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Abstract

Objective The aim of'this study was to investigate the MR features of the traumatic injury of the triangular fibrocartilage complex
(TFCC) by using high-resolution 3-T magnetic resonance imaging (MRI) and to refine the Palmer classification system.
Materials and methods From November 2015 to May 2019, sixty-seven patients met the including and excluding criteria and
were enrolled into this retrospective study. All subjects had high-resolution 3-T MRI scan of the wrist and eleven had indirect MR
arthrography of the wrist. All the MRI were read by two experienced musculoskeletal radiologists. Diagnostic sensitivity,
specificity, and accuracy of MRI were calculated by using the arthroscopy and surgery as the standard of reference. A P value
less than 0.05 was considered statistically significant. The interobserver agreement was assessed by kappa analysis.

Results There were 49 cases of TFCC injuries proven by the arthroscopy or surgery. The TFCC injuries in the other 18 patients
were proved by the combination of clinical follow-up examination and follow-up MRI. Among the arthroscopy- or surgery-
confirmed cases, there were 32 patients with original Palmer injuries (IA = 10, IB = 19, ID = 3), 5 with capsular detachment, 4
with bucket-handle tear of the TFCC that have rarely been reported, and 8 with complex injuries that involved the listed
classifications above. The sensitivities and specificities of MRI for diagnosing IA, 1B, ID, complex injuries, and bucket-
handle tear were 67-100% and 90—100%, and overall good to perfect interobserver agreements (kappa, 0.64—1.00). The diag-
nostic performance for the capsular detachment was lower (kappa, 0.38).

Conclusion With high-resolution 3-T MRI, more detailed injury patterns were found including capsular injuries, the horizontal
tear of the articular disk, and the bucket-handle tear. It is necessary to refine the classic Palmer classification of TFCC injuries.

Keywords Traumatic - Triangular fibrocartilage complex (TFCC) - Injury - Magnetic resonance imaging - Classification

Introduction of the wrist and the rotation of the forearm [1-7]. The original

Palmer classification of TFCC injuries has gained widespread

The triangular fibrocartilage complex (TFCC) is an important
structure to maintain the stability of the ulnocarpal joint and
the distal radioulnar joint (DRUJ) and allow the stable motion
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acceptance by radiologists and hand surgeons since it was
published in 1989 and still serves as a reference in the diag-
nosis and treatment for traumatic TFCC injury. Traumatic
TFCC injuries in the original Palmer classification system
are categorized into four different types according to the injury
location. However, with further understanding of the anatomy
and biomechanics of TFCC and DRUJ and the advanced im-
aging techniques, more injury types have been found that were
not included in the original Palmer classification. We feel it is
necessary to refine the original Palmer classification to pro-
vide a more comprehensive injury spectrum for clinicians.
Some authors stated that computed tomography (CT) with
arthrography was more sensitive than MRI in the diagnosis of
tears of the TFCC, especially for central perforation [8, 9].
However, it is generally believed that MRI and MR
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arthrography are equal if not superior to CT arthrography in
detecting TFC injury. More associated injuries can also be
detected with MRI, such as adjacent soft tissue injuries, artic-
ular cartilage injuries, and acute bone contusion. According to
our previous study [10], high-resolution 3-T magnetic reso-
nance imaging (MRI) is capable to show the complex details
of the TFCC anatomy. In our current study, we have found
several injury patterns that were not included in the original
Palmer classification. We hypothesized that with high-
resolution MRI, more injury patterns can be demonstrated.
Some of these TFCC injury patterns may be associated with
instability of the DRUJ or ulnocarpal joint, which may further
influence the clinical management. Thus, this research was
designed to illustrate the MR features of various TFCC injury
patterns and provide a detailed and integrated classification
system to further refine the Palmer classification.

Materials and methods

This research protocol was reviewed and approved by the
institutional ethic review board.

Study population

To be included in this study, all patients with TFCC injuries
had a history of traumatic injury of the wrist and all presented
with ulnar-sided wrist pain. All of the patients had either sur-
gery or complete follow-up data. Patients having any of the
following conditions will be excluded from this study: Palmer
type II degenerative tears (including type I coupled with type
1), inflammatory arthritis, tumor or tumor-like lesions, defor-
mity of the wrist (such as Madelung deformity), or previous
history of wrist surgery. From November 2015 to May 2019,
sixty-seven patients met the including and excluding criteria
and were enrolled into this retrospective study. Forty-nine
patients had wrist arthroscopy or surgery with the interval
range from 4 days to 13 months after the MR imaging exam-
inations. The remaining 18 patients accepted the conservative
treatment with a follow-up period that ranged from 3 to
12 months.

MR imaging

Magnetic resonance imaging was performed with a 3-T MR
imaging unit (Philips Achieva, Philips Medical Systems
Nederland B.V., P.O. Box 10000, 5680 DA Best,
The Netherlands) with a 16-channel hand-and-wrist receiver-
only coil (Philips Hand/Wrist 16 3-T Tim coil, model (IT)).
All patients were placed in prone position and the examined
arms were raised above the head, so that the wrist can be in the
isocenter of the scanner bore pinpointed by the laser mark.
Immediately after the unenhanced MR examination, 11
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patients who were suspected with ulnar-sided attachment in-
jury of the TFC during the clinical examination had indirect
wrist arthrogram.

The magnetic resonance imaging sequences include fat-
suppressed proton density (PD FS)-weighted imaging in axi-
al, coronal, and sagittal planes (TR/TE 2500-2609/35), and
T1-weighted fast spin-echo in coronal plane (TR/TE 326/15,
slice thickness, 2—3 mm; interslice space, 0.2—0.3 mm; NEX,
2—4; field of view, 80-90 x 80-90 mm; and voxel, (0.25—
0.31)mm x (0.35-0.45)mm % (2.0-2.8)mm).

Eleven patients had indirect wrist arthrography with intra-
venous (IV) injection of gadopentetate dimeglumine 9.38 g/
20 mL (Beilu Pharmaceutical Co. Ltd., Beijing, China),
0.2 mL/kg body weight, and maximum volume of 20 mL.
Those patients were kept still on the scanner table for
10 min after the contrast injection through an IV access in
the opposite arm. Then, the second scan was performed with
the following additional sequences: T 1-weighted fat-saturated
(T1 FS) imaging in the axial, coronal, and sagittal planes (TR/
TE 378/15, slice thickness, 2-3 mm; interslice space, 0.2—
0.3 mm; NEX, 2-4; field of view, 80-90 x 80-90 mm; and
voxel, (0.28-0.30)mm % (0.39-0.43)mm x (2.0-3.0)mm).

MR imaging analysis

All the MRI were read retrospectively by two senior muscu-
loskeletal radiologists with 5 to 10 years of experience. The
discrepancies were resolved by consensus by introducing an
additional musculoskeletal radiologist with more than 10 years
of experience. The MR examinations were presented to the
reviewers in a random order in order to avoid bias, and both
reviewers were blinded to all clinical data including surgery
reports and the follow-up data. The appearance of TFCC and
signal intensity on MR images of the 67 patients were ana-
lyzed. If there were discontinuity of fibers and abnormal in-
crease in signal intensity extending to both superior and infe-
rior surfaces on FS PD images, we defined it as a complete
tear, whereas if there was discontinuity of some fibers with
some continuity, a partial tear could be diagnosed. Based on
the modified classification system presented in a previous ar-
ticle (Fig. 1) [10], we present a comprehensive classification
of TFCC injuries (Table 1). According to the new classifica-
tion, the readers then were asked to further evaluate the pres-
ence or absence of foveal insertion tear, styloid insertion tear,
complete tear of the ulnar attachment of the TFC, fracture of
the ulnar styloid without tear of the foveal insertion or styloid
insertion, fracture of the ulnar styloid with foveal insertion
tear, “floating styloid,” fibrocartilage-radius interface tear,
dorsal or volar rim tear, and radial interface tear with/
without dorsal or volar rim tear. If a patient had more than
one type of injury, the injury patterns will only be classified as
complex injuries instead of classifying in detail. The MR im-
aging features of different subtypes of the injuries were
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Fig. 1 Modified classification of traumatic Palmer TFCC injuries.
Schematic drawing of the modified traumatic classification showed the
traumatic TFCC injuries could be categorized as central perforation, ulnar
avulsion, distal avulsion, radial avulsion, horizontal tear, and capsular

compared with the arthrographic findings, surgical results, and
follow-up data in a double-blind manner.

Statistical analysis

For all statistical calculations, statistical software
MedCalc version 16.8.4 (Ostend, Belgium) was used.
Descriptive statistics were used for demographics to de-
scribe the numbers and percentages of patients. For
assessing agreement among the two observers, weighted
kappa values were calculated; kappa values of 0-0.20
indicate poor agreement, 0.21-0.40, fair agreement;
0.41-0.60, moderate agreement; 0.61-0.80, substantial
agreement; and 0.81-1.00, almost perfect agreement.
The diagnostic performance of MRI was determined by
calculating sensitivity and specificity with arthroscopic or
surgery serving as the standard of reference. The arca
under the (AUC) receiver operating characteristic (ROC)
curve was used to define test accuracy (0.9—1, excellent;
0.8-0.9, good; 0.7-0.8, fair; 0.6-0.7, poor; 0.5-0.6, fail).
A P value less than 0.05 was considered statistically
significant.

detachment according to the location. L, lunate; T, triquetrum; R,
radius; U, ulna; LT, lunotriquetral ligament; UT, ulnotriquetral ligament;
UL, ulnolunate ligament; MH, meniscus homologue

Results
Traumatic TFCC injuries

There were 67 patients—33 males and 34 females—with the
age ranging from 11 to 60 years. There were 49 cases of TFCC
injuries proven by arthroscopy or surgery. The diagnosis of
the rest of the 18 cases was established by initial imaging
findings, clinical data, and follow-up examinations, with
follow-up period ranging from 3 to 12 months. One of the
important findings in acute traumatic TFCC injury is in-
creased FS PD signal within the injured TFCC and adjacent
tissue, representing a tear or strain and tissue edema. During
the course of follow-up, MR images of patients with conser-
vative treatment showed abnormally high signal intensity that
decreased on FS PD-weighted images and the swelling of
tissue was reduced. Among the 49 patients with
arthroscopy- or surgery-confirmed traumatic TFCC injuries,
there were 32 patients with original Palmer injuries (IA = 10,
IB =19, ID = 3), 5 with capsular detachment, and 4 with
bucket-handle tear of the TFCC. The bucket-handle tear of
the TFCC has rarely been reported. There were 8 patients with
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Table 1 The refined Palmer classification of traumatic TFCC injuries
IA Central IB Ulnar-side IC ID Radial side avulsion IE Horizontal IF Capsular detachment 1G Bucket-
perforation injury Distal tear of the handle tear of
avulsion articular disk the TFCC
(1) Ulnar ID1. Fibrocartilage-radius interface tear IF1.Volar capsular TFC
attachment ID2. Dorsal/volar rim tear detachment
injuries of ID3. Fibrocartilage tear + dorsal/volar rim IF2. Dorsal capsular TFC
the TFC avulsion with/without avulsion fracture of detachment
IB1. Foveal the sigmoid notch of the radius IF3. Dorsal capsular
insertion tear ID4. Complete detachment detachment from the
IB2. Styloid triquetral insertion

insertion tear

IB3. Complete
avulsion

1B4. Stable
pseudoarthr-
osis

IB5. Unstable
pseudoarthr-
osis

IB6. “Floating
styloid”

(2) Miscellany

Ulnomeniscal
homologue
tear

ECU injury

IF4. Dorsal capsular TFC
detachment and detachment
from the triquetral insertion

complex type of injuries that involved more than one listed
classifications above.

During MRI interpretation, the radiologists diagnosed IA,
IB, ID, complex injuries, and bucket-handle tear with sensi-
tivities of 67-100%, specificities of 90-100%, and overall
good to perfect interobserver agreements (kappa, 0.64—1.00)
(Table 2). However, the performance for diagnosing the cap-
sular detachment was lower (kappa, 0.38).

Among the 67 patients either confirmed by arthroscopy/
surgery or follow-up data, 33 patients had Palmer IB injuries
(19 with arthroscopy or surgery, 14 with follow-up data) in-
cluding the following: IB1 = 13, foveal insertion tear (detach-
ment of the ulnar foveal insertion of the TFC); IB2 = 4, styloid
insertion tear (detachment of the ulnar styloid insertion of the
TFC); IB3 = 8, complete tear of the ulnar attachment of the
TFC (detachment of both the foveal and the styloid insertions
of'the TFC); IB4 = 2, fracture of the ulnar styloid without tear
of the foveal insertion or styloid insertion; IB5 = 3, fracture of
the ulnar styloid coupled with foveal insertion tear; IB6 = 3,
floating styloid. Three patients had Palmer IB injury also with
extensor carpi ulnaris (ECU) tendon injury. One patient had
combination of Palmer IB injury with meniscus homologue
(MH) injury. However, among these IB injuries, there were
only 9 with foveal insertion tear, 5 with complete tear of the
ulnar attachment, 3 with fracture of the ulnar styloid coupled
with foveal insertion tear, and 2 with “floating styloid” that
were proven by arthroscopy or surgery.

@ Springer

Palmer ID injuries were rare. There were only 3 patients
proven by the arthroscopy or surgery, including two with tear
between the hyaline cartilage of the sigmoid notch of the ra-
dius and TFC, and one with radial TFC tear and volar avulsion
of the TFCC from the radial sigmoid notch and avulsion frac-
ture of the sigmoid notch.

There were four cases with bucket-handle tears of the
TFCC confirmed by arthroscopy or surgery, among them
two with different extents of distal radioulnar ligament tears
and the fragment located between the proximal carpal bones
and the TFC, and the other two with fragment flipped into the
prestyloid recess or the DRUJ.

MR features of the ulnar-side traumatic TFCC injuries

IB1. Foveal insertion tear (9 cases with arthroscopic or surgi-
cal proven, 4 with non-surgical) Attachment of the proximal
lamina to the fovea is injured (Fig. 2). The lamina of the TFC to
the styloid insertion is intact. The lesion could be best appreciated
on coronal FS PD images (Fig. 2). On MR images, the TFC ulnar
foveal attachment shows discontinuity with irregular high signal
intensity. This type of injury cannot be detected in the standard
arthroscopy of the radiocarpal joint directly. Arthroscopy of the
DRUIJ would be ideal to assess the proximal component of the
TFCC. In addition, the surgeons often judge the tear of foveal
insertion by a manual test such as the hook test. Foveal



Skeletal Radiol (2020) 49:1567-1579 1571
Table 2 Arthroscopic-based 3-T MRI for the diagnosis of traumatic TFCC injuries
TFCC injury pattern Reader Kappa TP FN TN FP Sensitivity Specificity AUC ROC P value
IA Central perforation RI 086 (0.68-1.00) 9 1 38 1 90% (55.5-99.9%) 97% (86.5-99.9%) 0.84 (0.83-0.99) P<0.0001
(prevalence 10/49, 20%) R» 8 2 39 0 80%(44.497.5%) 100% (91.0-100%) 0.90 (0.79-0.97) P <0.0001
IB Ulnar-side injury RI 0.88(0.74-1.00) 19 0 27 3  100% (82.4-100%) 90% (73.5-97.9%) 0.95 (0.85-0.99) P <0.0001
(prevalence 19/49, 39%) Rr» 18 1 29 1 95% (74.0-99.9%) 97% (82.8-99.9%) 0.96 (0.86-0.99) P<0.0001
ID Radial side avulsion ~ R1 100 (1.00-1.00) 2 1 46 0 67% (9.4-99.2%) 100% (92.3-100%) 0.83 (0.70-0.92) P=0.0455
(prevalence 3/49, 6%)  Ro 2 1 46 0 67%(94-992%) 100% (92.3-100%) 0.83 (0.70-0.92) P=0.0455
Compound injuries RI 064 (036-093) 7 1 39 2 88% (47.3-99.7%) 95% (83.5-99.4%) 0.91 (0.80-0.98) P <0.0001
(prevalence 8/49, 16%) R 7 1 40 1 88% (47.3-99.7%) 98% (87.1-99.9%) 0.93 (0.81-0.98) P <0.0001
Capsular detachment RI 038(-0.15-091) 1 4 44 0 20% (0.5-71.6%) 100% (92.0-100%) 0.60 (0.45-0.74) P=0.3173
(prevalence 5/49, 10%) R 4 1 44 0 80% (28.4-99.5%) 100% (92.0-100%) 0.90 (0.78-0.97) P=0.0001
Bucket-handle tear RI 100 (1.00-1.00) 3 1 45 0 75% (19.4-99.4%) 100% (92.1-100%) 0.88 (0.75-0.95) P=0.0027
(prevalence 4/49, 8%)  Ro 3 1 45 0 75%(19.4-99.4%) 100% (92.1-100%) 0.88 (0.75-0.95) P=0.0027

TP true positive, FN false negative, TN true negative, F'P false positive, AUC ROC area under the receiver operating curve

detachment is associated with DRUJ instability, and if required,
treatment is reattachment.

IB2. Styloid insertion tear (4 cases with non-surgical proven) It
represents the tear of the distal lamina of the TFC in the styloid
insertion with or without DRUJ instability. It is characterized
by the discontinuity of the distal lamina with increased signal
intensity (Fig. 3). The lesion could be best appreciated on
coronal FS PD images.

IB3. Complete tear of the ulnar attachment of the TFC (5 cases
with arthroscopic or surgical proven, 3 cases with non-surgi-
cal) It involves both the foveal and the styloid insertions
of the TFC and shows the irregular high signal intensity
(Fig. 4). The lesion could be best appreciated on coro-
nal FS PD images and it would be more clearly dem-
onstrated on MR arthrography T1 FS images (Fig. 4).
Other signs may include altered morphology, focal sy-
novitis, and fluid accumulation. The complete tear is
typically associated with the DRUJ instability.
Theoretically, it may require foveal refixation of the
TFCC if treatment is indicated.

Fig. 2 IB1. Foveal insertion tear.
a [llustration drawing of IB foveal
insertion tear showing the
proximal detachment from the
foveal insertion. b A 40-year-old
male with wrist injury. Coronal
FS PD-weighted image showed
the foveal insertion complete tear
which presented as high signal
intensity and some fluid accumu-
lation (arrow). FS, fat suppression

IB4. Stable pseudoarthrosis (2 cases with non-surgical) It re-
fers to fracture of the ulnar styloid without tear of the foveal
insertion or styloid insertion of the TFCC (Fig. 5). On MR
images, there is a non-union fracture of the ulnar styloid, and
the triangular ligaments are normal. In this type of injury, there
is no further treatment required.

IB5. Unstable pseudoarthrosis (3 cases with arthroscopic or
surgical proven) It involves a fracture of the ulnar styloid with
foveal insertion tear of the TFCC. The lesion could be best
appreciated on coronal FS PD images (Fig. 6). It showed the
non-union fracture of the ulnar styloid with the increased sig-
nal intensity in the foveal insertion of the TFC. In the acute
phase, there was bone marrow edema in the ulnar styloid
process and fovea and fascial edema. If there is an unstable
pseudoarthrosis, the stability of DRUJ should also be evalu-
ated. And if there is a large ulnar styloid fracture contributing
to DRUJ instability, surgical fixation is needed.

IB6. “Floating styloid” (2 cases with arthroscopic or surgical
proven, 1 case with non-surgical) It demonstrates a displace-
ment of the non-union fracture of the ulnar styloid with a
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Fig. 3 IB2. Styloid insertion tear.
a Schematic drawing of IB styloid
insertion tear showed the
detachment of the ulnar styloid
insertion of the TFC. b A 30-year-
old female with wrist injury.
Coronal FS PD-weighted image
showed the discontinuity of the
distal lamina with irregular high
signal intensity in the styloid in-
sertion (arrow). FS, fat
suppression

complete tear of the ulnar insertion of the TFC. The lesion
could be best appreciated on coronal FS PD images (Fig. 7).
In this condition, the styloid may require excision.

Meniscus homologue injury On FS PD images, meniscal ho-
mologue injury appears as the increased signal intensity (Fig.
8), and the avulsion of MH from the ulnar attachment or the
triquetral attachment and the extent of injury could be appre-
ciated on the coronal plane.

Extensor carpi ulnaris tendon injury On MR images, the ECU
tendon would show as the linear or diffuse high signal inten-
sity within the tendon, enlargement of the tendon, tenosyno-
vitis, and fascial edema (Fig. 9). The lesion could be best
appreciated on coronal and axial FS PD images.

MR features of traumatic radial side TFCC injuries

The radial side tear of the TFCC is uncommon and the dem-
onstration of the MR features is rare. Because the dorsal or
volar rim tear of the TFCC radial attachment is related with the
instability of DRUJ and the treatment depends on the tear
location, according to the location of abnormal findings, we

Fig. 4 1B3. Complete tear. a Illustration of IB complete tear showed the
detachment of both the fovea and the styloid insertions of the TFC. A 45-
year-old male with wrist injury. b Coronal FS PD-weighted image and ¢
coronal T1 FS image after contrast injection showed both the fovea and
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recommended adding this type of injury to refine the original
Palmer classification system (Table 1, Fig. 10).

ID1. Fibrocartilage-radius interface tear (2 cases with arthros-
copy or surgery proven, 1 case with non-surgical) It occurs
between the hyaline cartilage of the sigmoid notch of the ra-
dius and TFCC (Fig. 11). The radial slit or flap interface tear is
the most commonly seen. On MR images, it demonstrates as
the irregular linear high signal intensity limited to the
fibrocartilage area, best seen on consecutive coronal FS PD
images and sometimes also on axial images. In our study,
there was one patient who had interface tear with peripheral
retraction (Fig. 11).

ID3. ID1 tear + volar rim tear + avulsion fracture (1 case with
surgery proven) It is a combination injury including the
fibrocartilage-radius interface tear and the volar rim avulsion
of'the TFCC with avulsion fracture of the sigmoid notch of the
radius (Fig. 12). On MR images, it shows as the discontinuity
and increased signal of the volar distal radioulnar ligament,
the high signal intensity of the radial attachment of the TFC,
and the fracture and bone marrow edema of the radial sigmoid
notch (Fig. 12). The rim tear should be repaired because of the

the styloid insertions of the TFC were partially torn with irregular high
signal intensity (arrow) and focal synovitis. It was demonstrated more
clearly on the indirect arthrogram. FS, fat suppression
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Fig. 5 IB4. Stable pseudoarthrosis. a Schematic drawing of IB stable
pseudoarthrosis showed the fracture of the ulnar styloid without tear of
the foveal insertion or the styloid insertion. A 38-year-old male with wrist
injury. b Coronal FS PD-weighted image and ¢ T1-weighed image

importance to the DRUJ stability and the fragment of the
sigmoid notch needs to be fixed.

MR features of bucket-handle tear of the TFCC

The bucket-handle tear of the TFCC 1is very rare and
has only been seen in case reports in the literatures. The
MR features have not been fully described. In our
study, we have two cases with bucket-handle tears that
have not been reported previously. It occurred in the
radial side of the TFCC with partial separation of both
the dorsal and volar distal radioulnar ligaments from the
articular disk. One has a separated part lifted up like a
handle (Fig. 13a). The other one has the radial fragment
flipped between the proximal lunate and triquetrum and
the preserved articular disk. It could be best evaluated
in coronal and sagittal FS PD images (Fig. 13b—d).

Fig. 6 IB5. Unstable pseudoarthrosis. a Illustration of IB unstable
pseudoarthrosis showed the fracture of the ulnar styloid coupled with
the foveal insertion tear. A 27-year-old female with wrist injury. b
Coronal FS PD-weighted image and ¢ T1-weighted image showed the
acute fracture at the base of the ulnar styloid process (arrowhead) coupled

showed the non-union at the base of the ulnar styloid process with the
proximal lamina (arrow in b) and distal lamina (dashed arrow in b) re-
mains normal. FS, fat suppression

Discussion

The Palmer classification has been widely used by hand sur-
geons and in the musculoskeletal radiologist community. It
helped to clarify the mechanism of injuries and direct clinical
management [11, 12]. However, we found that the original
Palmer classification system did not cover all the TFCC inju-
ries, in line with several reports by other authors [13—17].
According to our current and previous study, we have found
several traumatic injury patterns that were not included in the
original Palmer classification system including capsular inju-
ries, the horizontal tear of the articular disk, and the bucket-
handle tear. As the complex anatomy and biomechanics of the
DRUIJ have been gradually understood, the importance of
preserving a well-functioning TFCC has been learned by cli-
nicians [18-20]. One of the crucial importance in evaluating a
patient with acute TFCC injury is the presence or absence of

with the proximal lamina torn (arrow) and the distal lamina was intact
(dashed arrow). In addition, bone marrow edema in the ulnar styloid
process, fovea and fascial edema, and fluid accumulation could also be
observed. FS, fat suppression
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Fig. 7 1B6. Unstable
pseudoarthrosis—“floating
styloid”. a Illustration of IB
unstable pseudoarthrosis showed
the displacement of the non-union
of ulnar styloid with tear of both
the foveal and styloid insertions.
A 57-year-old female with wrist
injury. b Frontal radiograph
showed fracture of ulnar styloid
process (dashed circle). ¢ Coronal
FS PD-weighted image and d T1-
weighed image showed the mod-
erately displaced fracture of ulnar
styloid process (arrowhead). Both
the proximal lamina (arrow in ¢)
and distal lamina (dashed arrow in
¢) were partially torn and demon-
strated as discontinuity and in-
creased signal intensity. The slight
marrow edema of the adjacent
lunate could also be observed. FS,
fat suppression

DRUI instability. Biomechanical studies have suggested that
the foveal insertion of the triangular ligaments plays the most
important role in the stability of the DRUJ, compared with the
styloid insertion [18, 21]. This understanding has helped the
clinicians to realize the importance of repairing the foveal
attachment. If there is DRUJ instability, then surgical treat-
ment is required. Because the dorsal or volar rim tear of
TFC is related to the DRUJ instability [3] in patient with radial
tear of the TFCC associated with severe instability of DRUJ,
the rim area should be repaired. When the tear is confined
within the fibrocartilage area, it just needs to be partially
resected arthroscopically.

Fig. 8 Ulnomeniscal homologue
tear. A 32-year-old female with
wrist injury. a, b Coronal and ax-
ial FS PD-weighted images
showed the meniscal homologue
injury appeared as the increased
signal intensity (arrow), extended
from the ulnar attachment to the
triquetral attachment and the ex-
tent of injury could be best ap-
preciated on the coronal plane.
FS, fat suppression
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Although arthroscopy has been regarded as the gold stan-
dard by some, the method is invasive. Some injury types such
as the foveal insertion tear cannot be seen directly during
standard wrist arthroscopy of the radiocarpal joint.
Furthermore, several studies have stated that direct MR
arthrography is more sensitive and specific in the diagnosis
of TFCC injuries than conventional MRI [22-24]. However,
the direct MR arthrography is invasive, and the technique is
complex and time-consuming [12]. A recent study has shown
that most of surgically relevant pathology will be visible on
high-resolution conventional MRI [25]. An accurate MR im-
aging protocol is valuable to detect the location and extent of
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Fig. 9 Extensor carpi ulnaris
(ECU) injury. A 35-year-old fe-
male with wrist injury. a, b
Coronal and axial FS PD-
weighted images showed inter-
mediate signal intensity within the
ECU, the enlargement of the ten-
don (arrowhead in a and arrow in
b), tenosynovitis, and fascial ede-
ma. FS, fat suppression

injury. Currently, most surgeons often rely on MR findings
and clinical data to determine whether patients should be man-
aged conservatively or surgically. However, diagnosis for the
radial side tear and the capsular detachment with lower sensi-
tivity (67% and 20%, respectively) with different readers
showed different diagnostic accuracy values for the capsular
detachment (0.60 and 0.90, respectively), which may be relat-
ed to the lack of knowledge of these types of injuries. Thus, it
is necessary to refine and supplement the original Palmer clas-
sification system to provide a more comprehensive classifica-
tion scheme and provide guidelines for clinical management.

Based on clinical, radiographic, and arthroscopic findings,
Atzei described a treatment-orientated classification of TFCC
peripheral tears [26-28]. However, the main focus of the paper

Fig. 10 ID. Refined classification
of radial avulsion of TFCC.
Schematic drawings, displaying
from the dorsal view and looked
down, showed the radial avulsion
could be subdivided as follows:
fibrocartilage tear between the
hyaline cartilage of the sigmoid
notch of the radius and TFC;
dorsal/volar rim tear between the
dorsal/volar edge of the radial
sigmoid notch and the dorsal/
volar distal radioulnar ligament
with/without avulsion fracture of
the dorsal/volar margin of the ra-
dial sigmoid notch; fibrocartilage-
radius interface tear coupled with
rim tear; and the total avulsion of
the TFCC from the radius. S,
scaphoid; L, lunate; T, triquetrum;
R, radius; U, ulna

was emphasis on the clinical management and did not display
the MR features of the peripheral tears in detail. In some
researches, Atzei-EWAS classification was used to categorize
the peripheral tears of TFCC [29, 30]. Thus, a clinically rele-
vant and detailed classification of TFCC injury can not only
improve the communication between clinicians and radiolo-
gists but also provide reference for the preoperative planning.
On the basis of Atzei’s classification system, we recommend-
ed subdividing Palmer IB injuries as ulnar attachment injuries
and miscellany (Table 1). We believe that this subdivision of
type IB injuries could provide more insights into the treatment
strategies. For example, non-surgical treatment is sufficient
for patients with TFCC tears without DRUJ instability. In
our study, the foveal insertion tear was relatively more
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Fig. 11 IDI. Fibrocartilage-radius interface tear. a Illustration of the
fibrocartilage-radius interface tear. S, scaphoid; L, lunate; T, triquetrum;
R radius; U, ulna. A 65-year-old male with wrist injury. b, ¢ Coronal and
axial FS PD-weighted images illustrated the avulsion of the TFC radial

common than other types, which is not in accordance with the
literature [28]. The literature said the complete tear is the
commonest symptomatic peripheral TFCC tear, and we think
the discrepancy may be due to the small sample size in our
study.

The radial tears of the TFCC include fibrocartilage-radius
interface tear, dorsal/volar rim tear with/without avulsion frac-
ture of the sigmoid notch of the radius, compound injury of
fibrocartilage tear, and rim avulsion and total avulsion. Axial
images are useful and the consecutive coronal images could
also be helpful to detect this type of injury. Because this type
of tear with dorsal or volar rim involvement is associated with
DRUI instability, it is of importance to differentiate the loca-
tion and extent of this type of injury. It is necessary to repair
the rim area for the radial tear of the TFCC with DRUI insta-
bility. On the other hand, the tear confined within the

Fig. 12 ID3. Fibrocartilage tear +
volar rim tear with avulsion
fracture of the radial sigmoid
notch. a Illustration of the
combined injury showed the
radial TFC tear and volar distal
radioulnar ligament avulsion of
the TFCC from the sigmoid notch
of the radius coupled with the
avulsion fracture. S, scaphoid; L,
lunate; T, triquetrum; R, radius;
U, ulna. A 49-year-old female
with wrist injury. b—d Axial and
coronal FS PD-weighted images
showed the avulsion of the
fibrocartilage-radius interface
(dashed arrow) and the volar dis-
tal radioulnar ligament (arrow)
presented as discontinuity and
high signal intensity. Note also an
avulsion fracture of the radial
sigmoid notch (triangular)

@ Springer

attachment (arrow) between the hyaline of the radial sigmoid notch and
TFC with peripheral retraction of the TFC (dashed arrow) leaving a gap.
FS, fat suppression

fibrocartilage just needs arthroscopic partial resection. There
were only 3 cases of radial attachment injuries proven by
arthroscopy or surgery; no dorsal avulsion of the sigmoid
notch of the radius and total avulsion is found in our study.
We think there are reasons that can account for it. First of all,
these subtype injuries of radial attachment are uncommon;
especially the surgeons may miss the small slit on the
radiocarpal arthroscopy or at times the rim tear is difficult to
assess from the arthroscopic exploration. On the other hand, if
there are no signs of DRUJ instability, no arthroscopic explo-
ration or surgery is necessary.

There are 4 bucket-handle tears of the TFCC confirmed by
arthroscopy or surgery in our study. This type of injury was
only seen in two case reports in the literature [31, 32]. In our
study, there were two radial tears with partial avulsion of the
distal radioulnar ligaments from the articular disk. This was
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Fig. 13 Bucket-handle tear. a
Schematic drawing of bucket-
handle tear. S, scaphoid; L, lu-
nate; T, triquetrum; R, radius; U,
ulna. A 29-year-old male with
wrist injury. b Sagittal FS PD-
weighted image illustrated partial
separation of the volar and dorsal
distal radioulnar ligaments
(dashed arrow) from the articular
disk (arrow). The volar and dorsal
ulnotriquetral ligaments were in-
tact (arrowhead), and the frag-
ment (asterisk) located between
the preserved articular disk
(arrow) and the triquetrum (T). ¢,
d Coronal FS PD-weighted im-
ages showed the radial avulsion
(arrow) from the hyaline cartilage
of the radial sigmoid notch and
the fragment (dashed arrow) lo-
cated between the preserved ar-
ticular disk and the proximal lu-
nate and triquetrum. Note both the
proximal lamina and distal lamina
were intact (arrowhead). FS, fat
suppression

different from the previous reports. We found the bucket-
handle tear could be best appreciated on the coronal and sag-
ittal planes with the sagittal images that were able to show
additional injuries. This is consistent with a prior report in
the literatures [32].

Although direct MR arthrography is reported as the
most sensitive and specific imaging modality for the diag-
nosis of wrist ligament tears [33], a clear advantage of
direct MR arthrography over the indirect MR arthrography
has not been presented [34]. The direct MR arthrography is
an invasive procedure. Thomsen et al. [34] have found that
indirect MR arthrography was better than MRI in the diag-
nosis of Palmer IB tears. Therefore, all patients with clin-
ically suspected ulnar-sided TFCC tear would undergo in-
direct MR arthrography. It was proven to be valuable to
detect the ulnar detachment with the contrast diffused from
synovia into the joint space where it created the direct
arthrographic effect with contrast media in the joint space.
However, further study is necessary about the diagnostic
performance of indirect MR arthrography in the diagnosis
of TFCC injuries because of the small sample of
arthrography in our study.

There are limitations in our study. Because the purpose of
our study was to list a TFCC injury classification as compre-
hensively as possible, including those not requiring surgery,
we enrolled patients who had follow-up data instead of sur-
gery. And some patients with traumatic TFCC injuries may
not need the arthroscopic exploration if they do not have se-
vere DRUIJ instability. This type of injury just needs to be
immobilized in a cast for at least 6 weeks. Therefore, the
sample size with arthroscopic verification is small. The small
sample size may be part of the reasons for the lower sensitivity
and accuracy in the diagnosis of capsular detachment (P value
> 0.05). In addition, for patients with conservative treatment,
we can only confirm our diagnosis according to the signal
changes or the relief of symptoms.

Conclusions
In conclusion, high-resolution 3-T MRI with/without
arthrography is the most valuable for preoperative diagnosis

of TFCC injuries. Although the original Palmer classification
has been proven to be useful in the diagnosis and treatment of
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TFCC injuries, with high-resolution 3-T MRI, we have found
more subtype injuries and we feel it is necessary to refine the
original Palmer classification to provide comprehensive
guidelines for clinical management and preoperative
planning.
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