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Abstract

OBJECTIVE—To describe the normal motion pattern at the midcarpal compartment during
active radial-ulnar deviation of the wrist using dynamic MRI and to determine the observer
performance for measurements obtained in asymptomatic volunteers.

METHODS—Dynamic MRI of 35 wrists in 19 asymptomatic volunteers (age mean 30.4 yrs, sd
8.6) was performed during active radial-ulnar deviation using a fast gradient-echo pulse sequence
with 315 ms temporal resolution (acquisition time, 19 sec). Two independent readers measured the
transverse translation of the trapezium at the scaphotrapezium joint (STJ) and the capitate-to-
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triquetrum distance (CTD). Relationships between these measurements and laterality, sex, lunate
type, and wrist kinematic pattern were evaluated.

RESULTS—ALt the STJ, the trapezium moved most in radial deviation, with an overall translation
of 2.3mm between ulnar and radial deviation. Mean CTD measurements were the greatest in ulnar
deviation and varied 2.4mm between ulnar and radial deviation. Mean CTD was greater in men
than women in the neutral position (p=0.019), as well as in wrists with type Il lunate morphology
during radial and ulnar deviation (p=0.001, p=0.014). There were no significant differences in
trapezium translation or CTD with wrist laterality and kinematic pattern. Intraobserver and
interobserver correlation coefficients were 0.97 and 0.87 for trapezium translation and 0.84 and
0.67 for CTD.

CONCLUSION—This study is the first to demonstrate the performance of dynamic MRI to
quantify STJ motion and CTD. Dynamic MRI with a short acquisition time may be used as a tool
to supplement static MRI in evaluation of the midcarpal compartment.

Keywords

carpal instability; dynamic; magnetic resonance imaging; radioulnar deviation; wrist

INTRODUCTION

“Midcarpal instability...if there is one area of wrist instability that causes more
confusion than any other, this is it.”

- Rory Wetherell (Editor), The Journal of Hand Surgery (European Volume) [1]

Midcarpal instability is defined as a functional instability that occurs between the proximal
and distal carpal rows [2]. Patients with midcarpal instability most often present with poorly
localized wrist pain and dysfunction, and may have a history of trauma or ligamentous laxity
[3]. On physical examination, symptoms may be reproduced while stressing the midcarpal
articulation, classically with abnormal mobility, an unpredictable “blockade” feeling, or an
observable “clunk” [4]. Clinical diagnosis can be difficult, causative pathomechanics are
poorly understood, and optimal management remains controversial [5-7]. Currently, non-
operative and operative treatments are guided generally by the type and grade of midcarpal
instability assessed clinically [8]. Although kinematics involving the scaphotrapezium joint
(STJ) has been studied with CT in a small number of cadavers [9] and healthy subjects [10],
little is known about normal motion patterns /7 vivo using MRI. Analysis of the transverse
translation of the trapezium may be useful for characterizing /n vivo kinematics at the STJ
[9], which is the second most common site for osteoarthritis in the wrist.

Midcarpal motion patterns may be affected by dynamic and anatomic factors. With respect
to dynamic factors, “row” and “column” kinematic patterns may be implicated in
understanding midcarpal instability [11]. In brief, with relatively rigid “row” wrists, the
scaphoid exhibits minimal flexionextension during radial-ulnar deviation, whereas with
relatively lax “column” wrists, there is a dominant pattern of scaphoid flexion-extension out
of the coronal plane during the same maneuver. With respect to anatomic factors, lunate
morphology may play an important role in influencing midcarpal motion patterns [12, 13]
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(Table 1). Specifically, in lunates with a facet that articulates with the hamate, referred to as
type Il lunates [14], there is an association with a wider capitate-to-triquetrum distance
(CTD) in the midcarpal compartment and with full-thickness perforation of the
lunotriquetral ligament in patients with pain assessed by MR arthrography [15] and
arthroscopy [16].

Diagnostic imaging of dynamic wrist instability may include radiography [17],
cineradiography [18], fluoroscopy [19], sonography [20], and CT [21-23]. Although MRI
exams are generally performed in the neutral position with a static technique, fast MRI has
been used during active motion (“dynamic MRI”) to evaluate kinematics of the proximal
carpal row, the distal radioulnar joint, and the extensor carpi ulnaris tendon [24, 25].
Dynamic MR, in comparison to dynamic CT, has potential advantages, including the lack of
ionizing radiation and the ability to acquire images quickly as a supplement to routine MRI
exams. Early results of dynamic MRI in the musculoskeletal system are encouraging for
evaluating functional anatomy and pain mechanisms, but they must be evaluated with
caution until fundamental performance measures such as metrological reliability are
determined [26]. To our knowledge, dynamic MRI has not been used to evaluate midcarpal
motion patterns or the reliability of MRI-derived metrics.

The purpose of this study was to use dynamic MRI of the wrist in asymptomatic volunteers
to (1) examine midcarpal motion patterns at the STJ and the CTD during the uninterrupted
radial and ulnar deviation maneuvers and (2) determine the observer performance of
measurements in asymptomatic volunteers.

MATERIALS AND METHODS

Subjects

This prospective study received approval by our institutional review board. Participants
responded to flyers with study information posted at our medical center. Written informed
consent was obtained from all individual participants included in the study. The study cohort
consisted of 20 consecutive volunteers recruited at our university between February 2017
and November 2017. (No prospective sample size calculation was performed given the pilot
nature of the study, as there were no prior data to use for such a calculation.) Inclusion
criteria were healthy, asymptomatic subjects between the ages of 18 and 55 years without a
history of wrist trauma, wrist pain, or prior wrist surgery. Subjects were excluded if they had
a contraindication to MRI (n=0) or could not complete a wrist MRI examination (n=1). The
remaining 19 subjects, 10 men and 9 women, had a mean age of 30.4 + 8.6 years (range 20—
55). The ethnicity of recruited participants was as follows: White (N=14), Asian (N=6), and
Hispanic or Latino (N=1). Eighteen volunteers had both wrists scanned while 1 volunteer
had only the right wrist scanned (due to discomfort during scanning) for a total of 37 wrist
scans. Two scans were excluded due to participant non-compliance during performance of
the maneuver, yielding a total of 35 wrist MRI examinations for evaluation.
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MRI Protocol

Images were acquired with a 3.0-T MRI scanner (Skyra, Siemens Healthcare, Erlangen,
Germany), with volunteers in a head-first, prone (“superman”) position. The volunteers
moved their wrist in a continuous radial-ulnar deviation motion during the acquisition,
achieving maximum range of motion. The dynamic MRI pulse sequence used was a multi-
slice 2D radially acquired fast-gradient echo sequence with water excitation, known by the
vendor as fast low angle shot (FLASH) (field-of-view = 120 mm?2, matrix size = 112 x 112,
number of radial spokes = 100, TR/TE =3.15/1.74 ms, bandwidth = 990 Hz/pixel, flip angle
= 12 deg). The reconstructed voxel size was 1.07 x 1.07 mm, with a slice thickness of 6 mm
and a temporal resolution of 315 ms per 2D slice. Ten time points were sequentially
acquired with six 2D slices per time point. The total acquisition time was 18.9 sec. This
acquisition scheme was chosen to complement the typical musculoskeletal MRI exam that
optimizes for spatial and contrast resolution; the dynamic images were optimized for
temporal resolution, while attempting to retain adequate contrast for the carpal bones,
signal-to-noise ratio, and slice thickness [24]. A representative sample of images using this
technique is displayed in Fig. 1.

Measurements

From the dynamic MRI scans, representative images showing the STJ and CTD were
identified and used for quantification by two independent readers (a fellow in
musculoskeletal radiology and a PhD in biomedical engineering). Both readers were trained
by a senior musculoskeletal radiologist with 22 years of post-training experience and their
performance was evaluated on a separate dataset by the senior radiologist to ensure
adequacy of training. Then, each reader measured the translation of the trapezium with
respect to the scaphoid with the wrist in neutral, as well as maximal ulnar deviation and
maximal radial deviation, using the open-source ImageJ image analysis software (National
Institutes of Health, Bethesda, Maryland, https://imagej.nih.gov/ij/). Specifically, translation
was evaluated by first drawing a line parallel to the distal articular surface of the scaphoid,
then drawing a second line perpendicular to the distal articular surface of the scaphoid along
the radial edge of the articular surface, and lastly measuring the translation of the trapezium
from this perpendicular line. Fig. 2 provides a schematic of the anatomic landmarks used for
measurements. Fig. 3 shows the location of representative measurements of dynamically
acquired images. (A positive value was recorded for translation of the trapezium in the radial
direction, whereas a negative value was recorded for translation in the ulnar direction.)
Similarly, CTD was evaluated on images with the wrist in neutral, in maximum radial
deviation, and in maximum ulnar deviation. As described by previous investigators [15], the
CTD was measured from the radial aspect of the triquetrum to the ulnar aspect of the
capitate. For determination of row versus column kinematic patterns on MRI, we modified
the methods described by Garcia-Elias et al [27] that evaluated scaphoid flexion during
radial and ulnar deviation on frontal radiographs. In this method, the kinematic pattern was
determined in a binary fashion by reader consensus based on flexion/extension of the
scaphoid (minimal = row; moderate = column) using multislice coronal MR images at
maximal radial and ulnar deviation.
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After 2 weeks from the time of the initial measurements, repeat measurements were
performed by the first reader on all scans to assess intraobserver reliability.

Statistical Analysis

RESULTS

A two-sample Kolmogorov-Smirnov goodness-of-fit hypothesis test was performed to test
statistical significance differences in the imaging measures between lunate type (type I vs.
I1), wrist type (row vs. column), sex (male vs. female), and side (left vs. right). The
intraclass correlation coefficient (ICC) was computed to quantify intraobserver and
interobserver reliability for the imaging measures performed. The following grading scale
was used for the ICC: poor (<0.40), fair (0.40 — 0.59), good (0.60 — 0.74), and excellent
(0.75-1.00) [28]. In each case, statistical significance was assigned based on p < 0.05.

Measurements made at the STJ and the CTD during dynamic MRI are detailed in Table 2.
The trapezium moved most in radial deviation, with an overall mean translation of 2.3 mm
between ulnar and radial deviation. The CTD was greatest in ulnar deviation, with a mean
change of 2.4 mm from radial deviation.

Trapezium translation and CTD mean measurements with respect to wrist laterality, sex,
lunate type, and wrist kinematic pattern are also shown in Table 3. There were no significant
differences in either metric when comparing the left wrists versus the right wrists in our
cohort. When comparing differences in these metrics by sex, men had an overall greater
CTD than women, although results were only significant in the neutral position (p=0.019).
The CTD was larger in wrists with type Il lunates compared to type I lunates during radial
deviation (p=0.001) and ulnar deviation (p=0.014). When comparing row versus column
wrist kinematic patterns, there were no statistically significant differences in the two metrics.

The trapezium translation had an intracbserver ICC of 0.97 (95% C1=0.93-0.99) and an
interobserver ICC of 0.87 (95% CI1=0.69-0.95). The CTD had an intraobserver ICC of 0.84
(95% CI1=0.62-0.94) and an interobserver ICC of 0.67 (95% C1=0.29-0.87).

DISCUSSION

Our study found that the trapezium normally translates transversely relative to the scaphoid,
and this translation occurs asymmetrically more in radial deviation than ulnar deviation.
These findings complement prior research by Moritomo et al [9] on the scaphotrapezium-
trapezoid joint that found an oblique-sagittal rotational motion occurs at the scaphotrapezoid
joint during radial and ulnar deviation of the wrist, but that the trapezium-trapezoid joint
remained essentially immobile during this maneuver. Our findings are consistent with
Sonenblum et al [10] who examined ten healthy volunteers by CT and found that there is
movement of the trapezium and trapezoid relative to the scaphoid in ulnar deviation. We are
not aware of prior published work that specifically evaluates trapezium translation with
respect to the scaphoid at the STJ by MRI.
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In our population of asymptomatic volunteers, we found no difference in trapezium
translation with wrist laterality, sex, lunate type, or wrist kinematic pattern. Although there
is one case report of wrist motion studied with a scaphoid-trapezium coalition [29], it
remains unclear how the trapezium moves in patients with other pathologic conditions, such
as STJ osteoarthritis or collagen disorders (associated with ligamentous laxity), which is a
consideration for future research. The scaphotrapezium-trapezoid joint is the second most
common site for osteoarthritis in the wrist and has a well-known association with the most
common site for osteoarthritis in the upper extremity: the first carpometacarpal joint. It is
less well known that osteoarthritis at the scaphotrapezium-trapezoid joint can cause
decreased thumb range of motion and grip strength [30], and that it is associated with type Il
lunate morphology [31], a widened scapholunate gap (> 3 mm) [32], and DISI-like
midcarpal instability [33]. This midcarpal instability may worsen after surgical intervention
(e.g., open or arthroscopic resection arthroplasty), while pre-operative diagnosis of
instability could reduce the number of unsatisfied patients [34]. Dorsal intercalated segment
instability (DISI) represents a carpal instability pattern in which there is compromise of the
radial ligamentous structures of the wrist, resulting in dorsal rotation of the lunate. While
several injuries may result in lunate dorsal rotation, DISI is most characteristically
associated with injury to scapholunate ligament and supporting ligamentous structures. This
injury allows the scaphoid to flex and the lunate and triquetrum to extend, causing a widened
scapholunate interval on posteroanterior radiographs and an increased scapholunate angle on
lateral radiographs. While distinct from classic DISI deformity, lunate dorsal extension can
also be caused by scaphotrapezium-trapezoid joint arthritis. In this condition, arthritis
decreases motion at the scaphotrapezium-trapezoid joint, locking the scaphoid in a relative
position of extension. The lunate is forced into extension by the extended scaphoid through
an intact scapholunate ligament.

We found the CTD to be wider in wrists with type 11 lunates, which is consistent with prior
research [15, 35]. We also observed that the CTD was wider in male wrists in the neutral
position only, which is also in line with prior research [15]. The CTD has been found to be
clinically relevant in the setting of many common wrist derangements. In the setting of static
scapholunate instability, carpal collapse is reportedly less likely in patients with an increased
CTD (= 5 mm) [36]. Type Il lunate morphology and wider CTD also have been associated
with decreased DISI deformity and more proximally located fractures in patients presenting
with scaphoid nonunion [35]. Finally, an increased CTD has been associated with ulnar
impaction syndrome [37] and full-thickness lunotriquetral ligament tears [15].

When comparing row versus column wrist kinematic patterns, we found no difference in
trapezium translation and CTD. To our knowledge, there are no prior reports of row and
column kinematic analysis using dynamic MRI. Knowledge of the normal motion pattern at
the midcarpal compartment during active radial and ulnar deviation of the wrist could
potentially be useful in understanding and diagnosing dynamic features of midcarpal
instability, as well as treatments of various scapholunate instability patterns (e.g.,
scaphotrapezium-trapezoid fusion) [38—39]. For example, patients with pre-dynamic
instability currently represent a diagnostic challenge. They present with normal stress and
non-stress radiographs. However, these patients may demonstrate ligamentous pathology on
MRI or during arthroscopy. Unfortunately, ligamentous derangements as diagnosed by MRI
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or arthroscopy may be incidental, and patients with these findings do not always suffer from
altered carpal mechanics. Dynamic MRI has the potential to successfully evaluate
symptomatic patients by simultaneously diagnosing ligamentous pathology and evaluating
carpal motion.

Our study should be accessed in the context of limitations that could be addressed with
future research. First, we studied a relatively small cohort of 35 wrists in 19 asymptomatic
volunteers. However, this cohort size is in line with prior literature evaluating clinical [5, 8,
40-42], biomechanical [6, 43—-45], and dynamic CT [21-23, 46—49] aspects of wrist
disorders. Although our analysis serves as a foundation for future work on normal and
abnormal kinematic patterns, we did not analyze symptomatic patients or have clinical
justification to correlate findings with radiography, fluoroscopy, CT, or histopathology in our
asymptomatic volunteers. Second, because the high temporal resolution (315 ms) resulted in
diminished in-plane spatial resolution compared to routine clinical scans, we emphasize that
dynamic imaging should be employed as a supplement to conventional static MRI protocols
that use a high spatial resolution technique. That said, the intriguing possibility is that fast
(e.g., 20 sec) acquisitions with high temporal resolution techniques might complement
conventional MRI. Current work in this area leverages the high spatial resolution static
image data for the purpose of autosegmentation of carpal bones in motion during real-time
wrist MRI exams [50]. Third, in this study, 2D multi-slice scans were acquired only in the
coronal plane. However, wrist kinematics and pathomechanics are complex phenomena that
occur in three dimensions, and there is considerable interest in studying midcarpal motion
and instability that also occurs in the sagittal plane [4-8, 40-42]. Advances in MRI
technology are expected to enable implementation of true “4D” acquisitions that combine
3D volumetric datasets with the added dimension of time. Finally, there may be differences
between radiographic and cross-sectional techniques for assessment of wrist kinematics, but
we are not aware of prior research using dynamic MRI to analyze row and column patterns.

In conclusion, our study provides a preliminary evaluation of midcarpal motion patterns,
specifically involving the STJ and CTD, in asymptomatic wrists. Dynamic MRI can be
acquired on conventional MRI scanners and has excellent intraobserver and interobserver
reliability. It could become a promising tool to supplement high spatial resolution static
scans by using real-time images with short acquisition times.
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Figure 1.
27-year-old man with no history of wrist injury or pain. Representative dynamic MRI

showing a 4D (3D + time) image volume of the wrist during continuous radial-ulnar
deviation motion. The top row shows a single coronal slice position over time. The bottom
row shows six coronal slices, which are acquired at each time point; here, at the 3.8 sec time
point (from the top row).
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Figure 2.

Schematic of the anatomic landmarks used for measurement of trapezium translation and the
capitate-triquetrum distance in radial deviation (A) and ulnar deviation (B).
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Figure 3.
27-year-old man with no history of wrist injury or pain. Coronal images from a dynamic

MRI of the wrist during continuous motion. The trapezium translation (top row, orange box)
and the capitate-to-triquetrum distance (bottom row, blue box) at three wrist positions: ulnar
deviation, neutral, and radial deviation. Magnified inset images (middle row) show the
location of representative measurements on the dynamically acquired images.
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Table 1.

Lunate types analyzed

Lunate | Anatomic Features

Type | One distal facet, articulates with the capitate
No articulation with the hamate

Type Il | Two distal facets (lateral and medial)

Articulates with both the capitate and hamate
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Dynamic MRI results showing midcarpal metrics of trapezium translation and capitate-to-triquetrum distance

Table 2.

(mean +/- SD) in 35 wrists of asymptomatic volunteers.

Trapezium Translation (mm)

Capitate-Triquetrum Distance (mm)

Neutral 0.3+/-0.8 53+/-1.4
Ulnar Deviation -0.4+/-1.0 6.0+/-14
Radial Deviation 19+/-1.2 36+-11
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Table 3.

Midcarpal metrics of trapezium translation and capitate-triquetrum distance with respect to wrist laterality,
sex, lunate type, and wrist kinematic pattern.

Trapezium Translation (mm) Capitate-Triguetrum Distance (mm)

Sample Neutral Ulnar Radial Neutral Ulnar Radial
size (n) Deviation Deviation Deviation Deviation
Left 17 0.3 -0.5 19 54 5.9 34
Wrist Laterality  Right 18 0.3 -0.4 2.0 5.2 6.1 3.8
pvalue 0.950 1.000 0.622 1.000 0.958 0.262
Male 17 0.5 -0.2 2.1 6.0 6.3 3.9
Sex Female 18 0.1 -0.7 1.8 4.7 5.8 3.2
pvalue 0.605 0.489 0.958 0.019 0.790 0.123
Type | 17 0.4 -0.7 1.8 4.8 5.4 2.9
Lunate Type Type Il 18 0.1 -0.2 2.1 5.8 6.6 4.2
pvalue 0.970 0.999 0.786 0.104 0.014 0.001
Row 17 0.5 -0.5 2.0 5.2 5.7 3.4
Wrist Kinematic _
Pattern Column 18 0.1 0.4 1.9 5.4 6.3 3.7
pvalue 0.345 0.950 0.971 1.000 0.458 0.588
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