maximal cortical bone thickness in each quadrant at the proximal third, 
middle third, and distal third slices of the styloid process. An observer 
(SH) repeated the measurements in a random order to determine in-
tra-observer reproducibility. We calculated the means and standard 
deviations of the maximal cortical bone thicknesses of the quadrants.

2.3 | Histological analysis

We used three wrist blocks for the histological analysis. We de-
calcified the samples for 1 week in a solution containing aluminum 
chloride, hydrochloric acid, and formic acid, as described previously 
(Plank and Rychlo, 1952). After decalcification, we dehydrated the 
blocks with a graded ethanol series, embedded them in paraffin, and 
serially sectioned them every 300 μm (thickness of 5 μm) parallel to 
the axial plane. We stained sections with Masson trichrome accord-
ing to the methodology of a previous study of radioulnar ligament 
attachments (Benjamin et al., 1990).

2.4 | Macroscopic observations

We used seven wrist blocks for macroscopic observations. We re-
moved the lunate and triquetrum bones from the blocks to preserve 
the pisiform bone and dorsal and palmar joint capsules. We sepa-
rated the dorsal and palmar joint capsules from the peripheral mar-
gin of the disk proper to observe the attachment of the radioulnar 
ligaments to the styloid process of the ulna.

2.5 | In vivo imaging of younger aged participants 
based on MRI

To verify the histological findings of the cadaveric analyses, we 
evaluated right asymptomatic wrists from five living volunteers 
(three males and two females; average age, 34.2 years; age range, 

30–42  years) using 3.0 Tesla MRI scanner (Discovery 750, GE 
Healthcare) and an eight-channel wrist coil. The study design was 
approved by the Ethics Committee at our institution. The proton 
density-weighted images were acquired in the axial plane using rep-
etition time/echo time (TR/TE) 1800/36 ms, 400 × 400 matrix, 7-cm 
field of view (FOV), 1.0-mm sections, echo train length (ETL) 6, and 
receiver bandwidth 62.5 kHz.

2.6 | Statistical analyses

All statistical analyses were performed using R version 3.3.2 for Mac 
(R Development Core Team). The Kruskal–Wallis one-way analysis of 
variance test was used to compare the maximal cortical bone thick-
nesses of the quadrants between the proximal, middle, and distal 
slices. When significant differences among quadrants were evident, 
between-group comparisons were performed using the Steel–
Dwass post hoc test. Significance was set at p  <  0.05. Intra- and 
inter- observer reliability was assessed using intraclass correlation 
coefficients (ICCs).

3  | RESULTS

3.1 | Analysis of the bony configuration of the distal 
ulna using micro-CT

Using micro-CT, we identified the ridge on the dorsoradial aspect of 
the styloid process and depression on the palmar part of the ulnar 
fovea in all specimens (Figure 1). Using cortical thickness mapping 
of the micro-CT data, we found that the brightly colored area of 
the middle of the styloid process, which indicated a thicker corti-
cal area, corresponded to the dorsoradial ridge of the styloid pro-
cess (Figure 2a-c). At the proximal slice of the ulnar styloid process, 
the cortical thickness of the dorsoradial quadrant was thicker than 
that of the other quadrants (Figure 2d, p < 0.01 in Table 1). At the 
middle slice, the thickness of the dorsoradial quadrant was thicker 
than that of the dorsoulnar (p  =  0.021) and ulnopalmar (p  <  0.01) 
quadrants (Figure 2e). At the distal slice, there was no differences in 
quadrants (Figure 2f). All data are shown in Table 1. The inter- and 
intra-observer agreements for the measurements were excellent 

F I G U R E  1   Bony morphology of the 
distal ulna with three-dimensional images 
obtained using micro-CT. Palmar-radial 
(a), radial (b), and dorsoradial (c) views 
of the distal end of the right ulna. The 
ridge on the dorsoradial aspect of the 
styloid process (yellow arrow heads) and 
depression on the palmar side of the distal 
ulna (asterisks) can be identified. Dors, 
dorsal; Rad, radial

A B C
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(inter-observer: ICC, 0.84; 95% CI, 0.78–0.88; intra-observer: ICC, 
0.92; 95% CI, 0.89-0.94).

3.2 | Histological observation of the 
radioulnar ligaments

To understand the histological significance of the ridge on the dor-
soradial aspect of the styloid process, we examined the serially 
sectioned axial preparations in relation to the radioulnar ligaments 
(Figure 3). The fibers of the radioulnar ligaments were attached to 
the ulna via chondral-apophyseal entheses, which were densely 
stained (Figure 3c-i). At the middle third of the styloid process, the 
radioulnar ligaments arose from the palmar part of the disk proper 
and attached to the styloid process in a dorsal direction (Figure 3e,f). 

When more distally observed, the direction of the radioulnar liga-
ments gradually changed from a dorsal to a palmar direction. At the 
distal third of the styloid process, the radioulnar ligaments arose 
from the dorsal portion of the disk proper and attached to the sty-
loid process in a palmar direction (Figure 3g-i).

3.3 | Macroscopic dissection of the ulnar 
attachment of the radioulnar ligaments

On the dorsal side, we were able to clearly separate the dorsal mar-
gin of the disk proper and dorsal joint capsule, including the floor of 
the extensor tendon sheath (Figure 4a,b). The radioulnar ligaments 
were attached to the styloid process, and the most superficial fibers 
were directed to the palmar joint capsule (Figure 4c). On the palmar 

F I G U R E  2   Evaluation of cortical bone thickening on the styloid process of the ulna. Cortical thickening maps of the styloid process of the 
left ulna visualized after image processing. Three-dimensional reconstructions show (a) dorsoradial, (b) radial, and (c) radiopalmar aspects of 
the styloid process. The thicker the cortical bone of the point, the brighter the color of the point. (d, e, f) Axial two-dimensional images of 
the styloid process are colored according to the thickness. The proximal third (d), middle third (e), and distal third (f) slices are shown. Each 
styloid process was quartered into dorsoradial (1), dorsoulnar (2), radiopalmar (3), and ulnopalmar (4) quadrants. The color bar indicates the 
thickness. Dors, dorsal; Ulna, ulnar

Measurement level

Quadrant

Dorsoradial (1) Dorsoulnar (2) Radiopalmar (3) Ulnopalmar (4)

Average and standard deviation (mm)

Proximal third 1.05 ± 0.25* 0.65 ± 0.14 0.74 ± 0.14 0.60 ± 0.14

Middle third 0.85 ± 0.11** 0.68 ± 0.12 0.73 ± 0.14 0.63 ± 0.10

Distal third 0.79 ± 0.17 0.75 ± 0.13 0.74 ± 0.14 0.67 ± 0.11

Note: Location of measurements is demonstrated in Figure 2.
*Statistically significant difference compared to other quadrants (p < .01 by Kruskal–Wallis one-
way analysis of variance test with post hoc Steel–Dwass test). 
**Statistically significant difference compared to the dorsoulnar (p = .021) and ulnopalmar (p < .01) 
quadrants. 

TA B L E  1   Maximal cortical thickness
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side, the palmar and synovial joint capsules and disk proper were in-
termingled and could not be clearly separated. The most superficial 
fibers were connected from the disk proper and led to the palmar 
joint capsule, which was attached to the palmar side of the lunate 
and triquetrum and included the pisotriquetral joint.

3.4 | In vivo imaging of younger participants based 
on MRI

To verify the histological data, we observed the direction and attach-
ment of the radioulnar ligaments to the styloid process (Figure 5). 
The radioulnar ligaments were visualized as cord-like structures of 
low intensity (Figure 5c-g). At the proximal half of the styloid pro-
cess, the radioulnar ligaments arose from the palmar part of the disk 
proper and attached to the dorsoradial aspect of the styloid process 
in a dorsal direction (Figure 5c,d). In the more distal slices, the radi-
oulnar ligaments arose from the dorsal portion of the disk proper 
and attached to the styloid process in a palmar direction (Figure 5e-
g). The layers and directions of the radioulnar ligaments are summa-
rized as schemes in Figure 6.

4  | DISCUSSION

The present study used micro-CT imaging of cadaveric specimens to 
reveal that the ridge on the dorsoradial aspect of the styloid process 
corresponded with cortical bone thickening. In addition, histologi-
cal and macroscopic observations showed that the radioulnar liga-
ments were attached to the dorsoradial ridge of the styloid process 
via chondral-apophyseal entheses, and gradually changed from 
the dorsal to the palmar direction when observed more distally. 
Furthermore, MRI confirmed these structures in younger, living par-
ticipants. Therefore, these findings supported our hypothesis that 
the styloid process has anatomical characteristics corresponding to 
the attachment of the radioulnar ligaments, which could be visual-
ized in vivo using MRI.

The morphology of the distal end of the ulna has been de-
scribed as having a head, styloid process, and depression that 
separate them referred to as the fovea (Quain and Thane, 1896; 
Standring, 2016). There have been no previous descriptions re-
garding the differences distinguishing the dorsal and palmar parts 
of the distal ulna, except for the bony groove of the extensor 
carpi ulnaris. In the present study, the three-dimensional images 

F I G U R E  3   Histological analysis of the radioulnar ligaments using Masson's trichrome staining. Locations of the section are indicated as 
blue lines (a). (b-i) The radioulnar ligaments from the disk proper (asterisk) to the styloid process (SP) are indicated as red dotted arrows. The 
loose connective tissue is indicated as orange arrowheads. ECU, extensor carpi ulnaris tendon; L, lunate bone; P, pisiform bone; R, radius; T, 
triquetrum bone. Dist, distal; Dors, dorsal; Ulna, ulnar. Scale bars, 5 mm

A B C D E

F G H I

F I G U R E  4   Macroscopic observation of the radioulnar ligaments. (a) The distal surface of the radius and the disk proper of the right wrist 
after removing the lunate and triquetrum. (b) The dorsal and palmar joint capsules were detached from the radius and peripheral margin of 
the disk proper. Daggers and asterisks indicate the same points before detachment. (c) The dorsal view of (b). Note the radioulnar ligaments 
(deep green, light green, and light pink dotted arrows) attached to the styloid process (SP) and the most superficial fibers directed to the 
palmar joint capsule (pink dotted arrow). Dors, dorsal; Rad, radial; Prox, proximal; Ulna, ulnar

A B C
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obtained using micro-CT revealed a ridge on the dorsoradial as-
pect of the styloid process and a depression on the palmar part of 
the fovea. These findings were validated by the fact that cortical 
bone thickening was limited in the dorsoradial part of the middle 
of the styloid process. As previously described, these bony mor-
phological features, particularly cortical bone thickening, could 
correspond to the high tensile stress from the dense connective 
tissues (Tamaki et al., 2014; Nozaki et al., 2015; Norman et al., 
2017; Sato et al., 2018).

Regarding the attachment of the radioulnar ligaments, ana-
tomical knowledge of the following two areas has been separately 
discussed: (a) the fovea and base of the styloid process and (b) 
the middle and tip of the styloid process. The attachment of the 
radioulnar ligaments to the fovea has been verified and is referred 

to as the deep part of the radioulnar ligaments or the triangular 
ligament (Nakamura and Makita, 2000; Nakamura et al., 2001; 
Nakamura and Yabe, 2000; Nakamura et al., 1996). However, the 
attachment to the middle and tip of the styloid process has been 
controversial. The superficial parts of the radioulnar ligaments 
are reportedly attached to the distal part of the styloid process 
(Hagert, 1994; Ishii et al., 1998). Conversely, it has been reported 
that there is loose connective tissue interposed between the 
disk proper and the middle of the styloid process (Nakamura and 
Yabe, 2000). Here, we found that the radioulnar ligaments are at-
tached to the styloid process via chondral-apophyseal entheses, 
with gradual changes from the dorsal in the middle third of the 
styloid process, to the palmar direction in the distal third. These 
results are supported by Semisch et al. (2016), who reported that 

F I G U R E  5   In vivo MR imaging of the attachment of the radioulnar ligaments on the styloid process in younger and healthy participants. 
Locations of the slices are indicated as blue lines (a). Axial slices of ulnar part of the wrist are shown (b-g). The radioulnar ligaments are 
indicated as red dotted arrows. ECU, extensor carpi ulnaris tendon; Dist, distal; Dors, dorsal; Rad, radial

A B C D

E F G

F I G U R E  6   Comparison of the schematic illustrations of the direction and attachment of the radioulnar ligaments. These illustrations 
show the distal surface of the ulnar part of the radius, disk proper, and ulna. (a) Previous understanding of the symmetrical distribution of the 
radioulnar ligaments. (b) The current understanding of the asymmetrical distribution of the radioulnar ligaments based on the present study. 
The color bar indicates the depth of the radioulnar ligaments from green (deep) to pink (superficial). Palm, palmar; Ulna, ulnar
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fibrocartilage was found at the ulnar styloid insertion between the 
radioulnar ligaments and bone.

Controversy regarding the attachment of the radioulnar liga-
ments on the styloid process could have two explanations: first, pre-
vious histological analyses were mainly focused on frontal sections, 
and rarely included axial sections. Based on the histological results 
of the present study, the fibers of the radioulnar ligaments attaching 
to the middle and tip of the styloid process comprised lamellar struc-
tures. Therefore, serial axial sections, particularly thin slices, could 
be more effective than frontal sections for observing the gradual 
changes of the fibers.

Second, previous studies may have insisted on the anatomical 
concept of the radioulnar ligaments being clearly separated into 
deep and superficial parts based on the ligamentum subcruentum, 
as previously stated by Henle (1856). The ligamentum subcruentum 
could be interpreted as the loose connective tissue radial to the mid-
dle of the styloid process and interposed between the layers of the 
radioulnar ligaments attached to the styloid process (orange arrow-
heads in Figure 3). Macroscopic findings showed that the radioul-
nar ligaments could not be separated into the superficial and deep 
parts and were continuous structures attached to the styloid pro-
cess. Previous studies have reported (Nakamura and Makita, 2000; 
Nakamura and Yabe, 2000) that the deep and superficial portions 
of the triangular fibrocartilage complex cannot be clearly divided, 
which supports our findings.

Our results have provided a clinically relevant new anatomical 
basis for biomechanical considerations of the distal radioulnar joint 
stabilizing. Previous studies have reported conflicting results re-
garding the direction in which tightening occurs. Ekenstam & Hagert 
(1985) reported that the palmar radioulnar ligament was taut in pro-
nation, whereas Shuind et al. (1991) argued that the dorsal radioulnar 
ligament tightened in pronation. Later, Hagert (1994) explained that 
the superficial and deep layers of the radioulnar ligaments tightened 
in different directions. Importantly, though the directions of the ra-
dioulnar ligaments were previously assumed to be symmetrical and 
non-intersecting structures, we found they were asymmetrical and 
sterically intersected. These structures could be interpreted as anal-
ogous to the anterior and posterior cruciate ligaments of the knee, 
which have been phylogenetically preserved since reptiles (Bolk 
et al., 1938). It is thought that intersecting structures are better than 
non-intersecting structures in terms of satisfying both slipping sta-
bility and rotational mobility, where the joint would be stabilized 
better, but with worse rotation (Castaing and Burdin, 1979). These 
intersecting structures seem reasonable for the concept of “tenseg-
rity,” which requires stability through a synergy of ligament tensile 
and joint compressive force (Hagert & Hagert 2010), based on the 
highly innervated character of the radioulnar ligament (Rein et al., 
2015). We hope the principal intrinsic stabilizers of the distal radioul-
nar joint will be reconsidered on the basis of our anatomical findings.

The present study had several limitations. First, only a few spec-
imens were analyzed. Second, histological analyses were limited to 
axial sections. Therefore, the vertical attachment of the radioulnar 
ligaments to the fovea was not sufficiently observed to conclude. 

Nevertheless, other studies have shown the significance of the 
vertical attachment to the fovea (Nakamura and Makita, 2000; 
Hagert, 1994; Nakamura et al., 2001; Nakamura and Yabe, 2000; 
Nakamura et al., 1996; Ishii et al., 1998; Berger, 1997; Garcia-Elias 
and Domenech-Mateu, 1987), and we have contributed new findings 
regarding the attachment of the radioulnar ligaments to the ulnar 
styloid in the axial dimension.

In conclusion, we observed that the styloid process of the distal 
ulna had a ridge on its dorsoradial aspect, corresponding to the chon-
dral-apophyseal entheses of the radioulnar ligaments. The directions 
of the radioulnar ligaments were sterically intersected, which may 
better satisfy both slipping stability and rotational mobility.
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