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Abstract

Background: Scapholunate interosseous ligament injuries are prevalent and often challenging
to diagnose radiographically. Four-dimensional CT allows visualization of carpal bones during
motion. We present a cadaveric model of sequential ligamentous sectionings (“injuries”) to
quantify their effects on interosseous proximities at the radioscaphoid joint and scapholunate
interval. We hypothesized that injury, wrist position, and their interaction affect carpal
arthrokinematics.

Methods: Eight cadaveric wrists were moved through flexion-extension and radioulnar deviation
after injuries. Dynamic CT images of each motion were acquired in each injury condition

using a second-generation dual-source CT scanner. Carpal osteokinematics were used to

calculate arthrokinematic interosseous proximity distributions during motion. Median interosseous
proximities were normalized and categorized by wrist position. Linear mixed-effects models and
marginal means tests were used to compare distributions of median interosseous proximities.

Findings: The effect of wrist position was significant for both flexion-extension and radioulnar
deviation at the radioscaphoid joint; the effect of injury was significant for flexion-extension

at the scapholunate interval; and the effect of their interaction was significant for radioulnar
deviation at the scapholunate interval. Across wrist positions, radioscaphoid median interosseous
proximities were less able to distinguish injury conditions versus scapholunate proximities.
Median interosseous proximities at the scapholunate interval are majoritively able to detect
differences between less (Geissler I-111) versus more (Geissler 1V) severe injuries when the wrist is
flexed, extended, and ulnarly-deviated.

Interpretation: Dynamic CT enhances our understanding of carpal arthrokinematics in a
cadaveric model of SLIL injury. Scapholunate median interosseous proximities in flexion,
extension, and ulnar deviation best demonstrate ligamentous integrity.

Keywords

1.

arthrokinematics; four-dimensional computed tomography (4DCT); radioscaphoid; scapholunate;
scapholunate interosseous ligament (SLIL) injuries; wrist biomechanics

Introduction

The wrist is a complex joint comprised of eight carpal bones, with the proximal carpal row
articulating with the radius (Rainbow et al., 2016). Ligaments—along with the osseous
architecture—stabilize these bones, contribute to carpal stability, and serve as motion
constraints (Berger, 2001; Kauer, 1980; Rainbow et al., 2016). Within the proximal carpal
row, the scaphoid and lunate are joined by the scapholunate (SL) interosseous ligaments
(SLIL) (Kauer, 1980; Kitay and Wolfe, 2012).

SLIL integrity contributes to normal SL motion (Kitay and Wolfe, 2012; Ruby et al.,
1987; Short et al., 1995). Primary SL interval stabilizers include the intrinsic interosseous
ligaments—comprised of anatomically-, functionally- and histologically-distinct volar,
membranous, and dorsal components (Berger, 1996; Berger et al., 1999)—as well as
secondary ligaments external to the SL interval (Berger, 1996; Berger et al., 1999; Kauer,
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1980; Lee and Elfar, 2015; Linscheid et al., 1983; Mitsuyasu et al., 2004; Shahabpour et
al., 2015; Viegas et al., 1999). The volar, or palmar, SLIL (VSL) contributes to rotational
stability at the SL interval (Kitay and Wolfe, 2012). The membranous, or proximal, SLIL
(MSL) has been shown to offer variable motion constraints in combination with other
ligaments but provides minimal independent stability (Berger et al., 1999). The thicker
dorsal SLIL (DSL) (Berger, 1996; Kauer, 1980) is thought to have the greatest contributions
to scapholunate stability (Berger, 1996, 2001; Berger et al., 1999; Ruby et al., 1987; Short
et al., 1995; Viegas et al., 1999). The palmar radioscaphocapitate (RSC) ligament acts as
a secondary motion constraint at the SL interval (Short et al., 2002). The long radiolunate
ligament (LRL), a portion of the volar radiocarpal joint capsule, is considered a critical
lunate stabilizer (Badida et al., 2021; Berger, 1997; Sandow et al., 2014).

SLIL damage is a prevalent cause of wrist injury. SL instability occurs when the SL interval
is damaged and unable to withstand applied load (Kitay and Wolfe, 2012; Rainbow et

al., 2016). Clinically, this patient population presents with tenderness over the dorsoradial
wrist, decreased grip strength, and a clicking or clunking sensation related to scaphoid
displacement (Konopka and Chim, 2018). Patients may experience pain with wrist extension
and radial deviation (Lee and Elfar, 2015). When untreated, SL instability may progress

to the SL advanced collapse (SLAC) wrist pattern (McLean and Taylor, 2019; Watson et

al., 1997), a major contributor to radiocarpal and midcarpal joint osteoarthritis (Watson and
Ballet, 1984).

Injury to specific ligamentous portions is associated with more advanced SLIL injuries as
categorized by Geissler grade (Geissler and Freeland, 1999; Lee and Elfar, 2015), which
may be related to depth-related increases in tear thickness (Berger, 1996). In particular, the
distinction between Geissler grades 111 and IV involves the completeness of the SLIL tear; in
grade I11, at least a portion of the DSL remains intact, whereas grade 1V injuries represent

a complete transection of the interosseous ligament complex (Geissler, 2013; Geissler and
Freeland, 1999). Given the biomechanical and clinical relevance of the DSL, SLIL injuries
can be broadly classified into less severe—intrinsic ligamentous injuries sparing the dorsal
component—and more severe—including the DSL and extrinsic ligaments (Berger, 1996,
1997, 2001; Berger et al., 1999; Ruby et al., 1987; Short et al., 1995; Viegas et al., 1999).

The clinical and radiographic diagnosis of SL injury remains challenging, particularly in less
severe injuries wherein functional and biomechanical changes are most discernible during
dynamic activities (Short et al., 2002). Traditional static imaging—such as radiographs, CT,
or MRI—may not optimally capture these injuries, as they often manifest during motion

or wrist-loading activities (Meade et al., 1990; Rainbow et al., 2016; Short et al., 2002).
Radiocarpal arthroscopy is commonly used in SLIL injury intraoperative diagnosis or repair,
but it is an invasive procedure with limited preoperative applicability (Bakker et al., 2022;
Mathoulin and Gras, 2020; Mathoulin et al., 2021).

Given these limitations, dynamic imaging modalities have been explored in the diagnosis

of SL injury (Konopka and Chim, 2018; Schmid et al., 2005; Sulkers et al., 2014). Four-
dimensional computed tomography (4DCT), which involves three-dimensional CT scanning
over a defined time interval, such as a motion cycle, acquires images with high spatial
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and temporal resolution. Previous studies have demonstrated that SL injuries and associated
biomechanical outcomes can be detected using 4DCT (Brinkhorst et al., 2021b; Carr et

al., 2019; de Roo et al., 2019; Kakar et al., 2016; Leng et al., 2011; Mat Jais and Tay,

2017; Robinson et al., 2021; White et al., 2019). Further, proof-of-concept studies have
demonstrated the feasibility of 4DCT in cadaveric models of wrist motion (Tay et al., 2007).

The current study uses 4DCT to assess changes in interosseous proximities in a cadaveric
model of ultrasound-guided SL ligamentous integrity sectionings, simulating progressive
injury severity. This study seeks to further understand the contributions of intrinsic and
extrinsic ligaments to scapholunate and radiocarpal stability using interosseous proximity
distributions as a marker of arthrokinematics. As arthrokinematics are related to pressure
distributed across a joint, interosseous proximities reflect how ligamentous injuries manifest
at articular surfaces.

This study seeks to understand how the magnitude of radioscaphoid interosseous proximities
and scapholunate diastasis is associated with specific SL ligamentous damage and

whether there are position-related patterns. By using the intact wrist as a comparator, the
cadaveric model readily allows interpretation of the effects of specific injuries on carpal
arthrokinematics. This addresses the diagnostic gap in developing a noninvasive imaging
biomarker for SLIL injury.

We hypothesize that, for both motion types included in this study (flexion-extension and
radioulnar deviation) and for both joints of interest (radioscaphoid and scapholunate), (1)
interosseous proximities during motion vary with ligamentous sectioning condition (injury)
and wrist position relative to neutral (position) independently; (2) interosseous proximities
vary with the interaction between injury and position; and (3) interosseous proximities
exhibit interspecimen variability; this analysis will estimate the amount of variation. Further,
we hypothesize that post-hoc comparisons between injury conditions will reveal significant
differences in interosseous proximities between sequential injuries across wrist positions:
we hypothesize that increasingly severe injuries will have decreased radioscaphoid and
increased scapholunate interosseous proximities.

2. Materials and Methods

2.1 Research subjects

This study was approved by our institution’s biospecimens subcommittee (IRB
#17-001279). Data were collected from fresh-frozen cadaveric upper extremity specimens
procured through the institutional anatomic bequest program, excluding those with history
of wrist pathology or evidence of bone trauma, fractures, significant arthritic change, or
previous wrist surgery. Specimens were amputated at the mid-humerus while frozen. An
age- and sex-matched sample (n=8 specimens; 50% female) was used. The mean (standard
deviation [SD]) age of cadavers at the time of death was 71.8 (6.9) years, ranging from 61 to
82 years.
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2.2 Data collection methods

2.2.1 Image acquisition—A second-generation dual-source CT scanner (SOMATOM
Definition Flash, Siemens Healthcare, Germany) was used to acquire neutral-static 3DCT
and dynamic 4DCT images of all specimens. In this scanner, two independent but identical
X-ray tubes are configured on a rotating gantry at approximately 90-degree offset with
respective detector arrays (38.4 mm in the proximal-distal direction) opposing each tube.

Static 3DCT images of the cadaveric wrist and distal forearm were acquired using a

routine wrist CT scan protocol (120 kV, 200 effective mAs, gantry rotation time: 1

second). Dynamic CT data were acquired using a retrospective ECG-gated, dual-source
cardiac CT protocol with sequential mode. In four-dimensional cardiac image protocols,

CT volumes are acquired at evenly-spaced temporal intervals across the cardiac cycle. The
ECG simulator was used to satisfy the existing cardiac imaging base protocol and to create
a dynamic acquisition interval permitting slow, periodic gross wrist motion (Leng et al.,
2011; Tay et al., 2008). The scan was conducted over a two-second period as triggered by
an external ECG simulator set to 30 beats per minute (Tay et al., 2007). With retrospective
ECG gating, one CT image volume was captured at 5% increments from 10% to 95% of the
simulated cardiac cycle; this yielded eighteen CT volumes evenly temporally distributed (75
ms) across the motion cycle. The resulting voxel dimension was 0.234 x 0.234 x 0.600 mm3.
Dynamic images were acquired without table translation using a tube potential of 120 kV
and an effective dose of 200 mAs, corresponding to a CTDlI, of 110 mGy per 4DCT scan
(Leng et al., 2011). Data were projected using iterative reconstruction with a sharp kernel
(170\3, SAFIRE, Siemens Healthineers, Forchheim, Germany).

During analysis, image volumes were resampled to isometric voxels with standard
dimensions of 0.234 x 0.234 x 0.234 mm3. Isotropic voxels were used to maintain consistent
spatial resolution in the transverse and longitudinal dimensions as bones translated and
rotated through orientations oblique to the transverse plane during wrist motion (Jaffe et al.,
2006). To achieve isotropic scaling, standard trilinear interpolation was used (Thévenaz et
al., 2008).

2.2.2 Cadaveric preparation and motion simulation—A custom electronic-
pneumatic motion simulator was used to drive the wrists through a full motion cycle

during the dynamic scanning interval (Zhao et al., 2015). The device consisted of a stepper
motor-driven linear actuator to drive oscillatory hand motion with pneumatic cylinders
applying force to tendons to simulate coordinating muscle load, with actions coordinated by
a microcontroller (DMX-UMD-23, Arcus Technology, The Colony, TX, USA).

The proximal ulna and radius were secured to the simulator frame using two threaded
Kirschner wires. The proximal ends of the flexor carpi radialis (FCR), flexor carpi ulnaris
(FCU), extensor carpi ulnaris (ECU), and extensor carpi radialis brevis and longus (ECRB/
ECRL) tendons were separated and each joined to one of four separate Dacron cords.

Each cord was connected to a pneumatic cylinder mounted on the frame. Activation of the
pneumatic cylinders was coordinated with wrist motion by loading flexor or extensor muscle
tendons with 10 N (8.4 psi) of force when the linear actuator deviated the hand in the
corresponding direction. Flexion was accompanied by the FCR and FCU loads; extension
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with the ECRL and ECU loads; radial deviation with the FCR and ECRL loads; and ulnar
deviation with the FCU and ECU loads. Wrists were moved through motion arcs at 30° per
second. A metal clamp was used to secure the hand, near the level of the distal metacarpals,
to a stage that allowed free motion along the longitudinal axis and was driven by a stepper
motor along the perpendicular axis. The motion simulator was programmed to cyclically
drive wrist motion between 45° flexion and 45° extension or between 30° radial deviation
and 45° ulnar deviation at a rate of 0.5 Hz (Figure 1a). Wrists were cycled at least five times
between each ligament sectioning and 4DCT acquisition.

Dynamic datasets were obtained first with specimens intact and then following each of
five scapholunate interosseous ligament or extrinsic ligamentous sectionings conducted by
a physiatrist under ultrasound guidance using a 3.0 mm V-shaped meniscotome (ACUFEX
V-shaped meniscotome, Smith & Nephew, Inc., Andover, MA, USA). In validation pilot
testing, ligament injuries were made under ultrasound guidance and confirmed with
arthroscopy (Figure 1a, 1b, 1c). Separate flexion-extension and radioulnar deviation arcs
were acquired. Ligament sectionings for each specimen followed the same sequence: all
ligaments intact with subsequent disruption of the VSL, MSL, DSL, RSC, and LRL
ligaments (Berger, 1996; Berger et al., 1999; Kitay and Wolfe, 2012; Lee and Elfar,

2015; Linscheid and Dobyns, 1992). A photograph demonstrating experimental set-up and
execution is presented in the CT imaging suite (Figure 2).

2.3 Image processing

Complete descriptions of techniques used for 4DCT image analysis have been elaborated
previously (Kakar et al., 2016; Leng et al., 2011; Trentadue et al., 2023; Zhao et al., 2015).
After image acquisition, neutral-static 3DCT volumes were segmented to yield bone surface
mesh models for the radius, scaphoid, lunate, and capitate. A custom surface registration
algorithm developed using MATLAB (versions R2019a — R2022a, Natick, MA, USA)

was used to co-register static to dynamic bone volumes at each timepoint in the 4ADCT
acquisition. Initial coarse alignment between the segmented static bone (“source”) and its
corresponding position in the dynamic CT image volume (“target™) was performed using
Sdderkvist’s method (singular value decomposition) on manually-selected point landmarks
(Soderkvist and Wedin, 1993). Precise alignment was conducted using a Nelder-Mead
simplex optimization algorithm, which maximized normalized cross-correlation of surface
intensity by adjusting motion parameters of each of six degrees-of-freedom. Optimization
continued until either a defined threshold or iteration limit was reached. Subsequent frames
were processed using automated optimization and intensity-based registration using the
osteokinematics from the previous image volume as an initial input (Akbari-Shandiz et al.,
2019; Breighner et al., 2013, 2016; Nelder and Mead, 1965).

The registration processed yielded osteokinematics, or six degree-of-freedom kinematics
of each bone, in an imaging-based coordinate system. Neutral position was defined as
the image volume wherein the radiocapitate angle was closest to 0° in the dominant
plane of motion. Hand position in the motion cycle relative to neutral—wrist flexed,
extended, radially-deviated, or ulnarly-deviated—was visually inspected and measured as
the longitudinal axes between the radius and capitate in Mayo Clinic Analyze (Mayo
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Foundation for Medical Education and Research, Rochester, MN, USA) on each dynamic
CT volume. Three-dimensional triangular surface meshes were used to establish a radius-
based coordinate system (Hillstrom et al., 2014; Wu et al., 2005).

Osteokinematics at each time point were used to define bone positions and calculate
arthrokinematics. Arthrokinematics, or the interaction between adjacent bones at articulating
surfaces, were quantified using interosseous proximities. Interosseous proximities were
defined as the nearest mesh-vertex distances between all vertices within distance thresholds
(radioscaphoid: 2.5 mm; scapholunate: 5.0 mm) and surface-normal angular thresholds
(60°) between bone pairs were calculated. Interosseous proximity maps were generated to
graphically represent the distribution of interosseous proximities on adjacent bone surface
mesh vertices.

As some data sets contained more than one complete motion cycle and others an incomplete
motion cycle, due to scanner acquisition period differences, data were truncated to include
the longest continuous motion arc. All median proximities were normalized by dividing

the measured proximity in each condition by the median proximity of the intact wrist in

the neutral position. Wrist position designation, relative to neutral, was used to compute

an aggregate median of all median interosseous proximities categorized as having the same
relative position.

2.4 Statistical analysis

Linear mixed-effects models were conducted to evaluate the normalized interosseous
proximities for each combination of joint (radioscaphoid and scapholunate) and wrist motion
(flexion-extension and radioulnar deviation). As repeated measures were acquired, this
technique accounted for correlated measurements within and across ligament sectionings,
timepoints within a motion cycle, and cadavers. Linear mixed modeling analyses were
conducted in MATLAB (R2022a, Natick, MA, USA). Fixed effects included (1) ligamentous
sectioning condition (injury), (2) wrist position relative to neutral (position), and (3)
interaction between injury and position (fixed effects coefficients = 12). Random effects
included (1) cadaver and the interactions between (2) cadaver and injury and (3) cadaver and
position (random effects coefficients = 72). The model specification was as follows: Median
~ Injury * Position + (1lICadaver) + (1ICadaver:Injury) + (1ICadaver:Position). Cadaver
—as well as its interactions with injury and position—was included as a random effect
because the intrinsic variability in mechanics of each unique specimen has some impact

on interosseous proximity patterns. Analyses of variance (ANOVA) for linear mixed-effects
models were conducted for each fixed-effects term in the linear mixed-effects models.
Post-hoc analyses included pairwise marginal means by injury and position at both joints
during both motions. To summarize patterns, “majoritively” will be used to describe whether
at least eight of nine possible pairwise combinations between less severe (PRE, VSL, MSL)
and more severe (DSL, RSC, LRL) injuries achieved statistical significance in post-hoc
marginal means tests in each wrist position.
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3. Results

Demonstrative interosseous proximity maps are presented from one representative cadaver
at the radioscaphoid joint and scapholunate interval across ligament integrity conditions at
extrema of motions for flexion-extension (Figure 3) and radioulnar deviation (Figure 4).

Median (25t — 75t percentile) normalized interosseous proximities by joint and relative
wrist position are presented (Supplementary Table 1) at the radioscaphoid joint (Figure 5)
and the scapholunate interval (Figure 6).

Results from the linear mixed-effects models and ANOVA marginal tests at the
radioscaphoid joint reveal that position is significant in both flexion-extension and
radioulnar deviation (Supplementary Table 2). Results from the linear mixed-effects models
and ANOVA marginal tests at the scapholunate interval reveal that injury is significant in
flexion-extension and the interaction between injury and position is significant for radioulnar
deviation (Supplementary Table 3).

At the radioscaphoid joint, flexed wrists can be distinguished from extended wrists
(significant marginal means: 11/36 combinations) (Supplementary Table 4, Supplementary
Table 6). At the scapholunate interval, flexed wrists can be distinguished from extended
wrists (16/36 combinations). Less severe and more severe injuries are majoritively
distinguishable in both wrist flexion (9/9 combinations) and wrist extension (8/9
combinations) (Supplementary Table 4, Supplementary Table 6).

At the radioscaphoid joint, radially-deviated wrists are distinguishable from ulnarly-deviated
wrists (35/36 combinations); however, specific ligamentous integrity-related patterns cannot
be detected (Supplementary Table 5, Supplementary Table 6). At the scapholunate

interval, radially-deviated wrists are distinguishable from ulnarly-deviated wrists (18/36
combinations), with less severe injuries distinguishable from more severe injuries in ulnar
deviation (9/9 combinations) (Supplementary Table 5, Supplementary Table 6).

Across wrist positions, median radioscaphoid interosseous proximities are generally
indistinguishable between ligamentous integrity conditions; the only statistically-significant
difference in percent neutral intact median proximity is between MSL and LRL in radial
deviation (99.1% versus 95.4%, respectively) (Figure 5, Supplementary Table 6).

Median interosseous proximities at the scapholunate interval majoritively separate less
severe and more severe injury groups when the wrist is flexed (9/9 comparisons), extended
(8/9 comparisons), and ulnarly-deviated (9/9 comparisons) (Figure 6, Supplementary Table
6).

In flexion, percent neutral intact median proximity of PRE (median 103.2%) is statistically
less than each DSL, RSC, and LRL (116.9%, 118.4%, and 120.3%, respectively); VSL
(110.0%) is statistically less than each DSL, RSC, and LRL; and MSL (114.0%) is
statistically less than RSC and LRL.
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In extension, percent neutral intact median proximity of PRE (108.6%) is statistically less
than each DSL, RSC, and LRL (113.8%, 116.2%, and 118.9%, respectively); VSL (106.6%)
is statistically less than each DSL, RSC, and LRL; and MSL (106.2%) is statistically less
than DSL, RSC, and LRL.

In ulnar deviation, percent neutral intact median proximity of PRE (111.5%) is statistically
less than each DSL, RSC, and LRL (116.6%, 115.9%, and 125.9%, respectively); VSL
(113.2%) is statistically less than each DSL, RSC, and LRL; MSL (112.3%) is statistically
less than DSL, RSC, and LRL; and RSC is significantly less than LRL. Both extension
and ulnar deviation completely separate less severe and more severe injury groups. No
statistically significant differences were found in radial deviation.

4. Discussion

SLIL injuries are a common cause of impaired wrist function that, when left untreated,

may progress to SLAC wrist and radiocarpal osteoarthritis (Kitay and Wolfe, 2012;

McLean and Taylor, 2019; Rainbow et al., 2016; Watson and Ballet, 1984; Watson

etal., 1997). Leveraging advancements in 4DCT technology and analysis, this study

reports incremental changes in scapholunate interval arthrokinematics following progressive
SLIL sectioning, simulating incrementally worsening ligamentous integrity conditions by
quantifying interosseous proximities at the radioscaphoid joint and scapholunate interval
during wrist motions. This builds upon previous literature, which has detected minor
kinematic alterations following SLIL sectionings (Badida et al., 2021; Short et al., 2002).

The anatomy of the SLIL constrains relative scaphoid and lunate motion during functional
tasks involving the wrist (Kauer, 1980). The thicker dorsal SLIL (DSL) (Berger, 1996;
Kauer, 1980) is thought to have the greatest contributions to carpal stability (Berger,

1996, 2001; Berger et al., 1999; Ruby et al., 1987; Short et al., 1995; Viegas et al.,

1999). The current data demonstrate that greatest changes in interosseous proximities at

the scapholunate interval occur after injury to the DSL, during both flexion-extension and
radioulnar deviation. This is in line with a previous study of wrist kinematics ex vivo, which
revealed that isolated DSL injury contributed to greater changes in motion than isolated VSL
sectioning (Waters et al., 2016).

Previous studies have demonstrated that, in wrist flexion-extension, greatest radiocarpal joint
motion can be appreciated as the wrist moves from neutral to extension (Rainbow et al.,
2013; Rainbow et al., 2016). The current analyses reveal that wrist position is significant

for both flexion-extension and radioulnar deviation at the radioscaphoid joint, indicating

that median radioscaphoid interosseous proximities can distinguish when the wrist is flexed
versus extended. The current data do not reveal a clear pattern of radioscaphoid interosseous
proximity changes following injury. This may be due to the limited wrist cycling prior

to 4DCT acquisition, as more motion cycles may be needed for viscoelastic ligamentous
stretching to a steady state. Radiocarpal joint changes—including subsequent progression to
SLAC wrist and radiocarpal OA—are longer-term, chronic implications of SLIL injury and
may not be adequately captured in this cadaveric model (Watson and Ballet, 1984; Watson et
al., 1997).
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The geometry of the carpal bones contributes to their motion patterns. Both the scaphoid
and the lunate are wedge-shaped in coronal section and have the tendency to separate during
radioulnar deviation (Kauer, 1980). A previous study revealed that SLIL disruption changed
scaphoid and lunate motion during flexion-extension but not during radioulnar deviation
(Short et al., 2002). The current study reveals that injury is significant in distinguishing
median interosseous proximities during flexion-extension and that the interaction between
injury and position is significant during radioulnar deviation at the scapholunate interval.

Four-dimensional computed tomography permits calculation of both osteokinematics and
arthrokinematics. Previous work has focused on elucidating carpal osteokinematics from
quasi-dynamic and dynamic CT (Abe et al., 2018; Brinkhorst et al., 20214, b; de Roo et al.,
2019; Mat Jais and Tay, 2017; Padmore et al., 2019; Zhao et al., 2015). Osteokinematics
may be dependent on manually-selected bone landmarks and landmark-based coordinate
systems, wherein minor variations in landmark definitions may propagate errors. By
calculating interactions across surfaces, landmark-related errors are mitigated. Further,
whereas osteokinematics reflect patterns of bone centroids, arthrokinematics is associated
with pressure across a joint. As a clinical correlate of scapholunate injury is SLAC pattern
osteoarthritis, arthrokinematics and interosseous proximity maps may be better associated
with osteoarthritis and provide richer information about articulating surface interactions
(Robinson et al., 2021). Finally, ligamentous injury may result in subtle osteokinematic
changes that are less detectable using standard kinematic outcomes (Robinson et al., 2021).

The current study reveals majoritive differences in scapholunate interosseous proximities
between less severe (intact, VSL, and MSL) versus more severe (DSL, RSC, and LRL)
injuries when the wrist is in flexion, extension, and ulnar deviation. Thus, these three
positions may be compelling for injury detection within the context of a dynamic
assessment.

4.1 Limitations

The findings of our study must be viewed in the context of its limitations. First, by using
cadaveric models, we are unable to assess physiologic and pathophysiologic motion. While
the SL interval receives stability from active muscular forces (Kauer, 1980; Ledn-L6pez et
al., 2014), we cannot ascertain those contributions in our experimental model. A goal of our
study is to be able to apply the findings from specific ligamentous injury ex vivoto in vivo
patient cases.

Further, the current study included median interosseous proximities by wrist position relative
to neutral and not as a function of gross wrist angle. However, due to factors such as pain
and swelling after injury, patients may not be able to move through physiologic ranges of
joint motion; this study demonstrates that differences are detectable across a range of wrist
positions from neutral to the extrema of a given wrist position. Additionally, osteokinematic
and arthrokinematic data were not interpolated, so the interosseous proximities were not
determined at consistent wrist angles within and between participants. Only one 4DCT
dataset in each motion and ligamentous integrity condition was collected per specimen;
future work should address the intraspecimen variability within a given condition.
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Given the limited sample size, the current study did not consider the contributions of specific
lunate morphologies to carpal kinematics (Abe et al., 2018; Rhee and Moran, 2020). The
cadavers have a mean (SD) age higher than the clinical population with SLIL injuries; while
notable osteoarthritis was an exclusion criterion, these specimens may have some degree of
scattered osteoarthritis within the carpus.

Wrists were cycled at minimum five times following injury. This relatively limited cycling
prior to 4DCT acquisition may have been insufficient for the chronic sequelae of injury
patterns, including SLAC wrist, to manifest at the radioscaphoid joint. The data from the
study reflect a single ligamentous sectioning sequence, which limits the ability to understand
contributions of individual ligaments (Badida et al., 2021). While validation pilot studies
used arthroscopy to confirm ultrasound-guided injuries, arthroscopic confirmation of each
ligament injury was not conducted in the full dataset.

Our study assessed flexion-extension and radioulnar deviation but not the dart-thrower’s
motion: while there is limited movement between the scaphoid and lunate in vivo (Leventhal
et al., 2010) and global dart-thrower’s motion is preserved following SLIL and LRL
sectioning (Badida et al., 2021), it is possible that pathologic arthrokinematics develop
following certain ligamentous injuries (Garcia-Elias et al., 2014; Rainbow et al., 2016).

4.2 Clinical applications

This study helps to inform our understanding of how sequential ligament injuries

influence arthrokinematics at the radioscaphoid joint and scapholunate interval. This

study demonstrates certain wrist positions—notably flexion, extension, and ulnar deviation
—that accentuate interosseous proximity changes at the scapholunate interval following
ligamentous injury and provides insight into the magnitude of change compared to an
uninjured wrist. This cadaveric model provides a comparative dataset against which

patient interosseous proximity data can be evaluated. While osteokinematics—and therefore
arthrokinematics—from cadaveric experiments do not replicate /7 vivo dynamics, the
arthrokinematic patterns derived from this cadaveric dataset be used to inform clinical injury
diagnosis. Future studies will explore how cadaveric models of wrist ligamentous injuries
may serve as predictive datasets for patient injury classification.

5. Conclusion

SLIL injuries are a major contributor to wrist dysfunction and have the potential to

progress to radiocarpal osteoarthritis. This study provides foundational arthrokinematic data
following sequential SLIL ligament compromise, the general patterns from which may
influence the diagnosis of /n vivo scapholunate interval injury.
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Figure 1:
Cadaveric specimen preparation and motion simulation. (a) Cadaver forearm and wrist

positioning within the motion simulator and (b) experimental set-up for ultrasound-guided
ligament sectioning. Validation image demonstrating the dorsal scapholunate interosseous
ligament (DSL) under ultrasound (c) intact and (d) while being sectioned. In (c), the DSL
is highlighted between three yellow arrows. In (d), the vertically-oriented meniscotome

is placed perpendicular to the DSL in preparation for ligament sectioning, with the
yellow arrows indicating hyperechoic metal artifact from the meniscotome. DSL = dorsal
scapholunate interosseous ligament; LUN = lunate; SCPH = scaphoid.
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Figure 2:
Photograph of the CT imaging suite containing the cadaveric forearm and hand mounted

within the pneumatic cylinder-driven wrist simulator, ultrasound system for image-guided
ligamentous sectioning, and position of the apparatus on the CT table relative to the CT
gantry.
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Figure 3:
Demonstrative proximity maps at the extrema of flexion-extension at the radioscaphoid

joint (RS) and scapholunate interval (SL) presented on the distal radius and radial lunate,
respectively, across ligament integrity conditions following sequential ligamentous injuries
(PRE = intact, VSL = volar scapholunate interosseous ligament, MSL = membranous
scapholunate interosseous ligament, DSL = dorsal scapholunate interosseous ligament, RSC
= radioscaphocapitate ligament, LRL = long radiolunate ligament). Extrema of motion were
determined using the maximum and minimum angles between the long axes of the radius
and capitate.
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Figure 4:
Demonstrative proximity maps at the extrema radioulnar deviation at the radioscaphoid

joint (RS) and scapholunate interval (SL) presented on the distal radius and radial lunate,
respectively, across ligament integrity conditions following sequential ligamentous injuries
(PRE = intact, VSL = volar scapholunate interosseous ligament, MSL = membranous
scapholunate interosseous ligament, DSL = dorsal scapholunate interosseous ligament, RSC
= radioscaphocapitate ligament, LRL = long radiolunate ligament). Extrema of motion were
determined using the maximum and minimum angles between the long axes of the radius
and capitate.
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Distribution of median interosseous proximities at the radioscaphoid joint in positions
relative to the neutral wrist for each ligament cut condition following sequential ligamentous
injuries (PRE = intact, VSL = volar scapholunate interosseous ligament, MSL =
membranous scapholunate interosseous ligament, DSL = dorsal scapholunate interosseous
ligament, RSC = radioscaphocapitate ligament, LRL = long radiolunate ligament) from
the eight included cadavers. Interosseous proximity data are normalized to the median
interosseous proximity of the intact radioscaphoid joint in the neutral position. Statistical
significance between each pair of ligaments is represented by a horizontal bar. Horizontal
bars at the top of each subplot represent differences relative to the intact wrist. Horizontal
bars at the bottom of each subplot represent differences between two injury states
(Supplementary Table 6).
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Figure6:
Distribution of median interosseous proximities at the scapholunate interval in positions

relative to the neutral wrist for each ligament cut condition following sequential ligamentous
injuries (PRE = intact, VSL = volar scapholunate interosseous ligament, MSL =
membranous scapholunate interosseous ligament, DSL = dorsal scapholunate interosseous
ligament, RSC = radioscaphocapitate ligament, LRL = long radiolunate ligament) from

the eight included cadavers. Interosseous proximity data are normalized to the median
interosseous proximity of the intact scapholunate interval in the neutral position. Statistical
significance between each pair of ligaments is represented by a horizontal bar. Horizontal
bars at the top of each subplot represent differences relative to the intact wrist. Horizontal
bars at the bottom of each subplot represent differences between two injury states
(Supplementary Table 6).
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