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Purpose To quantify the effect of osteoarthritis (OA) and total trapeziometacarpal (TMC) joint
replacement on thumb kinematics during the primary physiological motions of the thumb.

Methods We included 4 female patientswith stage III TMCOA.A computed tomographyebased
markerless method was used to quantify the 3-dimensional thumb kinematics in patients before
and after TMC joint replacement surgery with the Arpe implant.

Results Trapeziometacarpal OA led to a marked decrease of internal rotation and abduction of
the first metacarpal (MC1) during thumb flexion and a decrease of MC1 adduction during
thumb adduction. As a compensatory phenomenon, the trapezium displayed increased
abduction. The absence of MC1 translation in the ball-and-socket implant seems to induce a
decrease of MC1 adduction as well as a decrease of trapezium adduction during thumb
adduction, compared with OA and healthy joints. Implant replacement displayed an un-
changed MC1 flexion during thumb flexion and seemed to slightly increase MC1 axial
rotation during thumb flexion and adduction. Abduction and adduction of the MC1 are limited
and compensated by this somewhat increased axial rotation, allowing more efficient thumb
opposition.

Conclusions The study highlights that advanced TMC OA mainly restricts the MC1 mobility.
We also showed that, whereas total joint arthroplasty is able to restore thumb function, it
cannot fully replicate the kinematics of the healthy TMC joint.

Clinical relevance The quantification of TMC joint kinematics in OA and implanted patients is
essential to improve our understanding of TMC OA as well as to enhance the functionality of
implant designs. (J Hand Surg Am. 2017;-(-):1.e1-e10. Copyright � 2017 by the American
Society for Surgery of the Hand. All rights reserved.)
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RE AND AFTER SURGERY
T HE BASAL THUMB JOINT OR trapeziometacarpal
(TMC) joint is crucial for the extensive
mobility of the thumb. With its unique

configuration, this saddle-shaped joint contributes to
the dexterity of the human hand by allowing both
forceful power and precision gripping as well as fine
manipulation.1

Available treatment options for symptomatic
osteoarthritis (OA) of the TMC joint range from
nonsurgical treatments2 to surgical options such as
trapeziectomy, with or without ligament reconstruc-
tion and tendon interposition, arthrodesis, and total
joint arthroplasty.3e8 Total joint arthroplasty for pa-
tients with TMC OA has been performed for more
than 40 years,9,10 mainly using ball-and-socket im-
plants with a fixed center of rotation, to replace the
saddle-shaped TMC joint. Although there are
numerous retrospective clinical studies investigating
various types of TMC joint implants,7 little is known
about the effect of the implant on the in vivo kine-
matics of the TMC joint. Likewise, the impact of OA
on TMC joint kinematics remains unclear; only 3
recent studies have investigated the TMC joint
kinematics of healthy and OA subjects using a 3-
dimensional motion-capture system.11,12

Recent medical imagingebased studies on the
native TMC joint have revealed that thumb motions
(ie, extension, flexion, abduction, and adduction) are
associated with a significant amount of axial rotation
of the first metacarpal (MC1)13e15 and also of the
trapezium and scaphoid with lower magnitudes.14

These in vivo kinematic studies have demonstrated
that thumb flexion entails flexion, abduction, internal
rotation, and translation of the MC1, trapezium, and
scaphoid. Likewise, thumb adduction leads to
adduction, external rotation, extension, and trans-
lation of all 3 bones. Therefore, the full range of
motion of the thumb depends on the mobility of each
joint in the articular chain.

The central aim of this study was to quantify the
effect of OA and total TMC joint replacement on the
kinematics of the thumb joints during the primary
physiological motions of the thumb (extension-
flexion and abduction-adduction). First, we assessed
the effect of OA on the thumb kinematics by
comparing patients with advanced TMC OA to a
group of healthy controls.14 Next, the kinematics of
patients with TMC joint arthroplasty were measured
and compared with healthy controls to assess the
implant’s ability to restore the kinematics of the
native TMC joint.14 Finally, we compared the kine-
matics of the thumb joints before and after TMC joint
replacement surgery. Our hypotheses were (1) OA
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affects the kinematics of the MC1 and trapezium and
(2) the ball-and-socket implant design cannot fully
replicate the native TMC joint kinematics.
METHODS
Subject selection

The study protocol, conformed to the ethical guide-
lines of the 1975 Declaration of Helsinki, and was
approved by the Medical Ethical Commission of our
university (# B322201420166). After providing
informed consents, 4 patients from the patient base of
the senior hand surgeon (F.S.) were recruited.
Considering the high incidence of TMC OA in post-
menopausal women16 and to avoid an age- or sex-
related impact on the results, only women volunteers
of 50 years or older were included in this study. Before
enrolment, each subject underwent a clinical exami-
nation of both hands by a board-certified orthopedic
hand surgeon (P.D.A) to rule out other pathological
conditions. Each patient was also subjected to a
radiological assessment of the affected side to assess
the stage of TMC OA according to the Eaton-Littler
classification.17,18 The inclusion criteria were (1) fe-
male sex; (2) age older than 50 years; (3) thumb pain
(symptomatic); (4) Eaton stage III on x-ray; and (5)
eligible for TMC joint arthroplasty with a ball-and-
socket implant. The following comorbidities were
considered as exclusion criteria: traumatic injury to the
thumb, previous thumb surgery, inflammatory
arthritis, metabolic bone disease, and any signs of
scaphotrapezotrapezoid OA. Each subject completed
the Disabilities of the Arm, Shoulder, and Hand
(DASH) and the Patient-Rated Wrist Evaluation
(PRWE) questionnaires before and after TMC joint
implant replacement surgery. The mean age of our
series (1 right and 3 left thumbs) was 60.8 years (range,
51e71 years; Table 1).

A second cohort of 16 healthy female subjects (mean
age, 59.5 years; range, 50e82 years), which were
recruited among the university staff and acquaintances,
served as a control group. This healthy control group
was also used in a previous study on thumb joint ki-
nematics and contact biomechanics.14,19,20 Subjects in
the healthy control group had no clinical or radiological
signs of TMC OA and were subjected to the same
scanning protocol as the 4 patients.

Surgical protocol

All patients were treated in the same hospital (AZ
Groeninge, Kortrijk, Belgium), by the same hand
surgeon (F.S.), using the Arpe ball-and-socket pros-
thesis (Biomet, France). The lateral (dorsoradial)
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TABLE 1. Age and Duration of the Follow-Up Period of Each Subject

Subject 1 Subject 2 Subject 3 Subject 4

Age (y) 51 71 62 59

Follow-up (mo) 11 12 7 6
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FIGURE 1: The custom-designed, radiolucent, polycarbonate rig used to standardize the motion of the thumb during A active extension,
B flexion, C abduction, and D adduction.

TMC KINEMATICS BEFORE AND AFTER SURGERY 1.e3
approach to the TMC joint was used. The base of the
MC1 was detached from all its ligamentous attach-
ments in a subperiostal plane (dorsal, volar, and
intermetacarpal ligaments) before preparing the bones
with the instrumentation. After implanting the trial
stem, neck, and cup (diameter of 9 mm, non-
retentive), the stability of the prosthesis was assessed
in abduction, retropulsion, and opposition. The final
implant was then inserted and the subcutaneous soft-
tissues and skin were closed after a meticulous dorsal
capsulorrhaphy. Thumb immobilization was applied
FLA 5.5.0 DTD � YJHSU55310_proof �
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for 3 weeks following surgery, after which patients
were allowed to start self-directed physiotherapy.

Computed tomography scanning protocol

The affected side (wrist and thumb) of each subject
was scanned, before surgery (OA group) and 6 to 12
months after joint arthroplasty (implant group). Scans
were made with a 64-slice Discovery HD 750
computed tomography (CT) scanner (GE Healthcare,
Little Chalfont, UK). The scanning parameters were
the following: slice thickness, 0.625 mm; pixel size,
9 November 2017 � 7:11 am � ce
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FIGURE 2: Definition of the radius-based coordinate system with (1) the lowest point on the distal border of the ulnar notch (bordering
the lunate fossa), (2) the proximal border of the ulnar notch, and (3) the tip of the radial styloid.

TABLE 2. Rotation Angles in 3 Directions and the Total Translation of the MC1 During Thumb Flexion and
Adduction in the 3 Groups*

MC1 Control OA Implant

Thumb Flexion

Flexion angle (x axis) (�) 30.7 � 12.4 29.7 � 11.2 31.1 � 7.4

Internal rotation angle (y axis) (�) 13.6 � 10.2 3.4 � 2.9 9.4 � 7.1

Abduction angle (z axis) (�) 30.5 � 13.1 14.4 � 12.6 21.5 � 12.5

Total translation (mm) 4.5 � 2.5 5.5 � 1.4 0.8 � 0.3

Thumb Adduction

Extension angle (x axis) (�) 5.0 � 4.5 6.2 � 2.8 4.2 � 4.2

External rotation angle (y axis) (�) 13.2 � 6.4 10.9 � 5.3 17.6 � 3.0

Adduction angle (z axis) (�) 33.7 � 10.4 25.4 � 12.6 22.0 � 9.4

Total translation (mm) 9.7 � 2.2 7.8 � 2.3 0.6 � 0.2

*Values are expressed as mean � SD.

1.e4 TMC KINEMATICS BEFORE AND AFTER SURGERY
0.293 mm; field of view, 150 mm; voltage, 100 kV;
source current, 156 mA; bone algorithm. Each sub-
ject was scanned from the distal part of the radius to
the MC1 joint in 4 extreme positions: at maximal
active extension, flexion, abduction, and adduction of
the thumb (Fig. 1). To avoid interindividual vari-
ability and to allow comparison with the kinematics
of healthy control subjects, the same setup and pro-
tocol were used as in recent publications.13,14,21 The
FLA 5.5.0 DTD � YJHSU55310_proof �
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radiation dose was estimated to 6.85 mGy (CT dose
index volume) for 1 static scan.

Image processing

Each scan was reconstructed in a Digital Imaging and
Communications in Medicine (DICOM) format and
segmented semiautomatically using medical imaging
processing software (Mimics Research 18.0 � 64
with CT bone plug-in; Materialise, Leuven, Belgium)
9 November 2017 � 7:11 am � ce
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TABLE 3. Rotation Angles in 3 Directions and the Total Translation of the Trapezium During Thumb Flexion
and Adduction in the 3 Groups*

Trapezium Control OA Implant

Thumb Flexion

Flexion angle (x axis) (�) 4.4 � 3.5 5.0 � 1.5 6.0 � 2.5

Internal rotation angle (y axis) (�) 3.8 � 2.9 3.5 � 1.8 4.3 � 1.0

Abduction angle (z axis) (�) 5.1 � 4.3 11.7 � 4.8 8.5 � 3.4

Total translation (mm) 1.4 � 0.9 2.6 � 1.1 1.6 � 0.5

Thumb Adduction

Extension angle (x axis) (�) 3.8 � 2.4 3.1 � 2.2 2.4 � 2.0

External rotation angle (y axis) (�) 2.8 � 1.6 3.0 � 2.7 2.6 � 1.6

Adduction angle (z axis) (�) 5.1 � 3.4 6.3 � 2.3 3.4 � 2.4

Total translation (mm) 1.1 � 0.4 1.6 � 0.6 1.2 � 0.4

*Values are expressed as mean � SD.

TMC KINEMATICS BEFORE AND AFTER SURGERY 1.e5
with constant segmentation parameters (thresholding,
minimum of 294 Hounsfield; smoothing, 1 iteration,
smooth factor of 0.4). Three-dimensional surface
bone models of the radius, scaphoid, trapezium, and
MC1 were generated for each configuration.

Bone kinematics

A custom Matlab code (MathWorks, Natick, MA)
based on an iterative closest point algorithm14 was
written to calculate the transformation matrix of each
bone between 2 extreme thumb postures (ie, maximal
extension vs maximal flexion and maximal abduction
vs maximal adduction). A local, radius-based coordi-
nate system was used in agreement with International
Society of Biomechanics (ISB) standards,22 so all
rotation angles are expressed relative to the anatomical
planes of the forearm (Fig. 2). To better quantify bone
motion and facilitate interpretation, 3 rotation angles,
representing the amount of rotation occurring in each
anatomical plane, were calculated based on each
transformation matrix (flexion/extension angle,
abduction/adduction angle, internal rotation [prona-
tion]/external rotation [supination]).14 Translations
were also calculated along each direction and the total
amount of translation was calculated (ie, norm of the
corresponding translation vector, representing the total
amount of translation without giving information
about the direction of the translation).

RESULTS
Functionality scores

Prior to surgery (OA group), the mean DASH and
mean PRWE scores were 28.6 (range, 5.0e62.5) and
39.9 (range, 12.0e88.0), respectively. After surgery
FLA 5.5.0 DTD � YJHSU55310_proof �
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(implant group), the mean DASH and mean PRWE
scores were 12.3 (range, 0.8e37.5) and 3.6 (range,
0e8.5) respectively.

Osteoarthritis versus control kinematics

Osteoarthritis decreased MC1 adduction during
thumb adduction but had no major impact on MC1
flexion during the thumb flexion. Osteoarthritis also
decreased the MC1 internal rotation and abduction
during thumb flexion. These modified MC1 kine-
matics during thumb flexion are coupled with an
increased abduction angle of the trapezium
(Tables 2, 3).

In OA patients and in healthy subjects, we
observed a similar amount of translation of the MC1
base during thumb adduction (Table 2). During
thumb flexion, the total amount of MC1 translation
was also comparable between the healthy and the OA
groups (Table 2). The direction of translation of the
MC1 during thumb flexion and adduction varied
markedly between subjects, in both the healthy and
OA groups. No consistent direction of translation
could be observed.

Osteoarthritis versus implant kinematics

In the implant group (n ¼ 4), the internal rotation and
abduction of the MC1 seemed to increase during
thumb flexion; this trend was also observed for
abduction of the scaphoid (Figs. 3A, 4A, B). During
thumb adduction, the main effect of implant surgery
seemed to be a slight increase in external rotation and
decreased adduction of the MC1 and a decreased
adduction of the trapezium (Figs. 3B, 4C, D and
Tables 2e4).
9 November 2017 � 7:11 am � ce
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FIGURE 3: Planar representation for 1 representative subject of the A abduction, flexion, and internal rotation of the MC1, trapezium,
and scaphoid observed during flexion of the thumb (gray, extension; yellow, flexion) and the B adduction, extension, and external
rotation of the MC1 observed during adduction of the thumb (gray, abduction; yellow, adduction).

1.e6 TMC KINEMATICS BEFORE AND AFTER SURGERY
Implant versus control kinematics

In postoperative patients with total joint arthroplasty
with the Arpe implant, we observed that the implant
did not fully restore MC1 adduction during thumb
adduction, which remained much lower compared
with a healthy joint. During thumb flexion, MC1
flexion was almost completely restored by the implant,
but not MC1 abduction. We did, however, see that the
implant increased MC1 axial rotation during thumb
adduction. Translation of the MC1 during thumb
flexion and adduction was almost nonexistent with a
ball-and-socket implant (Table 2) and seemed to be
associated with decreased adduction of the trapezium
during thumb adduction (Table 3).
FLA 5.5.0 DTD � YJHSU55310_proof �
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DISCUSSION
Compared with healthy controls, our patients with
stage III TMC OA demonstrated a marked decrease
of internal rotation and abduction of the MC1 during
thumb flexion and a decrease of MC1 adduction
during thumb adduction. These results do, to some
extent, agree with previous studies on the influence of
OA on the 3-dimensional kinematics of the TMC
joint.11,12,23,24 These studies all observed a TMC
joint motion deficit in patients with TMC OA stage
II/III and stage III/IV, but whereas Hamann et al12

found mainly a restriction of thumb abduction-
adduction with preservation of flexion-extension
motion and axial rotations of the thumb, a
9 November 2017 � 7:11 am � ce
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FIGURE 4: Rotation angles of the A MC1 and the B trapezium in the OA and implant groups during extension-flexion motion of the
thumb. Rotation angles of the C MC1 and the D trapezium in the OA and implant groups during abduction-adduction motion of the
thumb.

TABLE 4. Rotation Angles in 3 Directions and the Total Translation of the Scaphoid During Thumb Flexion
and Adduction in the 3 Groups*

Scaphoid Control OA Implant

Thumb Flexion

Flexion angle (x axis) (�) 2.7 � 1.8 1.2 � 0.6 1.6 � 1.0

Internal rotation angle (y axis) (�) 1.9 � 1.6 1.5 � 0.9 0.8 � 0.9

Abduction angle (z axis) (�) 4.1 � 3.5 3.9 � 1.9 8.3 � 3.0

Total translation (mm) 1.8 � 0.8 1.2 � 0.3 2.9 � 1.0

Thumb Adduction

Extension angle (x axis) (�) 1.6 � 1.5 1.2 � 0.9 2.5 � 2.4

External rotation angle (y axis) (�) 2.1 � 1.9 1.3 � 1.3 2.7 � 1.6

Adduction angle (z axis) (�) 4.7 � 3.2 4.0 � 2.3 3.5 � 0.5

Total translation (mm) 1.6 � 0.6 1.2 � 0.5 1.8 � 1.4

*Values are expressed as mean � SD.

TMC KINEMATICS BEFORE AND AFTER SURGERY 1.e7
restriction of all motions was described by Miura
et al24 and Gehrmann et al.11 Chèze et al23 reported a
limited range of motion of the TMC joint in 1 male
patient with early OA, but only for thumb flexion.
The discrepancy with the results of our study could
be due to the use of a different motion tracking
technique (uniplanar fluoroscopy24 and surface
markers11,12,23). In addition, thumb kinematics are
described as 3-dimensional motion capabilities of the
FLA 5.5.0 DTD � YJHSU55310_proof �
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TMC joint and expressed as a range of motion of the
TMC joint, making the comparison with our results
challenging. The kinematic changes we observed in
the OA group could be partially explained by bone
deformations of the MC1 and trapezium that occur
with advanced TMC OA.20,25 In these patients, the
preserved flexion of the MC1 could be linked to the
bulging and lengthened articular surface of the MC1,
which runs inside the groove-shaped articular surface
9 November 2017 � 7:11 am � ce
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FIGURE 5: MC1 dorsoradial subluxation reduction with a A ball-and-socket Arpe implant and B translation of the base in the 3 groups.

1.e8 TMC KINEMATICS BEFORE AND AFTER SURGERY
of the trapezium.20 The impaired abduction-
adduction and axial rotation of the MC1 in OA pa-
tients could be explained by the deepening of the
trapezium and the lengthening of its ulnar and radial
horns20,25 and the combined dorsoradial translation of
the MC1 base.17,24,26 This new configuration of the
TMC joint, which is no longer saddle-shaped but
more condylar with a higher congruency,20 preserves
MC1 flexion but impairs MC1 internal rotation and
abduction-adduction. This phenomenon is accompa-
nied with an increased abduction of the trapezium in
the OA group (mainly during thumb flexion), which
seems to act as a compensatory motion for the
ankylosed TMC joint. The reciprocal flexion-
adduction of the MC1 shaft to the dorsal subluxa-
tion of the MC1 base leads to the adduction deformity
of the thumb (concomitant retraction of the first web
space) observed in late stage TMC OA.17,27,28

Our results for TMC joint replacement indicate
that the Arpe implant is not able to fully replicate the
motion of the healthy TMC joint. The amount of
MC1 adduction during thumb adduction remains
much lower compared with the healthy joint and is
even somewhat lower than before surgery. This effect
can be understood by the inherent absence of trans-
lation in the ball-and-socket configuration compared
with the healthy saddle joint. Whereas MC1 flexion
during thumb flexion remains largely unchanged in
patients with an implant, we saw a slight increase in
MC1 axial rotation during thumb flexion and
adduction in all 4 patients. This slightly increased
axial rotation might compensate for the limited range
of abduction and adduction of the MC1 in implanted
patients and could improve thumb opposition.
Translation of the MC1 is nonexistent, which is ex-
pected because of the fixed center of rotation of the
implant. By centering the MC1 upon the trapezium,
the ball-and-socket implant blocks dorsoradial sub-
luxation (Fig. 5A) and suppresses the radial-ulnar
FLA 5.5.0 DTD � YJHSU55310_proof �
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translation of the MC1 (Fig. 5B). As observed for
the MC1, the trapezial cup limits adduction of the
trapezium during thumb adduction compared with
OA and healthy joints. Although the Arpe implant
does not fully mimic the native TMC joint kine-
matics, it is able to restore thumb function by offering
a larger amount of axial rotation to the MC1,
reducing MC1 dorsal subluxation and improving
thumb abduction. Moreover, the ball-and-socket
implant works as a spacer with bone anchorage,
avoiding collapse of the MC1 base by preserving the
height of the resected joint.

In this study, we used a CT-based technique to
accurately quantify the 3-dimensional kinematics of
the entire articular chain of the thumb in patients
before and after implant surgery. This methodology
has been used in several recent studies in healthy
subjects,13,14,21,29 but has not yet been used to study
the impact of OA and TMC arthroplasty on thumb
joint kinematics. Moreover, available studies on total
TMC arthroplasties are mostly retrospective clinical
studies focusing on postoperative functional out-
comes using DASH and/or visual analog scale pain
scores, strength assessments, and radiographic out-
comes, but not quantifying thumb motion,7,30e34

except for Chèze et al23 who quantified in vivo
TMC joint ranges of motion using an optoelectronic
motion analysis system in 2 female subjects with an
Arpe implant.

Although our study provides a unique insight in
the effect of implant surgery and the effect of OA on
the kinematics of the thumb, there are some limita-
tions inherent to using a CT-based technique.35,36

Most importantly, the segmentation error might be
more prominent than in previous CT-based studies
due to OA bone deformations.37 In addition, being a
pilot study with a small sample size, the study lacked
power to make definitive conclusions on the impact
of OA and TMC joint implant on thumb kinematics.
9 November 2017 � 7:11 am � ce
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TMC KINEMATICS BEFORE AND AFTER SURGERY 1.e9
Because we noted a substantial interindividual vari-
ation in the amount of MC1 rotation during both
thumb flexion and adduction in the OA and implant
groups, as well as in the healthy control group,14

larger series are certainly needed to confirm our
preliminary findings of the effect of OA and total
TMC joint replacement on the kinematics of the
thumb joints and to develop new implant designs that
will ensure long-term success.
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