
ABSTRACT 

SMITH, EMILY JANE. Geometrical Assessment of the Canine Humerus. (Under the 

direction of Ola Lars Harrysson and Denis Marcellin). 

 

In the United States, no shoulder hemi- or total arthroplasty solutions are currently 

available for dogs with severe shoulder joint problems that need joint replacement. This 

leaves dogs who are in severe shoulder pain due very few options to manage the pain other 

than joint fusion or amputation. The overall goal of this project was to investigate the 

geometry of the humerus in dogs to aid in the design of the humeral portion of a total 

shoulder arthroplasty. 

Assessing the geometry of the canine humerus in dogs using radiography and 

assessing the influence of chondrodystrophy and non-chondrodystrophic brachycephaly on 

humeral geometry was the first step. We hypothesized that humeral curvature is larger in 

chondrodystrophic dogs (CD) than in brachycephalic dogs (BD) and non-chondrydystrophic 

dogs (NCD). It was also hypothesized that CD have increased canal flare, increased ratios of 

radius of curvature of the humeral head / length, and increased ratios of humeral width / 

length compared to NCD. We found that bone proportions and curvature in CD differ from 

BD and NCD. Differences are minor and unlikely to have clinical significance. 

We then wanted to investigate whether having a low or high humeral CFI is 

associated with specific humeral geometric features, whether curvature of the proximal 

portion of the humerus assessed in 3D renderings is uniform, and whether the geometry of 

the humerus assessed in 3D renderings is similar to the geometry of the humerus assessed on 

radiographs. We hypothesized that high canal flare is associated with specific geometric 

features such as having increased shaft curvature, that humeral shaft curvature is uniform, 

and that measurements collected on 3D renderings and radiographic measurements do not 



differ. We found that CT-based 3D reconstructions allow the assessment of shaft angulation, 

torsion, and CFI. CT and radiographic measurements of shaft curvature and CFI may differ. 

Overall, these two studies laid a solid foundation for future canine humeral stem designs as 

understanding the geometry of the humerus is key in developing an implant.  
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1. INTRODUCTION AND LITERATURE REVIEW 

 

In the U.S., no shoulder hemi- or total arthroplasty solutions are currently available for dogs 

with severe shoulder joint problems that need joint replacement. Also, no commercial canine 

shoulder replacement system is offered worldwide.11,12 This leaves dogs who are in severe 

pain due to osteoarthritis (OA) and other shoulder disorders with very few options to manage 

the pain other than joint fusion or amputation since the joint cannot be replaced like joints 

such as the hip and knee.12-15  

 

Total shoulder arthroplasties (TSAs) have clinically been available for humans since the 

1970s, but no published literature currently exists on TSA for dogs.11,12 As with humans, 

TSAs would be a last resort to physical therapy and minimally invasive procedures, such as 

arthroscopic cartilage removal, to help relieve shoulder pain.16,17 To develop a canine total 

shoulder replacement, canine anatomy and biomechanics as well as previously used implant 

materials and design processes should be better understood. The goal of this project was to 

investigate the geometry of the humerus in dogs to aid in the design of the humeral portion of 

a TSA. 

 

1.1 Human versus canine shoulder motion 

 The function and motion of the human and canine shoulder joints are dramatically different. 

Humans are bipeds, standing erect on their pelvic limbs, while dogs are quadrupeds standing 
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on four limbs. Because dogs stand on four limbs with their center of gravity located near the 

forelimbs, they bear almost twice as much weight on their forelimbs compared to their 

hindlimbs.15,18 The motion of the shoulder joint is more limited in dogs compared to people, 

especially in abduction, as seen in the table below.  

 

Table 1- Shoulder range of motion in dogs vs. humans 

 Dog Human 

Flexion 57±2 º19 178.7±3.5 º20 

Extension 165±2 º19 83.2±11.2 º20 

Abduction 32.6±2.0 º21 194.6±16.5 º20 
Note: The scales used to measure motion are reversed in humans and dogs and the landmarks used to determine 

joint angles vary in humans and dogs. 

 

The canine shoulder is a mobile joint with its scapular portion, the glenoid, covering a 

relatively small portion of the humeral head. The humeral head is stabilized by the medial 

glenohumeral ligament, lateral glenohumeral ligament, the joint capsule, and four muscles: 

supraspinatus, infraspinatus, teres minor, and subscapularis.13,15,22,23 Sidaway et al. 

determined the tendon of origin of the biceps brachii muscle also plays a role in passive 

stabilization of the shoulder in the neutral position, that the medial glenohumeral ligament is 

crucial (transection results in lateral luxation), and that the infraspinatus muscle tendon has a 

minimal role in passive support.23 The angle of the canine shoulder joint and the curvature of 

the proximal end of the humerus also add to the complex nature of recreating this joint in a 

total arthroplasty as forces from the shoulder are dissipated through the humerus to the elbow 
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to the ulna and radius to the carpus, etc.18,24 To understand canine humeral anatomy for the 

purposes of developing a total shoulder joint replacement, to improve limb-sparing 

procedures, and to understand and manage humeral deformities, a process to measure 

quantitatively an individual patient’s humerus is needed. This topic is further discussed in the 

humeral geometry and morphology section.  

 

The canine shoulder’s biomechanics have not been studied as thoroughly as other joints such 

as the hip and stifle (knee), but several studies have looked at the shoulder as part of thoracic 

limb studies.18,24,25 Nielsen et al. found that the peak vertical intersegmental force in canine 

shoulders is 57.2 ± 4.9% of the dog’s total body weight during 2D kinematic gait analysis of 

dogs while walking but did not place markers on the shoulder to measure joint angles.18 Even 

though studies examined canine gait through 2D kinematic analysis, a gap exists in the 

literature in respect to a full biomechanical analysis of the canine shoulder joint, especially 

how the humeral head moves within the glenoid.26 

 

1.2 Shoulder disorders 

Several shoulder disorders and causes of canine forelimb lameness exist, including: 

osteoarthritis, degenerative joint disease, osteochondritis dissecans (OCD), medial 

glenohumeral ligament problems, tendonitis (specifically the tendons of the biceps and 

supraspinatus muscles), bursitis, and muscle strain.13-15 Because the canine shoulder is so 

mobile, joint instability is common.23  Forelimb lameness and shoulder instability are often 
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multifactorial, so diagnosing the exact cause of a shoulder problem can be difficult.13 OA in 

humans is a leading cause of total joint replacement and is thought to be one of the major 

problems in canine joints, as well, with an estimated 20% of dogs having OA.13,27,28 The most 

common shoulder problem in dogs is osteoarthritis that may be idiopathic, genetic, or may be 

secondary to OCD, tenosynovitis, sprains of the collateral ligaments, or strains of the 

periarticular tendons (i.e., teres major).13,15,16,29,30 Another potential source of OA in dogs is 

incomplete ossification of the caudal aspect of the glenoid, where an osteochondral fragment 

is not united to the glenoid.14,31 Many of the problems listed above can be managed using 

surgery, but severe cases may not benefit.13,14 A hemi- or total joint replacement would 

therefore be beneficial, but as in humans, joint replacement would most likely be a salvage 

option, since it is invasive, complex, and irreversible. 

 

1.3 Osteosarcoma/limb sparing procedures 

Another relatively common problem in dogs is osteosarcoma (OSA), which is a malignant 

tumor of the bone,32-35 with over 8,000 dogs diagnosed with OSA each year.36 The median 

age of dogs affected with OSA is 7 to 9 years, and the proximal region of the humerus is the 

second most common location for OSA tumors in the canine representing 18.5% of all 

OSAs.32 Large breed dogs develop OSA more frequently than all other breed sizes combined: 

large and giant breeds combine for over 80% of all OSA cases in dogs.32,35 Different studies 

show great variability in the median survival time and one-year survival rates of dogs with 

OSA.32,35,37,38 Median survival times range from 126 to 325 days depending on treatment 
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method. One-year survival rates range from 10 to 48% with chemotherapy increasing 

survival by decreasing metastastic disease.32,35,37,38 A study by Kuntz et al. found that 

allograft-based limb salvage surgery was no more successful than limb amputation and a 

more functional outcome is needed.33 A study by Liptak et al. explored the use of 

intraoperative radiation therapy in addition to limb salvage surgery. Two out of the four 

patients in the report with OSA of the proximal aspect of the humerus were alive for > 1,300 

days at the time the article was written, although one of the surviving patients underwent 

amputation due to complications.34 The use of intraoperative radiation therapy similar to the 

procedure used in the Liptak study combined with a customized limb sparing implant might 

provide a better alternative to complete amputation and a better overall success rate, and 

designing such an implant requires a study of canine humeral geometry.  

 

1.4 Humeral geometry and morphology 

Mapping the geometry of the canine humerus lays the groundwork for developing a total 

shoulder arthroplasty, and knowledge of the humerus could also improve limb-sparing 

techniques currently in use. If a standard procedure is developed for analyzing the geometry 

of the canine humerus, future total joint replacement and limb sparing implant designs could 

possibly be customized for specific patients in a shorter amount of time. Based on a search of 

the literature, no study has conducted an analysis of canine humeral geometry for the 

purposes of developing a total shoulder arthroplasty and improving limb-sparing techniques. 

Several studies have looked at humeral or other long bone allometry.6,8,39 A few studies 
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looked at slices along the humerus and they measured cortical bone thickness,6-8 total 

humeral length,5,8 and the length, diameter, or radius of curvature of the humeral head.1-3 One 

study assessed joint angles involving the humerus.4 While all of these studies looked at parts 

of the humerus, a more complete and thorough understanding is needed to develop a 

quantitative analysis of the canine humerus more fully. 

Several of the studies relied on radiographs of the whole bone or of cross sections to gather 

data,2,6-8 while one study used CT scan images to analyze cross-sectional images.39 Sumner et 

al. also used a computer analysis program to analyze radiographic cross-sectional images.8 

Runestad et al. compared the cross-sectional data to data obtained from collecting 

measurements directly from radiographs.40 Using regression statistics, they found r2 values ≥ 

0.99 when comparing the two methods, and they found no biologically significant differences 

from using an asymmetrical vs. symmetrical hollow beam model for the radiographic data.40 

Two other studies used laser scanners to create a 3D topographic image of either the human 

glenoid fossa or the human humeral head.41,42 The latter used NURBS modeling software and 

the method of least squares to create a sphere out of the humeral head to determine the radius 

of curvature.41  

 

To develop a human shoulder replacement, studies measured the radius of curvature of the 

humeral head, its inclination, version, and offset, inclination and version of the greater 

tubercle, humeral length, angles between several humeral axes, the ellipsoid shape of the 

humeral canal, the flexion-extension axis, and the width and height of the capitulum.43-45 The 
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humerus of non-human mammals has been evaluated using 3D evaluation methods in two 

studies,28,46 but the 3D geometry of the canine humerus has not been reported. The list of 

measurements to be used to characterize the humeral geometry both radiographically and in 

3D needs to be thorough and consider implant design needs. A standardized procedure 

should also be developed to limit human error when collecting measurements. 

 

1.5 Previous implant designs as a basis for geometrical analysis decisions 

As mentioned earlier, designing a hemi- or total shoulder arthroplasty for canine patients will 

be challenging due to several factors: weight bearing shoulder joint, humerus curvature, and 

limited knowledge of humeral geometry.12,13,15,22,23 Two short-term studies used human 

shoulder replacement parts in canine models with inconclusive and poor results, as the canine 

shoulder does not behave like the human shoulder joint, especially with respect to weight 

bearing.12,47,48 Therefore, fully understanding the canine humeral geometry is the first step in 

designing a humeral stem implant for dogs. Until then, it is necessary to understand what 

designs have been used in other small animal hemi- or total joint replacements as well as in 

human hemi- or total joint replacements.  

  

One of the fundamental decisions in implant design is whether the implant design should be 

cemented or cementless.11,12,49 Cemented implants are secured in place using 

polymethylmethacrylate, while most cementless implants are held in place by press-fit and 

eventually osseointegration. Both types of implants make use of varied implant coatings, 
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mesh designs, and overall implant design to try and produce the most stable joint 

environment.11,26,49-52 Historically, cemented implants were the most common type used in 

small animal total joint replacement, but since the early 1990s there has been a trend towards 

cementless implants, in part because of the new developments in implant design and 

implantation technique in how to minimize stress shielding and maximize 

osseointegration.11,12,53,54 Femoral stem cementless implants have been around since the 

1970s and were designed to increase the duration of total joint replacements and decrease the 

likelihood of aseptic loosening.26 Press-fit implants were conceived in the 1950s after 

Brånemark began investigating osseointegration in implants.49 Current press-fit implants 

must overcome initial micromotion resulting from loading and fibrous tissue formation 

through the use of variable surface textures (bead, mesh, plasma spray), surface coatings, and 

variable tapered designs.49,53 Another type of cementless femoral stems is the locking screw 

design and screw-in implant.49,55 Aseptic loosening, stress shielding (leading to bone 

remodeling and/or bone loss), infection, and osteolysis are the most common implant 

complications, and new implant designs and technology are being developed to try and 

prevent these issues, but no consensus exists on the optimal implant design method for 

veterinary or human applications.11,49,50,52,56 Understanding the curvature and shape of the 

humeral bone canal and comparing it to results from previously researched designs will help 

aid the design process of a new humeral implant where stress shielding can be limited. 
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1.7 Conclusion and overview of thesis structure 

In conclusion, an obvious need exists for the development of a humeral stem implant as part 

of the development of a canine total shoulder joint replacement. However, groundwork needs 

to be done before a clinically safe and effective product can be obtained. Humeral geometry 

must be analyzed to determine how prominent features are oriented relative to the anatomic 

axis, to see if any feature size and/or curvature are correlated, and to quantify the shape of the 

bone canal. Only then can implant design begin. Chapter 2 describes a radiography study of 

the canine humerus which helped to develop a baseline for understanding canine humeral 

geometry. Chapter 3 describes the methodology and results of a CT study where canine 

humeral geometry was more thoroughly analyzed in 3D. Chapter 4 summarizes all findings 

and suggests what is needed to move forward in canine total shoulder joint replacement. 
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2. GEOMETRY OF THE HUMERUS IN CHONDRODYSTROPHIC, 

BRACHYCEPHALIC, AND NON-CHONDRODYSTROPHIC DOGS 

 

2.1 Abstract 

Objective—To assess the geometry of canine humeri as seen on radiographs in 

chondrodystrophic dogs (CD) and brachycephalic dogs (BD) compared to non-

chondrodystrophic dogs (NCD). 

Methods—Mediolateral (ML) and craniocaudal (CC) radiographs of skeletally mature 

humeri were used (CD [n = 5], BD [n = 9], and NCD [n = 48) to evaluate general dimensions 

(length, width, canal flare, cortical thickness), curvature (shaft, humeral head, and glenoid), 

and angulation (humeral head and condyle). Measurements from CD, BD, and NCD were 

compared. 

Results—Mean humeral length was shorter in CD (108 mm) compared to BD (184 mm, P = 

14 0.001) and NCD (183 mm, P < 0.001). CC cortical thickness at 70% of humeral length 

and ML cortical thickness at 30, 50, and 70% of humeral length were less in CD compared to 

BD and NCD. Humeral shaft curvature was greater in CD (9.9°) compared to BD (6.7°, P = 

0.023). The ratio of glenoid radius of curvature / humeral length was greater for CD (11.1%) 

compared to NCD (9.7%, P = 0.013). The ratio of humeral width / humeral length was 

greater for BD (29.4%) compared to NCD (26.2%, P = 0.043). The ratio of glenoid length / 

humeral length was greater in CD (18.0%) than BD (16.4%, P = 0.048) and NCD (15.6%, P 

< 0.001). 
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Clinical Significance—Bone proportions and curvature in CD differ from BD and NCD. 

Differences are minor and unlikely to have clinical significance. 

 

2.2 Introduction 

While radiographs have been used to assess the geometry of canine and feline humeri, the 

published information is limited to general bone shape, to the relationship of size to shape 

(allometry), and to mechanical axes.4,6,8,57 Humeral head curvature, glenoid curvature, 

humeral shaft curvature, and medullary canal flare have not been described. Also, the 

influence of chondrodystrophy or brachycephaly on humeral geometry has not been 

evaluated. Chondrodystrophic dogs have impaired longitudinal bone growth that results in 

long bones that are short relative to the length of their axial skeleton. Impaired longitudinal 

bone growth can result in abnormal bone curvature of the radius and could conceivably 

impact the humeral shape or curvature.58,59 Brachycephalic dogs that are non-

chondrodystrophic have impaired bone growth of their skull and that impairment could be 

linked with changes in humeral shape or curvature.60 

 

The assessment of humeral shape in dogs with chondrodystrophic, non-chondrodystrophic 

brachycephalic, and non-chondrodystrophic/non-brachycephalic body types would provide 

information that could support the development of orthopedic implants intended for total 

shoulder replacement, limb sparing of the humeral shaft, or humeral fracture stabilization. 

The purpose of this study was to assess the geometry of the canine humerus in dogs using 
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radiography and to assess the influence of chondrodystrophy and non-chondrodystrophic 

brachycephaly on humeral geometry. We hypothesized that humeral curvature is larger in 

CD than in BD and NCD. We also hypothesized that CD have increased canal flare, 

increased ratios of radius of curvature of the humeral head / length, and increased ratios of 

humeral width / length compared to NCD. To test these hypotheses, we measured the 

radiographs of humeri of dogs from our referral population. 

 

2.3 Materials and methods 

2.3.1 Dog recruitment 

Digital radiographs made at North Carolina State University’s Veterinary Hospital between 

May 2004 and December 2014 were searched to find eligible patients. Inclusion criteria were 

having mediolateral (ML) and craniocaudal (CC) radiographic views of complete humeri, 

being skeletally mature, and showing no evidence of a humeral fracture, neoplasia, or 

deformity of the humerus. Radiographs were made under sedation. ML radiographs were 

made using an open leg lateral technique. The humerus lay flat on the radiographic table.  

Consistency in rotational positioning was ensured by repeating radiographic view where the 

medial and lateral aspects of the humeral condyle were offset by more than 2 mm. CC views 

were made using a horizontal beam with the radiographic plate parallel to the long axis of the 

humerus and perpendicular to the center of the radiographic beam. Consistent rotational 

positioning was achieved by centering the ulna over the humeral condyle. When radiographs 
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were available for both humeri, a random number generatora was used to select the left or 

right humerus. 

 

Patient number, age, sex, breed, and body weight were recorded for all eligible patients. 

Dogs were stratified in three groups based on limb and skull conformation. 

Chondrodystrophic dogs that may or may not have been brachycephalic dogs (CD group), 

non-chondrodystrophic dogs that were brachycephalic (BD group), and non-

chondrodystrophic dogs that were mesaticephalic or dolichocephalic (NCD group).61 

 

2.3.2 Radiographic measurements 

Radiographs were calibrated using a magnification marker. Native measurement tools in a 

DICOM viewerb were used to collect measurements. Measurements included humeral length, 

glenoid length, glenoid radius of curvature, humeral head length at its most caudal aspect 

(caudal measurements) and at its most distal aspect (distal measurements), humeral head 

radius of curvature based on caudal and distal measurements, cortical and endosteal ML and 

CC width at 30, 50, and 70% of humeral length, humeral proximal canal flare, humeral shaft 

curvature, mechanical caudal proximal humeral angle (mCaPHA), mechanical cranial distal 

humeral angle (mCrDHA), angle between humeral head and mechanical axis, ML condylar 

                                                 
a Excel for Mac 2011, 14.4.8 Microsoft, Redmond, WA. 
b Osirix v. 6.0.2, Pixmeo, Geneva, Switzerland http://www.osirix-

viewer.com/Downloads.html 
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width, and mechanical lateral distal humeral angle (mLDHA) (Figure 1).4 Craniocaudal 

humeral shaft flare was calculated by dividing the endosteal width at the distal aspect of the 

humeral head by the endosteal width at 50% of humeral length. Craniocaudal canal flare at 

30, 50, and 70% of humeral length and mean CC canal flare were calculated by dividing 

endosteal width at the distal aspect of the humeral head by the respective endosteal widths. 

Humeral shaft curvature was calculated using the law of cosines and then calculating the 

supplementary angle. Cortical thickness was the mean value of the cranial + caudal cortices 

or medial + lateral cortices, respectively, calculated by subtracting endosteal width from bone 

width and dividing the result by 2. A screenshot of the ML view including the mechanical 

axis and humeral length lines was captured and uploaded into imaging software.c A 

Fibonacci curve was superimposed on the humeral head, and the angle between the 

mechanical axis and the side of the Fibonacci square representing the radius of curvature of 

the humeral head was measured, and its complementary angle was calculated.62 

Measurements were exported into a spreadsheet software program for analysis.a 

 

2.3.3 Statistical analysis 

The following parameters were compared among all groups using ANOVAs: body weight, 

humeral length; ratio of glenoid length/humeral length; ratios of humeral head length based 

on caudal and distal measurements/humeral length; ML and CC cortical thickness at 30, 50,  

 

                                                 
c GIMP v. 2.8, http://www.gimp.org/downloads/, accessed June 8, 2015. 
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Figure 1- Radiographic measurements in medial (A-D, left side of figure) and caudal 

views (right side of figure) of humeral renderings. Glenoid length was measured on the on 

the mediolateral radiographic view (inset A). Isosceles triangles were drawn along the length 

of the glenoid cavity to measure glenoid curvature.1 Humeral head length was measured from 

the cranial border of the lesser tubercle to the most distal aspect of the humeral head (distal 

measurement, inset B)2-4 and to the most caudal aspect of the humeral head (caudal 

measurement, inset C). Isosceles triangles were drawn along the length of the humeral head 

measured using distal and caudal measurement methods to measure humeral head curvature.1 

On the mediolateral radiographic view, humeral length was measured as the distance from 

the distal aspect of the humeral condyle to the cranioproximal aspect of the greater tubercle. 

Cortical and endosteal width were measured along lines placed perpendicularly at 30, 50, and 

70% of humeral length.5-8 An ellipse was fitted to the humeral head to find its centerpoint. A 

circle was fitted to the lateral humeral condyle to find its centerpoint. The line joining these 

centerpoints (the mechanical axis) was drawn. The line joining the cranioproximal aspect of 

the greater tubercle and the caudodistal aspect of the humeral head was drawn. The mCaPHA 

was measured at the intersection of this line and the mechanical axis.4 A line was drawn 

connecting the most caudodistal point on the medial humeral epicondyle to the center of the 

lateral humeral condyle. The mCrDHA was measured at the intersection of this line and the 

mechanical axis.4 The angle formed by the line joining the center of the humeral head to the 

caudodistal aspect of the humeral head and the mechanical axis was measured. The 

centerpoints of cortical width measurements at 30, 50, and 70% were connected, forming a 

triangle. The triangle sides, base, and height were measured and the angle between the two 

sides (humeral shaft curvature) was calculated. A screenshot of the humeral head with the 

mechanical axis and humeral length line was captured. A Fibonacci curve was superimposed 

to a best fit along the humeral head. The angle between mechanical axis and the side of the 

Fibonacci square representing the radius of curvature of the humeral head was measured 

(inset D). On the craniocaudal view, humeral length was measured as the distance from the 

distal aspect of the medial humeral condyle to the proximal aspect of the greater tubercle. 

Cortical and endosteal widths were measured along lines placed perpendicularly at 30%, 

50%, and 70% of humeral length.5-8 An ellipse was fitted to the humeral head to find the 

centerpoint. A line was drawn along the articular surface of the humeral condyle. The 

centerpoint of the humeral condyle was connected to the centerpoint of the humeral head to 

form the mechanical axis.9 The mLDHA was measured at the intersection of the mechanical 

axis and the articular surface line.4,10 The distance between the medial and lateral epicondyles 

(humeral width) was measured. 
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and 70%; CC humeral shaft flare; CC canal flare at 30, 50, and 70% and mean CC canal 

flare; humeral shaft curvature; ratios of humeral head radius of curvature for caudal and 

distal measurements/humeral length; glenoid radius of curvature/humeral length; and 

humeral ML width/length ratio. Output means were tested for pairwise differences using 

Tukey’s adjustment for post-hoc comparisons. Natural logs of the following data were taken 

because of severe heteroskedasticity in the residuals: body weight; ML and CC cortical 

thickness at 30, 50, and 70%; canal flare measurements at 30, 50, and 70%, overall canal 

flare, and humeral width/length ratio. Due to heavy tails in humeral head length (caudal 

measurement)/ humeral length data, a Box-Cox transformation (λ = 3) was used. Fibonacci 

curve angles and mCaPHA angles were correlated using Pearson’s correlation and the 

intraclass correlation coefficient between these angles was calculated. All analyses were 

performed using statistical analysis software.d Values of P < 0.05 were considered 

significant. 

 

2.4 Results 

Two hundred fifty-six radiographs were eligible for inclusion. Twenty-six limbs were 

excluded because of the lack of a radiographic view. Ten limbs were excluded because their 

contralateral limb was included. One hundred fifty-eight limbs were excluded due to the 

presence of bone neoplasia (n = 97), a fracture (n = 55), or skeletal immaturity (n = 6). Sixty-

                                                 
d SAS, Version 9.4, SAS Institute Inc, Cary, NC. 
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two limbs were included in the study: five limbs from CD, nine limbs from BD, and 48 limbs 

from NCD.  

 

Body weight was lower for CD compared to BD (P < 0.001) and NCD (P < 0.001, Table 2) 

but did not differ between BD and NCD (P = 0.647). Humeral length was less in CD 

compared to BD (P = 0.001) and NCD (P < 0.001) but did not differ between BD and NCD 

(P = 0.995). The ratio of glenoid length/ humeral length was greater for CD compared to BD 

(P = 0.048) and NCD (P < 0.001) but did not differ between BD and NCD (P = 0.116). The 

ratio of glenoid radius of curvature / humeral length was greater for CD compared to NCD (P 

= 0.014). The ratio of ML condylar width / humeral length was greater for BD compared to 

NCD (P = 0.043, Table 3). ML cortical thickness at 70% was less in CD compared to BD (P 

= 0.008) and NCD (P = 0.006) but did not differ between BD and NCD (P = 0.817). CC 

cortical thickness at 30% was less in CD compared to BD (P = 0.016) and NCD (P = 0.023) 

but did not differ between BD and NCD (P = 0.678). CC cortical thickness at 50% was less 

in CD compared to BD (P = 0.007) but did not differ from NCD (P = 0.082), while BD and 

NCD did not differ (P = 0.113). CC cortical thickness at 70% was less in CD compared to 

BD (P = 0.015) and NCD (P = 0.008) but did not differ between BD and NCD (P = 0.907). 

Shaft curvature was larger in CD compared to BD (P = 0.023) but did not differ from NCD 

(P = 0.119). Shaft curvature did not differ statistically between BD and NCD (P = 0.262). 

Fibonacci curve angles and mCaPHA angles were statistically correlated (correlation 

coefficient = 0.43, P < 0.001, intraclass correlation coefficient = 0.986).  



19 

 

 

 

 

Humeral head length/humeral length (caudal and distal measurements), ML cortical 

thickness at 30 and 50%, CC humeral shaft flare, CC canal flare at 30, 50, and 70%, mean 

canal flare, radius of curvature of the humeral head (caudal and distal 

measurements)/humeral length did not differ significantly between groups (P = 0.484, 0.419, 

0.141, 0.062, 0.638, 0.297, 0.076, 0.209, 0.186, 0.768, 0.474 respectively).  

 

2.5 Discussion 

The current study reports parameters relating to general dimensions (length, width, flare, 

cortical thickness), curvature (humeral shaft, humeral head, and glenoid), and angulation 

(humeral head and condyle) of canine humeri. Chondrodysplasia and chondrodystrophy are 

caused by the failure of physeal cartilage to proliferate by interstitial growth, leading to 

irregularly distributed cartilage cells that negatively impact bone growth.63-65 In mice, the 

chondrodysplasia mutation inhibits interstitial growth of cartilage and affects chondrocyte 

maturation, causing disproportionate dwarfism, with shorter long bones.64,66 In humans, 

chondrodysplasia often leads to posterior humeral bowing (cranial humeral angulation) that 

causes a loss of elbow extension. In one study the mean loss of elbow extension was 13.1°.67 

In dogs, chondrodystrophy has been shown to influence elbow joint geometry, humero-

antebrachial contact areas, and humeral head shape68-70 but its impact on humeral curvature 

has not been reported. Brachycephaly has also been reported to influence the growth of long 

bones in dogs: increased brachiocephaly is reportedly associated with having shorter long 

bones.71 
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In the current study, CD were smaller than BD and NCD: they had a lower body weight and 

their humeri were shorter. To control for that difference, measurements of humeral head 

length, CC humeral shaft flare, ML humeral condylar width, humeral head radius of 

curvature, and glenoid radius of curvature were divided by humeral length before 

comparisons between groups. Humeri of BD were wider than humeri of NCD, but the 

difference between means was small (approximately 12%). Statistically significant 

differences in CC shaft flare and canal flare among CD, BD, and NCD were not identified. 

When assessing CC canal flare, a type 1 statistical error could have been caused by the large 

standard deviation present among CD. The mean CC canal flare for all dogs (2.08) was 

comparable to the ML canal flare reported for the dog femur in case series of dogs 

undergoing total hip replacement (1.79 to 1.98)54,72 and in one experimental study (1.8 to 

2.6).73 This suggests that the flare of humeral stems intended for total shoulder replacement 

would be similar to the flare of femoral stems used in total hip replacement. The ML humeral 

canal flare could not be determined in this study because, subjectively, the proximal aspect of 

the humerus could not be reliably measured on CC radiographs. Assessment of ML humeral 

flare could be done using cadaveric bones or CT scans of humeri. In one study of 93 human 

humeri, the anteroposterior humeral canal flare was 1.3 and the ML flare was 2.8.74 

 

Chondrodysplasia reportedly can lead to increased thickness in long bones.63,65,70 Increased 

cortical thickness in CD compared to BD or NCD was not identified in the current study. 

Chondrodysplasia can lead to curvature of the midshaft of long bones59 but that curvature has 
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not been quantified in previous publications. In the current study, humeral shafts of CD had 

more curvature than BD, but their curvature did not differ from NCD. Differences were 

numerically small (approximately 3°), suggesting that chondrodystrophy does not lead to a 

clinically relevant increase in humeral shaft curvature.  

 

Most changes in bone shape resulting from chondrodysplasia affect the metaphyseal and 

epiphyseal regions rather than the diaphysis. Chondrodystrophic humeral and femoral heads 

have been described as mushroom-shaped, cup-shaped, and flared.63,65,70 In the current study, 

differences in humeral head radius of curvature / humeral length among dog groups were not 

identified.  Also, the current study did not identify differences in mCaPHA, mCrDHA, and 

mLDHA among dog groups. At the proximal aspect of the humerus, the mean mCaPHA was 

6° larger than previously reported.4 This difference may be due to in part to a lack in 

consistency locating one of the proximal anatomic landmarks, the cranioproximal aspect of 

the greater tubercle. Distally, the mean mCrDHA was 1° smaller and the mean mLDHA was 

3° larger than previously reported.4 The Fibonacci curve has been found to closely correlate 

with the curvature of the distal femur in humans62 and has also been used to characterize the 

shape of the distal aspect of the femur in dogs.e In this study, the Fibonacci curve angle 

                                                 
e Fox D.B., Knapp J.L. Association of radiographic anatomic parameters of the canine stifle 

in the sagittal plane and cranial cruciate ligament injury. In: 4th World Veterinary 

Orthopaedic Congress & 41st Veterinary Orthopedic Society Conference Abstracts. Vet 

Comp Orthop Traumatol, 2014, 28, A6. 
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correlated highly with the mCaPHA. A Fibonacci curve can be fitted to the humeral head to 

assess its angulation relative to the humeral shaft.  

 

The curvature of the humeral shaft described in the current study could provide information 

useful during design of implants intended for fracture stabilization, limb sparing, or joint 

arthroplasty. For fracture repair, plates that are adapted to the bone surface are becoming 

more widely available. Plates can be curved along their edge75 or can conform to the bone 

surface.76 Conforming plates have been used to stabilize proximal humeral fractures in 

humans.77 Curved interlocking nails are also used to repair humeral fractures in humans. 

Stems currently used in human total shoulder arthroplasty or hemiarthroplasty are straight 

because curvature of the human humerus is minimal. Curved stems are in use or have been 

used successfully in human cementless total hip replacement.78,79 One femoral stem, curved 

in a coronal plane, was designed based on radiographic data from 497 patients.f Another 

femoral stem, also curved in a coronal plane, was designed based on data from 556 CT 

scans.80,g
 A femoral stem curved in a sagittal plane was used in humans.79 It was adapted to 

dogs and was used successfully.54 

 

                                                 
f Fitmore Hip Stem. Zimmer, 2009. www.zimmer.com/content/dam/zimmer-

web/documents/en-US/pdf/medical-professionals/hip/Fitmore-Hip-Stem-Brochure-97-0551-

001-00-04-2010-us-markets-only.pdf. Accessed June 23, 2015. 
g Accolade II Femoral Hip System Technology Guide. Stryker, 2012. 

http://literature.ortho.stryker.com/files/LA2HTG.pdf. Accessed June 23, 2015. 
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This study has limitations. Sample size was limited due to the fact that dogs were recruited 

within our database of digital radiographs and our hospital has been making digital 

radiographs for only 11 years. Also, since humeral radiographs are often made to assess 

fracture geometry or to confirm the presence of a tumor, approximately 75% of the 

radiographs initially identified were excluded, leaving only 62 radiographs for analysis. We 

evaluated dogs as groups based on their morphology rather than evaluating breeds. 

Therefore, breed-specific differences in curvature or dimensions may have been undetected. 

Radiographic assessment is not the most robust method to measure geometric features, as 

distortion can occur and radiographic positioning varies slightly among patients. Strict 

positioning rules were used to increase positioning consistency. Measurements in this study 

were collected only once and therefore reproducibility of measurements (intraobserver 

variability) could not be assessed. We assumed that intraobserver repeatability of 

measurements collected was high. A recent study measuring 11 forelimb angles in Labrador 

Retrievers assessed intra-observer variability and reported a moderate (6 angles) or 

substantial (5 angles) agreement.81 We normalized cortical thickness by dividing cortical 

thickness values by bone length. Normalization using bone length was chosen because the 

majority of dogs included in the study were non-chondrodystrophic. However, 

chondrodystrophic dogs had short humeri and therefore, in chondrodystrophic dogs, 

normalized cortical thickness values were likely overestimation of truly normalized cortical 

thickness values. Normalization of cortical thickness values by dividing cortical thickness 
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values by body weight could have eliminated that problem. However, body weight is 

influenced by body condition and body condition values generally were not available.  

 

The assessment of humeral geometry based on 3-D reconstructions of computed tomography 

scans would be more precise. In human medicine, 3-D models have been used to assess 

humeral head and glenoid retroversion82 and to evaluate specific aspects of total shoulder 

arthroplasty, including predicting humeral head size, designing a distal humeral 

hemiarthroplasty,44,83 and planning shoulder arthroplasty or distal humerus 

hemiarthroplasty.43,83 

 

We concluded from this study that differences in humeral geometry between CD, BD, and 

NCD are minor and unlikely to have clinical significance. Breed-specific assessment and 

assessment of 3-D reconstructions based on computed tomography scans will likely enhance 

the ability to detect geometric differences among dogs.  
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3. THREE-DIMENSIONAL ASSESSMENT OF CURVATURE, TORSION, AND 

CANAL FLARE IN THE DOG HUMERUS 

 

3.1 Abstract 

Objective—To assess the 3D humeral geometry and determine whether the craniocaudal 

(CC) canal flare index (CFI) is associated with specific geometric features. 

Sample—CT scans (n = 40) and radiographs (n = 38) from two groups of skeletally mature 

non-chondrodystrophic dogs.  

Procedures—General dimensions (length, CFI, cortical thickness, humeral head offset), 

curvature (shaft, humeral head, and glenoid cavity), version (humeral head, greater tubercle), 

and torsion were evaluated on CT scans. The dogs were divided in three groups based on CC 

CFI. These groups were compared. CT measurements were compared to radiographic 

measurements from another dog group. 

Results—On CT scans, mean ± SD humeral head version was -75.9 ± 9.6° (range, -100.7 to -

59.4°), mLDHA, mCaPHA, and mCrDHA were 89.5 ± 3.5°, 50.2 ± 4.5°, and 72.9 ± 7.8° and 

did not differ from corresponding radiographic measurements. Radial head and glenoid radii 

of curvature were 13.7 ± 1.8 and 18.4 ± 2.3 cm, respectively. Humeral curvature was 20.4 ± 

4.4° (range, 9.6 to 30.5°). Craniocaudal CFI was 1.74 ± 0.18 (range, 1.37 to 2.10), with cut-

off values for division into 3 even groups of 1.64 and 1.83. Dogs with high craniocaudal CFI 

had thicker cranial and medial cortices than dogs with low craniocaudal CFI. Increased 
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weight was associated with lower craniocaudal CFI. CT and radiographic measurements of 

craniocaudal CFI and curvature differed statistically.  

Conclusions—CT-based 3D reconstructions allow the assessment of shaft angulation, 

torsion, and CFI. CT and radiographic measurements of shaft curvature and CFI differ.  

 

3.2 Introduction 

3D models created from CT scans or other 3D modeling technology, such as a 3D coordinate 

measuring machine or a 3D laser scanner, have been used to analyze the morphology of 

human bones, including the human humerus, to understand the geometry of these bones and 

assist in the design of orthopedic implants for total joint replacement.1,43-46,80,84,85 Geometric 

studies of the human humerus measured the radius of curvature of the humeral head, its 

inclination, version, and offset, inclination and version of the greater tubercle, humeral 

length, angles between several humeral axes, the ellipsoid shape of the humeral canal, the 

flexion-extension axis, and the width and height of the capitulum.43-45 The humerus of non-

human mammals has been evaluated using 3D evaluation methods in two studies.28,46 In a 

study involving 89 dogs, shoulder lesions and mineralization identified on CT scans were 

compared to clinical findings to investigate causes of thoracic limb lameness.28 In another 

study, the bovine humerus was analyzed using finite element analysis to investigate the 

orientation of the humerus during jumps and falls and better understand the biomechanics of 

the humerus.46 To our knowledge, the 3D geometry of the canine humerus has not been 

reported. 
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Several orthopedic problems, including osteochondritis dissecans and physeal fractures of the 

proximal humeral physis lead to loss of articular cartilage or abnormal development of the 

humeral head with secondary osteoarthritis.28,86,87 When medical therapy is unsuccessful, 

surgical options are limited to arthrodesis or amputation.86,88 Total shoulder replacement 

could provide an alternative to arthrodesis or amputation. The development of a stem for 

total shoulder arthroplasty in dogs requires a better understanding of the range of humeral 

geometries. Parameters relevant to the design of a stem include humeral canal dimensions 

and flare, shaft curvature, and humeral head dimensions, shape, and offset relative to the 

humeral long axis. The geometry of the canine humerus as seen on radiograph has been 

reported in two studies.4,89 Humeral angulation was reported in these studies, but information 

on canal curvature and flare was only included in one report89 and is suboptimal for the 

design of a humeral prosthetic stem, because radiographs are vulnerable to artifacts caused 

by magnification and limb rotation. Also, the accuracy of radiographic measurements of 

humeral curvature and canal flare is not known. Canal flare of the dog femur has been 

assessed as part of studies relating to cementless total hip replacement. In one study, the dogs 

were divided in three different groups based on CFI: stovepipe femurs had a CFI ≤ 1.8, 

normal femurs had a CFI ranging from 1.8 to 2.5, and champagne-fluted femurs had a CFI ≥ 

2.5.90  

 

The purpose of this study was to investigate whether having a low or high humeral CFI is 

associated with specific humeral geometric features, whether curvature of the proximal 
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portion of the humerus assessed in 3D renderings is uniform, and whether the geometry of 

the humerus assessed in 3D renderings is similar to the geometry of the humerus assessed on 

radiographs. We also intended to evaluate whether retrievers and German Shepherd dogs 

tended to have a high or low CFI. We hypothesized that high canal flare is associated with 

specific geometric features such as having increased shaft curvature, that humeral shaft 

curvature is uniform, and that measurements collected on 3D renderings and radiographic 

measurements do not differ. To test these hypotheses, we analyzed 3D renderings of humeri 

in CT scans of dogs from our referral population and compared them to radiographic 

measurements from another group of dogs from our referral population. 

 

3.3 Materials and methods 

CT scans made at North Carolina State University’s Veterinary Hospital between May 2004 

and September 2015 were searched to find eligible patients. Inclusion criteria were having a 

CT scan with a complete humerus, being skeletally mature, weighing ≥ 20 kg, showing no 

evidence of a humeral fracture, neoplasia, or humeral deformity, and have a CT scan of 

sufficient quality to allow reconstruction into a 3D model. Scans were considered 

unacceptable when the thickness or orientation of the scan caused the curvature of the 

humeral head or condyle to be cut off or flattened to an extent where measurements could not 

be accurately made. When both humeri were available for inclusion in the study, a random 
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number generatorh was used to select a single humerus (left or right) for inclusion. Seven 

hundred eighty-eight scans were identified. Ninety-two patients were eligible for inclusion. 

An a priori power analysis was performed using data from a radiograph study containing 

sixty-two dogs to determine the number of subjects needed to detect a difference in CC CFI 

of > 10% between the lower, the middle, and the upper third.89,90,i 

 

Patient number, age, sex, breed, and body weight were recorded for all study patients. The 

DICOM files were uploaded into a commercially available image processing software.j 3D 

models of humeri were created. The humerus, the proximal portions of the ulna and radius, 

and the 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 images along an axis 

defined as the line connecting the center of the proximal shaft at 20% of humeral length to 

the midpoint of line joining the humeral epicondyles (the anatomic axis). Using Boolean 

operations, the portion of the scapula available on the scan was separated from the humerus. 

Best-fit medullary canal ellipses were created at 20, 30, 40, and 50% of humeral length 

(Figure 2). Humeral length and cortical thickness along the major and minor axes of the 

ellipses at 20, 30, 40, and 50% length were measured. A best-fit cylinder was fitted to the 

condyle. Datum points were placed at the cranioproximal aspect of the greater tubercle, the 

                                                 
h Excel for Mac 2011, v. 14.4.8 Microsoft, Redmond, WA. 
i SAS, v. 9.4, SAS Institute, Cary, NC. 
j Mimics Research, v. 18.0, Materialise, Plymouth, MI. 
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caudodistal aspect of the medial condyle, the center of the medial edge circle of the best-fit 

cylinder fitted to the condyle, the most distal aspect of the condyle, the caudodistal aspect of 

the humeral head, the center of the concavity of the distal aspect of the condyle, and at the 

center of the ellipses at 20, 30, 40, and 50% length. For torsion measurements, best-fit 

ellipses were created at 8%, 20% (using the ellipse drawn to measure cortical thickness), and 

75% of humeral length, and lines were drawn along the major axis of these ellipses (Figure 

3A-C). At 92% humeral length, a line was made across the caudal aspect of the condyle, as 

described by Kwan et al.91 Humeri were divided into three evenly sized groups based on CC 

CFI: high (CC flare >1.83), medium (1.64 ≤ CC flare ≤1.83), and low CFI (CC flare < 1.64). 

The number of retrievers and German Shepherd dogs in each CC CFI group was recorded.   

 

The models were transferred to an additive manufacturing modeling software.k Best-fit 

analytical spheres were fitted to the humeral head and the glenoid using the triangle wave 

brush tool. Humeral head and glenoid radii of curvature were recorded. Datum lines were 

drawn by connecting the center of the sphere fitted to the humeral head and the center of the 

cylinder fitted to the humeral condyle (to determine the ML mechanical axis, Figure 2C), the 

center of the sphere fitted to the humeral head and the center of the concavity at the distal 

aspect of the humerus (to determine the CC mechanical axis), the cranioproximal most aspect 

of the greater tubercle and the caudodistal aspect of the humeral head (to measure the 

                                                 
k 3-Matic Research, v. 10.0, Materialise, Plymouth, MI. 
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mCaPHA, Figure 2A), the cranioproximal most aspect of the greater tubercle to the center of 

the shaft at 20% length (to measure tubercle inclination), the center of the sphere fitted to the 

humeral head and the center of the proximal shaft at 20% length (to measure humeral head 

inclination), the centers of the ellipses at 20, 30, and 40% length (to measure proximal 

metaphyseal curvature), the center of the ellipses at 30, 40, and 50% length (to measure 

proximal diaphyseal curvature), the caudodistal most aspect of the medial condyle to the 

center of the lateral edge circle of the cylinder fitted to the humeral condyle (to measure the 

mCrDHA, Figure 2A), the distalmost points on the medial and lateral aspects of the humeral 

condyle (to calculate mLDHA, Figure 2C). The following datum planes were created to 

measure humeral head and greater tubercle version: a plane containing the medial and lateral 

epicondyle datum points and the anatomic axis, a plane containing the anatomic axis and the 

center of the humeral head sphere datum point, and a plane containing the anatomic axis and 

the most proximal point on the greater tubercle datum point. To measure version, we viewed 

the humerus from its proximal aspect along the anatomic axis (viewed as a point, Figure 3D-

F). The plane containing the medial and lateral epicondyles was the baseline with the medial 

epicondyle as 0° reference and the lateral epicondyle as ±180° reference. Using the planes 

created, head version was the angle formed by the humeral head and epicondyle planes 

viewed as lines. Tubercle version was the angle formed by the greater tubercle and 

epicondyle planes viewed as lines. Landmarks cranial to the epicondyle plane had positive 

version. Landmarks caudal to the epicondyle plane were negative (Figure 3G-I). Humeral 

head offset (distance from center of sphere fitted to humeral head to the anatomic axis, 
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Figure 2B), inclination (2D angle formed by the line joining the center of sphere fitted to 

humeral head and a point at 20% length on the anatomic axis and the anatomic axis), version 

(2D angle from the medial aspect of the shaft), greater tubercle offset (distance from most 

proximal aspect of the tubercle to the anatomic axis), inclination (2D angle formed by the 

line joining the most proximal aspect of the tubercle and a point at 20% length on the 

anatomic axis and the anatomic axis), version (2D angle from the lateral aspect of the shaft), 

mLDHA (2D angle), mCaPHA (2D angle), mCrDHA (2D angle)4, proximal torsion (2D 

angle between ellipse axes at 8 and 20%), diaphyseal torsion (2D angle between ellipse axes 

at 20 and 75%), and distal torsion (2D angle between the ellipse axis at 75% and the condyle 

line at 92%) were measured by use of the additive manufacturing modeling software. 

 

We collected measurements from the subset of dogs from a previous radiographic study that 

were non-chondrodystrophic and weighed > 20 kg (n = 38) to compare the mechanical and 

humeral shaft curvature angles.89 We measured humeral shaft curvature from 20 to 40%, 30 

to 50%, and 20 to 50% humeral length. Mean ± SD mLDHA, mCaPHA, mCrDHA, and 

craniocaudal CFI were calculated.  

 

Measurements of cortical thickness, humeral head radius of curvature and offset, greater 

tubercle offset, and glenoid radius of curvature were indexed by dividing by body weight1/3 

to control for size.92 Body weight, humeral length, proximal torsion, diaphyseal torsion, 

distal torsion, cortical thickness on the cranial, caudal, lateral, and medial aspect of the shaft 
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Figure 2- Medial (A and B) and caudal views (C) of humeral renderings showing 3D 

measurements, including the mCaPHA (1), cortical thickness on the cranial, lateral, caudal, 

and medial cortices at 20, 30, 40, and 50% length (2), curvature from 20-30 to 30-40% length 

and 30-40 to 40-50% length (curvature is the angle supplementary to the angles shown, 3), 

and 20-30 to 40-50% length (sum of the 2 previous curvatures), the mCrDHA (4), humeral 

head offset (5) and version (not shown), humeral head inclination angle to 20% length (6), 

CC and ML canal flare (ratio of endosteal width at 20 and 50%, 7), greater tubercle offset 

(measured in relation to the anatomic axis, represented as a white line, 8) and version (not 

shown), greater tubercle angle to 20% length (measured in relation to the anatomic axis, 9), 

the mLDHA (measured in relation to the mechanical axis, represented as a black line, 10). 
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Figure 3- Distal views of 3D renderings of humeri showing a range of shaft torsion (A-

C), humeral head version (D-F), and greater tubercle version (G-I). Bones are oriented 

so that their anatomic axis is viewed as a point, their humeral head center (datum) plane is 

viewed as vertical line, and their lateral aspect is on the left. Proximal humeral shaft torsion 

(A-C) was the angle between lines drawn across the minor axes of ellipses at 8% (line 1) and 

20% length (line 2). Diaphyseal shaft torsion was the angle between line 2 and a line drawn 

at 75% length (line 3). Distal torsion was the angle between line 3 and a line drawn on the 

caudal aspect of the humeral condyle at 92% length (line 4). Overall humeral torsion is the 

angle between lines 1 and 4. The humerus in A has a humeral torsion of -17.4°, B has 1.4°, 

and C has 18.1°. Humeral head version (D-F) is shown as the angle between humeral head 

datum plane (line 5) and the epicondyle datum plane (line 6). The humerus in D has a 

humeral head version of -59.4°, E has -75.9°, and F has -94.8°. Version of the greater 

tubercle (G-I) is shown as the angle between greater tubercle datum plane (line 7) and the 

epicondyle datum plane (line 8). The humerus in G has a version of the greater tubercle of -

178.4°, H has -85.9°, and I has 177.3°.  
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at 20, 30, 40, and 50% length, radius of humeral head, humeral head version, humeral head 

offset, greater tubercle version, greater tubercle offset, radius of glenoid, glenohumeral 

conformity index (humeral head radius of curvature/glenoid radius of curvature),93 mLDHA, 

mCaPHA, mCrDHA,4 proximal metaphyseal shaft curvature, proximal diaphyseal shaft 

curvature, and proximal shaft curvature were compared among dogs with low, medium, and 

high flare using ANOVA. A Bonferroni correction was used to adjust for multiple testing; 

parameters above were considered to be statistically significant in the ANOVA if P < 0.0009. 

For the values that differed statistically, mean differences were compared at a P < 0.05 

significance level. Pearson’s correlation and paired t-tests were used to compare shaft 

curvature angles from CT and radiographic measurements. Pearson’s correlations of humeral 

angulation, humeral torsion, CC CFI, and ML CFI with age, weight, and humeral length were 

calculated. Pearson’s correlation between CC and ML CFI was calculated. Analyses were 

performed using statistical analysis software.i  

 

3.4 Results 

The a priori power analysis returned a sample size of 40 at a power of 0.91.  Forty scans 

were randomly selected from the 92 eligible scans and were analyzed. Thirty-five humeri 

were from purebred dogs and five from mixed breed dogs. Thirteen Labrador retrievers were 

included: four belonged to the low, four to the medium, and five to the high CC CFI group. 

There was one Golden retriever in the low CC CFI group and two in the medium CC CFI 

group. There was one German Shepherd dog in the low CC CFI group and another in the 
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medium CC CFI group. Twenty-seven dogs were male and thirteen were female. Mean ± SD 

age was 3.9 ± 2.7 years. Mean weight was 35.9 ± 10.7 kg (Table 4). 

 

Mean humeral head inclination was 128.9 ± 8.4 °, humeral head version was -75.9 ± 9.6° (the 

head was caudal and slightly medial to the anatomic axis), and offset was 19.4 ± 3.6 mm. 

Humeral head radius of curvature, glenoid curvature, and glenoid conformity index were 

consistent among dogs: all had coefficients of variation < 14%. Mean inclination of the great 

tubercle was 170.4 ± 4.6°, version was -39.8 ± 148.4°, and offset was 5.9 ± 2.7 mm. The 

proximal aspect of the greater tubercle was always lateral to the anatomic axis but was caudal 

(65% of dogs) or cranial (35%) to that axis. Mean shaft curvature was 20.4 ± 4.4°. Shaft 

curvature from 20 to 40% was 3.9 ± 3.8° larger than shaft curvature from 30 to 50% (P < 

0.0001). The curvatures at 20 to 40% and at 30 to 50% did not have a significant linear 

relationship (r = 0.16, P = 0.320). Humeral shaft angulation did not correlate statistically 

with weight (r = 0.14, P = 0.419), humeral length (r = -0.05, P = 0.778), or age (r = -0.20, P 

= 0.237).  

 

CC CFI in Labrador retrievers ranged from 1.37 to 2.10 (Figure 4). A Labrador Retriever had 

the lowest and the highest CFI among dogs included in the study. CC CFI correlated 

statistically with weight (r = -0.34, P = 0.031) and humeral length (-0.40, P = 0.012). CC CFI 

and age did not correlate statistically in males (r = -0.17, P = 0.384), in females (r = -0.32, P 

= 0.279), or in males and females combined (r = -0.23, P = 0.160). ML CFI correlated 
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statistically with humeral length (r = -0.33, P = 0.040) but not weight (r = -0.25, P = 0.138) 

nor age (r = -0.08, P = 0.637). CC and ML CFI were statistically correlated (r = 0.38, P = 

0.018). Humeral torsion did not correlate statistically with weight (r = 0.23, P = 0.168), 

humeral length (r = 0.13, P = 0.439) or age (r = 0.22, P = 0.194). 

 

 

 

Figure 4- The range of humeral flare and curvature is shown on these semi-transparent 

3D renderings of dog humeri. A 10-year-old Alaskan Malamute has a stove-piped humerus 

with a low craniocaudal flare of 1.39 and a 20-to-50% shaft curvature of 11.6° (A). A 1-year-

old Labrador retriever has a humerus with an average craniocaudal flare (1.73) and a 20-to-

50% shaft curvature of 26.4° (B). A 1-year-old Siberian Husky has a champagne-fluted 

humerus with a high craniocaudal flare of 2.02 and a 20-to-50% shaft curvature of 9.6° (C). 

Magnification varies among bones. The horizontal bars measure 20 mm. 
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Cranial cortical thickness at 30% length was larger in dogs with high CC CFI than low (P = 

0.0007) and medium CFI (P = 0.0073) but did not differ between dogs with medium and low 

CFI (P = 0.6405, Table 5). Medial cortical thickness at 30% length was larger in dogs with 

high CFI than low (P = 0.0004) and medium CFI (P = 0.0254) but did not differ between 

dogs with medium and low CFI (P = 0.2768). Cranial cortical thickness at 40% length was 

larger in dogs with high CFI than low (P < 0.0001) and medium CFI (P = 0.0011) but did not 

differ between medium and low flare dogs (P = 0.5445). Medial cortical thickness at 40% 

length was larger in dogs with high CFI than low CFI (P = 0.0005) but did not differ between 

dogs with high and medium CFI (P = 0.1145) or medium and low CFI (P = 0.0575). Medial 

cortical thickness at 50% length was larger in dogs with high CFI than low (P = 0.0005) and 

medium CFI (P = 0.0389), but did not differ between dogs with medium and low CFI (P = 

0.2118). Weight, humeral length, glenoid radius of curvature, humeral head radius of 

curvature, humeral head version and offset, glenohumeral conformity, greater tubercle 

version and offset, humeral torsion (proximal, diaphyseal, and distal), humeral shaft 

angulation (proximal metaphyseal, proximal diaphyseal, and overall), mLDHA, mCaPHA, 

mCrDHA did not differ significantly between groups with varying CFI (P ranging from 

0.0386 to 0.9225). Cranial, caudal, lateral, and medial cortical thickness at 20% length, 

caudal and lateral cortical thickness at 30%, caudal and lateral cortical thickness at 40%, 

cranial, caudal, and lateral cortical thickness at 50%, did not differ significantly between 

groups with varying CFI (P ranging from 0.0017 to 0.0783).  
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The 38 dogs whose radiographs were reviewed weighed 32.3 ± 8.7 kg and were 8.5 ± 3.7 

years old. Mean radiographic CC CFI index was 1.99 ± 0.22, mean 20 to 40% shaft curvature 

was 7.8 ± 4.2°, mean 30 to 50% shaft curvature was 8.0 ± 4.5°, mean 20 to 50% shaft 

curvature 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°. The CC CFI on radiographs was 0.25 larger than the CC 

CFI on CT renderings (P < 0.0001). Curvature from 20 to 40% length was 4.4° lower on 

radiographic measurements compared to CT measurements (P < 0.0001). Curvature from 30 

to 50% length was 0.2° lower on radiographic measurements compared to CT measurements 

and did not differ statistically (P = 0.805). Curvature from 20 to 50% length was 4.6° lower 

on radiographic measurements compared to CT measurements (P = 0.0001). The 95% 

confidence intervals for radiographic and CT curvature were 14 to 17.6° and 19.0 to 21.8°, 

respectively. Radiographic and CT measurements of mLDHA, mCaPHA, and mCrDHA did 

not differ (P = 0.3684, 0.4292, and 0.0664, respectively).  

 

3.5 Discussion 

The 3D geometry of the canine humerus was evaluated in a group of adult non-

chondrodystrophic dogs with the intent to gather information relating to the design of a 

prosthetic stem. While stemless total shoulder arthroplasty is emerging in humans and has 

been reported in one dog,94,95 most shoulder arthroplasties involve the use of a stem 

introduced in the humeral medullary canal. Since a more anatomic reconstruction of the 

shoulder after human total shoulder replacement is associated with improved outcomes,96-98 it 
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was logical to gather information about the geometric variability of the canine humerus 

before the design of a prosthetic stem. Humeral geometry of dogs with varying humeral shaft 

flares were compared to determine whether specific geometric patterns are associated with 

low or high canal flare, as it has been suggested in the femur, where large femurs have a low 

flare and thin cortices.72,l CT measurements were compared to radiographic measurements 

collected from another group of dogs to evaluate whether radiographic and CT assessments 

of humeral geometry are interchangeable. 

 

The position (inclination, version, and offset) of the humeral head in relation to the anatomic 

axis was consistent among dogs and was not influenced by canal flare. Humeral head 

retroversion was 76°, meaning that the humeral head is mostly caudal and slightly medial to 

the mechanical axis of the femur. Version was variable, with a range of approximately 40°. 

By comparison, mean human humeral retroversion ranged from 13 to 21° in 6 

studies.43,45,93,99-101 Retroversion of the human humeral head is also variable, with a range of 

approximately 55° in two studies.45,102 For the canine femur, mean head anteversion was 20° 

and 30° in two studies that used CT reconstructions, with a range of approximately 20°.103,104 

Mean humeral head inclination was 130°. By comparison, mean human head inclination 

ranged from 130 to 141° in 4 studies.43,45,93,99 Prosthetic stem inclination for human total 

shoulder implants generally ranges from 125° to 155°.105-107 The inclination of human 

                                                 
l Pugliese LC. Proximal femoral morphology and bone quality assessment in dogs. MS 

thesis, The Ohio State University, 2014. 
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humeral prosthetic stems can be fixed,108,109 can be modular through the use of a range of 

humeral heads,106 or can be fully adjustable intraoperatively.102,105,110,m Mean canine femoral 

head inclination was 128° in a study that involved CT reconstruction.104 The inclination of 

commercial total hip stems is 135° for BioMedtrix’s BFX and CFX prosthetic stems and 

145° for Kyon’s Zurich prosthetic stem. The influence of prosthetic geometry on prosthetic 

range of motion and impingement has been discussed extensively in the human hip and 

shoulder replacement109,111 and is an emerging theme in canine hip replacement.112 Mean 

humeral head offset in the current study was 19 mm. By comparison, mean human humeral 

head offset ranged from 6 to 10 mm in four studies.45,93,99,113 Prosthetic humeral head offset 

generally is 3 to 4 mm.102,110 Mean canine femoral head offset was 20 mm in one study 

(greyhounds) and 16 mm in another (mixed breed dogs).114,115 Prosthetic femoral head offsets 

range from 11.3 to 34.3 mm for BioMedtrix’s cemented prosthetic hips and from 12.7 to 30.1 

mm for BioMedtrix’s cementless prosthetic hips based on stem and head size. Prosthetic 

femoral head offsets for Kyon’s Zurich prosthetic hip range from 14.6 to 20.4 mm based on 

stem and head size.  

 

The greater tubercle had a mean inclination of 170°, a mean retroversion of 40°, and a mean 

offset of 6 mm. The range in greater tubercle version was wide (90°) because, while the 

                                                 
m Anatomic Shoulder System, Zimmer, Warsaw, IN. Available at 

http://www.zimmer.com/content/dam/zimmer-web/documents/en-US/pdf/medical-

professionals/shoulder/Anatomical-Shoulder-System-Brochure-06.009.920.12-Rev-4-09-

2010.pdf, accessed November 9, 2016. 
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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. That variability relative to the anatomic 

axis most likely resulted from differences in the shape of the greater tubercle (whose 

proximal aspect can be more or less cranial on the trochanter itself) and from differences in 

shaft curvature. Curvature had a range of approximately 20°. Increased proximal 

metaphyseal curvature increased the likelihood of having a greater tubercle caudal to the 

anatomic axis.  Canal flare did not influence the position of the greater tubercle. Few studies 

have assessed the shape and position of long bone apophyses relative to anatomic axes of 

these long bones using 3D modeling in dogs or humans. In one report describing 7 human 

beings, anteversion of the greater trochanter also ranged widely (from 17 to 73°).116 The wide 

range in version of apophyses suggest that further research is warranted to characterize the 

shape and position of long bone apophyses since their position may interfere with the 

insertion of prosthetic components (i.e., greater trochanter) and could be linked with tendon 

pathology (i.e. supraspinatus insertionopathy, iliopsoas tendinopathy).  

 

The humeral and glenoid radii of curvature were consistent among dogs and relative to each 

other: the humeral head radius of curvature was approximately 75% of the glenoid radius of 

curvature. By comparison, in two human studies that ratio was 56 and 63%.93,117 In human 

beings, shoulder luxation has been associated with an increased humeral head CC and ML 

radius of curvature.117 It is unclear whether shoulder diseases in dogs are associated with 

abnormal curvature of the humeral head or glenoid. A recent report described the potential 
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presence of decreased glenoid curvature in a dog with osteochondritis dissecans of the 

glenoid.118  

 

Mean CC humeral shaft curvature was approximately 20°. That curvature was not uniform: 

proximal metaphyseal curvature was approximately 50% larger (~12°) than proximal 

diaphyseal curvature (8°). We therefore rejected our hypothesis that curvature of the 

proximal portion of the shaft is uniform. Nonuniform curvature complicates the insertion of a 

curved prosthetic stem because curved broaches and stem need to follow a uniformly curve 

track to maintain contact with endosteal surfaces.78 The study focused on the curvature of the 

proximal half of the humerus since the focus of the study was total shoulder replacement. 

Curvature is also present in the distal metaphyseal region of the humerus. That distal 

curvature, subjectively, is less than the proximal curvature. The human humeral shaft has 

anterior curvature. In one report, anterior curvature of the shaft was 9 ± 3°, originating in the 

distal metaphyseal region.119 In human beings, femoral curvature is associated with bone 

size: longer femurs have less curvature than shorter femurs.120 A similar association was not 

identified in the current study. In the canine femur, maximal curvature originates in distal 

metaphyseal region and is caudal.115,121 Mean overall humeral shaft torsion was small (1.5° 

of internal torsion), with a range of 37°. Human humeral torsion had a similar range of 36° in 

one study.100  
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The mean CC CFI (1.74) was lower than in human humeri (2.8).93 CC CFI was lower in 

heavier dogs and when humeri were longer. The coefficient of variation was 10% for both 

ML and CC flare. By comparison, the coefficient of variation of ML flare in the dog femur 

was 5% (in 11 femurs with fracture) and 2% (in 73 femurs without fracture) in a report of 

dogs undergoing total hip replacement72 and was 13% in a study that included 24 dogs from 

various breeds.122 This suggests that canal flare is likely similar in the canine humerus and 

femur. An association between shaft curvature and canal flare was not identified. We 

therefore rejected our hypothesis that large canal flare was associated with large shaft 

curvature. In the current study, humeral canal flare was not influenced by age. In humans, 

femoral canal flare decreases as age increases.123,124 However in the canine femur, canal flare 

was not influenced by age in 42 Greyhound femurs115 and in 26 femurs from dogs of various 

breeds.n Femoral canal flare influences the stability of cementless stems and the risk of 

fracture after cementless hip replacement in dogs. In one in vitro study, stems implanted in 

femora with low flare were 6 times more likely to subside under load than stems implanted in 

femora with normal flare and 72 times more likely to subside than stems implanted in femora 

with high flare.90 In another study of cementless total hip replacement, dogs with 

postoperative femoral fractures had a mean ML CFI of 1.80 compared to 1.98 for dogs 

without fractures.72 

 

                                                 
n Pugliese LC. Proximal femoral morphology and bone quality assessment in dogs. MS 

thesis, The Ohio State University, 2014. 
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Radiographic and CT measurements of angles defining the ML and CC orientation of 

epiphyses relative to the diaphysis did not differ. However, radiographic measurements of 

CC curvature were smaller than CT measurements. We therefore rejected the hypothesis that 

CT and radiographic measurements of humeral shaft angulation do not differ. That difference 

in angulation could be due to the fact that for CT measurements bones were precisely 

oriented but for radiographic measurements, radiographs were potentially acquired while the 

humeral was internally or externally rotated from a true ML view, decreasing apparent 

curvature. Alternatively, the difference could be due to a disparity between the dogs 

evaluated radiographically and using CT scans. Further assessment of the relationship of 

radiographic versus 3D measurements of curvature will require comparing radiographs and 

CT scans collected from the same dogs and will be helpful to assess the accuracy of 

radiographs for surgical planning. In the current study, radiographic CC canal flare 

measurements were 13% smaller than flare measurements from CT scans. Similarly, 

radiographic ML canal flare measurements collected from radiographs of 300 human femurs 

were 12% smaller than ML flare measurements from CT scans of the same femurs (3.81 ± 

0.83 versus 4.32 ± 1.05, P < 0.0001).84  

 

This study documented the 3D geometry of the humerus in dogs. Humeri had a nonuniform 

curvature that was larger in the proximal metaphyseal region than the proximal diaphyseal 

region. Humeral head retroversion was comparable to femoral head anteversion, humeral 

head inclination was comparable to femoral head inclination, and CC humeral flare was 
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comparable to the ML femoral flare, suggesting that a prosthetic stem for total shoulder 

replacement stem could have a shape comparable to total hip replacement stems. CT and 

radiographic measurements of canal flare and curvature did not appear interchangeable.   
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4. CONCLUSIONS AND FUTURE WORK 

 

4.1 Conclusions 

Because dogs who are in severe pain due to OA and other shoulder disorders have very few 

options to manage the pain, developing a TSA is very important. The overall goal of this 

project was to investigate the geometry of the humerus in dogs to aid in the design of the 

humeral portion of a TSA. The goals of the specific studies were: 1) to assess the geometry 

of the canine humerus in dogs using radiography and to assess the influence of 

chondrodystrophy and non-chondrodystrophic brachycephaly on humeral geometry and 2) to 

investigate whether having a low or high humeral CFI is associated with specific humeral 

geometric features, whether curvature of the proximal portion of the humerus assessed in 3D 

renderings is uniform, and whether the geometry of the humerus assessed in 3D renderings is 

similar to the geometry of the humerus assessed on radiographs. 

 

In the first project, we did not find any clinically significant differences in humeral geometry 

between the CD, BD, and NCD groups. Breed-specific assessments of a larger sample size 

would likely enhance the ability to detect differences between dogs and group types. In the 

second project, we found that humeri had a nonuniform curvature, and that humeral head 

retroversion and inclination were similar to their femoral head counterparts. We also found 

that CC humeral flare was comparable to the ML femoral flare, suggesting that a prosthetic 

stem for total shoulder replacement stem could have a shape comparable to total hip 
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replacement stems. Although we did find differences in CT and radiographic measurements, 

these differences could be attributed to using different sample groups for the measurements. 

Future studies could focus on breed-specific analysis to see if breeds have any certain 

humeral dispositions. Going forward, 3D analysis of the humerus should be used going 

forward for the development of a humeral stem, as it allows for a more complete assessment 

of the geometric properties of the bone. 

 

4.2 Future work 

The next step in the implant design process is to decide on the type of implant to design 

(short vs standard, cemented vs. cementless, etc.) based on research on implants currently 

used in veterinary and human total arthroplasties. Care should be taken to research implant 

complications such as aseptic loosening and stress shielding. Understanding the curvature 

and shape of the humeral bone canal and comparing it to results from previously researched 

designs will aid the design process of a new humeral implant where hopefully the stress 

shielding can be limited. 

 

Another potential project to aid in implant design is the development of a composite bone 

analog.  These composite bones would be made of fiberglass-reinforced composite bones 

with cortical bone made from epoxy resin and fiberglass fibers and cancellous bone made 

from polyurethane foam coated in epoxy. Cadaver bones are not ideal for use in mechanical 

testing of potential joint replacement or other implants for several reasons, including 
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specimen variability, limited availability, and material degradation.125-130 Developing an an 

implant specific to the composite bone should improve the detection of differences in 

movement at the bone-implant interface. 
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Appendix A- Tables 2-5 

Table 2- Geometry of the humerus in chondrodystrophic (n = 5), brachycephalic (n = 

9), and non-chondrodystrophic dogs (n = 48) in ML view 

 
Measurement CD BD NCD 

Body weight (kg) 12.2 ± 10.8a 34.8 ± 21.4b 28.6 ± 11.2b 

ML radiographic view    

Humeral length (mm) 108 ± 35a 184 ± 37ab 183 ± 37b 

Glenoid length (mm) 19.3 ± 5.9 30.1 ± 6.1 28.4 ± 6.0 

Glenoid length / humeral length (%) 18.0 ± 1.1a 16.4 ± 1.1b 15.6 ± 1.2b 

Glenoid radius of curvature (mm) 11.7 ± 2.8 18.6 ± 3.8 17.7 ± 4.1 

Glenoid curvature/ humeral length (%) 11.1 ± 0.9a 10.2 ± 0.9ab 9.7  ± 1.0b 

Humeral head length (caudal measurement) (mm) 18.3 ± 2.2  33.2 ± 6.0 32.5 ± 7.0 

Humeral head length (caudal) / humeral length (%) 17.8 ± 3.4 18.2 ± 1.9 17.8 ± 1.2 

Humeral head length / diaphyseal width at 50% 1.73 ± 0.31 1.69 ± 0.20 1.75 ± 0.15 

Humeral head length (distal measurement) (mm) 17.9 ± 1.9 32.6 ± 6.2 31.3 ± 6.8 

Humeral head length (distal) / humeral length (%) 17.4 ± 3.3 17.9 ± 2.0 17.1 ± 1.2 

Humeral head radius of curvature (caudal) (mm) 9.6 ± 1.2 17.6 ± 3.2 17.3 ± 3.8 

Humeral head radius of curvature (caudal) / humeral length (%) 9.3 ± 1.9 9.7 ± 1.1 9.5 ± 0.8 

Humeral head radius of curvature (distal) (mm) 9.1 ± 1.0 16.3 ± 3.1 15.7 ± 3.4 

Humeral head radius of curvature (distal) / humeral length (%) 8.8 ± 1.5 9.0 ± 1.0 8.6 ± 0.6 

CC cortical width at 30% (mm) 13.5 ± 3.2 23.9 ± 5.9 21.7 ± 4.9 

CC cortical width at 50% (mm) 11.0 ± 3.4 20.0 ± 5.1 18.7 ± 4.2 

CC cortical width at 70% (mm) 10.8 ± 4.0 19.0 ± 4.3 17.4 ± 4.1 

CC endosteal width at 30% (mm) 9.2 ± 2.2 18.4 ± 5.6 16.6 ± 4.7 

CC endosteal width at 50% (mm) 6.3 ± 2.8 13.5 ± 4.0 12.9 ± 3.7 

CC endosteal width at 70% (mm) 5.7 ± 3.3 11.7 ± 3.3 10.4 ± 3.2 

CC average cortical thickness at 30% (mm) 2.2 ± 0.5 2.8 ± 0.6 2.8 ± 0.7 

CC average cortical thickness at 50% (mm) 2.4 ± 0.5 3.2 ± 0.9 2.9 ± 0.6 

CC average cortical thickness at 70% (mm) 2.5 ± 0.6a 3.7 ± 0.7b 3.5 ± 0.8b 

Proximal humeral width for flare (mm) 14.0 ± 2.1 26.8 ± 7.3 25.9 ± 6.4 

CC Canal flare at 30% 1.55 ± 0.17 1.48 ± 0.13 1.60 ± 0.23 

CC Canal flare at 50%  2.46 ± 0.74 1.99 ± 0.96 2.06 ± 0.29 

CC Canal flare at 70% 2.84 ± 0.98 2.31 ± 0.29 2.60 ± 0.46 

Mean CC canal flare 2.28 ± 0.61 1.93 ± 0.13 2.09 ± 0.29 

Shaft curvature angle (°) 9.9 ± 2.2a 6.7 ± 2.4b 7.9 ± 2.1b 

mCaPHA (°) 49.9 ± 6.3 48.4 ± 3.5 49.2 ± 4.7 

Humeral head to mechanical axis angle (°) 59.9 ± 10.5 56.6 ± 5.0 61.5 ± 5.9 

Angle between Fibonacci curve and mechanical axis (°) 39.1 ± 11.6 36.7 ± 8.6 40.2 ± 8.3 

mCrDHA (°) 72.6 ± 10.8 70.6 ± 3.2 70.3 ± 5.7 
a,bWithin a row, values with different superscript letters are significantly (P < 0.05) different. 
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Table 3- Geometry of the humerus in chondrodystrophic (n = 5), brachycephalic (n = 

9), and non-chondrodystrophic dogs (n = 48) in CC view 

 
CC radiographic view CD BD NCD 

Humeral length (mm) 92 ± 26 158 ± 33 161 ± 37 

ML cortical width at 30% (mm) 12.4 ± 3.7 23.4 ± 6.7 20.5 ± 4.8 

ML cortical width at 50% (mm) 11.0 ± 4.2 18.3 ± 5.2 16.8 ± 3.6 

ML cortical width at 70% (mm) 11.1 ± 4.6 23.0 ± 6.5 19.1 ± 5.8 

ML endosteal width at 30% (mm) 9.2 ± 3.2 18.3 ± 5.8 15.6 ± 4.3 

ML endosteal width at 50% (mm) 6.4 ± 3.3 12.8 ± 3.6 11.0 ± 3.1 

ML endosteal width at 70% (mm) 6.8 ± 4.1 16.9 ± 5.7 13.1 ± 5.4 

ML average cortical thickness at 30% (mm) 1.6 ± 0.3a 2.6 ± 0.6 b 2.3 ± 0.7b 

ML average cortical thickness at 50% (mm) 2.3 ± 0.5a 3.4 ± 1.2b 2.9 ± 0.5ab 

ML average cortical thickness at 70% (mm) 2.2 ± 0.4a 3.1 ± 0.5b 3.0 ± 0.7b 

ML condylar width (mm) 26.2 ± 9.5 46.2 ± 9.1 41.6 ± 9.1 

ML condylar width / humeral length* (%) 28.3 ± 2.8ab 29.4 ± 2.4a 26.2 ± 3.9b 

mLDHA (°) 88.7 ± 3.8 88.7 ± 4.2 90.4 ± 3.5 
a,bWithin a row, values with different superscript letters are significantly (P < 0.05) different. 
* Humeral length measured on CC radiographic view 
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Table 4- 3D geometry of the humerus in adult, non-chondrodystrophic dogs (n=40) 

 

Mean +/- SD measurements 

 

Low flare Average flare High flare Overall 
95% 

confidence 

interval 

Coefficient 

of variation Mean SD Mean SD Mean SD Mean SD 

Age (years) 4.5 3.1 3.6 2.5 3.5 2.7 3.9 2.7  71% 

Weight (kg) 40.4 13.0 36.2 10.4 31.2 6.5 35.9 10.7  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% 

Proximal torsion, 8-20% 

length(º) 
36.6 4.6 35.7 5.5 31.2 8.0 34.5 6.5 32.5 to 36.5 19% 

Diaphyseal torsion, 20-75% 

length (º) 
6.4 6.9 12.6 6.9 6.8 6.7 8.7 7.3 6.4 to  11 84% 

Distal torsion, 75-92% length 

(º) 
-46.4 7.4 -45.6 12.4 -42.0 4.3 -44.7 8.8 -47.4 to -42.0 -20% 

Torsion, 8-92% length (º) -3.4 5.2 2.7 9.2 -4.0 7.2 -1.5 7.9 -3.9 to 1.0 -532% 

CC canal width, 20% length 

(mm) 
27.4 4.9 26.2 4.0 24.7 5.6 26.1 4.8 24.6  to 27.6 19% 

CC canal width, 50% length 

(mm) 
17.8 3.3 15.1 2.3 12.7 2.8 15.2 3.5 14.1 to 16.3 23% 

CC canal flare index 1.54 0.09 1.73 0.06 1.94 0.07 1.74 0.18 1.68 to 1.79 10% 

ML canal width, 20% length 

(mm) 
15.1 2.6 14.3 2.6 12.3 1.8 13.9 2.6 13.1 to 14.7 19% 

ML canal width, 50% length 

(mm) 
12.0 2.3 10.5 2.3 8.9 1.9 10.5 2.5 9.7 to 11.2 23% 

ML canal flare index 1.27 0.12 1.37 0.11 1.40 0.15 1.35 0.14 1.30 to 1.39 10% 

Radius of curvature, humeral 

head (mm) 
14.4 1.7 13.6 1.9 13.1 1.8 13.7 1.8 13.12 to 14.26 13% 

Radius of curvature, humeral 

head (mm/kg1/3) 
1.13 0.23 1.17 0.21 1.30 0.24 1.20 0.23 1.13 to 1.27 19% 

Humeral head inclination (º) 130.4 5.2 127.7 8.1 128.7 11.1 128.9 8.4 126.3 to 131.5 6% 

Humeral head version (º) -76.5 9.3 -77.6 11.4 -73.4 7.9 -75.9 9.6 -78.9 to -72.9 -13% 

Humeral head offset (mm) 20.4 4.2 19.4 3.1 18.4 3.4 19.4 3.6 18.3 to 20.5 18% 

Humeral head offset 

(mm/kg1/3) 
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 

(º) 
170.6 3.7 170.2 6.0 170.3 3.9 170.4 4.6 169.0 to 171.8 3% 

Great tubercle version (º) -54.1 147.0 -43.3 153.2 -21.6 154.7 -39.8 148.4 -85.7 to 6.2 -373% 

Greater tubercle offset (mm) 6.5 2.8 5.9 3.0 5.4 2.3 5.9 2.7 5.1 to 6.8 45% 

Greater tubercle offset 

(mm/kg1/3) 
0.49 0.14 0.50 0.20 0.55 0.27 0.51 0.20 0.45 to 0.57 40% 

Shaft curvature, 20-40% 

length (º) 
12.8 3.8 11.6 2.1 12.2 4.3 12.2 3.5 11.1 to 13.2 28% 

Shaft curvature, 30-50% 

length (º) 
8.0 2.1 8.5 2.0 8.2 2.5 8.2 2.2 7.6 to 8.9 26% 

Shaft curvature, 20-50% 

length (º) 
20.8 4.6 20.1 2.3 20.4 5.9 20.4 4.4 19.0 to 21.8 21% 

mCaPHA (º) 49.0 3.9 50.3 3.5 51.2 5.9 50.2 4.5 48.8 to 51.6 9% 

mCrDHA (º) 73.9 9.5 71.5 5.5 73.2 8.5 72.9 7.8 70.4 to 75.3 11% 

mLDHA (º) 88.7 3.8 88.7 4.2 90.4 3.5 90.0 3.6 88.3 to 90.6 4% 

Radius of curvature, glenoid 

(mm) 
19.5 2.2 18.0 1.7 17.6 2.8 18.4 2.3 17.6 to 19.1 13% 

Radius of curvature, glenoid 

(mm/kg1/3) 
1.55 0.36 1.57 0.31 1.73 0.25 1.61 0.31 1.52 to 1.71 19% 

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% 
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Table 5- Humeral cortical thickness in dogs with low, average, and high craniocaudal 

canal flare (n=40) 

 
Mean +/- SD measurements Low flare  Average flare  High flare  Overall 

 Mean SD  Mean SD  Mean SD  Mean SD 

Cortical thickness, 20% cranial (mm) 1.7 0.5  1.7 1.1  1.8 0.4  1.7 0.7 

Normalized cortical thickness, 20% cranial (mm/kg1/3) 0.14 0.06  0.14 0.04  0.19 0.07  0.15 0.06 

Cortical thickness, 20% caudal (mm) 1.4 0.4  2.1 0.9  2.1 0.7  1.9 0.8 

Normalized cortical thickness, 20% caudal (mm/kg1/3) 0.11 0.03  0.18 0.08  0.20 0.05  0.16 0.07 

Cortical thickness, 20% lateral (mm) 1.8 0.5  1.8 0.3  2.1 0.5  1.9 0.4 

Normalized cortical thickness, 20% lateral (mm/kg1/3) 0.15 0.06  0.16 0.05  0.21 0.06  0.17 0.06 

Cortical thickness, 20% medial (mm) 2.1 0.6  1.9 0.5  2.1 0.4  2.0 0.5 

Normalized cortical thickness, 20% medial (mm/kg1/3) 0.16 0.03  0.16 0.04  0.21 0.05  0.18 0.05 

Cortical thickness, 30% cranial (mm) 2.2 0.7  2.3 0.6  2.9 0.7  2.5 0.7 

Normalized cortical thickness, 30% cranial (mm/kg1/3) 0.18 0.05 a 0.20 0.06 a 0.29 0.10 b 0.22 0.09 

Cortical thickness, 30% caudal (mm) 2.3 0.6  2.7 0.8  2.8 0.7  2.6 0.7 

Normalized cortical thickness, 30% caudal (mm/kg1/3) 0.18 0.04  0.24 0.08  0.27 0.06  0.23 0.07 

Cortical thickness, 30% lateral (mm) 2.0 0.4  2.4 0.6  2.4 0.5  2.3 0.6 

Normalized cortical  thickness, 30% lateral (mm/kg1/3) 0.17 0.06  0.21 0.08  0.24 0.07  0.21 0.07 

Cortical thickness, 30% medial (mm) 2.1 0.6  2.2 0.5  2.5 0.5  2.3 0.6 

Normalized cortical thickness, 30% medial (mm/kg1/3) 0.16 0.04 a 0.19 0.07 a 0.25 0.05 b 0.20 0.06 

Cortical thickness, 40% cranial (mm) 2.8 0.6  2.9 0.9  3.5 0.9  3.1 0.9 

Normalized cortical thickness, 40% cranial (mm/kg1/3) 0.22 0.06 a 0.25 0.05 a 0.35 0.09 b 0.27 0.09 

Cortical thickness, 40% caudal (mm) 3.2 0.7  2.9 0.6  3.2 0.7  3.1 0.7 

Normalized cortical thickness, 40% caudal (mm/kg1/3) 0.25 0.06  0.26 0.08  0.31 0.06  0.27 0.07 

Cortical thickness, 40% lateral (mm) 2.3 0.4  2.5 0.5  2.5 0.2  2.4 0.4 

Normalized cortical thickness, 40% lateral (mm/kg1/3) 0.18 0.05  0.22 0.06  0.25 0.06  0.21 0.06 

Cortical thickness, 40% medial (mm) 2.1 0.4  2.5 0.8  2.6 0.4  2.4 0.6 

Normalized cortical thickness, 40% medial (mm/kg1/3) 0.16 0.04 a 0.21 0.06 ac 0.26 0.06 bc 0.21 0.07 

Cortical thickness, 50% cranial (mm) 3.0 0.4  3.2 1.1  3.4 0.5  3.2 0.7 

Normalized cortical thickness, 50% cranial (mm/kg1/3) 0.24 0.07  0.27 0.08  0.34 0.09  0.28 0.09 

Cortical thickness, 50% caudal (mm) 3.2 0.6  3.1 0.5  3.3 0.6  3.2 0.6 

Normalized cortical thickness, 50% caudal (mm/kg1/3) 0.25 0.07  0.27 0.06  0.32 0.07  0.28 0.07 

Cortical thickness, 50% lateral (mm) 2.7 0.5  2.7 0.5  2.8 0.3  2.7 0.4 

Normalized cortical thickness, 50% lateral (mm/kg1/3) 0.21 0.05  0.24 0.06  0.28 0.06  0.24 0.06 

Cortical thickness, 50% medial (mm) 2.5 0.4  2.7 0.5  3.0 0.4  2.7 0.5 

Normalized cortical thickness, 50% medial (mm/kg1/3) 0.20 0.06 a 0.23 0.06 a 0.29 0.06 b 0.24 0.07 

a,b Within a row, values with different superscript letters are significantly (P < 0.05) different.  
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