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Between 10 000 to 45 000 dogs develop osteosar-
coma (OSA) each year in the United States.1,2 The 

proximal humerus is one of the most common ana-
tomic sites for appendicular OSA with a prevalence as 
high as 20.9%.3 Although amputation arguably remains 
the standard of care for primary tumor treatment, 
some dogs are not ideal candidates due to concur-
rent orthopedic or neurologic diseases. Furthermore, 
amputation can also lead to some negative sequelae 
such as changes in behavior, aggression, and anxiety.4,5 
Treatment alternatives include surgical limb-sparing 
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using an allograft, intra-operative radiation therapy, 
and stereotactic radiation therapy (SRT). The use of 
an allograft for the proximal humerus has been asso-
ciated with a high complication rate and poor limb 
function.6 Intraoperative radiation therapy in dogs 
afflicted with humeral osteosarcoma led to complica-
tions in all dogs of a study, including fracture, implant 
failure, infection, and radial nerve paralysis.7 The most 
common major complication associated with SRT is 
a fracture.8,9 Therefore, there are currently no limb-
sparing options for proximal humeral osteosarcoma 

OBJECTIVE
Osteosarcoma frequently affects the proximal humerus in dogs. In veterinary medicine, no therapeutic option for the 
treatment of osteosarcoma satisfactorily preserves limb function. 3D-printed personalized endoprosthesis offers a 
promising treatment option. Morphometric data, necessary for the design of the endoprosthesis, are currently lacking in 
canine patients. Our objective was to acquire the morphometric data necessary to refine the design of the endoprosthesis.

ANIMAL
A single canine cadaveric thoracic limb.

PROCEDURES
Sagittal proton-density, and sagittal, dorsal, and transverse T1-weighted sequences of the thoracic limb were 
acquired with a 1.5 Tesla Magnetic Resonance Imaging (MRI) unit. Nineteen muscles of interest were subsequently 
identified using medical imaging software (Mimics©) and their volume was reconstructed in 3D using computer-
aided design (CATIA©). Mormophetric data were recorded for each of the 19 muscles. The same canine cadaver was 
then dissected to measure the same parameters.

RESULTS
All muscles were successfully identified with data consistent with the dissected cadaveric data. Certain muscles 
were more challenging to isolate on MRI, namely the heads of the triceps brachii, superficial pectoral, and latissimus 
dorsi. The relative distribution of muscle volumes was similar to historical data. Muscle tissue density was not sig-
nificantly affected by freezing (1.059 g/cm3).

CLINICAL RELEVANCE
MRI is a useful tool to collect morphometric data but imperfect if used alone. This approach was the first attempt to 
validate more general morphometric data that could be used to refine the design of custom 3D-printed prostheses 
for limb-sparing of the proximal humerus. Further imaging studies are warranted to refine our model.
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with an acceptable risk of complications. In human 
medicine, patient-specific implants are engineered to 
fit as perfectly as possible to each patient; thereby, 
optimizing the loads transmitted through the limb.10,11 
Patient-specific implants are possible through com-
puter-aided design and additive manufacturing also 
known as 3D printing and have been used for the treat-
ment of dogs with appendicular osteosarcomas.12,13 
Three different designs of limb-sparing endoprosthe-
ses for the canine proximal humerus are conceptu-
ally possible including the arthrodesis, the 1 degree 
of liberty (flexion-extension), and the full range of 
motion. When mobility is introduced, active stabi-
lization becomes crucial for the functionality of the 
endoprosthesis. Based on this assumption, the rela-
tive importance of the shoulder muscles is imperative 
to consider. However, relevant morphometric data on 
the thoracic limb in dogs are lacking. The objective of 
our study was to acquire morphometric data on the 
shoulder muscles and compare them to historical data 
previously described in cadavers by Shahar et al.14

Materials and Methods
Specimen selection

The left thoracic limb was collected from a 
mature dog euthanized for reason unrelated to this 
study. The limb was retrieved following the harvest 
of other organs by other investigators for research 
and teaching purposes in accordance with the 3R 
rules by Russell and Burch.15 No approval from our 
IACUC was required. The mesomorphic-type dog 
weighed 30 kg and was a male mixed breed. This dog 
had a body condition score of 5 out of 9 based on the 
scale developed by Laflamme et al.16 and a muscle 
condition score of 3 based on the scale developed 
by the World Small Animal Veterinary Association 
(WSAVA).17 Macroscopic examination and palpa-
tion of the thoracic limb joints were performed by 
a surgeon (ACVS diplomate) to rule out any gross 
abnormalities (eg, malformation, instability, and 
crepitus). The entire cadaver was frozen at −20 °C 
until specimen preparation.

Specimen preparation
Before preparation, the cadaver was thawed at 

4 °C for 48 hours. Then, the left thoracic limb and 
the left part of the thoracic wall including all of the 
left ribs were isolated from the remainder of the 
cadaver with an oscillating saw dividing the sternum 
in half, for the dorsal aspect of the ribs were tran-
sected from the spine at their insertion with a bone 
cutter. To optimize MRI image acquisition, the limb 
was sawed mid-radius.

MRI study
MRI (1.5 Tesla magnet GE Signa Echospeed HDx; 

GE Healthcare) of the thoracic limb and left part of 
the thoracic wall was performed extending from the 
most proximo-caudal tip of the scapula to the proxi-
mal third of the radius or ulna. The study included the 
following sequences: sagittal proton-density (PD), 
and sagittal, dorsal, and transverse T1-weighted 

fast spin echo using a torso coil. The reduction in the 
size of the specimen allowed for use of a relatively 
small field of view (sagittal PD, T1, FIESTA: 26 cm; 
Trans FIESTA: 16 cm; Trans T1: 17 cm), optimizing 
the spatial resolution and increasing the signal-to-
noise ratio (SNR). The shoulder was positioned at 
130° and the elbow at 130°, to mimic the standard 
standing position.18–20 As previously described in the 
specimen preparation, MRI included the left thoracic 
wall, scapula, humerus, and proximal part of the 
radius and ulna.

Morphometric data acquisition  
on MRI sequences

The MRI sequences were treated with 
medical imaging software (Mimics©, research 
19.0 Materialise). An MRI sequence was selected, 
providing the best visualization of the muscle stud-
ied and treated as a multiplanar reconstruction with 
3 different views simultaneously available (coronal, 
sagittal, and transverse). The different axis system 
bases were defined in the axis system of the soft-
ware based on previously described landmarks.14 To 
complete an associated ongoing study,21 coordinates 
of the scapula- and humerus-based axis systems, 
rotation center between the scapula and humerus, 
and rotation center between the humerus and the 
radius were recorded by the coordinates of the point 
of interest searched in the 3 different planes (trans-
verse, longitudinal, and coronal) by 1 investigator 
(M.L.). The following 19 muscles were individually 
studied: deep pectoral, superficial descending pec-
toral, superficial transversus pectoral, supraspinatus, 
infraspinatus, teres major, teres minor, deltoid – 
acromial part, deltoid – scapular part, triceps brachii –  
accessory head, triceps brachii – long head, triceps 
brachii – medial head, triceps brachii – lateral head, 
biceps brachii, subscapularis, latissimus dorsi, cora-
cobrachialis, brachiocephalicus, brachialis. Those 
muscles of interest were chosen because they are 
responsible for shoulder motion and may be dam-
aged during the removal of humeral osteosarcoma 
or reattachment in case of endoprosthesis placement 
afterward. The following morphometric data were 
recorded for each muscle: coordinates of insertion 
and origin points, maximal length including tendon, 
maximal cross-section area, and volume. Insertion 
and origin points of each muscle were located in the 
3 planes (transverse, longitudinal, and coronal) based 
on anatomic landmarks and MRI sequences; the ten-
don part was considered part of the muscle. The 
origin point was marked with a cursor on the MRI 
images, allowing visual assessment and record of 
coordinates. The same process was repeated for the 
insertion point. To determine the length of a muscle, 
the origin and insertion points were linked with the 
distance measure function and the length of the mus-
cle in centimeters (cm) was recorded. To define the 
volume of the muscle, a plane was chosen based on 
the best visualization of the muscle, either transverse, 
sagittal, or dorsal. The surface area of the muscle 
was defined by tracing the perimeter of the chosen 
muscle section on the selected layer and plane, the 
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perimeter of the muscle section was then defined 
on each consecutive layer on the same previously 
selected plane. The surface area on each image was 
then summed up to create an STL volume, as pre-
sented (Figure 1). This STL file was then transferred 
into software for computer-aided design (CATIA© 
V5 Dassault Systemes) to generate a 3D reconstruc-
tion of the muscle and determine the volume in cubic 
centimeters as presented (Figure 2). This image 
treatment was performed by 1 investigator (L.L.B.). 
The maximal cross-section area was defined as 
the maximal surface area drawn for each muscle in 
square centimeters. Data collection was validated by 
a board-certified veterinary radiologist (I.M.).

Cadaveric study
Following MRI acquisition, the same cadaveric 

specimen was then dissected to isolate the 19 mus-
cles of interest. For each muscle, the following data 
were recorded: volume, maximal length, maximal 
cross-section area, and muscle tissue density. First, 
the volume in cubic centimeters was measured using 
Archimedes’ principle. This principle states that 
when a body is (partially or totally) immersed in a 
fluid, the upthrust on the body is equal to the weight 
of the fluid displaced. Each measurement was done 
in triplicate by 1 investigator (M.L.). The muscle was 
then placed on a flat surface and a ruler was used 
to measure the length from the origin of the muscle 
to its insertion, 1 investigator (M.L.) as previously 
described by Shahar.14 Tendons were included in the 
total length of the muscle. Each measurement was 
done in triplicate. The maximal cross-section area 
was subjectively assessed by 2 observers (B.L., M.L.). 
To do this, a section of the muscle was cut, then a 

metal ruler was used for calibration, and placed 
next to it. A photograph was taken after placing 
the camera perpendicular to the surface, as shown 
(Figure 3). Each photograph was repeated 3 times. 
The photographic image was treated with planimetry 
freeware (Fiji©) based on previous studies describ-
ing it for laryngeal glottis measurements22 or wound 
healing granulation and contraction assessment.23 
Each image was first calibrated, using the metal 
ruler included in the photograph. The outline of the 
muscle was then traced by 1 investigator (M.L.) to 
determine the perimeter of the muscle surface and 
the software generated the measured surface area in 
square centimeters. This procedure was repeated for 
each image and each muscle in triplicate to improve 
precision. Three 1-cm3 cubes of muscle were then 
weighted. The volumetric mass density in grams 
per cubic centimeters was, therefore, determined. 
Data collection was validated by a board-certified 
veterinary surgeon (B.L.).

Data analysis
The different data were quantitively compared 

as described between the 3 scenarios: MRI data, 
cadaveric data, and historical data from Shahar.14 
Due to the nature of this pilot study only 1 mea-
surement per method was available to compare; 
therefore, no statistical test could be performed to 
compare methods for a single muscle at a time. The 
authors chose to calculate for each measurement 
the percentage of error between methods (model-
ization vs cadaver, modelization vs historical data, 
and cadaver vs historical data). Subjectively when 
the difference was below 40% the value was consid-
ered comparable or consistent. Then we wanted to 

Figure 1—Identification of the muscles of interest using medical imaging software (Mimics) after magnetic reso-
nance imaging of the proximal aspect of a canine thoracic limb. The infraspinatus muscle is identified in green on 
the dorsal (A), sagittal (B), and transverse (C) images. The 3D-volume rendering on the muscle, used to generate 
the .stl file, is shown in D.
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compare methods of measurement for each param-
eter (maximal length, maximal cross-section area, 
volume, mass of the muscle, and relative volume). 
We hypothesized that our measurement for each 
parameter was a repeated measure of the same 
muscle in an identical dog, our variables were con-
tinuous, and we had a small sample size. Based on all 
of these criteria we elected to perform an intra-class 
correlation coefficient (ICC) to determine the con-
cordance between our 3 methods of evaluation. This 

coefficient can take a value between 0 and 1, with 
0 indicating no agreement and 1 indicating perfect 
agreement. When comparing the data the authors 
used the study of Koo et al.24 to interpret the ICC. 
The ICC values below 0.5 indicate poor reliability, 
between 0.5 and 0.75 moderate reliability, between 
0.75 and 0.9 good reliability, and any value above 0.9 
indicates excellent reliability. When the authors are 
using the terms similar or consistent it is for good or 
excellent reliability, with ICC above 0.75.

Results
All data are summarized (Table 1). All muscles 

were successfully identified on MRI images, and 
reconstructed in their respective 3D shapes. The 
maximal lengths of the muscles obtained from the 
MRI and the cadaver were consistent for the majority 
of the muscles (17/19) of interest. The maximal sec-
tion areas were consistent for 18/19 of the muscles. 
The volume obtained from 3D reconstruction and the 
cadaver was consistent for 14/19 muscles of inter-
est. Indeed, some muscles were more challenging 
to isolate on MRI sequences, namely the individual 
heads of the triceps brachii, the superficial pectoral, 
the teres minor, and the latissimus dorsi. The volumes 
of the muscles’ specimens in this study were more 
substantial than the historical data.14 To overcome 
the fact that dogs used for historical data and in our 

Figure 2—Volume reconstruction (A) and maximal surface area (B) determination of the supraspinatus muscle in 
computer-aided design software (Catia, Dassault Systems©)

Figure 3—Example of a photographic image of the 
biceps brachii muscle used for computerized planimet-
ric analysis with Fiji© software. A metallic ruler is placed 
next to the muscle cross-section to allow for calibration 
and for the determination of the maximal surface area.
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study had different weights, a posteriori analysis was 
performed and relative repartition of the muscle vol-
ume was calculated. The results of this analysis are 
summarized (Table 2). This relative repartition was 
similar for 17/19 of the muscles. Overall, the muscle 
tissue density was not significantly different from 
the reference value,25 known as 1.059 g/cm3. The 
agreement between methods of measurement was 
considered excellent (ICC > 0.90) for maximal cross-
section area (modelization vs cadaver) and relative 
volume (modelization vs cadaver, historical data vs 
cadaver). It was considered good (0.75 < ICC < 0.9) for 
maximal length (modelization vs cadaver), volume 
(modelization vs cadaver, modelization vs historical 
data), mass (modelization vs cadaver, modelization 
vs historical data), and relative volume (modeliza-
tion vs historical data). It was considered moderate  
(0.5 < ICC < 0.75) for the remaining comparison.

Discussion
This pilot study allowed the identification of the 

19 muscles of interest in the canine shoulder with MRI 
and medical imaging software. The morphometric 
data collected with imaging proved to be consistent 
with those obtained by dissection and with histori-
cal data. Volume reconstruction was performed for 
the 19 muscles with the software for computer-aided 
design. Dissection and measurements of the different 
variables were successfully performed for all muscles 
of interest without any complication. A posteriori 
analysis provided evidence that mesomorphic dogs 

Table 1—Comparison of morphometric data for each of the 19 muscles of interest between modelization by 
magnetic resonance imaging (MOD), cadaver (CAD), and historical data (HD). The muscle mass of historical data 
was determined by calculation with a gravity of 1.059 g/cm−3.

Muscle

Maximal length (cm)

Maximal 
cross-section 
area (cm2) Volume (cm3)

Mass of the whole  
muscle (g)

MOD CAD HD MOD CAD MOD CAD HD MOD CAD HD

Biceps brachii 14.65 15.6 11.05 5.24 6.17 36.68 48 26.36 38.84 49.03 27.92
Brachialis 11.61 13.4 13.45 3.11 3.21 17.70 22 14.6 18.75 24.27 15.46
Brachiocephalicus 10.19 13.6 34.89 3.77 2.25 17.00 18 50.65 18.01 18.83 53.64
Coracobrachialis 4.65 7.5 5.38 1.65 1.44 5.56 5 3.02 5.89 5.2 3.2
Deltoid – acromial part 8.58 8.1 7.5 3.91 4.78 24.79 24 13.4 26.26 24.78 14.19
Deltoid – scapular part 9.88 14.7 11.25 3.61 4.22 20.97 42 20.59 22.21 43.34 21.81
Infraspinatus 14.92 17.3 14.13 9.11 9.16 76.43 100 57.18 80.94 90.66 60.55
Latissimus dorsi 22.92 27.3 29.38 14.13 19.99 152.87 305 140.02 161.89 304.62 148.28
Deep pectoral 20.09 23.0 23.28 13.06 10.23 199.4 190 153.59 211.16 176.35 162.65
Superficial descending 
pectoral

14.21 18.8 10.75 5.52 4.30 34.32 39 12.47 36.34 40.56 13.21

Superficial transversus 
pectoral

15.41 10.8 8.55 10.26 7.83 51.57 62 39.19 54.61 65.5 41.5

Subscapularis 12.25 12.8 11.1 7.17 9.72 37.72 62 48.46 39.95 65.48 51.32
Supraspinatus 16.14 16.8 15.08 12.27 16.06 107 160 75.37 139.05 113.31 79.82
Teres minor 5.79 9.6 4.98 2.44 2.16 5.03 7 3.79 5.32 7.73 4.01
Teres major 12.82 17.3 14.08 5.24 4.51 22.75 45 28.87 24.09 47.3 30.57
Triceps brachii – accessory 
head

4.86 14.0 11.13 4.14 4.30 12.05 25 20.44 12.05 27.92 21.65

Triceps brachii – long head 17.71 17.1 15.35 26.15 23.52 358.71 300 140.46 379.87 271.42 148.75
Triceps brachii – medial head 11.04 12.7 11.28 2.94 4.80 9.90 30 22.83 10.49 33.03 24.18
Triceps brachii – lateral head 11.86 12.8 12 5.71 7.92 45.02 70 48.32 47.67 74.56 51.17

Table 2—A posteriori analysis of the relative volume of 
the 19 muscles of interest.

Muscle

Relative volume (%)

Modelization Cadaver
Historical 
data

Biceps brachii 3 3.1 2.9
Brachialis 1.4 1.4 1.6
Brachiocephalicus 1.4 1.2 5.5
Coracobrachialis 0.5 0.3 0.3
Deltoid – acromial 
part

2 1.5 1.5

Deltoid – scapular 
part

1.7 2.7 2.2

Infraspinatus 6.2 6.4 6.2
Latissimus dorsi 12.4 19.6 15.2
Deep pectoral 16.1 12.2 16.7
Superficial 
descending 
pectoral

2.8 2.5 1.4

Superficial 
transversus 
pectoral

4.2 4 4.3

Subscapularis 3.1 4 5.3
Supraspinatus 8.7 10.3 8.2
Teres minor 0.4 0.5 0.4
Teres major 1.8 2.9 3.1
Triceps brachii – 
accessory head

1 1.6 2.2

Triceps brachii – 
long head

28.9 19.4 15.2

Triceps brachii – 
medial head

0.8 1.9 2.5

Triceps brachii – 
lateral head

3.6 4.5 5.3

Total 100 100 100
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may have a similar relative muscle volume reparti-
tion. Our study also provides supporting evidence 
that muscle density is not affected by freezing and a 
reference value25 of 1.059 g/cm3 can be used safely.

Precise identification on MRI of each muscle 
had to overcome several obstacles. First, different 
heads of the triceps brachii were difficult to isolate 
from each other despite attempts to optimize the 
MRI sequence acquisition. To overcome this diffi-
culty, additional sequences such as T2-FLAIR might 
have been useful to isolate each head and distinguish 
between muscle and fat. Second, an MRI of supe-
rior quality could be useful (3 Tesla),26 or sequential 
acquisition could be performed.27 In human medi-
cine MRI of the superior quality previously men-
tioned provides sufficient quality to identify muscle 
fibers.26 Third, identification of the latissimus dorsi 
muscle would have benefited from increased reso-
lution due to its multiple fibers that are tedious to 
identify. Finally, the pre-treatment (ie, thoracic cav-
ity transected on the medial plane) and positioning 
of the cadaver may have introduced some distortion 
of the muscles. Indeed, the specimen was positioned 
lying on its side during the image acquisition. This 
position may have modified the anatomic position 
of the superficial pectoral (descending and transver-
sus) and rendering its identification more tedious. 
In a living dog, a dorsal recumbency would be pre-
ferred and has been described for the detection of 
muscular dystrophy by MRI.28

Despite imperfections, the MRI allowed the iden-
tification of 19 muscles of interest, an essential step 
for subsequent 3-D volume rendering by software 
for computer-aided design, and measurement of 
volume was successfully obtained for each of them. 
The acquisition of sequential tracing for each layer 
of each muscle was performed by 1 investigator. This 
acquisition was time-consuming, especially know-
ing that no pre-settings were available to identify 
muscle fibers on the software. This study is the first 
attempt to describe a step-by-step methodology to 
identify canine shoulder muscles on MRI images. The 
end goal would be to automatize the process with 
machine learning techniques to mimic what is cur-
rently done in human medicine.26 However, it would 
require a better definition to create reliable algo-
rithms of identification.

Selected morphometric data was successfully 
acquired using MRI and the previously described 
software for volume, maximal length including 
tendon, and maximal cross-section area. The lat-
ter 2 parameters were measured to assess in which 
plane the error could have been made in the event 
of volume discrepancy between the gold stan-
dard (dissection) and modelization. The agreement 
between modelization with the MRI and cadaver 
measurements was greater for maximal cross-
section area measurement (ICC 0.93) compared with 
maximal length (ICC 0.75). It means that error may 
be more related to the difficulty in assessing the ori-
gin and insertion of the muscle (maximal length) 
rather than missing fibers in the belly of the muscle 
(maximal cross-section area). The importance to 

identifying the source of the error was particularly 
important to refine the technique. Fourteen out of 
19 muscles had a comparable volume between mod-
elization and dissection, meaning less than a 40% 
difference in the data between the methods used to 
do the measurement. Some discrepancy remained 
for the accessory and medial heads of the triceps 
brachii that could be related to a difficult distinc-
tion on the MRI images of the heads of this muscle. 
As previously discussed, additional MRI sequences 
such as T2-Flair should be planned in future studies. 
The discrepancy in volume was also present for the 
latissimus dorsi when comparing modelization and 
cadaver data. This could be secondary to failing to 
identify some fibers of this muscle on the MRI images 
due to the subtility of some fibers that may have 
been missed with distortion and lack of adequate 
definition. This discrepancy can also be secondary to 
the loss of tendinous attachments in the process of 
specimen preparation, which could make identifica-
tion of the origin of the muscle more difficult. When 
comparing the volume of muscles with historical 
data,14 all muscles except for the brachiocephalicus, 
were larger in our specimen. The dog used in the 
study weighed 30 kg compared with a mean of 20 kg 
for the historical data. To overcome this discrepancy, 
we elected to perform a posteriori analysis of our 
results and calculate relative volume repartition. This 
analysis showed that the relative volume repartition 
between the different muscles seemed to be simi-
lar in the mesomorphic dogs included in this study 
and in historical data.14 This is a promising result that 
could be used in the future if proven to be general-
ized to all mesomorphic dogs. As a result, a simple 
algorithm could be used to obtain each muscle vol-
ume knowing the body condition score16 and weight 
of a mesomorphic dog. Further research is needed to 
verify this hypothesis and to assess relative muscle 
volume repartition for each type of dog. Some data 
available for greyhounds could not be extrapolated 
to our results due to morphology discrepancy.29 The 
maximal length was comparable for the majority of 
muscles between the modelization and the cadaver 
with the exception of the superficial pectoral (trans-
versus), which could be due to positioning and lim-
ited delineation of the accessory head of the triceps 
brachii resulting from a poor definition on selected 
MRI sequences. Moreover, the definition was not 
always adequate, and tendons were sometimes dif-
ficult to identify for all the muscles.

A comparison of the maximal length with the his-
torical data revealed a tendency to be longer in our 
specimen compared with the historical data, which is 
consistent with our specimen being heavier and likely 
taller. The maximal surface area was also comparable 
for the majority of muscles, with the exception of the 
medial head of the triceps brachii and the latissimus 
dorsi, which would be related to a misidentification 
of the entire perimeter of the muscle.

Our study provides new morphometric data 
of the canine shoulder muscles acquired by a non-
invasive method; however, with this imaging method 
alone, some morphometric data are lacking. Some 
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parameters such as pennation angle and muscle fiber 
length are missing in our study to have a complete 
muscle evaluation in his composition and geometry. 
Those parameters were not possible to acquire due 
to technical limitations such as insufficient definition 
and lack of fiber enhancement. Muscle fiber distribu-
tion in concordance with the volume of the muscle 
dictates the amount of force that can be generated by 
a muscle during locomotion.30 Muscle fibers’ length 
and orientation have been shown in a recent study31 
to influence the direction of the force generated by 
the muscle. Each muscle can be defined by a specific 
type of morphology32 (ie, parallel, unipennate, bipen-
nate, or circular). The orientation of muscle fibers is 
usually defined by the pennation angle33 used to cal-
culate the physiological cross-sectional area (PCSA). 
Ultrasound has been described34 to measure the 
pennation angle of muscles and it would have been 
interesting to pair sonographic measures of the pen-
nation angle with MRI and define each muscle mor-
phology based on both modalities. Measurement of 
the pennation angle has been described in human 
medicine with advanced definition MRI (3-Tesla)26 
and was not possible with our images.

Our pilot study provides evidence that the iden-
tification of canine shoulder muscles by MRI is fea-
sible. The goal of this study is not to replace the large 
dissection textbooks but rather to provide comple-
mentary evidence to understand shoulder muscle 
volume repartition. The muscle volume is correlated 
with the force generated by its contraction.30 By 
understanding the relative contribution of each mus-
cle, we could then calculate the resulting forces that 
will be generated on different types of endopros-
theses. This information is pivotal in creating endo-
prostheses that will withstand daily weight bearing 
in dogs that had undergone proximal humeral limb-
sparing surgery. Moreover, the use of this imaging 
modality allowed a 3D evaluation of muscle and in 
cases of osteosarcoma could refine the pre-planning 
of the endoprosthesis. The end goal of this technique 
is to acquire morphometric data with machine learn-
ing tools and automatize the process. Transitioning 
from this pilot study to live animals could be done 
first by repetition of the same acquisition on various 
morphotypes of dogs to create an algorithm to iden-
tify reliably the muscles. The same study could try 
to validate the hypothesis that the relative volume 
of canine shoulder muscle may be similar in meso-
morphic dogs. It is expected that ectomorphic and 
endomorphic dogs may have different repartition 
of muscle. To address this question those morpho-
metric data could be used in a mathematical algo-
rithm to assess the contribution of each muscle to 
the shoulder function.21 To use such type of algo-
rithm fixed landmarks should be defined on the 
limb with software. The identification of the most 
important muscles and their impact on the kinemat-
ics of the prosthetic joint will then lead to improved 
endoprosthesis design and implantation feasibility. 
Understanding which muscles are crucial to reim-
plant and which ones could be sacrificed during 
dissection would reduce surgery time and improve 

endoprosthesis stability by shoulder muscles. Based 
on this technique the surgical approach could be 
adapted for every type of dog conformation and 
address the difference in muscle morphology by 
breed. Furthermore, precise identification of muscle 
can lead to location choice for lattices that will allow 
tendinous reimplantation for muscle that should 
absolutely be salvaged during the procedure to 
allow a successful function. The authors believe that 
this field of work could be promising with the appro-
priate understanding of muscles’ contribution during 
locomotion to create personalized endoprosthesis in 
cases of proximal humeral osteosarcoma.

This pilot study encountered some limitations, 
the main one being the use of a thoracic limb of a 
single individual. This precludes the generalization of 
the method but has served to highlight several pos-
sible solutions to refine the technique, which was the 
goal of this pilot study. Indeed, a single individual 
has prevented any statistical analysis of the repeat-
ability of the modelization or identification of vari-
ous individual factors that can affect the accuracy of 
measurements (body condition score, muscle condi-
tion score, morphotype, and breed). The limb was 
severed at the proximal radius and muscles attach-
ing distally to this section were not included in our 
research. Further studies should include the entire 
limb to collect complete morphometric data of the 
thoracic limb and allow the development of more 
complex and accurate models.

This pilot study was the first attempt toward val-
idation of a more general method for acquiring mor-
phometric data of the muscles of the canine proximal 
thoracic limb. While MRI has proven to be a useful 
tool to collect morphometric data, it remains imper-
fect when used alone. A posteriori analysis provided 
evidence that mesomorphic dogs may have a similar 
relative muscle volume repartition. The generaliza-
tion of this conclusion remains to be proven. Further 
imaging studies are warranted to refine the model 
before applying it to prosthetic design.
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