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The 3-D models created with CT images or 3-D 
modeling technology (eg, a 3-D coordinate mea-

suring machine or 3-D laser scanner) have been used 
to analyze the morphology of human bones (includ-
ing the humerus) to help clinicians and researchers 
better understand the geometry of these bones and 
assist in the design of orthopedic implants, particu-
larly implants intended for total joint replacement.1–8 
Geometric studies1,2,7 of the human humerus have 
involved measuring the radius of curvature of the 
humeral head; inclination, version, and offset of the 
humeral head; inclination and version of the greater 
tubercle; humeral length; angles between several 
humeral axes; ellipsoid shape of the humeral canal; 
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OBJECTIVE
To assess 3-D geometry of the humerus of dogs and determine whether the 
craniocaudal canal flare index (CFI) is associated with specific geometric 
features.

SAMPLE
CT images (n = 40) and radiographs (38) for 2 groups of skeletally mature 
nonchondrodystrophic dogs.

PROCEDURES
General dimensions (length, CFI, cortical thickness, and humeral head off-
set), curvature (shaft, humeral head, and glenoid cavity), version (humeral 
head and greater tubercle), and torsion were evaluated on CT images. Dogs 
were allocated into 3 groups on the basis of the craniocaudal CFI, and re-
sults were compared among these 3 groups. The CT measurements were 
compared with radiographic measurements obtained for another group of 
dogs.

RESULTS
Mean ± SD humeral head version was –75.9 ± 9.6° (range, –100.7° to 
–59.4°). Mean mechanical lateral distal humeral angle, mechanical caudal 
proximal humeral angle, and mechanical cranial distal humeral angle were 
89.5 ± 3.5°, 50.2 ± 4.5°, and 72.9 ± 7.8°, respectively, and did not differ from 
corresponding radiographic measurements. Mean humeral curvature was 
20.4 ± 4.4° (range, 9.6° to 30.5°). Mean craniocaudal CFI was 1.74 ± 0.18 
(range, 1.37 to 2.10). Dogs with a high craniocaudal CFI had thicker cranial 
and medial cortices than dogs with a low craniocaudal CFI. Increased body 
weight was associated with a lower craniocaudal CFI. Radiographic and CT 
measurements of craniocaudal CFI and curvature differed significantly.

CONCLUSIONS AND CLINICAL RELEVANCE
CT-based 3-D reconstructions allowed the assessment of shaft angulation, 
torsion, and CFI. Radiographic and CT measurements of shaft curvature 
and CFI may differ. (Am J Vet Res 2017;78:1140–1149)

flexion-extension axis; and width and height of the 
capitulum.

The humerus of nonhuman mammals has been 
evaluated by use of 3-D methods in 2 studies.8,9 In 1 
study9 involving 89 dogs, shoulder joint lesions and 
mineralization identified on CT images were com-
pared to clinical findings to investigate causes of tho-
racic limb lameness. In the other study,8 the bovine 
humerus was analyzed by use of finite-element analy-
sis to investigate orientation of the humerus during 
jumps and falls and to provide information on bio-
mechanics of the humerus. To our knowledge, the 
3-D geometry of the canine humerus has not been 
reported.

Several orthopedic problems, including osteo-
chondritis dissecans and physeal fractures of the 
proximal physis of the humerus, lead to loss of ar-
ticular cartilage or abnormal development of the hu-
meral head with secondary osteoarthritis.9–11 When 
medical treatment is unsuccessful, surgical options 

ABBREVIATIONS
CFI	 Canal flare index
mCaPHA 	 Mechanical caudal proximal humeral angle
mCrDHA 	 Mechanical cranial distal humeral angle
mLDHA 	 Mechanical lateral distal humeral angle
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are limited to arthrodesis or amputation.10,12 Total 
shoulder joint replacement could provide an alterna-
tive to arthrodesis or amputation. Development of a 
stem for total shoulder joint arthroplasty in dogs re-
quires better information about the range of humeral 
geometries. Parameters relevant to the design of a 
stem include humeral canal dimensions and CFI (ie, 
ratio of humeral medullary canal sizes in the proxi-
mal metaphysis and the diaphysis), shaft curvature, 
and humeral head dimensions, shape, and offset rela-
tive to the long axis of the humerus.

Geometry of the canine humerus has been deter-
mined radiographically.13,14 Humeral angulation was 
reported in both of these studies, but information on ca-
nal curvature and flare was only included in 1 report14 
and was suboptimal for the design of a humeral pros-
thetic stem because radiographs are vulnerable to arti-
facts caused by magnification and limb rotation. Also, 
the accuracy of radiographic measurements of humeral 
curvature and CFI is not known. Canal flare index of 
the canine femur has been assessed as part of studies 
relating to cementless total hip joint replacement. In 1 
study,15 dogs were assigned into 3 groups on the basis 
of the CFI (stovepipe femurs had a CFI ≤ 1.8, normally 
shaped femurs had a CFI ranging from 1.8 to 2.5, and 
champagne-fluted femurs had a CFI ≥ 2.5).

The purpose of the study reported here was to in-
vestigate the association between a low and high hu-
meral CFI with specific humeral geometric features, 
evaluate uniformity of the curvature of the proximal 
portion of the humerus assessed in 3-D renderings, and 
assess similarities between the geometry of the humer-
us in 3-D renderings and the geometry of the humerus 
in radiographs. We also intended to evaluate whether 
retrievers and German Shepherd Dogs have a high or 
low CFI. We hypothesized that high CFI is associated 
with specific geometric features (eg, having increased 
shaft curvature or having thicker cortical bone), humer-
al shaft curvature is uniform, and measurements ob-
tained from 3-D models and radiographs do not differ.

Materials and Methods

Sample
Canine CT reconstructed images for the North 

Carolina State University Veterinary Hospital between 
May 2004 and September 2015 were searched to find 
eligible patients. Inclusion criteria were a CT image 
with a complete humerus; a mature nonchondrodys-
trophic skeleton; body weight ≥ 20 kg; no evidence of a 
humeral fracture, neoplasia, or humeral deformity; and 
a CT image of sufficient quality to allow reconstruc-
tion into a 3-D model. The CT images were considered 
unacceptable when the thickness or orientation of the 
image caused the curvature of the humeral head or 
condyle to be cut off or flattened to an extent whereby 
accurate measurements could not be obtained. When 
both humeri of a dog were available for inclusion in the 
study, a random number generatora was used to select 
a single humerus (left or right) for inclusion.

A total of 788 CT examinations were identified; 
92 patients were eligible for inclusion. An a priori 
power analysisb was performed by use of data from a 
radiographic study14,15 that involved 62 dogs to deter-
mine the number of subjects needed to detect a dif-
ference in craniocaudal humeral CFI > 10% between 
dog groups that had a low and high CFI. The analysis 
indicated a sample size of 40 (power, 0.91).

Procedures
Patient number, age, sex, breed, and body weight 

were recorded for all study subjects. The DICOM files 
were uploaded into commercially available image-
processing software,c and 3-D models of humeri were 
created. The humerus, proximal portions of the ulna 
and radius, and distal portion of the scapula were 
separated from the rest of the model. The humerus 
was separated from adjacent bones and was aligned 
by reslicing the reconstructed images along the line 
connecting the center of the proximal portion of the 
shaft at 20% of humeral length to the midpoint of 
the line joining the humeral epicondyles (anatomic 
axis). By use of Boolean operations, the portion of 
the scapula available on the 3-D model was separated 
from the humerus. Best-fit medullary canal ellipses 
were created at 20%, 30%, 40%, and 50% of humeral 
length (Figure 1). Humeral length and cortical thick-
ness along the major and minor axes of the ellipses 
were measured at 20%, 30%, 40%, and 50% of humer-
al length. A best-fit cylinder was fitted to the condyle. 
Datum points were placed at the cranioproximal as-
pect of the greater tubercle, caudodistal aspect of the 
medial condyle, center of the medial edge of the best-
fit cylinder fitted to the condyle, most distal aspect of 
the condyle, caudodistal aspect of the humeral head, 
center of the concavity of the distal aspect of the con-
dyle, and center of the ellipses at 20%, 30%, 40%, and 
50% of humeral length. For torsion measurements, 
best-fit ellipses were created at 8%, 20% (by use of 
the ellipse drawn to measure cortical thickness), and 
75% of humeral length, and a line was drawn along 
the major axis of these ellipses (Figure 2). At 92% 
of humeral length, a line was drawn across the cau-
dal aspect of the condyle, as described elsewhere.16 
Humeri were allocated into 3 evenly sized groups on 
the basis of the craniocaudal CFI: high (CFI > 1.83), 
medium (1.64 ≤ CFI ≤ 1.83), and low (CFI < 1.64). The 
number of retrievers and German Shepherd Dogs in 
each craniocaudal CFI group was recorded.

The 3-D models were transferred to an additive 
manufacturing modeling software program.d Best-fit 
analytic spheres were fitted to the humeral head and 
glenoid cavity by use of the triangle wave brush tool. 
Humeral head and glenoid cavity radii of curvature 
were recorded. Datum lines were drawn by connect-
ing the center of the sphere fitted to the humeral 
head and center of the cylinder fitted to the humeral 
condyle (to determine the mediolateral mechanical 
axis; Figure 1); center of the sphere fitted to the hu-
meral head and center of the concavity at the distal 
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aspect of the humerus (to determine the craniocau-
dal mechanical axis); most cranioproximal aspect of 
the greater tubercle and caudodistal aspect of the hu-
meral head (to measure the mCaPHA); most cranio-
proximal aspect of the greater tubercle to center of 
the shaft at 20% of humeral length (to measure tuber-
cle inclination); center of the sphere fitted to the hu-
meral head and center of the proximal portion of the 
shaft at 20% of humeral length (to measure humeral 
head inclination); centers of the ellipses at 20%, 30%, 
and 40% of humeral length (to measure metaphyseal 
curvature); center of the ellipses at 30%, 40%, and 
50% of humeral length (to measure diaphyseal cur-
vature at the proximal portion of the humerus); most 
caudodistal aspect of the medial condyle to center of 
the lateral edge of the cylinder fitted to the humeral 
condyle (to measure the mCrDHA); and most distal 
points on the medial and lateral aspects of the hu-
meral condyle (to calculate mLDHA). Datum planes 
were created to measure humeral head and greater 
tubercle version, which included a plane containing 

the medial and lateral epicondyle datum points and 
anatomic axis, a plane containing the anatomic axis 
and center of the humeral head sphere datum point, 
and a plane containing the anatomic axis and most 
proximal point on the greater tubercle datum point. 
To measure version, the humerus was viewed from its 
proximal aspect along the anatomic axis (Figure 2). 
The plane containing the medial and lateral epicon-
dyles was the baseline plane, with the medial epicon-
dyle as the 0° reference and lateral epicondyle as the 
± 180° reference. By use of the planes created, head 
version was the angle formed by the humeral head 
and epicondyle planes, and tubercle version was the 
angle formed by the greater tubercle and epicondyle 
planes (planes were viewed as lines to determine ver-
sion). Landmarks cranial to the epicondyle plane had 
positive values for version, and landmarks caudal to 
the epicondyle plane had negative values. Humeral 
head offset (distance from center of the sphere fitted 
to the humeral head to the anatomic axis), inclina-
tion (2-D angle formed by the anatomic axis and the 

line joining the center of the sphere 
fitted to the humeral head and a point 
at 20% of humeral length on the ana-
tomic axis), version (2-D angle from 
the medial aspect of the shaft), greater 
tubercle offset (distance from the most 
proximal aspect of the tubercle to the 
anatomic axis), inclination (2-D angle 
formed by the anatomic axis and the 
line joining the most proximal aspect 
of the tubercle and a point at 20% of 
humeral length on the anatomic axis), 
version (2-D angle from the lateral as-
pect of the shaft), mLDHA (2-D angle), 
mCaPHA (2-D angle), mCrDHA (2-D an-
gle),13 torsion of the proximal portion 
of the humerus (2-D angle between el-
lipse axes at 8% and 20% of humeral 
length), diaphyseal torsion (2-D angle 
between ellipse axes at 20% and 75% 
of humeral length), and torsion of the 
distal portion of the humerus (2-D an-
gle between the ellipse axis at 75% of 
humeral length and the condyle line 
at 92% of humeral length) were mea-
sured by use of the additive manufac-
turing modeling software program.

Data analysis
Measurements for a subset of 

dogs (n = 38) from a previous radio-
graphic study14 that were nonchon-
drodystrophic and weighed > 20 kg 
were obtained and used to compare 
mechanical and humeral shaft curva-
ture angles. Humeral shaft curvature 
was measured from 20% to 40%, 30% 
to 50%, and 20% to 50% of humeral 
length. Mean ± SD values for mLD-

Figure 1—Medial (A and B) and caudal (C) views of drawings of a canine humer-
us indicating 3-D measurements that were obtained. Measurements included the 
mCaPHA (1); cortical thickness on the cranial, lateral, caudal, and medial cortices 
at 20% (2a), 30% (2b), 40% (2c), and 50% (2d) of humeral length; curvature from 
20% to 30% of humeral length to 30% to 40% of humeral length (3a), from 30% 
to 40% of humeral length to 40% to 50% of humeral length (3b), and from 20% to 
30% of humeral length to 40% to 50% of humeral length (sum of the 2 previous 
curvatures); mCrDHA (4); humeral head offset (5); humeral head version (not 
shown); humeral head inclination angle to 20% of humeral length (6); cranio-
caudal and mediolateral CFI (ratio of endosteal width at 20% of humeral length 
[7a] to endosteal width at 50% of humeral length [7b]); greater tubercle offset 
(8; measured in relation to the anatomic axis [white line]); greater tubercle ver-
sion (not shown); greater tubercle angle to 20% of humeral length (9; measured 
in relation to the anatomic axis); and mLDHA (10; measured in relation to the 
mechanical axis [black line]).
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HA, mCaPHA, mCrDHA, and craniocaudal CFI were  
calculated.

Measurements of cortical thickness, humeral 
head radius of curvature, humeral head offset, great-
er tubercle offset, and glenoid cavity radius of cur-
vature were indexed by dividing the values by body 
weight0.33 to control for size.17 Body weight; humeral 
length; torsion at the proximal, diaphyseal, and dis-
tal portions of the humerus; cortical thickness on 
the cranial, caudal, lateral, and medial aspects of the 
shaft at 20%, 30%, 40%, and 50% of humeral length; 

radius, version, and offset of the hu-
meral head; version and offset of the 
greater tubercle; radius of the glenoid 
cavity; glenohumeral conformity in-
dex (calculated as radius of curvature 
of the humeral head/radius of curva-
ture of the glenoid cavity)18; mLDHA;  
mCaPHA; mCrDHA13; shaft curva-
ture at the proximal metaphysis of 
the humerus; shaft curvature at the 
proximal portion of the diaphysis of 
the humerus; and shaft curvature at 
the proximal portion of the humerus 
were compared among dogs with low, 
medium, and high CFI by use of an 
ANOVA. A Bonferroni correction was 
used to adjust for multiple testing; val-
ues were considered significant in the 
ANOVA at P < 0.0009. For values that 
differed significantly in the ANOVA, 
mean differences were compared for 
significance at a value of P < 0.05.  
Pearson correlations and paired t tests 
were used to compare shaft curvature 
angles from CT and radiographic mea-
surements. Pearson correlations of 
humeral angulation, humeral torsion, 
craniocaudal CFI, and mediolateral 
CFI with age, body weight, and humer-
al length were calculated. The Pearson 
correlation between craniocaudal CFI 
and mediolateral CFI was calculated. 
Analyses were performed by use of 
statistical analysis software.b

Results
A randomization functiona was 

used to select 40 of the 92 eligible CT 
examinations for analysis. There were 
27 male dogs and 13 female dogs. Mean 
± SD age was 3.9 ± 2.7 years, and mean 
body weight was 35.9 ± 10.7 kg (Table 
1). Thirty-five humeri were from pure-
bred dogs, and 5 were from mixed-breed 
dogs. There were 13, 14, and 13 dogs in 
the low, medium, and high craniocaudal 
CFI groups, respectively. Thirteen Labra-
dor Retrievers were included (4, 4, and 
5 in the low, medium, and high cranio-

caudal CFI groups, respectively). There were 3 Golden 
Retrievers (1 in the low craniocaudal CFI group and 2 
in the medium craniocaudal CFI group). There were 2 
German Shepherd Dogs (1 in the low craniocaudal CFI 
group and 1 in the medium craniocaudal CFI group).

Mean humeral head inclination was 129°, hu-
meral head version was –76° (the humeral head was 
caudal and slightly medial to the anatomic axis), and 
humeral head offset was 19 mm. Humeral head radius 
of curvature, glenoid cavity curvature, and glenohu-
meral conformity index were consistent among dogs 

Figure 2—Three-dimensional drawings of the distal aspect of a canine humerus that 
provide a range for torsion of the humeral shaft (A through C), version of the humeral 
head (D through F), and version of the greater tubercle (G through I). Each bone is 
oriented so that the anatomic axis is viewed as a point, the humeral head center (da-
tum) plane is viewed as a vertical line, and the lateral aspect is on the left. For panels A 
through C, torsion for the proximal portion of the humeral shaft is the angle between 
lines drawn across the minor axes of ellipses at 8% (line 1) and 20% (line 2) of humeral 
length; torsion for the diaphyseal portion of the humeral shaft is the angle between 
line 2 and a line drawn at 75% of humeral length (line 3), and torsion for the distal por-
tion of the humerus is the angle between line 3 and a line drawn on the caudal aspect 
of the humeral condyle at 92% of humeral length (line 4). Overall humeral torsion is 
the angle between lines 1 and 4; humeral torsion is –17.4°, 1.4°, and 18.1° for panels A, 
B, and C, respectively. For panels D through F, version of the humeral head is the angle 
between the humeral head datum plane (line 5) and the epicondyle datum plane (line 
6). Humeral head version is –59.4°, –75.9°, and –94.8° for panels D, E, and F, respec-
tively. For panels G through I, version of the greater tubercle is the angle between the 
greater tubercle datum plane (line 7) and epicondyle datum plane (line 8). Version of 
the greater tubercle is –178.4°, –85.9°, and 177.3° for panels, G, H, and I, respectively.
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(all had coefficients of variation < 14%). Mean inclina-
tion of the greater tubercle was 170°, greater tubercle 
version was –40°, and greater tubercle offset was  
6 mm. The proximal aspect of the greater tubercle 
was always lateral to the anatomic axis but was cau-
dal (26/40 [65%] dogs) or cranial (14/40 [35%] dogs) 
to that axis. Mean shaft curvature was 20°. Shaft 
curvature from 20% to 40% of humeral length was 
significantly (P < 0.0001; ANOVA followed by Bonfer-
roni correction) greater (3.9 ± 3.8° greater) than the 
shaft curvature from 30% to 50% of humeral length. 
Curvatures at 20% to 40% of humeral length and at 
30% to 50% of humeral length did not have a signifi-
cant linear relationship (r = 0.16; P = 0.320). Humeral 
shaft angulation was not significantly correlated with 

body weight (r = 0.14; P = 0.419), humeral length (r = 
–0.05; P = 0.778), or age (r = –0.20; P = 0.237).

Craniocaudal CFI for Labrador Retrievers ranged 
from 1.37 to 2.10 (Figure 3). One Labrador Retriever 
had the lowest CFI, and another Labrador Retriever 
had the highest CFI, among dogs included in the 
study. Craniocaudal CFI was significantly correlated 
with body weight (r = –0.34; P = 0.031) and humeral 
length (r = –0.40; P = 0.012). Craniocaudal CFI and 
age were not significantly correlated for males (r = 
–0.17; P = 0.384), females (r = –0.32; P = 0.279), or 
males and females combined (r = –0.23; P = 0.160). 
Mediolateral CFI was significantly correlated with 
humeral length (r = –0.33; P = 0.040) but not with 
body weight (r = –0.25; P = 0.138) or age (r = –0.08; 

Table 1—Mean ± SD values for age, body weight, and 3-D geometric humeral measurements for 40 skeletally mature nonchon-
drodystrophic dogs. 

	 Low CFI 	 Medium CFI 	 High CFI	 Overall		  Absolute 
Variable	 (n = 13)	 (n = 14)	 (n = 13)	 (n = 40)	 95% CI	 CV (%)

Age (y)	 4.5 ± 3.1	 3.6 ± 2.5	 3.5 ± 2.7	 3.9 ± 2.7	 NA	 71
Body weight (kg)	 40.4 ± 13.0	 36.2 ± 10.4	 31.2 ± 6.5	 35.9 ± 10.7	 NA	 30
Humeral length (mm)	 196.6 ± 21.5	 190.6 ± 16.5	 179.1 ± 15.6	 188.8 ± 19.0	 182.9 to 194.7	 10
Torsion (°)*
  Proximal	 36.6 ± 4.6	 35.7 ± 5.5	 31.2 ± 8.0	 34.5 ± 6.5	 32.5 to 36.5	 19
  Metaphyseal   	 6.4 ± 6.9	 12.6 ± 6.9	 6.8 ± 6.7	 8.7 ± 7.3    	 6.4 to 11.0	 84
  Distal 	 –46.4 ± 7.4	 –45.6 ± 12.4	 –42.0 ± 4.3	 –44.7 ± 8.8	 –47.4 to –42.0	 20 
  Overall	 –3.4 ± 5.2	 2.7 ± 9.2	 –4.0 ± 7.2	 –1.5 ± 7.9	 –3.9 to 1.0	 532

Craniocaudal canal width (mm)
  20% of humeral length	 27.4 ± 4.9	 26.2 ± 4.0	 24.7 ± 5.6	 26.1 ± 4.8	 24.6 to 27.6	 19
  50% of humeral length	 17.8 ± 3.3	 15.1 ± 2.3	 12.7 ± 2.8	 15.2 ± 3.5	 14.1 to 16.3	 23
Craniocaudal CFI 	 1.54 ± 0.09	 1.73 ± 0.06	 1.94 ± 0.07	 1.74 ± 0.18	 1.68 to 1.79	 10

Mediolateral canal width (mm)
 20% of humeral length	 15.1 ± 2.6	 14.3 ± 2.6	 12.3 ± 1.8	 13.9 ± 2.6	 13.1 to 14.7	 19
 50% of humeral length	 12.0 ± 2.3	 10.5 ± 2.3	 8.9 ± 1.9	 10.5 ± 2.5	 9.7 to 11.2	 23
Mediolateral CFI	 1.27 ± 0.12	 1.37 ± 0.11	 1.40 ± 0.15	 1.35 ± 0.14	 1.30 to 1.39	 10

Humeral head
  Radius of curvature (mm)	 14.4 ± 1.7	 13.6 ± 1.9	 13.1 ± 1.8	 13.7 ± 1.8	 13.12 to 14.26	 13
  Indexed radius of curvature	 1.13 ± 0.23 	 1.17 ± 0.21	 1.30 ± 0.24	 1.20 ± 0.23	 1.13 to 1.27	 19
   (mm/kg0.33)†  
  Inclination (°)	 130.4 ± 5.2	 127.7 ± 8.1	 128.7 ± 11.1	 128.9 ± 8.4	 126.3 to 131.5	 6
  Version (°)	 –76.5 ± 9.3	 –77.6 ± 11.4	 –73.4 ± 7.9	 –75.9 ± 9.6	 –78.9 to –72.9	 13
  Offset (mm)	 20.4 ± 4.2	 19.4 ± 3.1	 18.4 ± 3.4	 19.4 ± 3.6	 18.3 to 20.5	 18
  Indexed offset (mm/kg0.33)†	 1.60 ± 0.39  	 1.69 ± 0.39	 1.80 ± 0.30	 1.70 ± 0.37	 1.59 to 1.81	 21

Greater tubercle
  Inclination (°)	 170.6 ± 3.7	 170.2 ±  6.0	 170.3 ± 3.9	 170.4 ± 4.6	 169.0 to 171.8	 3
  Version (°)	 –54.1 ± 147.0	 –43.3 ± 153.2	 –21.6 ± 154.7	 –39.8 ± 148.4	 –85.7 to 6.2	 373
  Offset (mm)	 6.5 ± 2.8	 5.9 ± 3.0	 5.4 ± 2.3	 5.9 ± 2.7	 5.1 to 6.8	 45
  Indexed offset (mm/kg0.33)†	 0.49 ± 0.14  	 0.50 ± 0.20	 0.55 ± 0.27	 0.51 ± 0.20	 0.45 to 0.57	 40
    
Shaft curvature (°)
  20% to 40% of humeral length	 12.8 ± 3.8   	 11.6 ± 2.1	 12.2 ± 4.3	 12.2 ± 3.5	 11.1 to 13.2	 28
  30% to 50% of humeral length	 8.0 ± 2.1    	 8.5 ± 2.0	 8.2 ± 2.5	 8.2 ± 2.2	 7.6 to 8.9	 26
  20% to 50% of humeral length	 20.8 ± 4.6   	 20.1 ± 2.3	 20.4 ± 5.9	 20.4 ± 4.4	 19.0 to 21.8	 21

mCaPHA (°)	 49.0 ± 3.9	 50.3 ± 3.5	 51.2 ± 5.9	 50.2 ± 4.5	 48.8 to 51.6	 9
mCrDHA (°)	 73.9 ± 9.5	 71.5 ± 5.5	 73.2 ± 8.5	 72.9 ± 7.8	 70.4 to 75.3	 11
mLDHA (°)	 88.7 ± 3.8	 88.7 ± 4.2	 90.4 ± 3.5	 90.0 ± 3.6	 88.3 to 90.6	 4

Glenoid cavity
  Radius of curvature (mm)	 19.5 ± 2.2	 18.0 ± 1.7	 17.6 ± 2.8	 18.4 ± 2.3	 17.6 to 19.1	 13
  Indexed radius of curvature	 1.55 ± 0.36   	 1.57 ± 0.31   	 1.73 ± 0.25	 1.61 ± 0.31	 1.52 to 1.71	 19
   (mm/kg0.33)†
Glenohumeral conformity index	 0.73 ± 0.05	 0.75 ± 0.07	 0.75 ± 0.07	 0.75 ± 0.06	 0.73 to 0.76	 8

The CFI was classified as follows: high (CFI > 1.83), medium (1.64 ≤ CFI ≤ 1.83), and low (CFI < 1.64). 
*For torsion, proximal represents the proximal portion of the humerus (8% to 20% of humeral length), diaphyseal represents the diaphyseal portion of the humerus 

(20% to 75% of humeral length), distal represents the distal portion of the humerus (75% to 92% of humeral length), and overall represents 8% to 92% of humeral length. 
†Values were indexed on the basis of body weight0.33.

CI = Confidence interval. CV = Coefficient of variation. NA = Not applicable.
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P = 0.637). Craniocaudal and mediolateral CFI were 
significantly correlated (r = 0.38; P = 0.018). Humeral 
torsion was not significantly correlated with body 
weight (r = 0.23; P = 0.168), humeral length (r = 0.13; 
P = 0.439), or age (r = 0.22; P = 0.194).

Cranial cortical thickness at 30% of humeral 
length was significantly greater for dogs with high 
craniocaudal CFI than low craniocaudal CFI (P = 
0.0007; ANOVA followed by Bonferroni correction) 
but not medium craniocaudal CFI (P = 0.007; ANOVA 
followed by Bonferroni correction) and did not differ 
significantly (P = 0.641) between dogs with medium 
and low craniocaudal CFI (Table 2). Medial cortical 
thickness at 30% of humeral length was significant-
ly greater for dogs with high craniocaudal CFI than 
low craniocaudal CFI (P = 0.0004; ANOVA followed 
by Bonferroni correction) but not medium cranio-
caudal CFI (P = 0.025; ANOVA followed by Bonfer-
roni correction) and did not differ significantly (P = 
0.277) between dogs with medium and low cranio-
caudal CFI. Cranial cortical thickness at 40% of hu-
meral length was significantly greater for dogs with 
high craniocaudal CFI than low craniocaudal CFI (P 
< 0.0001; ANOVA followed by Bonferroni correction) 
but not medium craniocaudal CFI (P = 0.001; ANOVA 
followed by Bonferroni correction) and did not differ 
significantly (P = 0.545) between dogs with medium 
and low craniocaudal CFI. Medial cortical thickness 
at 40% of humeral length was significantly greater 
in dogs with high craniocaudal CFI than low cra-
niocaudal CFI (P = 0.0005; ANOVA followed by Bon-
ferroni correction) but did not differ between dogs 

with high and medium craniocaudal CFI (P = 0.115) 
or medium and low CFI (P = 0.058). Medial cortical 
thickness at 50% of humeral length was significantly 
greater in dogs with high craniocaudal CFI than low 
craniocaudal CFI (P = 0.0005; ANOVA followed by 
Bonferroni correction) but not medium craniocaudal 
CFI (P = 0.039; ANOVA followed by Bonferroni cor-
rection) and did not differ significantly (P = 0.212) 
between dogs with medium and low craniocaudal 
CFI. Body weight; humeral length; radius of curva-
ture of the glenoid cavity; radius of curvature, ver-
sion, and offset of the humeral head; glenohumeral 
conformity; version and offset of the greater tuber-
cle; humeral torsion (proximal, diaphyseal, and distal 
portions of the humerus); humeral shaft angulation 
(proximal metaphysis, proximal portion of the diaph-
ysis, and overall); mLDHA; mCaPHA; and mCrDHA 
did not differ significantly (P ranged from 0.0386 to 
0.9225; ANOVA followed by Bonferroni correction) 
among groups with various CFIs. Cranial, caudal, lat-
eral, and medial cortical thickness at 20% of humeral 
length; caudal and lateral cortical thickness at 30% of 
humeral length; caudal and lateral cortical thickness 
at 40% of humeral length; and cranial, caudal, and 
lateral cortical thickness at 50% of humeral length 
did not differ significantly (P ranged from 0.0017 to 
0.0783; ANOVA followed by Bonferroni correction) 
among groups with various CFIs.

The 38 dogs that were used for radiographic 
measurements had a mean ± SD body weight of 
32.3 ± 8.7 kg and were 8.5 ± 3.7 years old. Mean 
radiographic craniocaudal CFI index was 1.99 ± 
0.22, mean shaft curvature from 20% to 40% of 
humeral length was 7.8 ± 4.2°, mean shaft curva-
ture from 30% to 50% of humeral length was 8.0 
± 4.5°, mean shaft curvature from 20% to 50% of 
humeral length was 15.8 ± 5.6°, mean mCaPHA 
was 49.3 ± 4.9°, mean mCrDHA was 70.0 ± 5.6°, 
and mean mLDHA was 90.2 ± 3.7°. Craniocaudal 
CFI measured on radiographs was significantly (P < 
0.0001; ANOVA followed by Bonferroni correction) 
greater (0.25 greater) than the craniocaudal CFI 
measured on CT images. Shaft curvature from 20% 
to 40% of humeral length was significantly (P < 
0.0001; ANOVA followed by Bonferroni correction) 
less (4.4° less) for radiographic measurements than 
for CT measurements. Shaft curvature from 30% 
to 50% of humeral length was less (0.2° less) for 
radiographic measurements than for CT measure-
ments, but these values did not differ significantly 
(P = 0.805). Shaft curvature from 20% to 50% of hu-
meral length was significantly (P < 0.0001; ANOVA 
followed by Bonferroni correction) less (4.6° less) 
for radiographic measurements than for CT mea-
surements. The 95% confidence intervals for shaft 
curvature for radiographic and CT measurements 
were 14° to 17.6° and 19.0° to 21.8°, respectively. 
Radiographic and CT measurements of mLDHA, 
mCaPHA, and mCrDHA did not differ significantly 
(P = 0.368, 0.429, and 0.066, respectively).

Figure 3—Semitransparent 3-D drawings of a humerus from 
a 10-year-old Alaskan Malamute (A), 1-year-old Labrador Re-
triever (B), and 1-year-old Siberian Husky (C). The Alaskan 
Malamute had a stovepipe humerus with a low craniocaudal 
CFI of 1.39 and curvature of the shaft from 20% to 50% of 
humeral length of 11.6°. The Labrador Retriever had a hu-
merus with a medium craniocaudal CFI of 1.73 and curvature 
of the shaft from 20% to 50% of humeral length of 26.4°. The 
Siberian Husky had a champagne-fluted humerus with a high 
craniocaudal CFI of 2.02 and curvature of the shaft from 20% 
to 50% of humeral length of 9.6°. Notice that the magnifica-
tion differs among bones. Bar = 20 mm.
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Discussion
In the present study, the 3-D geometry of the 

canine humerus was evaluated for a group of skel-
etally mature nonchondrodystrophic dogs with the 
intent of gathering information for use in the design 
of a prosthetic stem. Although stemless total shoul-
der joint arthroplasty is emerging for use in humans 
and has been used in 1 dog,19,20 most shoulder joint 
arthroplasties involve the use of a stem introduced 
in the humeral medullary canal. Because a more ana-
tomic reconstruction of the shoulder joint after total 
shoulder joint replacement in humans is associated 
with improved outcomes,21–23 it was logical to gather 
information about the geometric variability of the 
canine humerus before designing a prosthetic stem. 
Humeral geometries of dogs with differing humeral 
CFI were compared to determine whether specific 
geometric patterns were associated with low or high 
CFI (as has been suggested for the femur, whereby 
large femurs have a low CFI and thin cortices24,e). The 
CT measurements were compared with radiographic 
measurements collected from another group of dogs 

to evaluate whether radiographic and CT assessments 
of humeral geometry would be interchangeable.

Position (inclination, version, and offset) of the 
humeral head in relation to the anatomic axis was 
consistent among dogs and was not influenced by CFI. 
Humeral head retroversion was 76°, which indicated 
that the humeral head was predominantly caudal and 
slightly medial to the mechanical axis of the femur. 
Version was variable, with a range of approximately 
40°. By comparison, mean humeral retroversion in 
humans ranges from 13° to 21°.1,7,18,25–27 Retroversion 
of the humeral head in humans is also variable, with 
a range of approximately 55°.7,28 For the canine femur, 
mean anteversion was 20° and 30°, with a range of 
approximately 20°, for studies29,30 that involved the 
use of CT reconstructions. Mean humeral head incli-
nation was 130° in the present study. By comparison, 
mean humeral head inclination in humans ranges 
from 130° to 141°.1,7,18,25 Prosthetic stem inclination 
for total shoulder joint implants of humans generally 
ranges from 125° to 155°.31–33 Inclination of humeral 
prosthetic stems for humans can be fixed,34,35 modu-

Table 2—Mean ± SD values for cortical thickness and indexed* cortical thickness of the humerus of 40 skeletally mature nonchondrodystrophic 
dogs grouped on the basis of craniocaudal CFI.
Variable 	 Low CFI (n = 13) 	 Medium CFI (n = 14) 	 High CFI (n = 13)	 Overall (n = 40)

20% of humeral length 
  Cranial aspect (mm)	 1.7 ± 0.5	 1.7 ± 1.1	 1.8 ± 0.4	 1.7 ± 0.7
  Cranial aspect, indexed (mm/kg0.33)	 0.14 ± 0.06	 0.14 ± 0.04	 0.19 ± 0.07	 0.15 ± 0.06
  Caudal aspect (mm)	 1.4 ± 0.4	 2.1 ± 0.9	 2.1 ± 0.7	 1.9 ± 0.8
  Caudal aspect, indexed (mm/kg0.33)	 0.11 ± 0.03	 0.18 ± 0.08	 0.20 ± 0.05	 0.16 ± 0.07
  Lateral aspect (mm)	 1.8 ± 0.5	 1.8 ± 0.3	 2.1 ± 0.5	 1.9 ± 0.4
  Lateral aspect, indexed (mm/kg0.33)	 0.15 ± 0.06	 0.16 ± 0.05	 0.21 ± 0.06	 0.17 ± 0.06
  Medial aspect (mm)	 2.1 ± 0.6	 1.9 ± 0.5	 2.1 ± 0.4	 2.0 ± 0.5
  Medial aspect, indexed (mm/kg0.33)	 0.16 ± 0.03	 0.16 ± 0.04	 0.21 ± 0.05	 0.18 ± 0.05

30% of humeral length
  Cranial aspect (mm)	 2.2 ± 0.7	 2.3 ± 0.6	 2.9 ± 0.7	 2.5 ± 0.7
  Cranial aspect, indexed (mm/kg0.33)	 0.18 ± 0.05a	 0.20 ± 0.06ab	 0.29 ± 0.10b	 0.22 ± 0.09
  Caudal aspect (mm)	 2.3 ± 0.6	 2.7 ± 0.8	 2.8 ± 0.7	 2.6 ± 0.7
  Caudal aspect, indexed (mm/kg0.33)	 0.18 ± 0.04	 0.24 ± 0.08	 0.27 ± 0.06	 0.23 ± 0.07
  Lateral aspect (mm)	 2.0 ± 0.4	 2.4 ± 0.6	 2.4 ±  0.5	 2.3 ± 0.6
  Lateral aspect, indexed (mm/kg0.33)	 0.17 ± 0.06	 0.21 ± 0.08	 0.24 ± 0.07	 0.21 ± 0.07
  Medial aspect (mm)	 2.1 ± 0.6	 2.2 ± 0.5	 2.5 ± 0.5	 2.3 ±  0.6
  Medial aspect, indexed (mm/kg0.33)	 0.16 ± 0.04a	 0.19 ± 0.07ab	 0.25 ± 0.05b	 0.20 ± 0.06

40% of humeral length
  Cranial aspect (mm)	 2.8 ± 0.6	 2.9 ± 0.9	 3.5 ± 0.9	 3.1 ± 0.9
  Cranial aspect, indexed (mm/kg0.33)	 0.22 ± 0.06a	 0.25 ± 0.05ab	 0.35 ± 0.09b	 0.27 ± 0.09
  Caudal aspect (mm)	 3.2 ± 0.7	 2.9 ± 0.6	 3.2 ± 0.7	 3.1 ± 0.7
  Caudal aspect, indexed (mm/kg0.33)	 0.25 ± 0.06	 0.26 ± 0.08	 0.31 ± 0.06	 0.27 ± 0.07
  Lateral aspect (mm)	 2.3 ± 0.4	 2.5 ± 0.5	 2.5 ± 0.2	 2.4 ± 0.4
  Lateral aspect, indexed (mm/kg0.33)	 0.18 ± 0.05	 0.22 ± 0.06	 0.25 ± 0.06	 0.21 ± 0.06
  Medial aspect (mm)	 2.1 ± 0.4	 2.5 ± 0.8	 2.6 ± 0.4	 2.4 ± 0.6
  Medial aspect, indexed (mm/kg0.33)	 0.16 ± 0.04a	 0.21 ± 0.06ab	 0.26 ± 0.06b	 0.21 ± 0.07

50% of humeral length
  Cranial aspect (mm)	 3.0 ± 0.4	 3.2 ± 1.1	 3.4 ± 0.5	 3.2 ± 0.7
  Cranial aspect, indexed (mm/kg0.33)	 0.24 ± 0.07	 0.27 ± 0.08	 0.34 ± 0.09	 0.28 ± 0.09
  Caudal aspect (mm)	 3.2 ± 0.6	 3.1 ± 0.5	 3.3 ± 0.6	 3.2 ± 0.6
  Caudal aspect, indexed (mm/kg0.33)	 0.25 ± 0.07	 0.27 ± 0.06	 0.32 ± 0.07	 0.28 ± 0.07
  Lateral aspect (mm)	 2.7 ± 0.5	 2.7 ± 0.5	 2.8 ± 0.3	 2.7 ± 0.4
  Lateral aspect, indexed (mm/kg0.33)	 0.21 ± 0.05	 0.24 ± 0.06	 0.28 ± 0.06	 0.24 ± 0.06
  Medial aspect (mm)	 2.5 ± 0.4	 2.7 ± 0.5	 3.0 ± 0.4	 2.7 ± 0.5
  Medial aspect, indexed (mm/kg0.33)	 0.20 ± 0.06a	 0.23 ± 0.06ab	 0.29 ± 0.06b	 0.24 ± 0.07

*Values were indexed on the basis of body weight0.33.
a,bWithin a row, values with different superscript letters differ significantly (P < 0.05).
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lar through the use of a range of humeral heads,31 or 
fully adjustable during surgery.28,33,35,f Mean femoral 
head inclination of dogs was 128° in a study30 that 
involved the use of CT reconstruction. For commer-
cially available total hip joint stems, inclination is 
135° for 2 stems from one manufacturerg,h and 145° 
for 1 stem from another manufacturer.i The influence 
of prosthetic geometry on prosthetic range of motion 
and impingement has been discussed extensively for 
replacement of hip and shoulder joints of humans36,37 
and is an emerging topic for hip joint replacement in 
dogs.38 Mean humeral head offset in the present study 
was 19 mm. By comparison, mean humeral head off-
set in humans ranges from 6 to 10 mm.7,18,25,39 Pros-
thetic humeral head offset generally is 3 to 4 mm.28,35 
Mean femoral head offset was 16 mm for mixed-breed 
dogs of one study40 and 20 mm for Greyhounds of 
another study.41 Prosthetic femoral head offset rang-
es from 11.3 to 34.3 mm for cemented prosthetic 
hip stemsg and from 12.7 to 30.1 mm for cementless 
prosthetic hip joint stemsh from one manufacturer 
and from 14.6 to 20.4 mm for cementless prosthetic 
hip joint stems from another manufacturer,i as deter-
mined on the basis of stem and head size.

For the greater tubercle in the present study, 
mean inclination was 170°, mean retroversion was 
40°, and mean offset was 6 mm. The range for greater 
tubercle version was wide (90°) because although the 
greater tubercle was lateral to the anatomic axis in all 
dogs, it was caudal to the axis in two-thirds of the 
dogs and cranial to the axis in one-third of the dogs. 
That variability relative to the anatomic axis most 
likely resulted from differences in the shape of the 
greater tubercle (whereby the proximal aspect of the 
greater tubercle can be more or less cranial on the 
trochanter) and from differences in shaft curvature. 
Curvature range was approximately 20°. Increased 
curvature for the proximal metaphysis increased the 
likelihood that the greater tubercle would be caudal 
to the anatomic axis. Canal flare index did not influ-
ence the position of the greater tubercle. The shape 
and position of long-bone apophyses relative to ana-
tomic axes of those long bones has rarely been as-
sessed by use of 3-D modeling for dogs or humans. 
In 1 report42 of 7 humans, anteversion of the greater 
trochanter also ranged widely (from 17° to 73°). The 
wide range in version of apophyses suggests that 
further research is warranted to characterize the 
shape and position of long-bone apophyses because 
their position may interfere with the insertion of 
prosthetic components (ie, greater trochanter) and 
could be linked with pathological changes of ten-
dons (ie, supraspinatus insertionopathy or iliopsoas  
tendinopathy).

The radii of curvature for the humeral head and 
glenoid cavity were consistent among dogs and rel-
ative to each other (radius of curvature for the hu-
meral head was approximately 75% of the radius of 
curvature for the glenoid cavity). By comparison, that 
ratio in humans is 56%43 or 63%.18 In humans, shoul-

der joint luxation has been associated with increases 
in the craniocaudal and mediolateral radius of cur-
vature of the humeral head.43 It is unclear whether 
shoulder joint diseases in dogs are associated with 
abnormal curvature of the humeral head or glenoid 
cavity. A potential decrease in the glenoid cavity cur-
vature in a dog with osteochondritis dissecans of the 
glenoid cavity has been reported.44

Mean craniocaudal curvature of the humeral 
shaft was approximately 20° in the present study. 
That curvature was not uniform because curvature 
of the proximal metaphysis (approx 12°) was ap-
proximately 1.5 times as great as the curvature of the 
proximal portion of the diaphysis (8°). Therefore, we 
rejected the hypothesis that curvature of the proxi-
mal portion of the humeral shaft was uniform. Non-
uniform curvature complicates insertion of a curved 
prosthetic stem because curved broaches and stems 
need to follow a uniformly curved track to maintain 
contact with endosteal surfaces.45 The study reported 
here evaluated curvature of the proximal half of the 
humerus because the focus of the study was total 
shoulder joint replacement. There is also curvature 
in the distal metaphysis of the humerus. Subjectively, 
curvature of the distal portion of the humerus is less 
than the curvature of the proximal portion of the hu-
merus. The humeral shaft of humans has anterior cur-
vature. In 1 report,46 anterior curvature of the shaft 
of humans was 9 ± 3° and originated in the distal 
metaphysis. In humans, femoral curvature is associ-
ated with bone size because longer femurs have less 
curvature than do shorter femurs.47 A similar associa-
tion was not identified in the present study. Maximal 
curvature of the canine femur originates in the distal 
metaphysis and is located caudally.41,48 Mean overall 
torsion of the humeral shaft in the present study was 
small (1.5° of internal torsion), with a range of 37°. 
There was a similar range of 36° for humeral torsions 
of humans in 1 study.26

Mean craniocaudal CFI (1.74) for dogs of the pres-
ent study was less than that for the humerus of hu-
mans (2.8).18 Craniocaudal CFI was lower in heavier 
dogs and for longer humeri. The coefficient of varia-
tion was 10% for both mediolateral and craniocaudal 
CFI. By comparison, the coefficient of variation for  
mediolateral CFI in the canine femur was 5% (11 fe-
murs with a fracture) and 2% (73 femurs without a 
fracture) in dogs undergoing total hip joint replace-
ment24 and was 13% in a study49 that included 24 dogs 
of various breeds.This suggests that canal flare is likely 
similar in the canine humerus and femur. An associa-
tion between shaft curvature and CFI was not identi-
fied in the present study. Therefore, we rejected the 
hypothesis that a large CFI was associated with large 
values for shaft curvature.

In the present study, humeral CFI was not influ-
enced by age. Femoral canal flare in humans decreas-
es as age increases.50,51 However, femoral canal CFI 
was not influenced by age for 42 Greyhounds41 and 
for 26 dogs of various breeds.e Femoral canal flare in-
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fluences the stability of cementless stems and the risk 
of fracture after cementless hip joint replacement in 
dogs. In 1 in vitro study,15 stems implanted in femurs 
with a low CFI were 6 times as likely to subside (ie, 
migrate down the femoral shaft) under load as stems 
implanted in femurs with a normal CFI and 72 times 
as likely to subside as stems implanted in femurs with 
a high CFI. In another study24 of cementless total hip 
joint replacement, dogs with postoperative femoral 
fractures had a mean mediolateral CFI of 1.80, com-
pared with 1.98 for dogs without fractures.

Radiographic and CT measurements of angles that 
defined the mediolateral and craniocaudal orientation 
of epiphyses relative to the diaphysis did not differ. 
However, radiographic measurements of craniocaudal 
curvature were less than CT measurements. Therefore, 
we rejected the hypothesis that CT and radiographic 
measurements of humeral shaft angulation did not dif-
fer. That difference in angulation could have been at-
tributable to the fact that bones were precisely oriented 
for CT measurement but radiographs were potentially 
acquired while the humerus was internally or exter-
nally rotated from a true mediolateral view, which 
would decrease the apparent curvature. Alternatively, 
the difference could have been the result of a disparity 
between the dogs evaluated radiographically and by use 
of CT. Further assessment of the relationship between 
radiographic and 3-D measurements of curvature will 
require comparison of radiographs and CT images ob-
tained from the same dogs and will be helpful for as-
sessing the accuracy of radiographs for use in surgical 
planning. In the present study, radiographic craniocau-
dal CFI measurements were 13% less than CFI measure-
ments for CT images. Similarly, radiographic medio-
lateral CFI measurements obtained for radiographs of 
300 human femurs were 12% less than mediolateral CFI 
measurements obtained for CT images of the same fe-
murs (3.81 ± 0.83 vs 4.32 ± 1.05, respectively).5

The 3-D geometry of the humerus of dogs was 
evaluated in the study reported here. Humeri had a non-
uniform curvature that was greater in the proximal me-
taphysis than in the proximal portion of the diaphysis. 
Humeral head retroversion was comparable to femoral 
head anteversion, humeral head inclination was compa-
rable to femoral head inclination, and craniocaudal hu-
meral CFI was comparable to mediolateral femoral CFI, 
which suggested that a prosthetic stem for total shoul-
der joint replacement could have a shape comparable to 
that of prosthetic stems for total hip joint replacement. 
Radiographic and CT measurements of CFI and curva-
ture did not appear to be interchangeable.
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