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Summary: This study identifies new radiographic indices to approximate the location of the elbow rotational
axis. With use of electromagnetic motion tracking source data, the average rotational axis of the ulnohumeral

articulation was calculated in seven cadaveric

specimens. Quasi-lateral radiographs of the elbow specimens

were then analyzed to identify radiographic landmarks of the elbow axis in the lateral view. The spatial rela-
tionships of these landmarks with the elbow aligned on-axis were contrasted with their relationships in eight
distinct off-axis alignments. Elbow axis orientation in the transverse plane (internal/external rotation) was
identified by the location of a dense intramedullary cortical line, appearing in the projection of the distal hu-

merus in relation to the periosteal surface of

the posterior cortex of the humerus. This intramedullary line

corresponds to the posteromedial cortex of the distal humerus. Correct alignment occurred when this line
laid 27.1 = 3.7% of the anteroposterior humeral diameter anterior from the periosteal surface of the poste-
rior cortex. Axis orientation in the coronal plane (abduction/adduction) was identified by the concentric ap-

pearance of radiographic arcs formed by the

capitellum, trochlear sulcus, and medial trochlear flange. Using

these radiographic indices, three orthopaedic surgeons were able to fluoroscopically align the elbow along

the axis of rotation with an accuracy of 3.7
identification of the elbow axis. This technique can

= 1.8° These results are immediately applicable to fluoroscopic
be used to increase the accuracy of hinge placement dur-

ing application of hinged external fixation or distraction arthroplasty.

-

The elbow functions essentially as a hinge (2,4.6,
7,12,14,15,2()-23) and therefore lends itself well to the
use of articulated external fixation. In a number of
clinical circumstances, application of such a fixator
would seemingly improve stability, allow for early
motion, prevent soft-tissue contracture, and improve
range of motion (8-11,13,18). Indications include com-
plex fractures around the elbow and the surgical man-
agement of joint stiffness or ankylosis.

Several articulated fixators have been described
(6,10,16,17,19,22). Clinical results have been encour-
aging, but the complication rates have been as high as
40-50% (13,24). Specific problems include pin loos-
ening and breakage, infection, recurrent instability,
and nerve injury. Off-axis alignment of the external
fixator may be responsible, at least in part, for the
high complication rate (4). Previous work in our labo-
ratory has shown that the fixator hinge must be accu-
rately aligned with the elbow axis to minimize extra

Received June 7, 1999: accepted January 10, 2000.

Address correspondence and reprint requests to M. Bottlang
at Biomechanics Laboratory, Legacy Clinical Research and Tech-
nology Center, 1225 NE 2nd Avenue, Portland, OR 97232, US.A.
E-mail: mbottlan@lhs.org

821

resistance to joint motion caused by the fixator appli-
cation. Off-axis alignment between the fixator hinge
and the elbow axis in the transverse and coronal
planes led on average to a 3.7 and 7.1-fold increase in
motion resistance for 5 and 10° mal-orientation, re-
spectively (4). This large increase in motion resistance
when the fixator is misaligned may elevate stress at
the bone-pin interface and lead to abnormal forces
and bending moments at the elbow joint.
Application of the fixator itself is technically de-
manding (13,24). Most articulated elbow fixators have
medial and lateral hinges or require placement of an
axis pin through the distal humerus, or both. The cri-
teria conventionally used to identify the elbow axis
(lateral epicondyle and the anteroinferior aspect of
the medial epicondyle) are relatively nonspecific.
Furthermore, given the narrow margin of error ap-
parently allowable for fixator alignment along the
physiological axis, the potential for error in the place-
ment of the axis pin is sizable. The axis pin is usually
drilled from the medial anteroinferior aspect of the
medial epicondyle to the tubercle of the lateral epi-
condyle (6,10,17). The entry site at the medial epi-
condyle is not perpendicular to the elbow axis, which
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FIG. 1. Test sctup (drawing not to scale) for the application and acquisition of minimally constrained passive elbow motion.

may cause skewing and resultant misplacement of the
entry point. Once the axis pin tract is initiated, errors
in orientation are difficult to correct and are likely to
be exacerbated by pin migration.

Many of these problems might be avoided by the
use of radiographic landmarks to orient an articulated
fixator along the elbow axis without the necessity for
placement of an axis pin. Prior to a thorough investi-
gation of elbow kinematics (3.5), we attempted to de-

RD =a/(a+b)* 100 [%]

CD = “center disparity” of cir

termine novel and improved radiographic indices that
can be used to identify the elbow axis accurately. Fol-
lowing identification and quantification of reliable in-
dices, we tested our ability to identify the elbow axis
on the basis of these indices using fluoroscopy in a
simulated clinical setting.

MATERIALS AND METHODS

Seven fresh-frozen cadaveric upper cxtremities with no radio-

FIG. 2. Radiographic appearance of the clbow, with an x-ray beam sitting precisely along the average screw displacement axis (SDA). This
on-axis view is characterized by (a) the location of a dense cortical line (A) with respect to the posterior border of the humerus, quantified
as relative distance (RD), and (b) the concentric appearance of two circular shadows, formed by the superimposed capitellum and trochlear
sulcus (c1) and the medial flange of the trochlea (c2). quantified as center disparity (CD).

J Orthop Res, Vol 18, No. 5, 2000
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Sequential Elbow Alignment Protocol
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FIG. 3. Sequential elbow alignment protocol used to quantitatively evaluate the accuracy of the index-based elbow axis detection proce-

dure. RD = relative distance and CD = center disparity.

graphic or visual evidence of pathologic conditions were prepared
for testing in a custom-designed motion applicator. Skin, subcu-
taneous tissues, and muscles were excised, while the joint capsule,
ligaments, and musculotendinous insertions were retained. The
test fixture induced minimally constraining passive motion to the
elbow joint without manual interference at a constant angular ve-
locity of 32°/sec (Fig. 1). The kinematics of rotation around the
elbow joint were recorded with an electromagnetic tracking sys-
tem (Flock of Birds, model 6DFOB; Ascension Technology, Bur-
lington, VT, U.S.A.). The motion tracking data, expressed in terms
of the screw displacement axis calculated by Beggs’ (1) algorithm
in combination with a customized source data smoothing proce-
dure (2), were used to completely describe the three-dimensional

kinematics of the ulna with respect to the humerus. For each spec-
imen, an average screw displacement axis was calculated by aver-
aging all screw displacement axes obtained over a range of motion
of 10-130°. This average screw displacement axis was physically
marked in each specimen by drilling a corresponding 4-mm hole
into the distal humerus (6). We then visualized the location of the
average screw displacement axis with respect to the longitudinal
axis of the humerus and ulna in an anteroposterior fluoroscopic
view. To establish criteria on the lateral radiograph, the distal hu-
merus was viewed with the x-ray beam oriented precisely along a
150-mm-long metal tube with a 1.5-mm inner diameter that was
inserted into each specimen along the calculated average screw
displacement axis. With this technique, the calculated average

FIG. 4. Excursion of the instantaneous screw displacement axis (SDA) (range of motion [ROM] from 10 to 130°) and location of the cal-
culated average screw displacement axis, shown in the coronal plane. The average screw displacement axis penetrates the anteroinferior
aspect of the medial epicondyle, the center of the trochlea, and the center of the projection of the capitellum onto a parasagittal plane.

J Orthop Res, Vol. 18, No. 5, 2000
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FIG. 5. Lead marker study, relating anatomical landmarks to the radiographic indices RD (relative distance) and CD (center disparity).
a: Relative distance is based on the projections of a flat cortical plate (p) of the posteromedial aspect of the distal humerus onto the radio-
dense line A. b: Center disparity is based on two apparently concentric circular radiographic shadows formed by the superimposed capi-
tellum (c1) and trochlear sulcus (c3) and the medial flange of the trochlea (c2).

screw displacement axis was radiographically identified with an
accuracy of greater than 0.6° on the basis of the geometry of the
tube lumen.

Quasi-lateral radiographs were obtained with the humerus in
on-axis orientation as well as in eight distinct off-axis orientations
with respect to the x-ray beam (humerus angulated S and 10° to-
ward abduction/adduction and external/internal rotation). These
radiographs were systematically analyzed to identify two promi-
nent landmark-based criteria that were most sensitive to the two
independent components of elbow off-axis alignment. The radio-
graphic criteria identified were (a) the position of a dense cortical
line apparent in the distal humerus and (b) the concentricity of
circular shadows apparent at the humeral articular surface. These
circular shadows were consistently visible over an arc of 90-130°
at the anterior articular surface. The osseous structures correlat-
ing to these radiographic criteria were determined by sequentially

52 kV / 3mAs

marking areas on the distal humerus with fine lead wire and ob-
taining radiographs in on-axis and off-axis orientations.

To enable quantification of the sensitivity of the radiographic
criteria to known amounts of elbow off-axis alignment, we estab-
lished two radiographic indices: RD (relative distance) and CD
(center disparity). The location of the radiodense line (A) with re-
spect to the posterior border of the humerus was quantificd as rel-
ative distance (RD, Fig. 2). The relative distance was measured
along a line perpendicular to the longitudinal axis of the humerus
at the junction of the proximal aspect of the olecranon fossa and
the projection of the posteromedial cortical plate (Fig. 6). The
concentric appearance of the circular shadows (¢/ and ¢2, Fig. 2)
was quantified by means of the center disparity. Two circles were
fit to the circular shadows by digitizing points on the anterior por-
tion of each shadow. The concentricity was then quantified by the
center disparity between the centers of the two fitted circles,

[
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FIG. 6. The medial trochlear facet (¢2) was not pronounced on x-rays obtained at high exposure intensity (52 kV/3 mA). Decreasing the
x-ray exposure intensity to 42 kV/3 mA drastically improved the visibility of the medial trochlear facet (¢2) without having a reverse neg-
ative effect on the pronounced appearance of the periphery of the capitellum (ct).

J Orthop Res, Vol 18, No. 5, 2000
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FIG. 7. a: Sensitivity of the radiographic landmark A, quantified by the relative distance (RD). toward elbow off-axis orientation due to
internal or external rotation of the humerus. b: Ten degrees of internal humeral rotation projects landmark A to be quasi-coincident with
the posterior humeral cortex (RD = 6.6 * 3.1%). e: 10° of external rotation shifted landmark A toward the center of the intramedullary

channel (RD = 43.1 = 4.5%).

where center disparity = 0 mm depicts perfectly concentric circles.

We then tested our ability to use these radiographic indices
to detect the elbow axis under fluoroscopic visualization in a
simulated clinical setting. The seven cadaveric specimens were
mounted in a positioning device made of Plexiglas. This position-
ing device allowed gradual and controlled changes of orientation
in a single plane (abduction/adduction and internal/external ro-
tation). To prevent the introduction of bias, barium paste was uti-
lized to completely obscure the physically inserted axis without
impairing the visibility of the radiographic landmarks (A, ¢/, and
¢2). Three orthopaedists, a trauma surgeon (J.L.M.), a hand sur-
geon (C.M.S.), and an orthopaedic surgery resident (M.R.O.),
individually attempted to identify the axis under fluoroscopic
visualization using the indices relative distance and center dis-
parity according to a sequential elbow alignment protocol (Fig.
3). Each observer aligned the seven elbow specimens first by ob-
taining alignment in the transverse plane (i.e., internal/external
rotation) by positioning the radiodense line (A) according to rel-
ative distance values of 25-30%. Alignment in the coronal plane
(i.e., abduction/adduction) was then approached by maximizing
the concentricity of the radiographic circles (¢/ and ¢2) (thus
minimizing the center disparity). After the axis of each specimen
was identified. the orthopaedists left the suite and the deviation
from the previously calculated axis was accessed from the scales
of the positioning device. The orthopaedists were not informed
of the results until all the specimens were evaluated.

RESULTS

The instantaneous screw displacement axes corre-
sponding to a range of motion from 10 to 130° nearly

intersected at the medial flange of the trochlea (Fig.
4). The calculated average screw displacement axis
penetrated the anteroinferior aspect of the medial
epicondyle, the center of the trochlea, and the center
of the projection of the capitellum onto a parasagittal
plane. For a fully extended elbow viewed in the
coronal plane, the average screw displacement axis
formed angles of 86.1 £ 2.5 and 85.4 + 3.8° (mean *
SD) with the longitudinal axes of the humerus and
ulna, respectively.

The lead-marker study revealed that the radio-
dense line (A) corresponds anatomically to a flat
cortical plate (p) on the posterolateral aspect of the
distal humerus, lateral to the olecranon fossa and ex-
tending proximally to include the lateral supracondy-
lar ridge (Fig. 5a). The two circular shadows {(c¢/ and
c2), apparent in the on-axis projection, are formed by
the superimposed capitellum and trochlear sulcus (c/
and ¢3) and the medial flange of the trochlea (c2)
(Fig. 5b).

The lateral radiographic view along the average
screw displacement axis was characterized by means
of two radiographic indices: RD (relative distance)
and CD (center disparity). The on-axis radiograph
projects the radiodense line (A) anterior to the poste-
rior border of the humerus by 27.1 = 3.7% (relative

J Orthop Res, Vol. 18, No. 5, 2000
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FIG. 8. Sensitivity of the concentric appearance of the periphery of the capitellum and the medial trochlear facet, quantified by the center
disparity (CD), toward elbow off-axis orientation due to adduction/abduction of the humerus. a: The on-axis aligned elbow yielded in con-
centric circles with CD values of 0.5 = 0.6 mm. b and e: The center disparity is highly sensitive toward humeral off-axis abduction and ad-
duction. Ten degrees of adduction or abduction corresponds to CD values of 7.0 = 2.2 and 7.1 = 2.6 mm, respectively.

distance) of the anteroposterior diameter of the hu-
merus. Furthermore, on-axis radiographs were char-
acterized by apparently concentric circular shadows
formed by the medial trochlear flange and the super-
imposed trochlear sulcus and capitellum, correspond-
ing to center disparity values of 0.5 = 0.6 mm. In two
of seven elbow specimens, the medial trochlear flange
was difficult to see under standard exposure (52 kV/3
mA). Visualization was improved by decreasing the
exposure (42 kV/3 mA) without compromising the
clarity of the capitellum (Fig. 6).

The sensitivity analysis revealed a nearly linear re-
lationship between relative distance and the amount
of off-axis orientation due to internal or external
rotation of the humerus (Fig. 7a). Ten degrees of in-
ternal rotation projected line A to a position quasi-
coincident with the posterior humeral cortex (relative
distance = 6.6 = 3.1%) (Fig. 7b). Ten degrees of ex-
ternal rotation shifted line A toward the center of the
intramedullary channel (relative distance = 43.1 =
4.5%) (Fig. 7c). Therefore, relative distance quantifies
an index sensitive to axial alignment in the transverse
plane (i.e., internal/external rotation). The center dis-
parity was significantly increased (p < 0.035, two-
tailed heteroscedastic two-sample ¢ test) for humeral

J Orthop Res, Vol. 18, No. 5, 2000

off-axis adduction and abduction as small as 5° (Fig.
8a). Ten degrees of adduction or abduction corre-
sponded to center disparity values of 7.0 * 2.2 and
7.1 = 2.6 mm, respectively (Fig. 8b and c). Therefore,
the center disparity index proved extremely efficient
in determining the correct axial alignment in the co-
ronal plane (i.e., adduction/abduction).

Using both the relative distance and center dispar-
ity indices under lateral fluoroscopic visualization, a
trauma surgeon, a hand surgeon, and a junior or-
thopaedic resident were able to achieve alignment of
the elbow joint along its rotation axis with an accuracy
of 3.7, 3.4, and 4.1°, respectively. On average, they
achieved an accuracy of 3.7 = 1.8°. Their average off-
axis alignments toward internal/external rotation and
toward adduction/abduction were 2.3 £ 1.6 and 3.0
1.8°, respectively. Repetitive alignment of the same
specimen by each of the three observers yielded aver-
age errors ranging from 1.8° (specimen no. 2) to 5.5°
(specimen no. 3).

DISCUSSION

We identified novel landmarks of the elbow axis
that are apparent on a single lateral radiograph. Land-
mark-derived criteria can be used to accurately detect
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the elbow axis and thus can enable the surgeon to
align an external hinge to the elbow rotation axis for
optimum results. Using the two novel indices relative
distance and center disparity, the two experienced
orthopaedic surgeons, as well as the junior orthopae-
dic resident, achieved alignment of elbow specimens
along their true axis with a relatively high degree of
accuracy (3.7 *= 1.8°).

Index relative distance reflects geometric relations
measured in a sagittal plane projection. Therefore,
relative distance is distinctively sensitive to internal/
external elbow rotation but presumably is not af-
fected by elbow abduction/adduction. Adjustment of
relative distance prior to center disparity was neces-
sary to ensure consistent visibility of radiographic
landmarks for detection of center disparity.

Index center disparity is sensitive to internal/ex-
ternal rotation as well as to abduction/adduction.
'The reported sensitivity of center disparity to elbow
abduction/adduction was obtained after adjustment
of relative distance had been completed. The concen-
tric shadows of the trochlea and capitellum used for
assessment of center disparity demonstrate promi-
nent visibility over arcs of approximately 120° at the
anterior aspect of the joint, with the elbow in full
extension. These arcs correspond to bone structures
of the medial and lateral margins of the joint. The
relatively large spatial separation of these joint mar-
gins qualifies the configuration of these arcs as a
sensitive indicator of off-axis alignment in the coro-
nal plane (i.e., abduction/adduction). Lowering the
fluoroscopic exposure enhanced the visibility of the
medial flange of the trochlea. There is appreciable
variability in the appearance of the medial trochlear
flange at the superior edge of the articular surface as
it approaches the coronoid fossa; therefore, use of
this transition region should be avoided when evalu-
ating concentricity.

Our average screw displacement axis was calcu-
lated from 10 to 130° of elbow range of motion. The
screw displacement axis at 10° actually utilizes data
from 7.5 to 12.5°. Many of the specimens had variable
amounts of slight flexion contractures, and therefore a
complete data set was not available for the terminal
10° of extension. London (12) found sliding motion,
as opposed to rotation, at the terminal 10° of flexion
and extension. Von Meyer noted that the terminal
flexion and extension were accompanied by external
and internal axial rotation, respectively (23). Morrey
and Chao (14) also found 5° of external and internal
rotation with terminal flexion and extension, respec-
tively. The consequences of deviation from hinge mo-
tion at terminal flexion and extension are not known.
However, the range of motion for which hinge-type
motion occurs is well within the functional range of
motion for activities of daily living (15). The clinician

must use judgment when determining the range of
motion tolerated with application of an external
fixator.

The accuracy of our axis-detection procedure was
established in an operating room setting, where the
manual elbow alignment was compared with the av-
erage elbow axis, determined by the well established
technique of screw displacement axis computation
from data for three-dimensional joint kinematics (2).
In addition, correlating the experimentally deter-
mined accuracy of this axis-detection procedure with
the precision of those currently utilized is of great in-
terest. We are not aware of other studies that have
confirmed the accuracy of alternative axis-detection
procedures or clinicians’ interpretations of the elbow
axis relative to a known axis derived from kinematic
analysis. If the reported accuracy of axis detection is
sufficient, clinical requirements will largely depend
on the applied treatment,

London used a two-dimensional radiographic study
(using a modification of Reuleaux’s technique) to
confirm that the plane of elbow flexion is defined by
the plane of the trochlear sulcus and that the axis of
elbow rotation passes through the center of the troch-
lea and the center of the capitellum (12). He oriented
the x-ray beam along the axis of elbow rotation to ob-
tain true lateral radiographs of the elbow, which
showed three concentric arcs formed by the medial
flange of the trochlea, the trochlear sulcus, and the
capitellum. We found that only two such arcs are
clearly visible when a lateral radiograph is aligned
along the axis of rotation. When the lateral image was
slightly off-axis. the trochlear sulcus and the capi-
tellum could be seen variably as two distinct arcs.
Morrey (17) described the insertion of an axis pin
through the elbow to guide hinge alignment of a
hinged elbow distractor. This widely adopted tech-
nique utilizes anatomical landmarks on the lateral and
medial elbow aspect to direct pin insertion. Compared
with the axis pin technique, the presented noninvasive
radiographic technique does not require exposure of
anatomical axis landmarks or insertion of an axis pin.
This prevents additional soft-tissue trauma and poten-
tially decreases surgical procedure time.

The findings of our study indicate that the elbow
axis can be located from the lateral projection with
use of fluoroscopy. This novel method of determining
the elbow axis has significant clinical applications
including the use of articulated external fixators, par-
ticularly hinged monolateral fixators that use a radio-
graphic target on the fixator to align the hinge with
the elbow axis. Use of such a device may increase the
accuracy of alignment and decrease the technical
complexity of hinge placement, as well as decrease
the complication rate associated with hinged fixator
placement at the elbow.

J Orthop Res, Vol. 18, No. 5, 2000
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