Evaluation of computer-aided design software methods
for assessment of the three-dimensional geometry
of the canine radius
OBJECTIVE
To describe methods to measure the 3-D orientation of the proximal,
diaphyseal, and distal segments of the canine radius by use of computeraided design software (CADS) and to compare the repeatability and
reliability of measurements derived by those methods.
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SAMPLE
31 canine radii with biapical deformities and 24 clinically normal (control)
canine radii.
PROCEDURES
Select CT scans of radii were imported into a CADS program. Cartesian
coordinate systems for the humerus and proximal, diaphyseal, and distal
radial segments were developed. The orientation of each radial segment
in the frontal, sagittal, and transverse planes was measured in triplicate by
3 methods. The repeatability and reliability of those measurements were
calculated and compared among the 3 measurement methods.
RESULTS
The mean ± SD within-subject repeatability of radial angular measurements
for all 3 methods was 1.40 ± 0.67° in the frontal plane, 3.17 ± 2.21° in the
sagittal plane, and 3.01 ± 1.11° in the transverse plane for control radii and
2.56 ± 1.95° in the frontal plane, 3.59 ± 2.39° in the sagittal plane, and 3.47
± 1.19° in the transverse plane for abnormal radii. Mean ± SD bias between
radial measurement methods was 1.88 ± 2.07° in the frontal plane, 6.44 ±
6.80° in the sagittal plane, and 2.27 ± 2.81° in the transverse plane.
CONCLUSIONS AND CLINICAL RELEVANCE
Results indicated that use of CADS to assess the 3-D orientation of the
proximal, diaphyseal, and distal segments of normal and abnormal canine
radii yielded highly repeatable and reliable measurements. (Am J Vet Res
2021;82:435–448)

D

eformities of the radius are the most common
bone deformities in dogs.1 They generally result
from premature closure of ulnar or radial physes,
trauma, or genetically driven abnormal limb growth
such as chondrodystrophy or chondrodysplasia. Radial deformities can be managed with surgical procedures such as corrective osteotomy and stabilization
of the radius with a bone plate or external skeletal
fixator.1,2
Clinically, measurements of bone geometry are
most commonly made on orthogonal (craniocaudal
and mediolateral) radiographic views.3 Joint orientaABBREVIATIONS
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tion, defined as the relative orientation of 2 adjacent
bones within a single plane, is also often measured
by use of radiographic views.4,5 Those views are 2-D
images and, unfortunately, may lack accuracy or repeatability because of x-ray beam divergence, differential magnification, suboptimal bone positioning, and the influence of a deformity in 1 plane on
the measurement of a deformity in a perpendicular
plane.6,7 Evaluation of oblique radiographic views is
recommended to compensate for that lack of accuracy.6 Radiographic distortion and the challenge of
obtaining accurate patient positioning for measurement of bone deformities have also been described.8,9
The 3-D measurement of the geometry or orientation
of a joint, bone, or bone segment may be warranted
to enhance precision of corrective procedures. Crosssectional images of deformed limbs can be acquired
by use of CT. Multiplanar 2-D and 3-D reconstructions
of CT images have been used to further assess the geometry of deformed bones.1–3 Computer-aided design
software has also been used to assess the geometry of
normal and abnormal bones10–13 and plan complex or-
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thopedic procedures, such as total joint arthroplasty
and limb-sparing surgeries.14,15
Several studies have described the accuracy of
surgical correction for deformities of the radius,16 femur,17 tibia,18 and mandible19 following the use of 3-D
imaging and CADS for preoperative planning. To acquire 3-D measurements with CADS, construction of
Cartesian coordinate systems based on the anatomic
features of the joints, bones, or bone segments under consideration is required. Evaluation of the orientation of a bone in space requires comparison of
a local coordinate system (ie, the bone in question)
with a global coordinate system.20 Evaluation of the
orientation of bones relative to each other within a
joint requires comparison of the local coordinate systems for each bone. Although standard methods for
the development of coordinate systems for the 3-D
measurement of bones and joint orientation have
been reported for humans,21,22 the evaluation of a deformity within a bone or joint requires the creation
of several local coordinate systems within that bone
or joint, including 1 proximal and 1 distal to the deformity.20 Local 3-D coordinate systems for portions
of long bones have been reported in multiple studies20,23,24; however, the descriptions of the methods
used to identify angulation and rotation by means of
CADS were succinct or absent in those studies. Little
is known about the repeatability of geometric measurements of bones derived from CADS, and modeling software methods used to evaluate the geometry
of canine long bones including the radius are not
standardized or validated.
The purpose of the study reported here was to
evaluate the repeatability and reliability of several
methods that are based on common CADS practices
and were used to assess the geometry of clinically
normal (control) and deformed canine radii. We hypothesized that CADS methods would have a clinically acceptable within-subject repeatability of < 3°
and a reliability > 0.75. We also hypothesized that,
during evaluation of the proximal and distal aspects
of the radius, a coordinate system that used points at
the edge of the articular surface would be more repeatable and more reliable than a coordinate system
that used a plane fit to the articular surface for both
control and deformed radii. We further hypothesized
that a coordinate system in which a cylinder was fit
to the diaphyseal segment would be more repeatable
and reliable than a coordinate system that was based
on the centerline of that segment.

Materials and Methods
Samples

Humeral coordinate system

An x, y, and z Cartesian coordinate system was
created relative to the humerus so that the x-axis
was oriented medially-laterally, the y-axis was oriented cranially-caudally, and the z-axis was oriented
proximally-distally (Figure 1). A sphere was fit to the
proximal articular surface of the humerus (ie, humeral head). The center of the sphere (HH) was selected
as a landmark. Two additional landmarks were set at
the lateral and medial epicondyles of the humerus,
and a parallel reference line was drawn connecting
those 2 landmarks (x-axis). The x-axis ran parallel to
the elbow joint orientation line. The anatomic long
axis of the humerus (z-axis) was determined by drawing a line through HH and the midpoint (CC) of the
x-axis. A plane perpendicular to the z-axis was created (xy [transverse] plane) with the CC at its center;
the plane was projected to include the landmarks at
the lateral and medial epicondyles of the humerus.
The xz (frontal) plane was created by selecting, in
order, the CC, landmark at the lateral epicondyle of
the humerus, and HH. The yz (sagittal plane) was a
duplicate of the frontal plane except rotated 90° relative to the x-axis. The y-axis was the line created by
the intersection of the transverse and sagittal planes.
A point (y-point) was placed at the end of the line as
a landmark for measurement purposes. Radial measurements were obtained relative to this humeral coordinate system.

Normalization of elbow joint extension

Computed tomographic scans of radii of dogs
without (controls) and with unilateral or bilateral biapical radial deformities that were examined by the
Orthopedic Surgery Service at the North Carolina
State University Veterinary Hospital between July
2004 and March 2015 were considered for evaluation
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in the study. The electronic radiographic information system database was searched for potential CT
scans, which were reviewed for study eligibility. Any
CT scan that did not include the entire humerus and
radius or had evidence of bone disease including fracture or neoplasia affecting the radius was excluded
from the study. The body weight of the patient was
not used as a criterion for study eligibility.
A convenience sampling method was used to select the CT scans that were evaluated in the study.
Computed tomographic scans from all dogs with biapical radial deformities were evaluated, whereas CT
scans for only 24 clinically normal radii (controls)
were evaluated because of logistical limitations. For
each CT scan evaluated in the study, the patient identification, sex, breed, and age at the time the scan
was performed were recorded. The DICOM files of
selected CT scans were imported into a commercially
available CADS program.a Three-dimensional models
were created in which the humerus and radius were
separated and other bones were removed.

A cylinder was fit to the radius. The centerline of
that cylinder was compared with the humeral z-axis
(long axis of the humerus) to determine the angle of
the elbow joint in the sagittal plane. The radius was
rotated around the humeral x-axis to align the centerline of the cylinder and the humeral z-axis. The
radius was sectioned into proximal, middle, and dis-
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cranially-caudally, and the radial z-axes
were oriented proximally-distally (Figures 2 and 3).

BFA method for measurement of proximal and
distal articular surfaces
of the radius

Three different x, y, and z coordinate
systems were created for each of the 3
radial segments. For the BFA method, the
proximal and distal articular surfaces of
the radius were individually marked. A
plane was fit to each marked articular
surface to serve as the BFA plane. Two
reference points were placed at the most
lateral and medial aspects of the marked
articular surface and connected to form
a temporary radial x-axis. A point was
placed at the center of the temporary radial x-axis to serve as the origin for angle
measurements (BFA-cc). The radial z-axis
for each epiphyseal segment was created
as a line originating from the BFA-cc that
was perpendicular to the BFA plane. A radial z-point was placed at the end of the
radial z-axis to serve as a landmark for
measurements. The previously set lateral
and medial reference points were projected onto the BFA plane and connected
via BFA-cc to create a true radial x-axis
that was perpendicular to the radial zaxis. A 3-point method was used to create the BFA planes for the proximal and
distal epiphyseal segments of the radius.
Figure 1—Representative 3-D reconstructed images derived from CT sequenc- The BFA-cc, projected lateral point, and
es of the right humerus and radius of a clinically normal dog (A) and a dog with
a biapical radial deformity (B) overlaid with Cartesian coordinate systems for BFA radial z-point were selected to form
measurement of bone angulations derived from CADS. Each coordinate system the frontal plane of the radial segment.
consisted of 3 axes (x, y, and z) that were perpendicular to each other. The x- That plane was duplicated and rotated
axis was oriented medially-laterally, the y-axis was oriented cranially-caudally, 90° around the x-axis to form the BFA
and the z-axis was oriented proximally-distally. The humeral coordinate system
was based on 3 anatomic landmarks as described in the text and is depicted at transverse plane. The BFA sagittal plane
the proximal portion of the bone in these illustrations for clarity. The frontal (xz) was the plane that contained the BFA-cc
plane (blue edges) was defined by the x- and z-axes, the sagittal (yz) plane (yellow and was perpendicular to the BFA fronedges) was defined by the y- and z-axes, and the transverse (xy) plane (red edges) tal and transverse planes. The BFA y-axis
was defined by the x- and y-axes. The radius is depicted in 3 segments (proxi- was the line delineated by the intersecmal, diaphyseal, and distal) representing the top, middle, and bottom fifths of the
bone. Each radial segment was fit with a Cartesian coordinate system that defined tion of the BFA transverse and sagittal
the frontal, sagittal, and transverse planes for that segment. As depicted here, the planes. A reference point was set at the
coordinate systems for the proximal and distal radial segments were determined end of the line as the BFA y-point. Twoby a BFA method, and the coordinate system for the diaphyseal segment was dimensional projection planes (sketch
determined by a DPC method. For all radial segments, the frontal, sagittal, and
transverse planes were defined and colored as described for those of the humeral planes) of the 3 BFA planes were used
for measurement of angulation in the
coordinate system. Bar = 50 mm.
frontal, sagittal, and transverse planes.
Mediolateral angulation was measured as the angle betal sections that represented 0% to 20%, 40% to 60%,
tween the radial-segment BFA z-axis and humeral z-axis
and 80% to 100% of the length of the cylinder, respecin the frontal sketch plane. Craniocaudal angulation
tively. The proximal and distal radial segments were
was measured as the angle between the radial-segment
used for epiphyseal measurements, and the middle raBFA z-axis and the humeral z-axis in the sagittal sketch
dial segment was used for diaphyseal measurements.
plane. External-internal rotation angulation was meaEach radial segment was fit with a Cartesian coordisured as the angle between the radial-segment BFA y-axnate system so that the radial x-axes were oriented
is and the humeral y-axis in the transverse sketch plane.
medially-laterally, the radial y-axes were oriented
AJVR • Vol 82 • No. 6 • June 2021
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Figure 2—Representative 3-D reconstructed images derived from CT sequences of the proximal (A, B, and C), middle (diaphyseal; D, E, and F), and distal fifths (G, H, and I) of the right radius of the clinically normal dog of Figure 1 that depict the
Cartesian coordinate systems for measurement of bone angulations by use of various CADS methods. The coordinate system
for the proximal and distal radial segments was determined by a BFA (A and G), TLA-Cr (B and H), or TLA-Cd (C and I)
method, and the coordinate system for the diaphyseal segment was determined by a BFC (D), STG (E), or DPC (F) method. The
frontal (xz), sagittal (yz), and transverse (xy) planes are shown in blue, yellow, and red, respectively. Surfaces, cylinders, or axes
used to create the coordinate systems are shown in orange. For the depicted radius, angular measurements of the proximal segment relative to humeral reference planes in the frontal, sagittal, and transverse planes were 3.34° (a positive value represents
varus), 0.54° (a positive value represents procurvatum), and 45.34° (a positive value represents external rotation) in A; 3.92°,
0.57°, and 42.78° in B; and 3.92°, 0.11°, and 42.74° in C, respectively. Measurements of the diaphyseal segment in the frontal,
sagittal, and transverse planes were 9.54°, 10.29°, and 42.04° in D; 6.94°, 3.60°, and 41.26° in E; and 2.51°, 0.69°, and 36.81° in F,
respectively. Measurements of the distal segment in the frontal, sagittal, and transverse planes were 3.31°, 8.05°, and 30.39° in
G; 4.11°, 5.61°, and 39.17° in H; and 4.15°, 9.77°, and 40.33° in I, respectively. Bar = 20 mm.
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Figure 3—Representative 3-D reconstructed images derived from CT sequences of the proximal (A, B, and C), middle (diaphyseal; D, E, and F), and distal fifths (G, H, and I) of the right radius of the dog with a biapical radial deformity of Figure 1 that depict
the Cartesian coordinate systems for measurement of bone angulations by use of CADS. For the depicted radius, measurements
of the proximal segment in the frontal, sagittal, and transverse planes were 0.12°, 1.65°, and 62.25° in A; 2.00°, 6.09°, and 59.91°
in B; and 1.99°, 1.77°, and 59.98° in C, respectively. Measurements of the diaphyseal segment in the frontal, sagittal, and transverse planes were 7.39°, 16.22°, and 82.48° in D; 6.04°, 16.14°, and 81.43° in E; and 10.62°, 11.87°, and 83.00° in F, respectively.
Measurements of the distal segment in the frontal, sagittal, and transverse planes were 48.26°, 60.59°, and 67.11° in G; 48.69°,
56.73°, and 69.81° in H; and 51.22°, 60.63°, and 67.98° in I, respectively. See Figure 2 for remainder of key.

TLA method for measurement
of proximal and distal articular surfaces
of the radius

For the TLA method, reference points were
placed at the most medial, cranial, lateral, and

caudal aspects of the proximal and distal articular surfaces of the radius (Figure 4). The articular
surface was magnified to fill the screen, the point
at which the medial aspect of the articular surface
curved away from the transverse plane was identi-
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Figure 4—Representative 3-D reconstructed images derived from CT sequences of the
right humerus and proximal fifth of the right
radius from the cranial (A) and medial (C)
aspects and the proximal articular surface of
the right radius (E) for the clinically normal
dog of Figure 1 and the corresponding CADSderived, 2-D projected (sketch) planes (B,
D and F) provided to demonstrate measurement of mediolateral (A and B), craniocaudal
(C and D), and external-internal angulation
(E and F) of the radius. The TLA-Cr method
was used to create the depicted Cartesian
coordinate system for the measurements.
Mediolateral angulation was measured as
the angle created at the intersection of the
frontal planes of the radius and humerus (ie,
intersection of the radial z-axis and humeral
z-axis in the frontal [xz] sketch plane), and
positive values were indicative of varus rotation. Craniocaudal angulation was measured
as the angle created at the intersection of the
sagittal planes of the radius and humerus (ie,
intersection of the radial z-axis and the humeral z-axis in the sagittal [yz] sketch plane),
and positive values were indicative of procurvatum. External-internal angulation was
measured as the angle created at the intersection of the transverse and sagittal planes of
the radius, and positive values were indicative
of external rotation. In all panels, planes are
depicted as blue lines with stars at each end.
The respective angles for measurement were
calculated by projection of the planes of interest onto a radial plane with the sketch plane
function within the CADS. For the depicted
normal radius, varus was 3.92° (B), procurvatum was 0.57° (D), and external rotation was
42.78° (F). Bars = 20 mm.

fied, and a reference point was placed adjacent to
the start of curvature within the articular surface
plane to mark the medial edge of that articular surface. The point automatically adhered (snapped) to
the articular surface. That process was repeated to
mark the lateral, cranial, and caudal aspects of the
articular surface. A cranial plane that was defined
by the cranial, lateral, and medial reference points
was created (TLA-Cr method). A caudal plane that
was defined by the caudal, medial, and lateral reference points was also created (TLA-Cd method).
Lines perpendicular to the cranial and caudal
planes were created and used to construct the zaxis for the radius, which represented the long
440

axis of the bone segment for the TLACr and TLA-Cd methods, respectively.
Two sets of anatomic reference points
were created for the TLA-Cr and TLACd methods. These points were used
to construct the radial x-axis parallel
to the joint orientation and perpendicular to the radial z-axis. The radial yaxis was a line perpendicular to both
the radial x-axis and radial z-axis. The
frontal, sagittal, and transverse planes
were created with the 3-perpendicular axes function. The mediolateral,
craniocaudal, and external-internal rotation angulations were measured as described for the BFA
method.

BFC method for measurement
of the radial diaphysis

For the BFC method, a cylinder was fit to the diaphyseal segment of the radius. The cylinder axis was
used to determine the anatomic long axis of the diaphyseal segment (z-axis). Reference points were set
at the medial and lateral aspects of the edge of the
cylinder where it contacted the reconstructed bone
model. The x-axis was a line drawn perpendicular to
the z-axis and parallel to the medial and lateral ref-
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erence points. The frontal plane was constructed by
use of reference points on the z- and x-axes. The transverse plane was created as the plane perpendicular to
the frontal plane that contained the x-axis. The y-axis
was the line perpendicular to both the x-axis and zaxis. The sagittal plane was created from points on
the y-axis and z-axis. The mediolateral, craniocaudal,
and external-internal rotation angulations were measured as described for the BFA method.

DPC method for measurement
of the radial diaphysis

For the DPC method, 2 sets of reference points
were placed on the lateral and medial aspects of both
the proximal and distal aspects of the diaphyseal radial segment. The lateral and medial reference points
at the proximal aspect of the diaphyseal radial segment were connected to create a temporary x-axis,
as were the lateral and medial reference points at the
distal aspect. Another reference point was placed at
the midpoint of each temporary x-axis. The z-axis
(long axis of the segment) was a line that connected
the midpoints of the temporary x-axes. The frontal
plane was constructed from the z-axis and center
point of the proximal x-axis. The temporary x-axis
was projected onto the frontal plane to create the
true x-axis perpendicular to the z-axis. The y-axis
was subsequently created perpendicular to both the
x- and z-axes. The transverse plane was constructed
perpendicular to the frontal plane from 3 points on
the x- and z-axes. The sagittal plane was constructed
perpendicular to the frontal and transverse planes.
The mediolateral, craniocaudal, and external-internal
rotation angulations were measured as described for
the BFA method.

STG method for measurement of the
radial diaphysis

For the STG method, a reference point was
placed at the center of the cranioproximal surface of
the radial segment, and the frontal plane was fit to
the marked surface. The z-axis was drawn through
the reference point within the frontal plane along
the perceived long axis of the radial segment. Two
anatomic reference points were marked on the lateral and medial aspects of the radial segment and projected onto the frontal plane. The transverse plane
was constructed perpendicular to the frontal plane
and parallel to the reference points on the lateral and
medial aspects of the radial segment. The sagittal
plane was constructed perpendicular to the frontal
and transverse planes, and the y-axis was drawn perpendicular to the z-axis and frontal plane. The mediolateral, craniocaudal, and external-internal rotation
angulations were measured as described for the BFA
method.

Study measurements

For each radius, the x, y, and z measurements for
the proximal and distal articular surfaces were obtained by use of the BFA, TLA-Cr, and TLA-Cd meth-

ods, and the x, y, and z measurements for the diaphysis were obtained by use of the BFC, DPC, and STG
methods. All measurements were collected in random order and repeated 3 times with at least a 1-week
interval between the repeated measurements. Thus,
81 measurements were recorded for each radius.

Statistical analysis

Radius was the observational unit for statistical
analysis purposes, and each radius was considered an
independent observation, even when both radii from
a dog were evaluated. The data distribution for each
CADS measurement method was assessed for normality by means of the Shapiro-Wilk test, and all measurement methods were found to be normally distributed
(P < 0.05 and W > 0.95). Each measurement type was
assessed by a 1-way ANOVA for repeated measures.
Each model included a fixed effect for limb and a random effect to account for repeated measures within
limbs. The within-subject repeatability (ie, repeatability of multiple measures on the same radius) was
defined as the square root of the mean square error
from the ANOVA (ie, model SD).25 The intersubject
repeatability was defined as the square root of the
treatment mean square from the ANOVA (ie, treatment SD).26,27,b
Reliability was defined as the intraclass correlation coefficient and was calculated as follows:
(intersubject variance)/(intersubject variance + within-subject variance), where the variances were obtained from the ANOVA. Values < 0.5 indicated poor
reliability, between 0.5 and < 0.75 indicated moderate
reliability, between 0.75 and < 0.9 indicated good reliability, and ≥ 0.9 indicated excellent reliability.28
Computer-aided design software methods with a
within-subject repeatability < 3° and reliability > 0.75
were considered acceptable. Those were subjective
criteria selected on the basis of our clinical experience
and a review of the literature. The CVs (SD of replicates/
mean of replicates) were used to analyze the repeatability of CADS methods and were calculated from the
ANOVA. Methods with a CV < 20% were interpreted as
being highly repeatable.29 The mean bias and 95% limits
of agreement between CADS methods when performing repeated measures within a limb were calculated by
use of the Bland-Altman method as described.30
A CARTc was used to predict which preset measurement criteria best classified radii as normal or abnormal.31 For this analysis, all explanatory variables
were considered until a binary division of a variable best
reduced the deviance in the response (normal or abnormal). The mean of the 3 replicate measures for each
measurement method was used for the CART analysis.

Results
Radii

Computed tomographic scans of 55 radii were
evaluated; 24 radii from 16 dogs were considered
clinically normal (control radii), and 31 radii from 18
dogs had a biapical deformity. The mean ± SD age was
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5.4 ± 4.0 years (range, 0.9 to 13.4 years) for dogs with
clinically normal radii and 1.3 ± 0.7 years (range, 0.5
to 3.1 years) for dogs with abnormal radii. A total of
4,455 angular measurements were collected (55 radii
X 3 radial segments/radius X 3 coordinate systems/
radial segment X 3 axes/coordinate system X 3 sets
of measurements).
In control radii, the mean frontal plane angulation relative to the humerus was approximately 9° of
varus at the proximal aspect of the radius, 6° of varus
in the diaphysis, and 6° of varus at the distal aspect
of the radius (Table 1). This represented 3° of valgus
angulation within the radius. In the sagittal plane,
procurvatum was approximately 5° at the proximal
aspect of the radius, 3° in the diaphysis, and 12° at
the distal aspect of the bone for the 2 most consistent
CADS methods. This represented 7° of procurvatum
within the radius. In the transverse plane, external
rotation was approximately 26° at the proximal aspect of the radius, 27° at the diaphysis, and 28° at
the distal aspect of the radius. This represented 2° of
external torsion within the radius.
In radii with biapical deformities, frontal plane
angulation was approximately 13° of varus at the
proximal aspect of the radius (4° more varus than
control radii), 20° of varus in the diaphysis (14° more
than control radii), and 25° of varus at the distal aspect of the radius (19° more than control radii) for
the 2 most repeatable CADS methods. In the sagittal plane, procurvatum was approximately 9° at the
proximal aspect of the radius (4° more procurvatum
than control radii), 10° in the diaphysis (7° more than
control radii), and 35° at the distal aspect of the radius (23° more than normal radii) for the 2 most con-

sistent CADS methods. This represented 26° of procurvatum within the radius (19° more than control
radii). In the transverse plane, external rotation was
approximately 36° at the proximal aspect of the radius (10° more than control radii), 43° at the diaphysis
(16° more than control radii), and 50° at the distal aspect of the radius (22° more than control radii). This
represented 14° of external torsion within the radius
(12° more than control radii).
In control radii, the mean ± SD within-subject
repeatability of radial angular measurements for all
methods was 1.40 ± 0.67° (range, 0.76° to 2.97°)
in the frontal plane, 3.17 ± 2.21° (range, 0.69° to
6.68°) in the sagittal plane, and 3.01 ± 1.11° (range,
1.72° to 5.31°) in the transverse plane (Table 2).
The mean ± SD reliability of radial measurement
methods was 0.94 ± 0.07 (range, 0.76 to 0.97) in
the frontal plane, 0.83 ± 0.10 (range, 0.67 to 0.95)
in the sagittal plane, and 0.95 ± 0.06 (range, 0.82
to 0.99) in the transverse plane. In abnormal radii,
the mean ± SD within-subject repeatability of radial angular measurements for all methods was 2.56
± 1.95° (range, 0.42° to 6.12°) in the frontal plane,
3.59 ± 2.39° (range, 1.24° to 6.91°) in the sagittal
plane, and 3.47 ± 1.19° (range, 2.06° to 5.49°) in the
transverse plane (Table 3). The mean ± SD reliability of radial measurement methods was 0.98 ± 0.01
(range, 0.96 to 1.00) in the frontal plane, 0.97 ±
0.05 (range, 0.83 to 1.00) in the sagittal plane, and
0.98 ± 0.01 (range, 0.96 to 0.99) in the transverse
plane. The median CV was 15.4% (range, 6.19% to
74.77%) in control radii and 10.1% (range, 2.04% to
56.16%) in abnormal radii. The CV was > 20% for
19 of 54 angular measurements (12 of 27 measure-

Table 1—Mean ± SD values for 3-D geometric measurements of 24 clinically normal radii from 16 dogs and 31 radii with biapical
deformities from 18 dogs as determined from the application of various CADS methods to 3-D reconstructed images derived from
CT sequences.
		
Radial
Radius type
segment

CADS
measurement
method

Normal
Proximal
		
		
Diaphyseal
		
		
Distal
		
		
Biapical deformity
Proximal
		
		
Diaphyseal
		
		
Distal
		
		

BFA
TLA-Cr
TLA-Cd
BFC
DPC
STG
BFA
TLA-Cr
TLA-Cd
BFA
TLA-Cr
TLA-Cd
BFC
DPC
STG
BFA
TLA-Cr
TLA-Cd

		
Mediolateral
angulation (°)*
9.71 ± 1.00
9.27 ± 1.19
9.14 ± 1.13
6.17 ± 0.88
6.09 ± 0.76
5.29 ± 2.97
5.35 ± 1.34
5.63 ± 1.59
6.18 ± 1.76
13.55 ± 0.94
12.53 ± 1.18
12.68 ± 1.09
20.71 ± 1.64
20.39 ± 0.42
19.01 ± 4.12
27.43 ± 4.15
23.17 ± 3.36
34.03 ± 6.12

Craniocaudal
angulation (°)†

External-internal
rotation angulation (°)‡

2.89 ± 1.36
8.34 ± 5.88
4.73 ± 2.82
2.08 ± 1.37
2.48 ± 0.69
2.90 ± 2.17
14.40 ± 2.21
9.20 ± 5.36
24.95 ± 6.68
6.85 ± 1.63
11.65 ± 6.55
9.55 ± 3.19
11.52 ± 2.40
11.93 ± 1.24
7.28 ± 1.56
41.70 ± 2.22
27.98 ± 6.60
53.94 ± 6.91

27.83 ± 5.31
25.98 ± 3.82
25.93 ± 3.70
27.78 ± 1.72
27.43 ± 2.09
26.22 ± 2.83
27.65 ± 2.40
26.52 ± 2.36
29.37 ± 2.88
35.55 ± 3.60
35.02 ± 3.50
33.98 ± 4.41
42.93 ± 2.07
43.10 ± 2.06
44.21 ± 2.39
53.44 ± 3.16
46.96 ± 4.51
59.42 ± 5.49

The proximal, diaphyseal, and distal radial segments represented the proximal, middle, and distal fifths of the bone, respectively.
*Measured in the frontal plane; positive values represent varus. †Measured in the sagittal plane; positive values represent procurvatum. ‡Measured in the transverse plane; positive values represent external rotation.

442

AJVR • Vol 82 • No. 6 • June 2021
Unauthenticated | Downloaded 01/09/23 07:44 PM UTC

Table 2—Within-subject and intersubject repeatability, reliability, and CV for various CADS measurement methods when applied
to the 24 clinically normal radii described in Table 1.

Radial
segment

Within-subject repeatability
CADS			
Mean for all				
measurement		
For the described
3 planes
Intersubject
method
Plane
plane (°)
combined (°)
repeatability (°)
Reliability
CV (%)

Proximal
BFA
		
		
TLA-Cr
		
		
TLA-Cd
		
		

Frontal
Sagittal
Transverse
Frontal
Sagittal
Transverse
Frontal
Sagittal
Transverse

1.00
2.56
1.36		
5.31		
1.19
3.63
5.88		
3.82		
1.13
2.55
2.82		
3.70		

5.66
4.01
11.24
6.14
9.72
13.41
5.94
7.78
13.69

0.97
0.90
0.82
0.96
0.73
0.92
0.96
0.88
0.93

10.3
47.2
19.1
12.8
70.6
14.7
12.4
59.7
14.3

Diaphyseal
BFC
		
		
DPC
		
		
STG
		
		

Frontal
Sagittal
Transverse
Frontal
Sagittal
Transverse
Frontal
Sagittal
Transverse

0.88
1.32
1.37		
1.72		
0.76
1.18
0.69		
2.09		
2.97
2.66
2.17		
2.83		

5.01
2.55
13.94
4.73
2.52
14.16
5.32
4.54
12.86

0.97
0.78
0.99
0.97
0.93
0.98
0.76
0.81
0.95

14.3
65.9
6.2
12.4
27.9
7.6
56.1
74.8
10.8

Distal
BFA
		
		
TLA-Cr
		
		
TLA-Cd
		
		

Frontal
Sagittal
Transverse
Frontal
Sagittal
Transverse
Frontal
Sagittal
Transverse

1.34
1.98
2.21		
2.40		
1.59
3.10
5.36		
2.36		
1.76
3.77
6.68		
2.88		

5.75
9.72
19.40
6.64
7.63
19.66
7.19
10.83
21.34

0.95
0.95
0.98
0.95
0.67
0.99
0.94
0.72
0.98

25.0
15.4
8.7
28.3
58.2
8.9
28.4
26.8
9.8

See Table 1 for remainder of key.

ments in control radii and 7 of 27 measurements
in abnormal radii). Of the 19 CVs that were > 20%,
14 were for the assessment of craniocaudal angulation, and 5 were for the assessment of mediolateral
angulation; the CV was not > 20% for any externalinternal rotation angulation measurement. Subjectively, the CV was larger when the mean measurement was smaller. The mean ± SD bias between
CADS-based radial measurement methods was 1.88
± 2.07° (range, 0.22° to 6.36°) in the frontal plane,
6.44 ± 6.80° (range, 0.41° to 21.51°) in the sagittal
plane, and 2.27 ± 2.81° (range, 0.04° to 8.27°) in
the transverse plane (Table 4).
During the CART analyses, the most predictive
tree for distinguishing between control and abnormal
radii combined 2 nodes (whether the craniocaudal
angulation of the distal portion of the radius [distal
radial procurvatum] relative to the long axis of the
antebrachium was > 30.54° and, when the distal radial procurvatum was ≤ 30.54°, whether the external
rotation of the radial diaphysis was > 30.69°). Thirty
of 32 radii with a distal radial procurvatum > 30.54°
were abnormal. Six of 7 radii with a distal radial procurvatum ≤ 30.54° and external rotation of the radial
diaphysis > 30.69° were clinically normal, and all 16
radii with a distal radial procurvatum ≤ 30.54° and
external rotation of the radial diaphysis ≤ 30.69° were

clinically normal. The described 2-node combination
had a sensitivity of 97% and specificity of 92% for
identification of biapical radial deformity.

Discussion
In dogs, radial deformities are common, and biapical radial deformities are reportedly twice as common as uniapical radial deformities.32 Assessment of
angulation and torsion in radii with biapical deformities is complex because correlation is poor among
clinical, radiographic, and CT measurements33; this
fact suggests that those measurement methods lack
precision. The use of CADS for 3-D assessment and
surgical planning for correction of biapical radial
deformities requires the creation of 3-D coordinate
systems (ie, methods) aligned with the proximal, diaphyseal, and distal portions of the bone. In the present study, several different local coordinate systems
for those 3 segments of the radius were developed
and applied by CADS to CT scans of dogs with clinically normal (control) radii and radial deformities
that were perceived to be biapical in nature on initial clinical evaluation. Development of the local coordinate systems involved the construction of lines
or planes on the basis of anatomic features in a process described as the creation of user-defined landmarks, which is common for measurement of bones
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Table 3—Within-subject and intersubject repeatability, reliability, and CV for various CADS measurement methods when applied
to the 31 radii with biapical deformities described in Table 1.
Within-subject repeatability
Radial
segment

CADS			
measurement		
For the described
method
Plane
plane (°)

Mean for all				
3 planes
Intersubject
combined (°)
repeatability (°)
Reliability
CV (%)

Proximal
BFA
		
		
TLA-Cr
		
		
TLA-Cd
		
		

Frontal
Sagittal
Transverse
Frontal
Sagittal
Transverse
Frontal
Sagittal
Transverse

0.94
2.06
1.63		
3.6		
1.18
3.74
6.55		
3.50		
1.09
2.89
3.19		
4.41		

11.96
14.07
23.10
11.54
14.32
22.28
12.58
18.40
21.64

0.99
0.99
0.98
0.99
0.83
0.98
0.99
0.97
0.96

7.0
23.8
10.1
9.4
56.2
10.0
8.6
33.4
13.0

Diaphyseal
BFC
		
		
DPC
		
		
STG
		
		

Frontal
Sagittal
Transverse
Frontal
Sagittal
Transverse
Frontal
Sagittal
Transverse

1.64
2.04
2.40		
2.07		
0.42
1.24
1.24		
2.06		
4.12
2.69
1.56		
2.39		

21.88
18.01
20.90
20.42
18.98
20.77
19.83
13.67
22.46

0.99
0.98
0.99
1.00
1.00
0.99
0.96
0.99
0.99

7.9
20.8
4.8
2.0
10.4
4.8
21.7
21.4
5.4

Distal
BFA
		
		
TLA-Cr
		
		
TLA-Cd
		
		

Frontal
Sagittal
Transverse
Frontal
Sagittal
Transverse
Frontal
Sagittal
Transverse

4.15
3.18
2.22		
3.16		
3.36
4.82
6.60		
4.51		
6.12
6.17
6.91		
5.49		

35.60
32.00
34.18
29.76
30.66
34.17
36.34
30.23
35.66

0.99
1.00
0.99
0.99
0.96
0.98
0.97
0.95
0.98

15.1
5.3
5.9
14.5
23.6
9.6
18.0
12.8
9.2

See Table 1 for remainder of key.

Table 4—Mean bias (95% limits of agreement) between various CADS measurement methods when applied to the clinically
normal and abnormal radii described in Table 1.
Radial segment
Proximal
Diaphyseal
Distal

CADS measurement
methods compared
TLA-Cr and BFA
TLA-Cd and BFA
TLA-Cd and TLA-Cr
DPC and BFC
STG and BFC
STG and DPC
TLA-Cr and BFA
TLA-Cd and BFA
TLA-Cd and TLA-Cr

Mediolateral
angulation
–0.77 (–4.91 to 3.37)
–0.78 (–8.48 to 6.92)
–0.01 (–7.26 to 7.24)
–0.22 (–5.64 to 5.20)
–1.35 (–17.71 to 15.01)
–1.13 (–15.19 to 12.93)
–2.28 (–15.99 to 11.43)
4.08 (–8.24 to 16.40)
6.36 (–12.06 to 24.78)

Craniocaudal
angulation
5.08 (–8.63 to 18.79)
2.23 (–6.94 to 11.40)
–2.76 (–19.74 to 14.22)
0.41 (–4.64 to 5.46)
–2.03 (–11.05 to 6.99)
–2.44 (–12.20 to 7.32)
–10.00 (–27.02 to 7.02)
11.51 (–5.05 to 28.07)
21.51 (–0.56 to 43.58)

External rotation
angulation
–1.11 (–8.84 to 6.62)
–1.71 (–9.02 to 5.60)
–0.61 (–3.91 to 2.69)
–0.06 (–2.87 to 2.75)
0.04 (–8.17 to 8.25)
0.10 (–7.57 to 7.77)
–4.15 (–17.82 to 9.52)
4.12 (–9.30 to 17.54)
8.27 (–14.04 to 30.58)

See Table 1 for remainder of key.

with CADS.12,13,24,34 The repeatability and reliability
of these methods were evaluated in control and abnormal radii.
To mitigate the effect of elbow joint angulation
on measurements of procurvatum, the radius was
rotated relative to the x-axis (lateromedial axis) of
the humerus before measurements of the proximal
radial segment were obtained. Because the goal of
that rotation was to normalize extension of the elbow
joint, the orientation of the radius was corrected on
the basis of the long axis of the humerus (humeral
z-axis) and long axis of the radius (ie, the centerline
444

of a cylinder fit to the radius). Alternative methods
could have been considered for normalization of
elbow joint extension. The radius could have been
rotated on the basis of the orientation of its proximal articular surface, but that would have interfered
with measurements that were based on that surface.
The decision to align the radius on the basis of the
centerline of a cylinder fit to it affected procurvatum
measurements. The fact that all procurvatum measurements had positive values (ie, all radial segments
were caudally oriented) suggested that the CADS
methods used appropriately described procurvatum.
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However, procurvatum measurements were likely
influenced by the procurvatum present within each
bone because each bone was rotated along its long
axis. The veterinary literature lacks clear information on where procurvatum originates in normal and
deformed radii. Thus, orientation of the radius along
its long axis rather than on the basis of its proximal
articular surface led to an underestimation of procurvatum for each of the 3 radial segments. Consequently, the procurvatum measurements reported in the
present study should be interpreted with caution and
are not interchangeable with procurvatum measurements that are based on the orientation of the proximal articular surface of the radius, such as the center
of rotation of angulation method.3
In the present study, angular measurements were
obtained with the CADS by projecting axes on planes.
A decision was made to project the corresponding
radial and humeral axes onto radial planes rather
than onto humeral planes. Although the use of humeral planes instead of radial planes did not appear
to change measurements during the development of
the analytic methods used in the present study, the
interchangeability of radial and humeral planes was
not systematically evaluated. It is possible that the
angular measurements evaluated in this study would
have differed had the corresponding radial and humeral axes been projected onto humeral planes. The
angulation measurements reported in the present
study should not be directly compared with angulation measurements obtained by use of other methods. Nevertheless, the use of radial planes to measure
radius angulation was unlikely to have influenced the
repeatability and reliability of the reported measurements.
Most methods described in the present study
had acceptable repeatability and good or excellent
reliability. Thus, we accepted (or failed to reject) our
hypothesis that the use of CADS to evaluate the 3-D
geometry of the canine radius yielded repeatable
and reliable measurements. For the proximal portion
of the radius, the repeatability and reliability of the
methods that fit a plane to the articular surface and
placed landmarks at the caudal, medial, and lateral
aspects of the articular surface were numerically superior for both control and abnormal radii. In human
medicine, the construction of coordinate systems to
evaluate articular surfaces of bones is similarly based
on establishing user-defined anatomic landmarks at
the edges of23,35 and fitting geometric shapes to12,13,36
those surfaces. For both control and abnormal radii,
the repeatability and reliability of diaphyseal measurements were numerically superior for the method
that fit a cylinder to the diaphysis and the method
that calculated the centerline of the bone. Thus, we
rejected our hypothesis that a coordinate system created by fitting a cylinder to the diaphyseal segment
was more repeatable and reliable than a coordinate
system based on the centerline of that bone segment.
Centerlines have been used to analyze the diaphy-

sis of long bones12,37 and can be straight or curved
(ie, arc or freeform centerlines).37–40 In the present
study, a straight centerline based on the proximal and
distal aspects of the diaphysis was used. It remains
unclear whether an arc centerline would provide
more repeatable or reliable measurements of the radial diaphysis than a straight centerline. For the distal portion of the radius, repeatability and reliability
were numerically superior for the methods that fit a
plane to the articular surface and placed landmarks at
the cranial, medial, and lateral aspects of the articular surface for both control and abnormal radii. The
method that placed landmarks at the caudal, medial,
and lateral aspects of the articular surface was less
repeatable and overestimated varus, procurvatum,
and external rotation angulation, compared with the
other methods. Because the 2 methods based on 3 articular surface landmarks had the medial and lateral
landmarks in common, bias in the caudal method was
the result of the fact that the landmark placed at the
caudal aspect of the distal articular surface did not accurately represent that surface. This was particularly
evident in radii with biapical deformities where the
bias in procurvatum was ≥ 10°. Because the repeatability was acceptable for all measurements of the
proximal and distal portions of the radius in the present study, we rejected our hypothesis that coordinate
systems based on landmarks at the edges of the articular surface (TLA-Cr and TLA-Cd methods) would
be more repeatable and reliable than a coordinate
system based on a plane fit to the articular surface
(BFA method). In the present study, the CVs were
relatively small for all methods and were numerically
larger when angles were smaller. This was likely because, when measurements are obtained with equal
precision, similar errors represent a larger proportion
of small angles than large angles. Regardless, the accuracy (repeatability and reliability) of angular measurements of canine radii obtained by use of CADS
in the present study was comparable to that of other
methods used to evaluate the angulation of bones.
The accuracy of bone angulation measurement
by use of external methods (goniometry or kinematic
analysis) and medical imaging (radiography, fluoroscopy, or CT) has been described in the medical literature. Results of a study41 involving 28 human patients
with a hammertoe deformity (ie, dorsiflexion of the
metatarsophalangeal joint, plantarflexion of the proximal interphalangeal joint, and either normal position
or dorsiflexion at the distal interphalangeal joint) indicate that the bias and within-subject repeatability
for goniometric measurements were 1.93° and 2.15°,
respectively, when compared with measurements
obtained by use of a coordinate-measuring machine
(gold standard). During kinematic analyses of human
subjects, the within-subject repeatability of measurements in the sagittal, transverse, and frontal planes
for 4 foot segments ranged from 0.57° to 1.95° (median repeatability for all measurements, 0.70°).42 In a
study43 in which tibial torsion in 10 human subjects
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was evaluated by use of 2 fluoroscopic devices, the reproducibility reported for both devices was 1.3°, the
calculated bias was –0.08° and 1.01°, and the withinsubject repeatability was 0.58° and 0.76°. In a study44
in which 3 radiographic methods to evaluate the
tibial plateau in 130 dogs were compared, the repeatability of measurements among 6 observers ranged
from 3.13° to 4.07° (median repeatability for all measurements, 3.53°). In a study45 in which 14 femoral
and tibial angular measurements were obtained from
radiographic images to evaluate hind limb alignment
in 12 Chihuahuas, the repeatability of those measurements ranged from 1.76° to 4.33° (median repeatability for all measurements, 3.90°), and the reproducibility (ie, interobserver variability) ranged from 2.74° to
8.57° (median, 5.56°). In a study46 in which the patellar ligament angle was measured on radiographic images for 87 dogs, the within- and between-observer
repeatability for 3 observers ranged from 5.29° to
5.53°, and reproducibility (ie, SD of measurements
among observers) ranged from 5.16° to 5.31°. In a
study47 conducted to evaluate the accuracy of 3 radiographic views for measurement of the hip-knee angle
in 50 human subjects, the mean bias calculated from
supplementary data was –0.64°, –0.03°, and 0.83°, and
the within-subject repeatability was 0.17°, 0.27°, and
0.53° for the respective views. In a study48 involving
children with femoral fractures, radiographic measurement of femoral alignment had a reproducibility
that ranged from 1.7° to 2.6°. In a study23 conducted
to assess the orientation of the distal articular surface
of the radius in human subjects, the within-subject
repeatability of 3-D angular measurements derived
from reconstructed CT images as estimated from the
data was 0.28° and the estimated reproducibility was
0.13°. Those values were superior to the estimated
within-subject repeatability of measurements derived
from radiographic images (2.72°).23 In a study49 that
evaluated hind limb alignment in 20 dogs by means
of 5 femoral and tibial angular measurements derived
from multiplanar reconstructed CT images, the estimated mean repeatability ranged from 1.19° to 3.00°
(median repeatability for all 5 measurements, 1.73°),
and the estimated mean reproducibility ranged from
1.74° to 3.71° (median reproducibility for all 5 measurements, 2.87°). In another study3 in which measurements of canine femurs were derived from 3-D
reconstructed CT images, the intraobserver repeatability was 2.4° and 2.6° for 2 observers, and reproducibility was 3.5°. When considered collectively, the
medical literature indicates that measurements of
bone angulation have small bias and high repeatability. Also, as expected, measurements obtained from
CT images appear to be more repeatable than measurements obtained from radiographic images.
In the present study, the angulation for control
radii was 3° of valgus, 7° of procurvatum, and 2° of
external torsion. The overall variability (ie, repeatability between subjects) in angulation was small
for the control radii. The variability for angulation in
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the frontal and sagittal planes was smaller than that
for the external-internal rotation plane, most likely
because the limbs were scanned at various degrees
of antebrachial supination, and supination leads to
external rotation of the radius. The angulation for
the control radii evaluated in the present study was
comparable to the mean valgus (2.7°) and procurvatum (25.2°) derived from radiographic images for 20
clinically normal canine radii of another study.3 However, it is important to note that the angulation values
reported in the present study should not be directly
compared with angulation values that were derived
by use of other methods. This is particularly relevant
for procurvatum because, in the present study, we altered the extension of the elbow joint along the long
axis of the radius, and changing the orientation of
the elbow joint affects procurvatum measurements.
In a previous report,3 measurements of procurvatum
were made solely on the basis of the orientation of
the proximal articular surface of the radius rather
than the long axis of the bone. For the abnormal radii evaluated in the present study, the angulation was
7° of varus in the diaphysis relative to the proximal
portion of the bone, 5° of varus in the distal portion
of the bone relative to the diaphysis, 26° of procurvatum, and 14° of external torsion. The finding that
varus angulation was larger at the distal portion of
the radius relative to the radial diaphysis was unexpected and is counterintuitive because the dogs selected for enrollment appeared to have biapical radial
deformities at the time of initial evaluation. Biapical
radial deformities generally include varus angulation
of the proximal portion of the radius and valgus angulation of the distal aspect of the antebrachium.33
The presence of external rotation and procurvatum
potentially altered the clinical perception of valgus
angulation of the distal portion of the radius at the
time of initial clinical assessment, just as external rotation influences measurement of valgus angulation
on radiographic images and procurvatum influences
measurement of radial torsion on CT images.6,50 The
findings of the present study warrant further investigation. In a case-series report33 of 13 dogs with biapical radial deformities that were measured by the use
of multiplanar reconstructed CT images, the mean
± SD radial procurvatum was 46 ± 10° and external
torsion was 33 ± 17°. The discrepancies in radial procurvatum and torsion measurements between the
present study and that case-series report33 were likely
caused by differences in the methods used to measure angles on the multiplanar reconstructed CT images and by the CADS. These differences also require
further investigation.
The accuracy of the methods used to measure angulation of the radial segments was not evaluated in
the present study because a gold standard method has
not been established. The presence of bias between
measurements acquired by the use of different CADS
methods suggested that the methods used should be
specifically described when CADS-derived measure-
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ments of bone angulation are reported. Additionally,
sources of bias in angulation measurements should be
investigated further. Because the CADS methods used
in the present study were applied to CT images, the
results were dependent on the accuracy of the CT sequences. Results of a study34 conducted to assess the
accuracy of CT sequencing of the distal portion of the
radius of cats indicate that deviations from articular
surfaces are approximately half the width of reconstructed CT slices. If it is assumed that a similar error
was present in the CT scans used in the present study,
the angular inaccuracy of a CADS-based rendering of
a 20-mm-wide radius acquired with a CT slice thickness of 1 mm would be within ± 1.4° at each end of
the bone. Determination of the reproducibility (ie,
interobserver repeatability) of the CADS methods described in the present study was not possible because
all measurements were obtained by 1 investigator.
Findings of other studies49,d suggest that, in dogs, the
reproducibility of varus measurements of the femur
and tibia derived from reconstructed CT images was
approximately 50% greater than the corresponding repeatability of those measurements. Therefore, it seems
logical to estimate that the reproducibility of the CADS
methods described in the present study would be
slightly greater than the reported repeatability.
The CADS methods described in the present study
could be clinically useful for planning correction of radial deformities.18,20,51 The described methods can also
be incorporated into the automation of angular measurements for bones. Results of other studies23,52 indicate that automated 3-D assessment methods for bones
are rapid and precise; readings took 30 to 40 seconds
and intraobserver repeatability was < 1°. The CART
analysis described in the present study was highly sensitive and specific for detection of radial deformities and
used 1 node (threshold) of angulation and 1 node of rotation. Classification and regression tree analysis is practical and could be clinically useful for screening patients
for the presence of a radial deformity, determining the
need for correction of a deformity, and selecting the amplitude of the correction.
In the present study, CADS-based methods to
measure the 3-D orientation of the proximal, diaphyseal, and distal segments of the radius in dogs were
described. Results indicated that those methods were
repeatable and reliable for evaluation of both normal
and abnormal radii.
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