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Abstract
Purpose To compare T2* values of the triangular fibrocartilage (TFC) obtained by ultrashort time-to-echo (UTE) techniques at
the neutral position, ulnar flexion of the wrist, and pronation of the forearm.
Materials and methods MR imaging was performed in ten healthy volunteers with a 3-T MR system by using an eight-channel
knee coil. Coronal wrist T2* maps from three-dimensional cone UTE pulse sequences were obtained at the neutral, ulnar flexion,
and pronation positions (TR: 19 ms, TE: 0.032 ms/4 ms/8 ms/12 ms, FOV: 18 cm, matrix: 430 × 430, section thickness: 1.5 mm,
scan time: 8 min 31 s). UTE-T2* maps were calculated on a pixel-by-pixel basis for all structures of the wrist visualized in the
coronal planes. The entire region of interest (ROI) for TFC was manually delineated, and the average T2* value was calculated
for each ROI by three radiologists. The Kruskal-Wallis test,Wilcoxon signed-rank test, or intraclass correlation coefficients (ICC)
were used for statistics.
Results The difference in the average T2* value among the three groups according to the forearm/wrist position was significant
(p < 0.001). The T2* value of the TFC at pronation (mean ± 2 SD: 7.92 ± 1.37 ms) was significantly lower than those at the
neutral (10.08 ± 1.90 ms) and ulnar flexion positions (9.15 ± 1.03 ms) (p < 0.017). The ICC showed a substantial interobserver
agreement in the T2* value measurements of the TFC (ICC = 0.986).
Conclusion T2* relaxation time measurement of the TFC using UTE may be useful for assessing the loading effect by the
forearm/wrist position.
Key Points
• The T2* value of the TFC may reflect the biomechanics of the wrist joint.
• Acute loading at pronation results in a decrease in the T2* value of the TFC.
• Quantitative wrist UTE MRI was successfully performed in vivo.
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Abbreviations
DSV Diameter spherical volume
FOV Field of view

ICC Intraclass correlation coefficients
MRI Magnetic resonance imaging
ROIs Entire region of interest
TE Time to echo
TFC Triangular fibrocartilage
TFCC Triangular fibrocartilage complex
TR Repetition time
UTE Ultrashort time-to-echo

Introduction

The triangular fibrocartilage complex (TFCC) is the main bio-
mechanical stabilizer of the distal radioulnar joint. The TFCC
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is a compound structure comprised of the triangular
fibrocartilage (TFC) disc proper, proximal and distal laminae,
volar and dorsal radioulnar ligaments, ulnocarpal ligaments
(ulnolunate and ulnotriquetral ligaments), ulnar collateral lig-
ament, and subsheath of the extensor carpi ulnaris tendon and
the meniscus homolog. The TFCC works as a shock absorp-
tion cushion for axial loading [1].

MRI is the most important noninvasive diagnostic tech-
nique for the assessment of TFCC. High-field MRI imaging
techniques at 3 T that improve the visualization of subtle TFC
morphologic changes have been introduced. With sophisticat-
ed coils and high resolution, it has also become an esteemed
modality for diagnosing the wrist. However, due to the small-
ness and complexity of the structures, the TFCC is still a
challenging structure for MRI [2].

Previous ex vivo studies on human cartilage have shown
that ultrashort time-to-echo T2* (UTE-T2*) mapping reflects
the collagen structural integrity and degeneration in cartilage
as determined by polarized microscopy. UTE-T2*mapping of
articular cartilage is sensitive to matrix degeneration and de-
tects the short T2 signal, particularly in deep tissue, that is not
well captured by standard T2 mapping [3]. The spatial distri-
bution of T2* relaxation times from protons within
fibrocartilage, such as the meniscus, is also illustrated by
UTE-T2* mapping, and the T2* value estimation can be pro-
vided without contrast media. In vivo human studies have
recently shown UTE-T2* mapping to be reproducible in the
clinical setting [4]. However, to our knowledge, there is no
report that assesses the relationship between T2* values of the
TFC and the forearm/wrist position. The purpose of our study
was to compare T2* values of the TFC obtained by UTE
techniques at the neutral position, ulnar flexion of the wrist,
and pronation of the forearm.

Materials and methods

Study population

The study was approved by our institutional review board, and
informed consent was obtained from all volunteers. Inclusion
criteria were good health according to medical history, phys-
ical examination as well as the absence of contraindications to
MR imaging. One board-certified hand surgeon (K.M. with 20
years of experience) screened the subjects. Subjects were in-
cluded if they had no clinical evidence of wrist osteoarthritis;
they had to have intact joint function with full strength and no
history of chronic or frequent wrist pain. Further exclusion
criteria were inflammatory arthritis, wrist affections secondary
to other causes (acute or chronic infection, metabolic abnor-
malities, previous surgery, or previous fracture) and chronic or
traumatic lesions of the TFC complex. Finally, a total of 10

volunteers (7 males, 3 females; age range, 27 to 35 years) took
part in the examinations.

MR imaging

All experiments were performed using a 3-TclinicalMR scan-
ner (Discovery MR750W 3-T scanner, Signa HDxt GE
Healthcare) with an eight-channel knee coil. All patients
underwent MRI covering the right wrist, including coronal
T2-weighted imaging and coronal UTE. Coronal wrist T2*
maps from three-dimensional cone UTE pulse sequences were
obtained at the neutral position, ulnar flexion of the wrist, and
pronation of the forearm. For coronal T2*maps, the following
pulse sequences were used: TR: 19 ms, TE: 0.032 ms/4 ms/8
ms/12 ms, FOV: 18 cm, matrix: 430 × 430, section thickness:
1.5 mm, and scan time: 8 min 31 s. We defined TE times in
consideration of previous reports dealing with the T2* value
of fibrocartilage (TFC and meniscus) and a clinically feasible
scan time [2, 5]. The order of measurement at the neutral
position, ulnar flexion of the wrist, and pronation of the fore-
arm is random for each volunteer. The patients underwent
imaging in prone position with the arm semi-flexed, clutching
the fixed device in the center of the coil within the central
homogeneous area of the MR system (40 cm DSV).

MR imaging data analysis

UTE-T2* maps were calculated on a pixel-by-pixel basis for
all structures of the wrist visualized in the coronal planes. On
T2-weighted images, normal MR appearance of the TFC was
defined as a homogeneous hypointense bowtie-like structure.
The entire region of interest (ROI) for the TFC was manually
delineated on the images obtained at a TE time of 8 ms be-
cause of the clarity of the TFC outline (Fig. 1), and the average
T2* value was calculated by three radiologists (two musculo-
skeletal radiologists and one general radiologist). T2-weighted
imaging was used as a reference. The average ROI size for the

Fig. 1 Selection of the ROI was performed manually on the image
obtained at TE time of 8 ms
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TFC was 13.64 mm2. The three readers did not know the
results of the other radiologists.

Statistical analysis

The non-parametric Kruskal-Wallis test with Bonferroni cor-
rection was used to compare the average T2* values among
the three groups according to the forearm/wrist position.
Bonferroni correction for post-hoc pairwise analysis was per-
formed by using two-tailed Wilcoxon signed-rank test. Using
the Bonferroni correction, we set the significance level at p <
0.017 to adjust for multiple comparisons. Interobserver repeat-
ability was assessed by intraclass correlation coefficients
(ICC); ICC 0–0.2 indicates poor agreement: 0.3–0.4 indicates
fair agreement; 0.5–0.6 indicates moderate agreement; 0.7–
0.8 indicates strong agreement; > 0.8 indicates excellent
agreement [6]. All calculations were performed by using
IBM SPSS Statistics, version 22.0 (IBM, Armonk, NY).

Results

Quantitative wrist UTE MRI was successfully performed in
vivo (Fig. 2). The ICC showed a substantial interobserver
agreement in the T2* value measurements of the TFC
(ICC = 0.986).

T2* values of TFC of the wrist according to the forearm/
wrist position are summarized in Table 1. The difference in the
average T2* value among the three groups according to the
forearm/wrist position was significant (p < 0.001). The T2*

value of the TFC at pronation (7.92 ± 1.37 ms) was signifi-
cantly lower than those at the neutral (10.08 ± 1.90 ms) and
ulnar flexion positions (9.15 ± 1.03 ms) (p < 0.001). The
average T2* value of the TFC was not significantly different
between the neutral and ulnar flexion positions (p = 0.164).

Figure 3 shows an example of coronal UTE T2* maps
obtained at three different positions.

Discussion

Tissue (menisci, tendons, ligaments, and cartilage) with short
intrinsic relaxation times cannot be adequately assessed with
the conventional techniques because they do not generate
enough signal with MRI [7]. Ultrashort TE pulse sequences
enable T2- and T2*-weighted imaging of these tissues by
using an extremely short TE [8]. Due to the moderately short
T2 nature of TFC, MR sequences utilizing UTE techniques
would capture signals normally unseen by conventional MR
techniques [2, 9]. A quantitativeMR technique using UTE is a
sensitive mean for evaluating the TFC, which may comple-
ment conventional techniques and allow more minor change
of early TFC injury.

Forearm rotation is not a simple hinge-like motion, but a
complex motion with rotational and translational compo-
nents. Forearm kinematics has been analyzed in various
settings from cadaveric to in vivo studies. The rotation axis
of the forearm passed through the radial head and the ulnar
head; therefore, maximum forearm pronation results in an
increase in positive ulnar variance. Distal translation of the

Fig. 2 UTE MR images of TFC
in the coronal plane at the neutral
position (a: TE = 0.032 ms; b: TE
= 4 ms; c: TE = 8 ms; d: TE = 12
ms)
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ulna relative to the radius at pronation will increase the
load of the TFC [10, 11]. In addition, changes in TFC
configuration consistently occur during forearm rotation
and resulted in a tensile strain primarily in the rotation axis
[12].

According to the previous study, mean tendon and carti-
lage T2* values decreased in the knee joint under loading
condition [13]. On the other hand, a recent MR experimen-
tal study by Jerban et al indicated that UTE T2 values de-
crease in tendons with the application of tensile strain [14].
Thus, we hypothesize that acute loading and tensile strain at
pronation will also result in a decrease in the T2* value of
the TFC. In this study, as expected, the average T2* value of
the TFC at pronation was significantly lower than that at the
neutral position. Our data may reflect the biomechanics of
the wrist joint.

T2* values of musculoskeletal structures are widely
considered to reflect the collagen microstructure rather
than content. The collagen crimp reduction and flattening
result in an angle decrease between the collagen fiber axes
and static magnetic field (B0), which in turn leads to
lower T2* values [14, 15]. The T2* decreases of the
TFC at pronation may be corresponded to the changes in
collagen orientation and organization upon acute loading
and tensile strain.

The average T2* value of the TFC at the ulnar flexion
position was slightly lower than that at the neutral position,
but the difference was not statistically different. There is one
prior study dealing with the TFC configuration at the ulnar

flexion position, and the authors reported that the TFC con-
figuration was not significantly different between the neutral
and ulnar flexion position [16]. Although the ulnar flexion
may slightly increase the load of the TFC in the long axis
direction, the tensile strain of the TFC is considered reduced
at the ulnar flexion position. The light load and tensile reduc-
tion of the TFC at ulnar flexion position may explain our
result.

Our study had several limitations. First, the number of sub-
jects evaluated was small, and the volunteers were predomi-
nantly young (< 35 years of age) since the aim of the present
study was to examine the feasibility of biomechanical T2*
assessment of the TFC. Second, we manually defined the
TFC boundary and ROIs in our calculation of the T2* value
of the TFC. Although the interobserver agreement in the T2*
value measurements was excellent in this study, use of auto-
matic or semiautomatic computational procedures might have
improved the reproducibility. Third, we did not measure the
actual compressive load applied to the wrist. Fourth, our cur-
rent UTE sequence only permits a four-echo acquisition and
requires a clinically reasonable scan time to achieve the de-
sired voxel size and sample coverage, but additional echo
images to calculate T2* values may be beneficial. Finally,
clinical cases were not included in this study. Our results
might have implications for the treatment of ulna impaction
and future biomechanical study. Additional prospective study
with a large number of cases is necessary to evaluate the
clinical implications of the TFC T2* measurement in wrist
kinematics.

Fig. 3 UTE-T2* maps obtained at three different positions in a 29-year-old male (a: neutral position; b: pronation position; c: ulnar flexion position).
T2* values of the TFC at pronation (b, 7.1 ± 0.6 ms) are lower than those at the neutral (a, 10.9 ± 1.2 ms) and ulnar flexion position (c, 9.9 ± 0.9 ms)

Table 1 Average T2* values of
TFC of the wrist according to the
forearm/wrist position

Position Neutral Pronation Ulnar flexion

mean ± 2SD (ms) 10.08 ± 1.90 7.92 ± 1.37 9.15 ± 1.03

* p < 0.017 (two-tailed Wilcoxon signed-rank test)
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In conclusion, the T2* relaxation time measurement of the
TFC using UTEmay be useful for assessing the loading effect
by the forearm/wrist position.

Funding The authors state that this work has not received any funding.

Compliance with ethical standards

Guarantor The scientific guarantor of this publication is Takatoshi
Aoki.

Conflict of interest The coauthor Atsushi Nozaki is an employee of GE
Healthcare, the supplier of the MR unit and pulse sequence used in this
study.

Statistics and biometry No complex statistical methods were necessary
for this paper.

Informed consent Written informed consent was obtained from all sub-
jects (patients) in this study.

Ethical approval Institutional Review Board approval was obtained.

Methodology
• prospective
• experimental
• performed at one institution

References

1. Palmer AK, Werner FW (1981) The triangular fibrocartilage
complex of the wrist anatomy and function. J Hand Surg Am
6:153–162

2. Bae WC, Ruangchaijatuporn T, Chang EY et al (2016) MR mor-
phology of triangular fibrocartilage complex: correlation with quan-
titative MR and biomechanical properties. Skeletal Radiol 45:447–
454

3. Williams A, Qian Y, Bear D, Chu CR (2010) Assessing degenera-
tion of human articular cartilage with ultrashort echo time (UTE)
T2* mapping. Osteoarthritis Cartilage 18:539–546

4. Chang EY, Du J, Chung CB (2015) UTE imaging in the musculo-
skeletal system. J Magn Reson Imaging 41:870–883

5. Sneag DB, Shah P, Koff MF, Lim WY, Rodeo SA, Potter HG
(2015) Quantitative ultrashort echo time magnetic resonance imag-
ing evaluation of postoperative menisci: a pilot study. HSS J 11:
123–129

6. Landis JR, Koch GG (1977) The measurement of observer agree-
ment for categorical data. Biometrics 33:159–174

7. Du J, Takahashi AM, Chung CB (2009) Ultrashort TE spectroscop-
ic imaging (UTESI): application to the imaging of short T2 relax-
ation tissues in the musculoskeletal system. J Magn Reson Imaging
29:412–421

8. Matzat SJ, van Tiel J, Gold GE, Oei EH (2013) Quantitative MRI
techniques of cartilage composition. Quant Imaging Med Surg 3:
162–174

9. Robson MD, Gatehouse PD, Bydder M, Bydder GM (2003)
Magnetic resonance: an introduction to ultrashort TE (UTE) imag-
ing. J Comput Assist Tomogr 27:825–846

10. Matsuki KO, Matsuki K, Mu S et al (2010) In vivo 3D kinematics
of normal forearms: Analysis of dynamic forearm rotation. Clin
Biomech (Bristol, Avon) 25:979–983

11. Nakamura T, Yabe Y, Horiuchi Y (1999) Dynamic changes in the
shape of the triangular fibrocartilage complex during rotation dem-
onstrated with high resolution magnetic resonance imaging. J Hand
Surg Br 24B:338–341

12. Adams BD, Holley KA (1993) Strains in the articular disk of the
triangular fibrocartilage complex: A biomechanical study. J Hand
Surg Am 18:919–925

13. Nebelung S, Sondern B, Oehrl S et al (2017) Functional MR imag-
ing mapping of human articular cartilage response to loading.
Radiology 282:464–474

14. Jerban S, Nazaran A, Cheng X et al (2017) Ultrashort echo time
T2* values decrease in tendons with application of static tensile
loads. J Biomech 61:160–167

15. Koff MF, Pownder SL, Shah PH, Yang LW, Potter HG (2014)
Ultrashort echo imaging of cyclically loaded rabbit patellar tendon.
J Biomech 47:3428–3432

16. Tanaka T, Yoshioka H, Ochiai N et al (2004) Morphologic change
of TFCC (triangular fibrocartilage complex) during radial-ulnal de-
viation analyzed by a MR microscopy coil. Journal of Japanese
Society for Surgery of the Hand 21:81–84

Eur Radiol (2019) 29:3219–3223 3223


	Ultrashort time-to-echo quantitative magnetic resonance imaging of the triangular fibrocartilage: differences in position
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Study population
	MR imaging
	MR imaging data analysis
	Statistical analysis

	Results
	Discussion
	References


