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Abstract Background Ulnar variance (UV) and center of rotation (COR) location at the level of
the distal radioulnar joint (DRUJ) change with forearm rotation. Nevertheless, these
parameters have not been assessed dynamically during active in vivo pronosupination.
This assessment could help us to improve our diagnosis and treatment strategies.
Questions/purposes We sought to (1) mathematically model the UV change, and
(2) determine the dynamic COR’s location during active pronosupination.
Methods We used biplanar videoradiography to study DRUJ during in vivo pronation
and supination in nine healthy subjects. UV was defined as the proximal-distal distance
of ulnar fovea with respect to the radial sigmoid notch, and COR was calculated using
helical axis of motion parameters. The continuous change of UV was evaluated using a
generalized linear regression model.
Results A second-degree polynomial with R2 of 0.85 was able to model the UV
changes. Maximum negative UV occurred at 38.0 degrees supination and maximum
positive UV occurred at maximum pronation. At maximum pronation, the COR was
located 0.5�1.8mm ulnarly and 0.6�0.8mm volarly from the center of the ulnar
fovea, while at maximum supination, the COR was located 0.2�0.6mm radially and
2.0�0.5mm volarly.
Conclusion Changes in UV and volar translation of the COR are nonlinear at the DRUJ
during pronosupination.
Clinical Relevance Understanding the dynamic nature of UV as a function of
pronosupination can help guide accurate evaluation and treatment of wrist pathology
where the UV is an important consideration. The dynamic behavior of COR might be
useful in designing DRUJ replacement implants to match the anatomical motion.
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The distal radioulnar joint (DRUJ) plays a critical role for both
load-bearing and motion of the upper extremity.1,2 Ulnar
variance (UV), the relative distal-proximal position of the
distal ulna with respect to the radius, is often assessed to
evaluate the etiology of wrist pain. Positive UV has been
associated with ulnocarpal impaction syndrome and central
tears of the triangular fibrocartilage complex (TFCC), while
negative UV has been linked to Kienböck disease.3–6Addition-
ally, the load seen across the ulnocarpal joint varies with even
slight changes in UV. In a cadaveric study, Palmer andWerner
demonstrated that a 2.5mm change in UV decreases the load
at the ulnocarpal joint from 18 to 4% when the ulna is
shortened, but increases from 18 to 42% when the ulna is
lengthened.7

Pathology involving the DRUJ often leads to pain and
instability, which in severe cases- may require surgical inter-
ventions, such as ligament repair or reconstruction, resection,
fusion, and, more recently, joint replacement.8–13 Successful
joint arthroplasty designs in shoulder, hip, and knee have
shown the importance of implant design to reproduce healthy
joint kinematics.14–17 Biomechanical studies of the healthy
DRUJ have reported that the location of the center of rotation
(COR) is not fixed during forearm pronosupination18,19 and
that it moves volarly and ulnarly with elbow extension.20

However, linkedDRUJ implants that replace the sigmoid notch
and ulnar head often employ a ball-and-socket design8,11,12

which has a fixed COR at the center of the replacement ulnar
head. Current DRUJ replacement provides pain relief and has
an encouraging success rate, but it also suffers from a high
complication rate (35% in 8 years) including periprosthetic
fractures or continued instability after the surgery.8,21 Al-
though the reasons for complications are highly debated,
abnormal kinematics may lead to increased implant-bone
stress. Therefore, accurate invivo evaluationofCORmovement
couldhelpus tobetter understandnormalkinematicsandmay
help advance implant designs.

Although previous studies have demonstrated the change
in UV22–24 and COR19,25 at different forearm rotation angles,
they have not assessed their continuous changes throughout
in vivo forearm pronation-supination (PS). Biplanar video-
radiography (BVR) is an imaging technique that is used for
computing the in vivo motion of other joints with high
accuracy.26–33 Thus, in this study, we used a BVR system to
evaluate the mechanism of motion of DRUJ by analyzing
specifically (1) UV and (2) COR during active pronosupina-
tion. We hypothesized that UVwould bemost positive at full
pronation and that it would reduce as the forearm rotates
towards full supination, where it would reach its minimum
value. We also hypothesized that the COR is not stationary
throughout pronosupination.

Methods

Subjects and In Vivo Imaging
Nine subjects (eight females, eight right-hand dominant,
56.9�5.5 years) with no history of wrist or hand pathology
were enrolled after Institutional Review Board approval as
part of a larger study on wrist and forearm kinematics.34

Computed tomography (CT) scans (Lightspeed 16, GE Medi-
cal, Milwaukee, WI) were acquired of the distal forearm,
wrist, and hand with tube settings of 80 kVp and 80mA, and
three-dimensional (3D) image resolution of 0.39�0.39
�0.625mm3. The radius and ulna were semiautomatically
segmented using commercially available medical image
processing software (Mimics v19, Materialise NV, Leuven,
BE), using a gradient-based algorithm.35 The segmented
portions of the images reflecting the bones were exported
as CT image volumes containing the attenuation values for
further processing in BVR, and theywere also exported as 3D
surface models for kinematics analysis.

Experimental Setup
BVR acquisitionwas performed at the X-ray Reconstruction of
Moving Morphology (XROMM) facility at Brown University
(►Fig. 1). The XROMM system consists of two Varian Medical
Systems Model G-1086 X-ray tubes (Palo Alto, CA), two EMD
Technologies model EPS 45 to 80 pulsed X-ray generators
(Saint-Eustache, Quebec, QC), two 40-cm Dunlee (Aurora, IL)
image intensifiers, and two Phantom v10 high-speed video
cameras (Vision Research, Wayne, NJ). In this experiment, the
angle between sources was 110 degrees, and the source-to-
image distance was set at 130 cm. X-ray tube settings were
adjusted between 68 and 75kV and 80mA, along with a
continuous capture rate of 200Hz and a shutter speed of
500µs. The X-ray systems were calibrated, and radiographs
were undistorted in XMALab software (Brown University,
Providence,RI), usingapreviouslydescribedmethodology.36,37

Prior to the in vivo experiment, the rotational and trans-
lational accuracies of model-based BVR tracking for the DRUJ
were assessed using an experimental setup that has been
described previously.28 Briefly, accuracywas determined in a
study involving five forearms from four cadavers (two
females, three right and one both sides, 70.5�13.2 years).

Fig. 1 The biplane videoradiography experimental setup. The ori-
entation between sources was 110 degrees, and the source-to-hand
distance was approximately 90 cm. A doorknob device was affixed to
the trestle and subjects’ wrist joint was at the center of the field-of-
view of the X-ray sources.
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DRUJ motion was simultaneously calculated using eight
motion capture cameras (gold-standard) and the BVR system
during pronation and supination tasks. DRUJ kinematics and
UV were computed as described in the next section. Overall,
the accuracy of calculating the position and orientation of
DRUJ was less than 1 degree and 1mm, and the accuracy of
computing the UV throughout pronosupination of the fore-
arm was between �0.5 and 0.7mm.

Each study participant performed active forearmpronation
and supination using a custom-designed T-handle doorknob
fixture. The doorknob fixture was fabricated from a plastic
shovel handlewith twosizes to accommodatedifferent sizes of
hands. Subjects started the tasks from a functional neutral
position (i.e., holding pose) and performed two repetitions of
pronation and supination, after they were coached and prac-
ticed reaching their maximum pronation or supination rota-
tion rates as quickly as possible. To minimize the radiation
exposure to the subjects, each direction ofmotionwas limited
to 2 seconds (i.e., 400 radiographic images) recording. The
mean total effective radiation dosage of these two tasks and
the CT acquisition was 47 mrem, equivalent to 28 days of
background radiation in the United States.38

Data Processing
Radial and ulnar coordinate systems (CS) were defined from
the surface bone models using their anatomical landmarks,
as previously described (►Fig. 2).35,39,40 Briefly, the ulnar CS
was defined with its x-axis along the ulnar shaft (positive
proximally), and y-axis directed toward the ulnar notch but
projected on the distal surface (positive radially). The origin
was defined as the intersection of x-axis and the distal
surface of the ulna (approximately at ulnar fovea). The radial
CS’s x-axis was defined in the direction of the radial shaft,

and y-axis was toward the radial styloid projected to the
articular surface of the radius with scaphoid.

DRUJmotionwas calculated by tracking the radius andulna
in the videoradiographs using open-source markerless 2D to
3D image registration software, as described previously
(Autoscoper, Brown University, https://simtk.org/projects/
autoscoper).27,28 Briefly, digitally reconstructed radiographs
(DRRs)were generated from the segmented CTvolume images
using a ray-casting approach, and both radius and ulna were
tracked in the calibrated BVR space (►Fig. 3). Tracking was
accomplished by minimizing a normalized cross-correlation
cost function between theDRRs and the radiographs using the
particle swarm optimization algorithm.41 The kinematic
transformationmatrices of the trackedboneswere then trans-
formed to their anatomical CS, and the relative position of
radius in ulnar CS was calculated.

Helical axis ofmotion (HAM) parameters42were calculated
todescribe thekinematics as the relativemotionof radiusCS in
ulnar CS, with respect to the neutral pose. The HAM rotation
wasdecomposed in theulnarCSusing theHAMscrewaxis, and
the pronation (positive) and supination (negative) of forearm
were calculated. The neutral pose was defined when PS was
zero. UVwas defined as the relative position of the ulnar fovea
(as a constant point fixed to the ulnar head) with respect to
the distal margin of the sigmoid notch on the radius (►Fig. 2).
The COR locationwas defined as the intersection of the unique
screw axis defined by HAM with the ulnar distal surface
(yz-plane). The UV at the neutral pose for each subject was
set to zero (0) to standardize changes as a function of PS.

Statistical Analysis
The full motion arc of the DRUJ and the dynamic behavior of
UV were evaluated for all subjects. A generalized linear
model was used to describe the relationship between the
change in UV and PS (UV¼ p1� PS2þ p2� PS), where p1 and
p2were coefficients that were optimized using linear regres-
sion. Adjusted R2, and root-mean-square-error (RMSE) were
calculated to define the robustness of the model, and 95%
confidence intervals (CIs) were computed to describe the UV
changes. The same model was also applied to the data for
each individual to assure the robustness of the model in each
subject. COR locations at each degree of PS were averaged
across all subjects to demonstrate the dynamic change in the
COR location as the forearm pronates and supinates.

Results

Average forearm pronation for the subjects we studied was
59.7�11.8 degrees (range: 42.5–76.7 degrees) and average
supination was 72.2�11.1 degrees (55.3–92.1 degrees), for a
total forearm pronosupination ROM of 131.9�4.7 degrees
(124.5–140.6 degrees). At the neutral position, UV was �1.6
�1.6mm,while it wasþ1.3�1.7mm inmaximumpronation
and �1.8�1.6mm in maximum supination (►Table 1).

UV changed nonlinearly with pronosupination of the fore-
arm (►Fig. 4). The change in UV was the most positive at full
pronation (2.9–5.2mm 95% CI, p<0.001), but decreased dur-
ing supination, with the lowest UV (�1.8 to 0.5mm) noted at

Fig. 2 The coordinate systems of the radius and ulna in volar view of
the ulna. x-axis (directed proximally), y-axis (directed radially), and
z-axis (directed volarly) are shown for both bones. The ulnar variance
was defined as the proximal-distal distance between the ulna fovea
(origin of the ulnar coordinate system) to the sigmoid notch of the
radius at the neutral pose. In this figure, the ulnar variance is negative.
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mid-supination (approximately 38.0 degrees). Interestingly,
the lowest UV was observed at mid-supination, and it in-
creased slightly from mid-supination to full supination for all
subjects. This behavior was modeled as a second-degree
polynomial with an average (95% CI) p1 of 0.00033 (0.00032,
0.00034), andp2of0.0276(0.0273, 0.0278). Thefittedequation
had an adjusted R2 of 0.85, and RMSE of 0.60mm. The second
order polynomial models fit the individual subjects UV values
well with an adjusted R2 that ranged from 0.85 to 0.99 and
RMSEs that were less than 0.59mm.

The COR was located 0.5�1.8mm ulnarly and
0.6�0.8mm volarly from the ulnar fovea in maximum
pronation (p>0.05), while in maximum supination the
COR was located 0.2�0.6mm radially and 2.0�0.5mm

volarly from the fovea (►Figs. 5 and 6). The dynamic nature
of the shift in COR was observed from the neutral pose to
maximum pronation, when the COR significantly moved
volarly (p<0.0001). There was no significant radial-ulnar
translation for the COR (p>0.05).

Discussion

Understanding how UV and COR change as the forearm pro-
nates and supinates could help improve diagnosis and treat-
ment strategies. In this study we used an accurate in vivo BVR
technique and demonstrated the continuous change of UV
during pronosupination from its most positive value at full
pronation to its minimum occurring at approximately

Fig. 3 Examples of tracked radius and ulna for one subject overlaid on one of the radiographs in the functional neutral position, mid- and full
pronation (25 and 50 degrees), and mid- and full supination (30 and 60 degrees). The highlighted sections are the digitally reconstructed
radiographs of the bones after tracking and optimization process. The features of the bones in the radiographs are enhanced using the Sobel and
intensity image filters.
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38 degrees of supination, instead of full supination. Previous
reports have demonstrated that UV decreases as the forearm
goes frompronation tosupination,22,43but thisstudy is thefirst
invivo study todemonstrate thenonlinear relationshipof these
changes. We also demonstrated that the nature of COR is
dynamic in supination.

Clinically, the finding that UV is the most negative at
about half supination has implications in immobilization
following stabilization procedures for the DRUJ or treat-
ments of TFCC tears by arthroscopic or open means. Tradi-
tionally, immobilization has been in long arm splints with
the forearm fully supinated; it stands to reason, based on our
findings, that optimal immobilization of rotation following

reconstructive procedures may be best at 40 to 45 degrees of
supination to reduce DRUJ/TFCC stress.

By investigating the continuous pattern of change in UV,
we provided an equation that could be useful in standardiz-
ing UV measures. Although a standard methodology for
measuring UV exists,44 the literature varies with regard to
wrist and forearm position when radiographically assessing
the UV,22 which can directly impact the measure-
ment.20,23,24 We calculated the UV at the neutral forearm
rotation pose and then evaluated the changes seen in the UV
during PS comparedwith the neutral. The nonlinear behavior
of UV could be informed by the previously described piston-
likemotion of the radius on the ulna.1Webelieve that the tilt
on radial head and the inherent geometrical constraint of the
proximal radioulnar joint are causing the radius to cross the
ulna in a triangle-like form, resulting in this nonlinear
pattern and producing positive UV. This nonlinear pattern
might also correspond to how ulna “seats” into the sigmoid
notch in full supination, and the fact that extensor carpi
ulnaris is straight and dorsal above the ulna in this position.

Earlier studies have evaluated UVat only discreet postures,
and they have been prone to errors due to the subjective
measurement variations among the operators. However, in
thisstudyUVwasmeasuredcontinuouslyandaccuratelyusing
objectivemetrics from 3Dmodels for each subject. Previously,
Epner et al studied seven cadaveric wrists and demonstrated
that the UV becomes 1mm more negative when the forearm
rotates from pronation to supination.22However, the range of
this change was between 0 and 2.1mm leading to an inability
to make conclusive statements. Jung et al studied 120 radio-
graphs of healthy wrists in a power grip posture and found an
overall weak linear relationship (R2¼0.07) between UV and
forearm pronosupination, decreasing from þ1.5�1.6mm in
full pronation to þ0.9�1.5mm in full supination. However,
the authors only measured UV at maximum pronation and

Fig. 4 The change in ulnar variance (UV) from its value at the neutral
position was nonlinear relative to forearm pronosupination. The most
negative UV was noted at an average of 38.0 degrees of supination.
The solid line is demonstrating the fitted model, and shaded area are
demonstrating its 95% confidence interval.

Table 1 Maximum pronation and supination of the distal radioulnar joint during active motion, and associated ulnar variance at
the neutral position andmaximum pronation-supination for all subjects. Note that themost negative UV did not occur at maximum
supination (see ►Fig. 4)

Subjects Ulnar variance
at neutral (mm)

Maximum
pronation
(degrees)

Ulnar variance at
maximum
pronation (mm)

Maximum
supination
(degrees)

Ulnar variance
at maximum
supination (mm)

S1 �1.8 61.0 1.4 67.6 �3.0

S2 �0.8 43.1 1.7 92.9 �1.3

S3 �2.5 57.6 0.1 75.8 �2.1

S4 �2.1 73.3 1.7 54.8 �2.8

S5 �4.1 76.6 �1.5 64.3 �3.6

S6 �1.9 58.8 1.2 75.6 �2.4

S7 �1.7 48.9 1.1 82.0 �1.4

S8 �1.2 71.5 0.8 63.3 �1.8

S9 2.0 52.0 5.1 72.8 1.9

Mean
(SD)

�1.6
(1.6)

60.3
(11.5)

1.3
(1.7)

72.1
(11.3)

�1.8
(1.6)

Note: Ulnar variance was negative for all subjects except one, and ulnar variance at the maximum supination was approximately equal to its value at
the neutral pose.
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supination, and not continuously for each subject as we did in
this study. Therefore, theywerenot able todetect ameaningful
relationship between UV and pronosupination of individuals
to understand the actual nonlinear relationship.23 Lastly, Yeh

et al studied radiographs of the forearms of 15 subjects and
found a significant difference between the UV measured in
pronationandneutral, butnotneutral andsupination,possibly
due to the inaccuracies ofUVmeasurementmanually from the
radiographs.24 However, our submillimeter accuracy in mea-
suringUVenabled us to demonstrate a 3.1�1.6mmchange in
UV from maximum pronation to maximum supination.

The COR location of DRUJ is not stationary, and as a
previous study has described, it changes even with elbow
flexion.20 In this study we also demonstrated that the DRUJ
COR changes during forearm rotation. The dynamic COR and
the polynomial behavior of the UV at the DRUJ suggests that
the DRUJ is moving during PS. Linked DRUJ replacement
implants designed to stabilize an unstable or arthritic joint
transform the DRUJ into a ball and socket articulation,8 only
allowing pure rotation and not the volar-dorsal translation
that we found in this study. Although short-term outcomes
have been promising,8,45 altered kinematics of the DRUJ may
lead to increased bone-implant stress and loosening or
implant fracture in the long-term. Incorporating the COR
and the UV translation into articulation design might help
create a truly anatomical joint replacement.

There were some limitations to this study. Although the
subjects were guided to hold their elbow in 90 degrees
flexion, we were unable to control the exact degree of elbow
flexion while the subjects performed the tasks of forearm
rotation. Previous studies havementioned the effect of elbow
flexion on the UV and COR,20 but these changes are only

Fig. 5 Center of rotation (COR) moved volarly in supination, but it was stationary throughout pronation. The solid lines demonstrate the average COR
location at every 2 degrees of pronation or supination, and the dashed lines demonstrate the standard deviation.

Fig. 6 Center of rotation moved volarly for eight (out of nine)
participants from maximum pronation to maximum supination. Each
arrow is directed from maximum pronation to maximum supination.
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significant when elbow moves from fully flexed position to
fully extension. Thus, we believe our results are largely
unaffected by this variation. Additionally, we were limited
by the relatively small sample size and the homogenous
nature of the subject’s age and sex. Measured from the
posteroanterior radiograph,46 total configuration of the
DRUJ of all of our participants was type II (oblique) and
within range of 7.4 to 17.6 degrees. Although for the subjects
included in the study a consistent pattern was noted for the
UVand the COR changes, a larger sample sizemay provide an
argument for a generalizable dataset. The shape of the
sigmoid notch also varies in populations,46 and large data-
bases might be helpful in associating these variations to the
COR changes.

In this study, we evaluated the motion of DRUJ by specifi-
cally observing UV and COR changes seen with forearm
rotation. Our measurements of UV demonstrated a consis-
tent, nonlinear behavior among all subjects, and amodelwas
developed to standardize and calculate UV as a factor of the
forearm rotation. COR did not change significantly in prona-
tion, but it translated volarly during supinations.
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