
Supplementary Material S1

Alignment from CT Images
Alignment of the carpal component relative to the third meta-
carpal and the radial component relative to the radius for the
rightwrist in thedorsalviewandtheradialviewweremeasured
using computed tomography (CT)-generated surface models
and corresponding coordinate systems (CSs) of each implant’s
components (►Supplementary Fig. S1, available online only).
The rotational alignments were defined as radial/ulnar tilt and
volar/dorsal tilt, and the translational alignments were defined
as radial/ulnar offset and volar/dorsal offset in each panel from
left to right, similar to radiographic definitions.

Details on Avoiding Metal Artifact
Metal artifact prevented accurate segmentation of the radial
component; thus, a laser three-dimensional (3D)-scanned
model of the radial component (Artec Spider, Luxembourg)1

was registered to its rough segmentation (root-mean-
squared-error<0.2mm). Because the distal portion of the
radius was also affected by the metal scatter, the resected
radius model was constructed up to the slice where the
artifact affected the CT images, which was approximately at
mid-stem of the radial component.

Details on Finding Presurgery Radius Model
To find the presurgery radius model, a CT scan of the
contralateral healthy wrist and forearm of three of the six
patients was acquired and, using an iterative dissimilarity-
excluding Procrustes registration algorithm in MATLAB
(R2018b, Mathworks, Natick, MA), the resected radius model
was reconstructed.2,3 For the other three patients for whom
the contralateral wrist’s CT image was not available, the
complete radius models were reconstructed by registering
radii models of a large database (n¼120) of wrist anatomy4

to the resected radius models. Because the methods were
different for half of the patients, the database was also used
to reconstruct the resected radiusmodel of the three patients
who had contralateral wrists scans available. The two regis-
tration methods were compared against each other, and less
than 2 degrees maximum variation was observed between
the methods (Supplementary Material S2 for details, avail-
able online only). For enhanced visualization of the resected
radius, the complete radius model was clipped based on the
position of the proximal aspect of the radial component on
the matched radius (Geomagic Wrap, 3D Systems, SC).

Details on Radial Component CS
The semimajor axis of an ellipsoid registered to the radial
component defined the y-axis (positive radially), and the
long-axis of a cylinder registered to the stem’s proximal
portion defined the x-axis (positive proximally)
(Supplementary Material S3, available online only, for
robustness assessment). The location of the radial
component’s CS was defined on its articular surface and as
the intersection of x- and y-axes.

Details on Carpal Component CS
For the carpal component, the long-axis of the peg defined
the x-axis (positive proximally) and the planar surface of the
base defined the yz-plane,with positive y-axis defined by the
head of the radial screw. The intersection of the x-axis and
distal side of the base plate was used as the location of the
carpal component’s CS.

Details on Radius CS
They-axiswaspositive in the radial direction fromthesigmoid
notch to the radial styloid (projected on the articular surface of
the radius), while the x-axis was in the direction of the radial
shaft, positiveproximally. The location of the radiusCSwas the
intersection of its x- and y-axes on the articular surface.

Details on Third Metacarpal CS
The y-axis was defined by the direction of a line fit to the
centroids of MC2, MC3, and MC4, in a direction of ulnar to
radial (positive radially) (Supplementary Material S4 for
details, available online only). The location of the CS was
defined at the geometrical centroid of MC3.

Supplementary Fig. S1 Alignment metrics were defined in the dorsal
view (A) and the radial view (B) of a right wrist. Lines demonstrate the
long-axis of the bones and the TWA components.
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Supplementary Material S2

Robustness of Matching Radius Bone Model with
Database and Contralateral
Six subjects participated in this study. CT scans were ac-
quired for both wrists of three of these subjects, while the
rest were not enrolled for both-hands CT scanning. Thus, the
resected radius bone model was generated for three subjects
based on the contralateral bone,while it wasgenerated for all
subjects based on matching the radius model to a large
database (120 wrists) of bone models.

Since bothmethods were applicable for three subjects, we
evaluated the radius CS for these subjects and compared
themwith each other (►Supplementary Figure S2, available
online only). Overall, we observed less than 2 degrees
maximum variation of CS location between the methods
(►Supplementary Table S1, available online only).

Supplementary Fig S2 The sectioned radius model for each subject
was matched with a surface model from a large database of bone
models.4

Supplementary Material S3

Robustness of Radial Component Coordinate System
Detection
The robustness of this method was evaluated using different
surface points and ellipsoid fit detection. Four surfaces were
selected manually, and ellipsoids were fitted to each using a
least-squares method. The principal axis of each ellipsoid
was detected and CSs were generated and compared with
each other (►Supplementary Table S2, available online only).

The average deviation of the fit was 0.11 (whole surface;
398mm2), 0.10 (77.5% of the whole surface; 309mm2), 0.10
(69.7% of the whole surface), 0.12 (41.4% of the whole
surface). The CSs varied less than 0.5mm and 1 degree,
except for the y-axis, which was different by�2 or 3 degrees
when the surface pointswere not covering thewhole surface.

Supplementary Table S1 Quantitative change between coordinate systems when the contralateral radius and the matched-
radius from the database were used for definition

Subject
no.

Pronation-Supination
(deg)

Flexion-Extension
(deg)

Radial Ulnar
Dev. (deg)

Proximal-Distal
(mm)

Radial-Ulnar
(mm)

Volar-Dorsal
(mm)

1 �1.0 1.4 �1.3 �0.2 �2.8 0.3

2 �0.6 1.7 �0.7 �0.2 �3.0 1.1

3 1.9 0.4 �1.0 1.9 �0.2 0.3

Supplementary Table S2 Quantitative change in coordinate
system (CS) definition based on different surface points. Case 0
is when the whole surface area of the radial component was
used for CS definition, and CS1 to CS3 are respectively defined
when 77.5%, 69.7%, and 41.4% of the surface points are used
for CS definition

CS Definition
Change

X
(deg)

Y
(deg)

Z
(deg)

x-mm y-mm z-mm

CS1
(77.5% area)

0.06 –0.32 –0.09 -0.01 –0.10 0.08

CS2
(69.7% area)

–0.08 2.65 –0.55 -0.01 –0.26 –0.50

CS3
(41.4% area)

0.08 2.03 –0.59 -0.01 –0.37 –0.33
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Supplementary Material S4

Coordinate System for Third Metacarpal
To construct a CS for the third metacarpal (MC3) that is robust to minor variations of bony landmarks among subjects, the
surfacemeshes of the second and fourthmetacarpals (MC2 andMC4)were also incorporated in the process (►Supplementary

Fig S4.1). The centroid of each surfacemodel was calculated, and the best-fit line passing through all centroids was computed
(temp-axis).

The long-axis of the MC3 was calculated using the inertial CS method (x-axis). The z-axis was calculated as the cross
product of the x-axis and temp-axis. The final orthogonal CS was generated by cross product of the z-axis and the x-axis
(►Supplementary Fig S4.2, available online only).

Supplementary Fig S4.1 Volar view of the wrist, showing the 4th metacarpal (left), 3rd metacarpal (middle), and 2nd metacarpal (right)

Supplementary Fig S4.2 The coordinate system for the third metacarpal depicted in volar view (left), ulnar view (middle), and distal view (right)
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Supplementary Table S3 Standard grip strengths of the dominant (D) and non-dominant (ND) hand based on Jamar Hand
dynamometer manual for male and female populations

Male Female

Age group D ND D ND

65–69 41.3 (9.3) 34.8 (9.0) 22.5 (4.4) 18.6 (3.7)

70–74 34.2 (9.8) 29.4 (8.2) 22.5 (5.3) 18.8 (4.6)

75þ 29.8 (9.6) 24.9 (7.7) 19.3 (5.0) 17.1 (4.0)

Source: Based on Jamar Hand Dynamometer Manual.

Supplementary Material S5

Normalizing Grip Strength
Grip strength values were normalized to account for age, sex, and handedness before further processing based on the data
provided in the device’s guidelines (►Supplementary Table S3).

The grip strength (GS) values were normalized for participants based on z-scoring:

;

whereObservedGS is the observedgrip strength for a participant,PopulationGS is themeanvalue in the population for the
gender and age of the participant, and SDPopulation GS is the standard deviation in the population for the gender and age of the
participant

These normalized values are z-scores. They have a mean of 0
and a standard deviation of 1, and these values can range
from negative infinity to infinity:

• The values are<0 if the participant has an observed grip
strength that is less than the reported population value.

• The values are>0 if the participant has an observed grip
strength that is greater than the reported population
value.

• The values¼0 if the participant has an observed grip
strength that is equal to the reported population value.
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