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Lecture 1: Anatomy and physiology of bone healing
Bone healing

Bone healing

Bone remodeling

Fracture healing stages

Pharmacology
Bone mass regulation healing

Determinants of skeletal homeostasis and bone mass

Bone mass, peak bone mass and bone loss

Peak

Menopause

Old age

Bone mass %

Growth

Age (Years

Harada & Rodan, Nature, 2003

Lecture 2: Osteoblasts, osteoclasts, osteocytes& bone remodeling
Osteoclasts

Bone anatomy
Cortical

Cancellous

Physical
Description

Dense protective shell

Rigid lattice designed for strength;
Interstices are filled with marrow

Location

Around all bones, beneath
periosteum; Primarily in the shafts of
long bones

In vertebrae, flat bones (e.g. pelvis) and
the ends of long bones

% of Skeletal Mass

80%

20%

First Level
Structure

Osteons

Trabeculae

Porosity

5-10%

50-90%

Circulation

Slow circulation of nutrients and
waste

Haversian system allows diffusion of
nutrients and waste between blood
vessels and cells

Strength

Withstand greater stress

Withstand greater strain

Direction of
Strength

Bending and torsion, e.g. in the
middle of long bones

Compression; Young’s modulus is much
greater in the longitudinal direction

Stiffness

Higher

Lower

Fracture Point

Strain>2%

Strain>75%

Osteoblasts
•

Are large cell responsible for the synthesis and mineralization of bone (bone forming
cells) during both initial bone formation and later bone remodeling.

•

Found on surface of bone form a closely packed sheet
- No ability to mitotically divide
- Collagen secretors

•

They arise from the differentiation of osteogenic cells in the periosteum, the tissue that
covers the outer surface of the bone, and in the endosteum of the marrow cavity.

•

The osteoblasts produce many cell products, including the enzymes alkaline
phosphatase and collagenase, growth factors, hormones such as osteocalcin,
and collagen, part of the organic unmineralized component of the bone
called osteoid.

•

Derived from hematopoietic stem cells (monocyte precursor cells)

•
•

Multinucleated cells whose function is bone resorption
Reside in bone resorption pits (Howship’s lacunae)

•

Parathyroid hormone stimulates receptors on osteoblasts that activate osteoclastic
bone resorption

Picture courtesy Gwen Childs, PhD

Lecture
3: Non Unions: Types, causesNon-union
& treatments
Fracture healing
Definition delayed union
•

•
Fracture healing
is said to be
complete when
repopulation of
the marrow
space occures!
(months-years )

Wildemann B. et al 2021
Physiology

Fracture that has not healed in the
•
expected time for type of fracture,
patient and method of repair and is
not likely to do so without
intervention.
Fracture gap is filled by fibrous tissue
(pseudoarthrosis)

Causes
•
•
•
•
•

Inadequate blood supply
Severe soft tissue damage
Periosteal stripping
Excessive traction
Infection

Masquelet technique

a

b

a) PMMA spacer
b) Autograft / syntetics / BMP
c) Stabilise

Condition when the fragments join in
an unsatisfactory position
(unaccepted angulation, rotation or
shortening)

Causes
•
•
•

Failure to reduce a fracture
adequately
Failure to hold reduction while
healing proceeds
Gradual collapse of communited or
osteoporotic bone.

Take home messages non-union

Induced membrane technique

•

Definition mal-union

•

Definition- a fracture that has not and is not going to heal

•

Types: hypertrophic with subtypes and atrophic with subtypes

•

Treatment: address what is lacking in mechanics and/or biology

•

Surgical fixation therapy depended on:
* type
* location diaphysis / metaphysis
* aseptic or septic
* deformity?
* patient host factors
* patient expectations

•

Role of biomaterials unclear, for the moment Autograft still considered golden
standard

c

Lecture 4: Fractures: Types, treatment and complications
Fractures

Fracture incidence

Fracture healing
Stem Cells
Macrophages
Leukocytes
Fracture

Inflammation
(Day 3)

Diamond/Pentagon concept

Sambrook and Cooper, Lancet, 2006, 2010
European Prospective Osteoporosis Study. General Practice Research Database

Considerations biomaterial choice
1. Material
defect

Modelling
Remodelling

Enchondral
Formation

(>Day 42)

(Day 3-14)

- biocompatibility/ osteoconductivity / osteoinductivity
- handling (injectability)
- mechanical properties material and mechanical load on bone
- resorption speed

2. Surgical

- containment in defect (metal, periost flap, muscle, bone)
- connection (interdigitation) with host tissue

3. Mechanical

- mechanical stability
- adequate fixation, (preferably dynamic)

4. Biological

- availability of stem cells
- availability of vascularisation

5. Patient

- co-morbidity
- post-op compliance

6. Literature

- large differences in level of evidence between products

Primary Bone
Formation
(Day14-42)

Osteoprog. cells
Osteoblasts
Chondroblasts
Collagen 2

Hypertrophic
Chondrocytes
Courtesy to Prof G Zimmermann Mannheim for providing the slides.

Lecture
Definitions 5: Basic properties of biomaterials
Ca-P ceramics

Scaffold purpose 6-9
•
•
•
•

Allow cell attachment and migration
Deliver and retain cells and biochemical factors
Enable diffusion of vital cell nutrients and expressed products
Exert certain mechanical and biological influences to modify the behaviour of the cell
phase differentiation

Composition crystallinity
/ Ca-P ratio

sintering

CHEMICAL
PROPERTIES

sintering

Depending on application a scaffold must be 6-9
•
•
•
•
•

Biocompatible and biodegradable
Mechanically stable over time
Able to incorporate any chemical, or biological cues desired
Adequate permeable to allow fluid flow and diffusion
Unable to elicit an inflammatory reaction

STRUCTURAL
PROPERTIES

Biological &
Mechanical
characteristics of
Ca-P ceramics

Porosity
Interconnectivity

The ideal scaffold should be

• Should be implantable through a minimal surgical exposure
• Applicable for various indications
• Should be moldable to conform to and fill irregular defects
• Should posses roughly the same visco-elasticity as bone
• Should be as as rigid and strong as intact bone for immediate load-bearing capability
surface area
• Should promote new bone formation and incorporation by host bone
• Should be available in large quantities and it should be cheap
Ca-P degradation properties
Ca-P
chemical
• DOES
NOT EXIST! properties

stability

Initial stability

Young’s modulus

DEGRADABILITY

particle size

Speed of resorption
Chemical /cellular?

Ca-P degradation properties
In vitro & in vivo dissolution of Ca-P materials depends on:

Total stability

Failure
limit

Safety
margin
bon

graft
e
time

Balanced bone remodeling

Failure

Slow bone remodeling

•Composition
•Crystallinity
•Ca/P ratio
•Interconnectivity
•Degradability / type and speed of resorption
OC
•Mechanical properties
•Particle size
•Surface area
Creeping substitution:. TRAP s
and arrows) degrade the surfac
•Production process
behind them a osteblast front
•Patient characteristics: age, gender, health, co-morbidities

Failure

Rules of thumb:

• Strength: High Ca/P ratio provides higher strength when compared to low Ca/P ratio
• Degradability: High Ca/P ratio 1,67 (HA) leads to slower degradability compared to 1,5 (TCP)

Creep/ stiffness

DEGRADABILITY

Calcium-phosphate (Ca/P) ratio
• Refers to be a measurement of Ca-P ceramics composition
• Ca/P ratio Ca-P granules between 1.67 (HA) and 1.5 (TCP)
• Ca/P ratio Ca-P cements between 2.0 (TTCP) and 1,0 (DCPH)

MECHANICAL
PROPERTIES

Fast biomaterial resorption

Ca-P bone substitutes have to be intact long enough for
bone ongrowth to occur and to maintain stability.

Lecture 6: Bone healing strategies

Focus on BMPs
Composition:
Re-combinant produced materials in Chinese hamster ovaries

+

Osteoinductive and somewhat osteoinductive
Effective (Fusion levels PLIF 60-100%) 15
Extensive clinical experience

-

Expensive
Dose not optimal (super physiological)
Can have a anabolic or catabolic effect on bone regeneration
High complications rate
In general BMP-2 direct bone formation and BMP-7 endochondral bone formation

Core messages 3
•

Bone substitute materials vary in composition, mechanical strength and biological
mechanism of function, each having their own advantages and disadvantages. 40

•

Not all bone graft substitutes will perform the same way, and their performance in one
clinical site may not necessarily predict their performance in another site. 40-41

•

The choice of the optimal bone substitutes is therefore not always an easy one, and
largely depends on the clinical application and its associated biological and
mechanical needs. 40-41

Lecture 7: Bioactive peptides

Bone fusion materials
BMPs
• Bone formation fast and high amount new bone
• Bone remodeling quick
• Bone resorption activity high (anabolic and catabolic effect) <3M

Bioactive peptides
• Bone formation quick but less high as BMPs
• Bone remodeling quick
• Bone resorption activity physiological 12-18M

Ca-P ceramics
• Bone formation slower as bioactive peptides
• Bone remodeling slow (material dependent) Clinical Evidence trauma
• Bone resorption slow (material dependent) 12-18M / 5-10YRS

i-FACTOR P-15 MoA
•
•
•

Peptide Enhanced Bone Graft
Synthetic clone of a 15 Amino Acid sequence from Type I Collagen
P-15 peptide (766GTPGPQGIAGQRGVV780) bound to Anorganic Bone mineral
(ABM)

•

Pilot study ,non-union
•
•
•

e.g. BMPs

e.g. i-FACTOR

Visser R, Rico-Llanos GA, Pulkkinen H, Becerra J. Peptides for bone tissue engineering. J Control Release. 2016 Dec 28;244(Pt A

n=22 patients
Full consolidation 90% (20/22)
Time till full consolidation average 4.2 months

Lecture 8: Bioactive glass

S53P4 bioactive glass
• Major advantages over other graft substitutes
1.)Physicochemical processes on the surface
à strong bond to bone
à rapid bone regeneration
2.) Angiogenic effect[1][2]
à bone healing
3.)Antibacterial effect
on clinically important bacteria

[1] Gorustovich et al., Tissue Engineering, vol. 16, pp. 219-208, 2010.
[2] Day RM. Tissue Eng 2005 May;11(5-6):768-77.

Lecture 9: Pentagon concept in clinical practice
Regulatory process

Bone Grafting Categories & Evidence Requirements
Class III Drug/Device Combination Products
Engineered Growth Factors
Synthesized Peptide

PMA / IDE
INFUSE® Bone Graft with ACS
i-FACTOR™ Peptide Enhanced Bone Graft
510(k) / Animal Study
DBX® Demineralized Bone Matrix
Grafton® DBM
Vitoss® Bone Graft
Actifuse Bone Graft Substitute

Class II Device Products
Formulated Demineralized
Allografts
Ceramics/Synthetics

Tissue Products
Traditional Allografts
Cellular Allografts

Unregulated / cGTP
Traditional Allografts
Trinity Evolution®
Osteocel Plus® Bone Graft

Bone healing
Level of evidence

7

i-FACTOR clinical studies
Enhanced Bone Healing: Speed & Quality

Autograft
• Level I evidence 20-22
• Low rate of non-union 0-20%

Allograft
• Level II-III evidence 23
• Fusion rate lower compared to autograft; lack osteoprogenitor cell
• Cancellous bone for posterior fusion

BMPs
21, 23, 34-37

• Level I-II evidence
• Fusion levels 60-80% but complications reported
• Major issues: dosage, carrier and cost-effectiveness
• Use in cervical spine?

ACDF Immediate
Post-op

ACDF 3 months
Post-op

Rapid
resorption
and bone
formation

ACDF 6 months
Post-op

Active bone
remodelling

Lecture
10: Osteoinduction someOsteoinduction
provocative thoughts
Definitions
Osteoinductivity

Osteoinduction is too widely defined and often used when not supported
(DBMs)
It should be defined according to location in the body and timeline
Example:
Calcium phosphate materials have an intrinsic affinity to bind BMPs. If these materials are implanted in a ectopic location
(such as a muscle) they might initiate bone formation directly or they might accumulate BMPs which when in sufficient
numbers initiate bone formation at a later timepoint on in a very friendly environment (availability of stemcells and good
blood supply).
Are both processes osteoinduction ?

Furthermore, new definitions appearing without a well established range is
Osteopromotive (DBMs)
Osteostimulative(bioglass)
Osteosupportive (hybrid materials)
1: Khan SN et al. Use of osteopromotive growth factors, demineralized bone matrix, and ceramics to enhance spinal fusion. J Am Acad Orthop
Surg. 2005 Mar-Apr;13(2):129-37.

Osteoinduction

2: Välimäki et al., Molecular basis for action of bioactive glasses as bone graft substitute, Scandinavian Journal of Surgery, 2006; 95(2): 95-102.
3: Wang Z et al . Evaluation of an osteostimulative putty in the sheep spine. Journal of Materials Science. Materials in Medicine 2011, 22(1):185-91.

A

The original definition of osteoinduction was
defined as “the mechanism of cellular
differentiation toward bone of one tissue due
to physicochemical effect or contact with
another tissue” (Urist 1967).
•

capable of recruiting mesenchymal-type
osteoprogenitor cells.

•

capable of transforming an undifferentiated
mesenchymal cell into a mature, bone
forming osteoblast.

•

capable of inducing in-growth ectopic
bone formation when implanted into
extraskeletal locations.

Lecture 11: Infection; osteomyelitis and PJIs

Biomaterials

Infection treatment

• Polymers collagen sponges

Treatment considerations

Pro

Con

High AB release

AB release 95% < 96 h

Quick degradability

Exsudate

Ease of use

Level of evidence

• Ca-P or Ca-S ceramics
Pro

Con

Osteoconductive

Level of evidence

High degradability TCP & Ca-S

Slow degradability HA & Ca-P

Various AB release methods

Various AB release methods

Pro

Con

Osteoconductive

Low degradability speed

Antimicrobial working mechanism

Not all formulations antimicrobial

• Bioactive glass

No AB resistance problem

•Bacteria persist endlessly in dead tissue
•Bacteria persist endlessly in biofilms
•Dead tissue cannot be sterilized with antibiotics
• Necrosis only removed surgically
•Biofilms are not removed with only antibiotics
• Living tissue: neutrophils need to cooperate
• Retain foreign body materials?:
• Antibiotic needed with activity vs biofilms, and
• Remove as much biofilm as possible by “cleaning” the prosthesis

