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Abstract

Objective—To evaluate pathology of the triangular fibrocartilage complex (TFCC) using high
resolution morphologic magnetic resonance (MR) imaging, and compare with quantitative MR
and biomechanical properties.

Materials and Methods—Five cadaveric wrists (22 to 70 yrs) were imaged at 3T using
morphologic (proton density weighted spin echo, PD FS, and 3D spoiled gradient echo, 3D SPGR)
and quantitative MR sequences to determine T2 and T1rho properties. In eight geographic regions,
morphology of TFC disc and laminae were evaluated for pathology and quantitative MR values.
Samples were disarticulated and biomechanical indentation testing was performed on the distal
surface of the TFC disc.

Results—On morphologic PD SE images, TFC disc pathology included degeneration and tears,
while that of the laminae included degeneration, degeneration with superimposed tear, mucinous
transformation, and globular calcification. Punctate calcifications were highly visible on 3D SPGR
images and found only in pathologic regions. Disc pathology occurred more frequently in
proximal regions of the disc than distal regions. Quantitative MR values were lowest in normal
samples, and generally higher in pathologic regions. Biomechanical testing demonstrated an
inverse relationship, with indentation modulus being high in normal regions with low MR values.
The laminae studied were mostly pathologic, and additional normal samples are needed to discern
quantitative changes.
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Conclusion—These results show technical feasibility of morphologic MR, quantitative MR, and
biomechanical techniques to characterize pathology of the TFCC. Quantitative MRI may be a
suitable surrogate marker of soft tissue mechanical properties, and a useful adjunct to conventional
morphologic MR techniques.

Keywords
Wrist; distal radioulnar joint; DRUJ; ultrashort; UTE; T2; T1rho; MSK; indentation

INTRODUCTION

The Triangular Fibrocartilage Complex (TFCC) is the main biomechanical stabilizer of the
distal radioulnar joint (DRUJ). The TFCC 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 ligament, subsheath of extensor carpi ulnaris (ECU) tendon and the meniscus
homologue (Figure 1). The TFC articular disc is a biconcave structure attaching medially to
the distal radius, and laterally to the ulnar styloid process via the proximal and distal laminae
of the triangular ligament. The TFCC articulates between the proximal carpal row and the
distal ulna [1, 2], facilitating smooth motion of the wrist by stabilizing the DRUJ and
transmitting axial loads between the ulna and carpal bones [3].

Degenerative changes in the TFC disc develop as early as the fourth decade, and progress
with advancing age [4]. Conventional magnetic resonance imaging (MRI) is widely used for
diagnosis of TFCC pathology, and demonstrates a high incidence of TFCC degeneration and
tears as regions of increased signal intensity. Lesions of TFCC are accurately identified with
conventional MR, shows strong agreement with arthroscopy [5], and are associated with
diminished function such as grip weakness as well as ulnar sided wrist pain [2].

While conventional morphologic MRI is useful clinically, quantitative MRI may further
improve evaluation of the TFCC. Quantitative techniques including T2 [6] and T1rho [7]
mapping are able to discern biochemical composition [8] and biomechanical properties [9]
of articular cartilage. Such techniques have proven sensitivity to cartilage degeneration in
the knee, and are likely capable of detecting similar structural alterations in the
fibrocartilaginous TFCC. Additionally, due to moderately short T2 nature of TFCC, MR
sequences utilizing ultrashort TE (UTE) techniques [10, 11] may capture signals normally
unseen by conventional MR techniques. Quantitative UTE techniques allow determination
of UTE T2* [12] and UTE T1rho [13] values, and have been used to evaluate many short T2
musculoskeletal tissues such as Achilles tendon, and have often provided greater sensitivity
to detection of early structural alteration than conventional longer TE sequences.

To date, little has been studied on quantitative MR changes of the TFCC with pathology,
and how these MR measures relate to biomechanical properties. The objective of our
cadaveric study was to evaluate TFCC pathology using high resolution morphologic MR,
and compare with quantitative MR properties tailored for long or short T2 tissues, as well as
compressive biomechanical properties determined by indentation testing.
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MATERIALS AND METHODS

MRI Imaging

This article does not contain any studies with human participants or animals performed by
any of the authors. This cadaveric study was exempt by the institutional review board and
the consent was not required. This article does not contain identifiable patient data.

Unilateral cadaveric wrists (n=5, 2 males, 3 females, 32 to 101 years old) were obtained and
imaged in a 3 Tesla Signa HDx scanner (GE Healthcare, Milwaukee, MI) with 3 inch
surface coil. The MR scanner had the maximum peak gradient amplitude of 40 mT/m and
slew rate of 150 mT/m/s. Hardware modification included addition of a custom transmit-
receive switch to the receiver pre-amplifiers for rapid switching after the radiofrequency
excitation pulse. The specimens had no known history of trauma or wrist symptoms.
Specimens were placed in a neutral prone position and images were obtained in a coronal
plane. Imaging protocol included morphologic and quantitative sequences. Morphologic,
high-resolution sequences included proton density-weighted spin echo (PD SE; Figure 2AC
and Figure 3AC) with and without fat suppression and three-dimensional spoiled gradient
echo (3D SPGR; Figure 2BD and Figure 3BD) sequences. Quantitative sequences tailored
for long T2 tissues included 2D multi-echo spin echo T2 mapping (ME SE T2; Figure 4A to
D), 2D spiral chopped magnetization preparation (2D SCMP; Figure 41 to L) T1rho [14],
and 3D magnetization-prepared angle-modulated partitioned k-space spoiled gradient echo
snapshots (3D MAPSS) T1rho [15]. Quantitative sequences tailored for short T2 tissues
included ultrashort time-to-echo (UTE) T2* (Figure 4E to H) and UTE T1rho (Figure 4M to
P) sequences. Table 1 lists detailed scanning parameters used with each sequence.

MR Evaluation

Images from the mid-coronal slice were selected for each sample, to register with the
locations of biomechanical indentation testing. Morphologic MR images (PD SE and 3D
SPGR; Figure 2 and Figure 3) were evaluated by two musculoskeletal radiologists (C.B.C.
with 16 years of clinical experience, and T.R. with 5 years of clinical experience). The
images were evaluated for pathology of the TFC disc and lamina as follows.

On PD SE images, normal MR appearance of the TFC disc was defined as homogeneous
hypointense bowtie-like structure. Normal appearing proximal and distal laminae were
defined as hypointense or slightly hyperintense striated bands continuous with the ulnar
attachment on fovea and ulnar styloid process, respectively. Abnormal MR appearances
included the following: (1) degeneration: globular or curvilinear intermediate signal
intensity (i.e., lower than the signal intensity of the synovial fluid) within the tissue without
extension to the articular surface; (2) degeneration with superimposed tear: ill-defined
surface wear and/or intra-substance fluid intensity on the degenerative tissue background,;
(3) tear: irregular high intensity with morphologic alteration, or fluid intensity extending to
the tissue surface on either or both sides, or tissue transection; (4) mucinous transformation:
hyperintense cystic-like lesion intervening and contained within the TFCC tissue. In
addition, on both PD SE and 3D SPGR images, superimposed tissue calcifications were
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defined as punctate, linear or globular hypointense foci. Although abnormal, regions of
tissue perforation were excluded owing to the lack of tissue for evaluation.

Additionally, distal-to-proximal thickness of the TFC disc was measured (OsiriX, Pixmeo
SARL, Geneva, Switzerland) at the approximate indentation sites, to determine indentation
modulus.

Quantitative MR images were analyzed by selecting 8 regions of interest (ROI) in the TFCC
representing the following geographic areas (Figure 2C): 6 sub-regions of the TFCC disc
including distal-radial, distal-central, distal-ulnar, proximal-radial, proximal-central, and
proximal-ulnar regions, as well as proximal and distal lamina. The signal intensity in each of
the 8 ROIs were averaged and fit to the appropriate mono-exponential decay function to
determine SE ME T2, UTE T2*, 2D SCMP T1rho, and UTE T1rho values.

Biomechanical (Indentation) Testing

The wrists were dissected by an orthopaedic surgeon and the soft tissues of the TFCC
exposed. One sample was excluded upon gross inspection due to excessive calcifications
covering the entire radial side of the wrist, which would exhibit an abnormally high
biomechanical stiffness. The remaining four exposed TFCC specimens were tested as
planned. The samples were thawed in normal saline and clamped on a custom jig to expose
the distal surface of the TFCC disc for indentation testing. Indentation was performed
(Figure 5A) with a MACH-1 mechanical testing system (Biomomentum, Laval, QC,
Canada) fitted with a non-porous 1 mm diameter plane-ended indenter. Indentation was
performed on multiple locations of the TFCC disc, from the radial to ulnar end of the disc
(Figure 5B) 1 mm apart. At each site, loading protocol consisted of an application of 0.1 mm
compressive displacement at a velocity of 0.1 mm/sec, held for 1 sec, and a release at the
same velocity, while recording the force. To reduce variability of indentation measurement
due to varying thickness of the disc tissue, the instantaneous shear modulus was calculated
[16], assuming Poisson’s ratio of 0.5 and correcting for thickness of the tissue. Indentation
moduli were averaged for 3 anatomic regions of the disc (distal-radial, distal-central and
distal-ulnar) for comparison against MR morphology in each region.

Statistical Analysis

RESULTS

The pathology for each ROI was defined by the MR morphology. Quantitative MR
properties and indentation moduli of the TFC discs were analyzed using Analysis of
Variance (ANOVA) and posthoc Tukey test. Statistically significant level was set at p=0.05.

MR Morphology of TFCC

On morphologic PD SE images, pathology of the TFC disc included degeneration (Figure
2C and Figure 3C) and tears (Figure 3C), while that of the lamina included degeneration
(Figure 2C and Figure 3C), degeneration with superimposed tear, and mucinous
transformation (Figure 3C). Calcifications were seen on both PD SE and 3D SPGR images,
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but were more conspicuous on 3D SPGR images (Figure 2D). Each of eight geographic
regions of the TFCC (Figure 2C) was annotated by the observed pathology in the region.

In the morphologic images of the TFC discs, pathology of some kind was found in 24 out of
30 regions. None of the TFC discs was completely normal, including that from the youngest
donor. Proximal regions were mostly pathologic (14 of 15) while distal regions tended to be
less pathologic (10 of 15; chi-square p=0.07). Degeneration was the most common type of
pathology, found in 21 of 24 pathologic regions, while tearing was identified in 3 of 24
pathologic regions. Calcifications were found only in regions of degeneration (5 of 21
degenerated regions). No calcifications were detected in normal TFC tissues.

In the TFC disc, gMR values were lowest in normal samples and increased significantly
with pathology (Figure 6A). ME SE T2 values in normal, degeneration without calcification,
degeneration with calcification, and torn discs were 25+2 ms (meanzstandard deviation),
39+14 ms, 43+6 ms and 47+24 ms, respectively, and increased significantly with the
severity of pathology (p=0.046). UTE T2* value of the aforementioned tissues were 8+1 ms,
12+2 ms, 61 ms, and 12+1 ms, respectively, also varying significantly with pathology
(p=2x107%). T1rho values from 2D SCMP T1rho sequence were 24+4 ms, 38+14 ms, 46+6
ms, and 392 ms, respectively, and the values from 3D MAPSS T1rho sequence were
similar. These values also varied significantly with pathology (p<0.05). UTE T1rho values
of the same tissues were 10+£2 ms, 13+3 ms, 21+1 ms, and 14+1 ms, respectively, also
varying significantly with pathology (p =2x1075).

On morphologic images (Figure 2 and Figure 3), proximal and distal lamina exhibited
diverse pathology (9 of 10), including mucinous transformation (Figure 3C; 1 of 10),
degeneration with superimposed tear (1 of 10), degeneration without calcification (Figure
2C; 3 of 10) and degeneration with calcification (Figure 2C; 4 of 10).

While quantitative MR values were obtained for the laminae (Figure 6B), no statistics were
performed due to the diverse pathology and small number of normal lamina (n=1). ME SE
T2 values of laminae ranged from 26 to 50 ms. UTE T2* values yielded a lower range of 9
to 14 ms. T1rho values obtained from 2D and 3D T1rho sequences ranged from 27 to 54 ms
and 25 to 54 ms, respectively. A lower range of 10 to 25 ms was found for UTE T1rho
values. Among pathologic samples, degenerative tissue with calcification tended to have
higher quantitative values (ME SE T2, 2D and 3D T1rho, and UTE T1rho) than those
without calcification, similar to the finding in the TFC discs.

Biomechanical Properties of the TFC Disc

Indentation modulus values were generally higher in normal regions of the TFC disc and
lower in pathologic regions (Figure 5C). In the normal, degeneration region without
calcification, and degeneration region with calcification, the indentation moduli were
10.1+3.7 kPa, 6.3+£2.1 kPa, and 8.2+2.9 kPa, respectively (Figure 6A). Degenerative tissue
with superimposed calcification had a slightly greater modulus than the degenerative tissue
without calcification. However, no statistically significant difference due to pathology was
found between normal and pathologic regions.
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DISCUSSION

These results show technical feasibility of high resolution morphologic and quantitative MR
techniques to evaluate pathology of the TFCC, and their biomechanical ramifications.
Morphologic PD SE sequence reliably demonstrated pathology of TFC disc including
degeneration and tear, as well as pathology of the lamina including degeneration,
degeneration with superimposed tear, and mucinous transformation. Punctate calcifications
were best depicted on the 3D SPGR sequence, similar to those in the knee meniscus [17].
Calcifications were found only within pathologic regions, a finding consistent with prior MR
studies [17]. Greater frequency of pathology involving proximal regions of the TFC disc as
compared to the distal regions was also similar to previous findings [18], and may relate to
greater amount of articulation and wear on the proximal side during forearm supination and
pronation [4].

Quantitative MR techniques provide a novel and sensitive means for evaluating tissues of
the TFCC, and complement conventional techniques. In our study, both T2 and T1rho
measurements from conventional and UTE MR techniques generally increased with
pathology, in agreement with past studies on other musculoskeletal tissues such as articular
cartilage [6, 19]. To our knowledge, only one study [20] has previously reported quantitative
T1 and T1rho values of the TFC discs and found a positive correlation with age.
Quantitative MR, however, did not uniquely demonstrate abnormalities not seen with
conventional sequences. While clinical utilization is currently scarce for the wrist, and
diagnostic efficacy (e.g., greater accuracy or sensitivity to pathology over conventional
techniques) has not been established, quantitative MR could be beneficial in some cases
clinically. Quantitative MR techniques provide objective and continuous measure of tissue
health, which would be useful not only for initial assessment but also for follow up after
therapeutic interventions. For example, stable minor tears or degeneration of the TFCC, as
well as repaired tissues, may be monitored longitudinally for signs of deterioration without
obvious morphologic changes. Sensitivity of many quantitative MR techniques to
composition of load-bearing musculoskeletal tissues [8, 21] is yet another reason for
applying quantitative techniques in the wrist.

Calcification, found only in regions of degeneration, tended to have higher (T2, T2*, T1rho)
values on most sequences compared to degenerated tissue without calcification. For punctate
calcifications with short T2 values [17], the higher quantitative MR values are attributable to
degeneration of tissue surrounding the calcification. Interestingly, UTE T2* values were
lower in regions with calcification (621 ms) compared to degenerated regions without
calcification (12+2 ms). This observation may relate to susceptibility artifact producing
more rapid T2 dephasing and loss of magnetization at longer TEs, thereby reducing
calculated T2* values. Spin echo or magnetization-prepared techniques are less prone to
such an artifact.

Biomechanical indentation testing demonstrated loss of normal TFC disc stiffness in
pathologic regions, consistent with past biomechanical studies of various healthy and
diseased connective tissues. In articular cartilage [22], meniscus [23], and
temporomandibular disc [24, 25], decreased tissue stiffness from degeneration occurs with
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advanced age or osteoarthritis, due to loss of normal collagen structure and increased water
content. This also results in increase in T2 values, as found in pathologic tissues in this
study. Degenerated regions of the TFC disc with superimposed calcification, however,
exhibited a slightly higher modulus compared to similar regions without calcification,
suggesting the calcifications may have been dense and stiff in nature and may also have
confounded the evaluation of the properties of the soft tissue alone.

This study has several limitations. Due to a small sample size, relatively few normal tissues
were included in the study, especially for the laminae. Further, without histopathologic
analysis (could not be performed due to tissue damage that occurred after the study during
storage), the performance of morphologic MR for pathology detection could not be
validated, nor could biomechanical testing measurements be correlated with confirmed
structural changes. This makes interpretation of the data somewhat challenging, and it will
be addressed in future studies. The regions of interest in the TFC disc were selected to
facilitate comparison against biomechanical properties, and may have contained mixed
pathology (i.e., thin tear within normal region was defined as tear), possibly confounding
our results. Additionally, quantitative MR values in the laminae are susceptible to magic
angle effect, as the curvature of the laminae nears 55° relative to the main magnetic field Bg
[26]. Lastly, clinical history related to each sample was not available.

In conclusion, these results show a significant association between degenerative changes of
the TFCC visible on high resolution morphologic MRI, and objective measurements
obtained with quantitative MRI and biomechanical testing. Quantitative MR techniques are
a novel and sensitive means for evaluating the TFCC, which may complement conventional
techniques and allow more precise staging of TFCC degeneration. The techniques presented
are readily translatable in vivo, but additional studies are needed to determine in vivo
diagnostic utility.
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Figure 2.
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Morphologic coronal MR images of a cadaveric wrist obtained with (A, C) proton density
weighted spin echo (PD SE) and (B, D) three-dimensional spoiled gradient recalled echo
(3D SPGR) sequences. Soft tissue degeneration was detectable on PD SE images, while
dense calcification was highly visible on SPGR images. Morphologic images were evaluated
for pathology in (C) eight geographic regions. Annotated pathology seen on the close-up PD
SE image (C) included degeneration (of the TFC disc and laminae), tear (red dotted line in
TFC disc) and globular calcification (orange dotted line in distal lamina). (D) In a 3D SPGR
image of the same sample, punctate calcifications of the TFC disc and proximal lamina

could be seen as regions of focal hypointensity.
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Figure 3.
Morphologic coronal MR images of another cadaveric wrist obtained with (A, C) proton

density weighted spin echo (PD SE) and (B, D) three-dimensional spoiled gradient recalled
echo (3D SPGR) sequences. On a close-up PD SE image (C), pathology including TFC disc
degeneration (blue dotted line), TFC disc tear (red dotted line), proximal lamina
degeneration with superimposed tear (purple dotted line), and distal lamina mucinous
transformation (distal lamina) could be discerned. (B, D) 3D SPGR image suggested the
lack of calcification in this sample.
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Quantitative MR images and respective color maps of a TFCC sample in coronal plane,
obtained with (A to D) multi-echo spin echo T2 (ME SE T2), (E to H) ultrashort echo time
(UTE) T2*, (I to L) two-dimensional spiral chopped magnetization preparation (2D SCMP)
T1rho, and (M to P) UTE T1rho techniques. Images obtained at (A, E, I, M) the shortest
echo time (TE) or spin-lock time (TSL) exhibit higher signal intensity in the region of the
TFC disc and the laminae compared to the images obtained at (C, G, K, O) longer TE or
TSL. In regions of interest representing the TFC disc and the laminae, voxel-wise
exponential fitting was performed to obtain (D, H, L, P) color maps reflecting spatial
variations in quantitative MR properties.
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Figureb.
(A, B) Gross photographs of a disarticulated wrist sample prepared for biomechanical

indentation testing of the distal surface of the TFC disc with a (A) non-porous 1 mm
diameter plane-ended indenter. (B) Each TFC disc was tested at multiple sites along a radio-
ulnar midline of the disc. (C) Indentation testing protocol consisted of application of a short-
duration compressive displacement while measuring the force generated. Differences in
measured data from a normal (green) and a degenerated (red) TFC disc is illustrated.
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A TEC Disk MESET2 UTET2* 2D Tirho 3D Tirho UTE Tirho| Indentation
[ms] [ms] [ms] [ms] [ms] Modulus [kPa]
Normal Mean (25 8 24 26 10 10.1
n=6/5 SD |2 1 4 4 2 3.7
Degen-Ca Mean |39 12 38 38 13 6.3
n=16/5 SD |14 2 14 16 3 2.1
Degen+Ca Mean |43 6 46 48 21 8.2
n=5/2 SD |6 1 6 4 il 2.9
Tear Mean |47 12 39 47 14 -
n=3/0 SD |24 1 2 16 1 -
(n for gMR / indentation)
| ANOVA, p-values | 0.046 2x10° 0.015 0.034 2x10° 0.19
MESET2 UTET2* 2D Tirho 3D Tirho UTE Tlrho
B [ms] [ms] [ms] [ms] [ms]
Normal 42 14 51 50 25
n=1
Mucinous 50 9 54 54 18
n=1
Degen+Tear 50 13 54 47 ily/
n=1
Degen-ca Mean (26 12 27 25 10
n=3 SD |6 2 10 6 .
Degen+ca Mean (42 13 46 42 14
n=4 sSD |13 5 13 7 4

No Statistics Performed

Figure®6.

(A) Quantitative MR values and biomechanical indentation modulus for the TFC disc. All
guantitative MR values were generally lowest in normal samples, and increased significantly
with degeneration or tear. Indentation modulus showed an inverse trend, being the highest in
normal samples and decreasing with pathologic changes. (B) Quantitative MR values for the
lamellae. Lamellar samples were mostly pathologic, and requires additional samples for

statistical analysis.
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