
Using Bone Imaging and Mechanical 
Testing for Skeletal Phenotyping

WU Musculoskeletal Research Center
Musculoskeletal Structure & Strength Core

Matthew J. Silva, Ph.D.

July 13, 2018



???
• I am studying a genetic mutation. Does my mouse 

have a skeletal phenotype?
• I treated rats with drug XYZ. What was the effect on 

their bones?
– any evidence of increased bone formation?
– …                        increased resorption?
– are the bones stronger?

• What outcomes do I need to measure?
• How do I integrate microCT and mechanical testing 

outcomes? 

MJ Silva, Washington University 
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Structure & Strength

• Imaging → Structure
– how much bone is there? how is it distributed?
– density, morphology  (geometry)
– whole-bone, cortical, cancellous

• Mechanical Testing → Strength
– stiffness, strength, toughness
– length scale

• large: ‘structural’ (whole-bone, organ)
• small: ‘material’ (tissue, e.g., cortical bone)

MJ Silva, Washington University 
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Imaging → Structure
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X-Ray Based Imaging
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https://theconversation.com/curious-kids-is-x-ray-vision-possible-90393



X-Ray Based Imaging

• Based on x-ray absorption/attenuation

• Attenuation depends on thickness (t), mineral 
density

X-ray
source Bone

X-ray
Detector 

(film, digital)
t
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X-Ray Based Imaging

• Can calibrate x-ray absorption to equivalent 
density of hydroxyapatite (HA) phantom 
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Radiography
• Outcomes: qualitative phenotype, 

spontaneous fractures, fracture callus

Karuppaiah, Ornitz et al (2016) Liu, McKenzie, Silva et al. (2017)
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Mouse femur fracture
Faxitron

MJ Silva, Washington University 
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Mouse hindlimbs



DXA, Dual-Energy X-ray Absorptiometry

Outcomes: 
• BMC (g), aBMD (g/cm2), 

%fat (caveat)

Uses:
• Whole animal
• Phenotyping
• Systemic 

intervention 
• Longitudinal studies9

Faxitron
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DXA shows decreased post-natal accrual of bone mass 
(BMC) in MAGP-deficient mice

– Phenotyping
– Longitudinal 
– Whole animal

Craft, Mecham et al., 2010
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X-Ray Computed Tomography (CT)
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QCT – Quantitative Computed Tomography
• grayscale image reflects local attenuation, i.e., 

“mineral density map” [whiter = denser]
• morphology & density
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microCT
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Specimens (‘microCT’)

Specimens or
Animals 
(‘VivaCT’)



microCT – regions of interest
Cancellous/Trabecular/Metaphyseal
Scan region

• e.g., 300 slices = 4.8 mm*
Analysis region

• landmark (eg, growth plate)
• e.g., 100 slices = 1.6 mm*

TFJ
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Mouse tibia

*assumes 16 um voxel size



microCT – regions of interest
Cancellous/Trabecular/Metaphyseal
Scan region

• e.g., 300 slices = 4.8 mm*
Analysis region

• landmark (eg, growth plate)
• e.g., 100 slices = 1.6 mm*

TFJ
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Cortical/Diaphyseal
Scan region = Analysis region

• Mid-point (50% of length), or    
X mm from TFJ

• e.g., 50 slices = 0.8 mm*

*assumes 16 um voxel size



microCT – cortical analysis

Original                       Ideal

Total Volume Bone Volume

Original (grayscale) Segmented 

Cortical Outcomes 
• Tt.Ar, Total area (or volume) – How big is the bone?  → periosteal 

apposition
• Ma.Ar, Marrow area →  resorption
• Ct.Ar, Cortical bone area  – How much bone is there? → formation & 

resorption
• Ct.Th, Cortical thickness → formation & resorption
• J, Area moment of inertia  → How is bone distributed? Resists bending 

loads.
• TMD, Tissue mineral density (“mean2”) → ~mineralization

Binary:  white=bone
black=not bone

Contour
Threshold/
Segment
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microCT – cancellous analysis

• Cancellous Outcomes*
– Bone volume fraction (BV/TV) – What fraction of marrow cavity is filled 

with bone?  
– Trabecular thickness (Tb.Th)
– Separation (Tb.Sp)
– Trabecular Number (Tb.N)
– Density, vBMD (“mean1”) – Should correlate with BV/TV

* Use Direct Method values; prefix “VOX”;  do not use Plate Model values; prefix “TRI”

Original (grayscale)Segmented (binary)Total volume (TV) Bone volume (BV) = white

Bouxsein et al. 2010
17
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Specimen microCT reveals osteopenia in 
T1D diabetic rats 

Parameter
Control
(n = 9)

Diabetic
(n = 8)

Tb.BV/TV 
(mm3/mm3)

0.37
± 0.04

0.12 *
± 0.04

Tb.Th
(mm)

0.11
± 0.01

0.07 *
± 0.01

Tb.N
(1/mm)

4.4
± 0.2

2.6 *
± 0.5

Bone Area 
(mm2)

5.85
± 0.30

4.46 *
± 0.27

Moment of 
Inertia (mm4)

4.03
± 0.89

3.03 *
± 0.54

Cortical TMD 
(mg/cm3)

1092
± 33

1111
± 51

Silva et al. 2009
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In Vivo CT: Mechanical Loading Stimulates Cortical 
Bone Accrual (in Age-Dependent Manner)

Silva et al., 2012
BALB/c
female mice
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* p < 0.05, Control vs. Loaded
a,b: p < 0.05 vs. 0, 3 wks



7/13/2018 MJ Silva, Washington University 
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New Method: Comparing morphology 
along bone length

Figure 5 – Prelim Data. Bone area analysis along the
length of the tibia revealed a spatially-dependent
difference between mutant and control mice. Curves depict
mean ± SD from n=3-5/group. Statistical significance (p <
0.05) is depicted in color bar, and was assessed by t-test
with multiple comparison correction.

Jenny McKenzie,
Dan Leib, Dave Ornitz



Mechanical Testing → Strength

MJ Silva, Washington University 
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How to measure bone mechanical 
properties?

• Anderson “The Spider” Silva 
measures bone strength

• MRC Core measures 
bone strength

22

Instron mechanical
testing machine

MJ Silva, Washington University 
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www.mmamania.com
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3-pt bending, Rat ulna
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Mechanical Testing: Force-Displacement Plot

Fracture

Elastic Post-Yield 

MJ Silva, Washington University 
Musculoskeletal Research Center

7/13/2018

(Force = Load)



• Stiffness (N/mm)

• Strength
– Yield Force (N)
– Ultimate (Max.) Force 

(N)

• Post-yield 
displacement 
(ductility) (mm)

• Work-to-fracture 
(N*mm)

3-pt bending, Rat ulna
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Mechanical Properties

Work-to-Fracture

Fracture

PYD (ductility)

Yield Force 
(strength)

MJ Silva, Washington University 
Musculoskeletal Research Center

7/13/2018
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Mechanical properties
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2-month female
BALB/c mice

Femur vs. Radius:
– stiffer
– stronger
– less ductile
– requires more 

energy to fracture

MJ Silva, Washington University Musculoskeletal 
Research Center

7/13/2018



Why is femur stiffer and stronger than 
radius?
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Whole-bone properties depend on 
morphology & material
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Larger:
• Structure
• Whole-Bone

I-beam Steel

Femur
(whole-bone)

Bone

29

Smaller:
• Material
• Tissue

MJ Silva, Washington University 
Musculoskeletal Research Center

7/13/2018



Material Properties

• Estimate from whole-bone mechanical test and 
bone size (microCT)
– Whole-bone strength: Ultimate (Max.) Force (N)
– Material strength: Ultimate Stress (N/mm2)

• Measure with tissue-level test
– Bending a small plank of bone
– Microindentation

30MJ Silva, Washington University 
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Estimating Material Properties
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Jepsen et al., JBMR 2015



Microindentation (BioDent)
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1st cycle

last cycle

Total Indentation Distance

Indentation Distance 
Increase



Case Study 1: Asxl2 null mice

Wei Zou, Steve Teitelbaum
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Asxl2-null mice have low BMD

age- and body weight-adjusted Farber et al, 2011
MJ Silva, Washington University 

Musculoskeletal Research Center 367/13/2018



Asxl2-null mice have more cancellous bone, 
but less cortical bone

Izawa, et al., Cell Rep, 2015

Cancellous Cortical

MJ Silva, Washington University 
Musculoskeletal Research Center 377/13/2018
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Asxl2-null mice - Summary

• Increased trabecular bone (osteoclast defect)
• Decreased bone size & whole-body BMD

• Bones are weaker in proportion to their smaller size
• Normal material properties

MJ Silva, Washington University 
Musculoskeletal Research Center 397/13/2018



Case Study 2: Tsp1 null mice

Sarah Amend, Kathy Weilbaecher
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Tsp1-/- mice have increased trabecular bone

TSP1-/-
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Amend et al., JBMR, 2015



Tsp1-/- mice have larger bones
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Amend et al., JBMR, 2015



Tsp1-null femurs: larger, moderately 
stronger, … 

Moment of Inertia Whole-bone strength Material strength
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Amend et al., JBMR, 2015

weaker material



Tsp1-null bone: damages more easily at 
material level

2 N

microindentation

MJ Silva, Washington University 
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Amend et al., JBMR, 2015



TSP1-null mice: Summary

• Increased trabecular bone 
• Increased cortical bone size 

• Bones are moderately stronger – disproportionate to size
• Impaired material properties

MJ Silva, Washington University 
Musculoskeletal Research Center 457/13/2018



musculoskeletalcore.wustl.edu
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