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1. Introduction/Historical Perspective 
 

        

Life Expectancy in Switzerland rises. In 2020 there will be needed 3 employees per retired person.  

In the year 2060, men will be 94 years old and women 106 years old. Alzheimer’s disease will also rise. 

What is required? The increasing elderly population will lean more heavily onto health service 

and infrastructure making it more cost intensive. Rapid advances in 

predictive and personalized medicine may reduce the pressure on the health 

costs and infrastructure. 

Biomedical Engineering Engineering principles applied to understand, modify or control biological 

systems.  

Bioengineering  Biotechnology and genetic engineering applied to modify animal/plant cells 

or parts of them, and to develop new microorganisms. 

 

1.1  History of Biomedical Engineering  
 

Hospitals in Prehistoric and Ancient Times  

- Physician was moving to the patient as medicine man, witch doctor, ghost healer, or herb collector  

- Important tasks: Herb treatment, praying, bone setting, surgery, midwifery (obstetrics)  

- Illness was a visitation, obsessed by daemon, patient’s fault  

- Aesculapia: Greek temples of the healing cult, i.e. sanatoriums that had strong religious overtones 

- Hypocrates (460-370 BC): Collector of remedies and techniques; he begun diagnostic observation and 

clinical treatment; disease was a natural process and not a visitation  

- Galen of Pergamon (129-200 AC): Greatest physician in the history of Rome 

Hospitals in the Middle Age till Renaissance  

- Ancient knowledge scattered through the monasteries, illness considered as punishment, wanted by 

God  

- Nursing by monchs in monasteries  

- Guest houses for exhausted travelers and the sick  

- Houses for the poor people  

- Renaissance: return of ancient values, slow progression of health care, sanatoriums for the sick 

started to develop  

- However, high death rates: 25% for patients, 6-12% for staff (Hotel Dieu, Paris, 1788)  

- Incurables: almshouses, asylums, prisons 
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Hospitals in Modern Times  

- Since middle ages most treatments were decentralized: nursing by relatives, mobile doctor provides 

herbs or surgery, midwifes provide delivery  

- Mid 19th century: “Germ Theory”, infectious disease caused by microorganisms living inside body 

(Louis Pasteur)  

- Mid 1930s: Sulfanilamide; early 1940s: Penicillin; reduction of cross infections; improved 

hospitalization   

- Novel inventions, large machines and expensive facilities reinforce the generation and growth of 

hospitals    

Hospitals in Modern Times  

- First Technologies   

o 1903: William Einthoven develops the electrocardiograph to measure electrical changes 

during beating of the heart   

o 1895: William K. Röntgen discovers x-rays  

o 1930s: X-ray visualization of practically all organ systems, thanks to application of Barium 

salts and radiopaque materials   

o 1930s: Blood banks due to advances in hematology (blood differentiation, sodium citrate 

prevents clotting) & refrigeration  

o 1927: Drinker respirator  

o 1939: first heart-lung bypass  

o 1940s: Cardiac catherization and angiography 

o 1950s: Electronics, ultrasound, telemetry, computers  

o 1980s-1990s: 3D imaging technologies (CT, MRI, PET, SPECT) 

Newest Developments and Future Technologies   

- Functional imaging (e.g. fMRI, fNIRS, multi-channel EEG)  

- Transplantation medicine  

- Artificial organs: artificial heart valves, artificial blood vessels, artificial heart  

- Stem cell therapies, gene therapies  

- Tissue engineering  

- Nanotechnology  

- Telemedicine  

- Personalised Medicine 

Prosthetics 

- Götz von Berlichingen’s “Iron Hand” (1504): Finger positions could be fixed to hold a sword 

- Sauerbruch Prothesis (1916): actuated by own muscle 

- Today: C-Leg, Otto Bock  Sensors measure and regulate damping 

- Powered Transfemoral Prosthesis 

Electricity in Medicine 

- 1775: Nickoley Abildgaard, first “reanimation” (of a chicken) 

- 1791: Luigi Galvani, fundamental contribution to electrophysiology 

- 1903: Willem Einthoven, Nobel prize in 1924 first ECG in 1892, PQRST 

- Electroencephalography 

- 1950: Cardiac Pacemaker 

- 1955: Defibrillator 

- Artificial Heart 

- Locomat (Hokoma AG) 
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Medtech in Switzerland  

- Leading companies (rehabilitation, pharmacy, implants, precision mechanics, hearing aids, imaging, 

global players)  

- Total: 3720 companies; 48440 employees A lot of small companies (47%) for specialization with 0-9  

- Employees CH: 2% of all patents in Biomedical Engineering of the world     
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2. Biomaterials I 
 

Biomaterials:  1. A non-viable material used in a medical device, intended to interact with biological systems 

2. A substance (other than a drug) or combination of substances, synthetic or natural in 

origin, used to treat, augment, or replace any tissue, organ, or function of the body (National 

Institutes of Health)  

3. Saves millions of lives and improve the quality of life of millions more 

Key Applications from the Operating Room 

- Catheter: Teflon, silicone, poly urethane, 1 billion patients/ year 

- Blood bags: Poly vinyl chlorid 

- Sutures: Poly lactic acid, Poly propylene 

- Contact lenses: poly methyl methacrylate, 150 million per year 

- Intraocular lens: poly methyl methacrylate, 7 million per year  

- Artificial kidney (Hemodialysis): Cellulose, 

polysulfone, silicone, Teflon, 1.8 million / year 

- Joint replacement: Titanium, stainless steel,    

polyethylene, 2.5 million patients/year 

- Dental Implants: Titanium 
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2.1  Mechanical Properties of Materials 
 

- Ductile-tough (biegsam, dehnbar-zäh) 

- Often used: Ti, V, Cr, Fe, Co, Mo 

- Ductility (due to crystal structure)  

- High strength   

- Ductility and strength depends on the ease which 

dislocations propagate  add a metal = less ductile, 

more strength 

- General properties: Delocalized, outer valence electrons 

relatively free  Atoms surrounded by a “gas” or “sea” 

of  highly mobile electrons  electrical and thermal 

conductivity 

- Implant metals 

o Stainless steel - chromium, nickel, molybdenum   

o Titanium Alloy   - nickel, vanadium   

o Cobalt chromium – molybdenum 

- Processing of implants: Improved strength and corrosion resistance, less deformable 

- Annealing: can change the micro structure of a metal 

- Effect of processing: 

 

 

2.2  Ceramics 
 

Ceramics for Biomedical Applications  

- Iono-covalently bound atoms 

- Electrically/Thermally insulating  

- Corrosion resistant  

- Strong, hard, wear-resistant  

- Brittle, danger of catastrophic failure! 

- Ceramics have alternating charge of an  ionic structure – No slip 

dislocations 

Bioglass (invented by Larry L. Hench) 

1968: The human body rejects metallic and synthetic polymeric materials by forming scar tissue ….  Bone 

contains a hydrated calcium phosphate component, 

hydroxyapatite (HA) and therefore if a material is able to 

form a HA layer in vivo it may not be rejected by the body.  

1971: «These ceramic implants will not come out of the 

bone.  They are bonded in place.  I can push on them, I can 

shove them, I can hit them and they do not move.  The 

controls easily slide out. » 
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2.3  Polymers 

 

 Covalent bonds between mers 

 Linear or branched 

 Crystalline versus Amorphous Structure 

Poly (Ethylene) – Most Widely Produced 

 

 

Properties of Ultra-High Molecular Weight Polyethylene (UHMWPE) 

- Molecular Weight – 3 million Da  

- Extremely high wear resistance - entanglements  of long polymer strands  (think long and cut 

spaghetti)   

- Slippery, waxy, water-repellent surface    non- reactive side groups 

 

Poly (propylene) – 2nd Most Widely Produced 

 

 

Poly (vinyl chloride) – 3rd most widely produced 

 

Poly (methyl methacrylate) 

- High refractive index  

- Easily processed   

- Environmentally stable   

- Relatively inert  

- Good mechanical properties 

- Intraocular lens 
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Polytetrafluoroethylene 

 

Polysiloxanes 

- Elastomers, sealants, coatings  

- Very high oxygen permeability  

- Applications:  Breast implants, Drug 

delivery 
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3. Biomaterials II 
 

3.1  Drug Delivery 
 

 

Delivery of Drugs with Nano/Micro 

Particles ensures targeted-oriented 

drug delivery that does not affect 

other (healthy) cells. 

The concentration of the drug is 

always in a steady state. 

 

 

 

 

 

Advantages of Drug Delivery  

- Maintain therapeutic level of drug  

- Protection of drug  

- Protection of the person (local not systemic application, less side effects)  

- Easy administration  

- Match drug release profile to needs of patient  

- Accessible in hard to reach areas (brain) 

- Implants don’t need to be removed (when biodegradable)  

 

 Drug development is a difficult and expensive process. A cancer drug … has to be effective against cancer 

cells, but also needs to have low toxicity, good stability and good solubility. ..Promising drugs failed clinical 

development because they failed one or more of these requirements. Nanoparticle drug delivery has the ability 

to overcome these limitations. Nanoparticles can renew the clinical potential of many of these ‘abandoned’ 

and ‘forgotten’ drugs. 
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Different environments needs different drug delivery: 

 

Hydrophobic Polymer & Drug 

 Put hydrophobic Polymer (hydrophobic tail + hydrophilic head) in aqueous solution 

 both drug and polymer are the same type (mostly hydrophobic) 

 The polymers will built micelles on their own with the hydrophilic head against the water 

 The drug is enclosed in the hydrophobic tail 

 “Oil-in-water” 

 



12 
 

Hydrophilic Drugs/Hydrophobic Polymer 

 

 After putting the emulsion in the solution, the polymers will form liposomes (double layer) 

 Double emulsion process: drug and polymer are of different types; similar to single emulsion, but do it twice 

(coat one with another) 

 “water-oil-water” 

 

Polymer Requirements for Drug Delivery   

- Safe for clinical use   

- Degrade into non-toxic products  

- Tuneable degradation rate (days – months)  

- Biocompatible 

 

Polylactic acid (PLA) and Polyglycolic acid (PGA) 

- Break down products are natural metabolites  

- Co-polymers yield range of useful properties  

- Safe (long experience with Vicryl sutures) 
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PLGA = PGA + PLA 

 

 Hydrolysis breaks PLGA into natural metabolites  

     (Glycolic acid & lactic acid). 

 

Polymer Crystallinity Tg(°C) 
Degradation 
rate Typical applications 

PGA 
highly 
crystalline 35~40 2-3 months Suture, soft anaplerosis 

PLA (L form) semicrystalline 60~65 > 2 years Fracture fixation, Ligament augmentation 

PLA (D,L 
form) Amorphous 55~60 12-16 months Drug delivery system 

PLGA Amorphous 45~55 1-6 months 
Suture, Fracture fixation, Oral Implant, Drug delivery 
microsphere 

 

Self- Assembly of Block-Co-Polymers  

Self-Assembly: Formation of an organized structure 

from a disordered system of pre-existing components 

based on their local interactions  

Example 1: PLGA-PEG 
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Example 2: Pluronics F127 

Self-assembly based on local interaction. Pluronics is 

printable. 

 

Gelation depends on temperature and concentration: 

 the Gel gets solid, when the temperature increases! 

 For drug delivery: Pluronics are useful for biomedical purposes 

because they form gels at body temperature.  This is only the case 

for polymer concentrations above 16%, so this is the minimum 

concentration that could be used. 

 

 

Possible way to incorporate drug into polymer and how to release it:  Drugs can be easily incorporated by 

mixing them directly into the cold polymer solution.  As temperature is raised, micelles form and the drug is 

encapsulated as cargo within the hydrophobic core of the micelle.  The drug within this core is more stable and 

soluble than it would be with an injection and most importantly it has a sustained and slow release as the 

micelles degrade.  

An alternative method would be to start with the polymer solution at 55°C and cool it to body temperature.    

The stability of the drug however might be compromised at higher temperatures.  

 

3.2  Biomaterial/Tissue Reactions – How to test biocompatibility? 
 

How do you know if a biomaterial is biocompatible? 

 “Frustrated Phagocytosis” leads to macrophage fusion and formation of Foreign Body Giant Cells 

 

EU Ban on Animal Testing  

(For cosmetics)  

It establishes a prohibition to test finished cosmetic products on animals (testing ban), and a prohibition to 

market in the EU cosmetic products which were tested on animals for cosmetics purposes (marketing ban). 

 

3.2.1 Cytotoxicity Test Categories - ISO10993 ASTM F748 
 

Extract Tests  

- Cell culture 

- Extract medium 

1. Mix cell culture with test sample 

and observe if the living cells are able 

to reduce tetrazole to formazan  

toxic when 30% reduction in cell 

activity 
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2. Or you look if the cell culture is able to 

form a colony 

 

Extraction fluid: 6 cm2/ml, culture 

medium with serum, physiological saline 

buffer, pure water or dimethylsulfoxide 

(DMSO) 

 

 Extraction test: you need twice the 

amount of the medium, because the 

medium should flow around the test 

sample. So you need one medium above 

and one medium below the test sample! 

 For all the other test you only need to calculate one medium 

 

Extraction conditions: 72 h at 50°C, 24 h at 70°C, 1 h at 121°C   

 This also applies for the direct contact test! 

 

Direct Contact Tests  

- cell culture 

- placement of sample on cell 

layer 10% 

Piece of test sample on cell culture 

(10% of cell culture area must be 

covered)  after 24h: how much of the 

cells died and how much are still alive 

 

 Indirect Contact Tests 

Test sample not directly on cell culture, put it on an agar layer which lays over the cell culture or make a filter 

diffusion test  have a look how much cells are alive/dead 

Agar: (filter-like Gel) 

- cell culture 

- Agar layer 

- Test sample 
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Filter diffusion: 

- Agar layer 

- Cell layer 

- Filter 

- Test sample 
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4. Tissue Engineering  
 

Goal:  Construction of living, functional components to regenerate malfunctioning tissues by: 

- Cells: Primary cells, stem cells, genetically manipulated 

- Scaffold: Bioactive, bioinert, resorpable…    

- Biological Signals: Growth factors, Environmental proteins, Mechanical & electrical signals  

 

What kind of Tissues/differentiated cell types exists? 

- Connective (SUPPORTING) – Bone, cartilage, fat, fibrous tissue, loose connective tissue  All types 

consist of collagen fibers embedded in a polysaccharide gel, fills space and provides structural              

support 

- Epithelium (COVERING) – Lines the inner and outer surfaces of the body, lines cavities and surfaces, 

often with cilia, secretion, barrier functions  cuboidal, simple columnar, pseudostratified ciliated 

columnar, stratified, simple squamous epithelium 

o Function in secretion, absorption, excretion squamous 

o Tight junctions between cells  

o Single or multiple layers of cells  

o Free apical surface – facing internal lumen or external surface  

o Cells rest on basement membrane  

o Avascular  

-  Nervous tissue (COMMUNICATING)  – Conducts electrical signals  neurons  

- Muscle (MOVING)  – Produces mechanical force by contraction  

- Sensory Cells – Detect external stimuli (light, sounds, smells, tastes) 

- Blood Cells – Erythrocytes, leucocytes, lymphocytes 

 

 

 

Differentiated Cells vs. Stem Cells 

- Primary cells (differentiated): 

o Low proliferation potential 

o Tendency to de-differentiate 

o “Donor-Site Morbidity”    

- Stem cells (non-differentiated): 

o Adult (be your own donor), embryonic, 

induced pluripotent (iPS) 

o Can divide indefinitely 

o Scarce, Ethical issues 
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Embryonic stem cells (ESCs) are pluripotent, what means that they can differentiate in one of the three 

blastodermic layers (Keimblätter), endoderm, mesoderm and ectoderm. This could lead to a potential teratoma 

& ethically controversial. In addition, there is the question if there isn’t too much pluripotency? 

 

 

Adult mesenchymal stem cells (ASC) are 

multipotent cells, so they can differentiate 

in specialised cells. It’s easy to access them 

(fat), a high number of cells is available but 

they have a large variability, so it’s hard to 

control them. 

 

 

 

 

 

 

Induced Pluripotent Stem Cells (iPS) are 

pluripotent and autologous. They 

requires genetic manipulation  very 

new technology 

 

 

 

 

 

 

 

 

4.1  Cell Sources for Tissue Engineering 
 

Autogenic/Autologous:  Cells from the patient, no immunological response, scarce   

Allogeneic: Cells from a human donor, chance of rejection, transfer of human disease, available from younger 

donors   

Xenogeneic:  Cells from a different species (pig), tissue needs to be decellularized, large chance of rejection, 

transfer of animal disease to humans, unlimited supply from young animals   
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4.2  Scaffold for Tissue Engineering 
 

Scaffold Criteria  

- Network of large interconnective pores (100 um)  

o allows cells to migrate through the scaffold  

o allows diffusion of nutrients  

o allows growth of new blood vessels (angiogenesis)  

- Mechanical Stability  

- Biocompatibility   

 

Commonly there are used degradable scaffolds:  

- Natural based polymers – Collagen, fibrin, hyaluronic acid  

- Synthetic polymers – PGA  poly (glycolic acid), PLA  poly(lactic acid), 

PLGA, PEG  poly(ethylene glycol) 

 

Production Methods: 

1. Porogen Leaching Method:  

Fabrication of porous scaffolds by gas foaming/particulate leaching: Sieved effervescent 

salt/sugar/paraffin particles are dispersed in polymer gel paste and let them recrystallize  The 

molecules are enclosed with polymer. Then cast on a teflon mold for solvent evaporation. Immersed 

in water for gas foaming/salt leaching  porous structure 

 

 Pores have to be big enough and connected to each other 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

2. Electrospinning Method:  

Produces a fibrous like structure with 

resembles the nature collagen matrix. 

Polymer (PLGA) is dissolved in a solvent and 

extruded on high voltage. The electrostatic 

repulsion stretches the droplet which 

extends to a fiber. Fibers then are collected 

on a grounded collector  fibrous 

structure 
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Resorbable Scaffolds 

- Scaffold is eventually 100% dissolved  

- Dissolution products are safely metabolized  

- Degradation of scaffold matches rates of growth 

- New Trend in Tissue Engineering: decellularized donor organs and reseed with autologous cells 

 

4.3  Cell Signals for Tissue Engineering 
 

How cells interact with their environment: 

 

 

1. Cell-Cell Adhesions: Cadherins 

Binds to the next cell, Ca2+ dependent; more collagen and more chondroitin sulphate produced when 

cell-cell contact felt 

2. Cell-Matrix Adhesion: Integrins 

Direct cell attachment to the Extracellular Matrix (ECM) 

Tissue Engineer’s Approach to Cell-Matrix Adhesion: Collagen mimetic peptide GFOGER was used 

functionalize a polyethylene glycol (PEG) hydrogel  The presence of the GFOGER peptide allowed 

cells to spread and proliferate compared to unmodified PEG 

3. Growth Factor Signalling:  

- Autocrine factors:  Produced by cells and active on the same cell    

- Paracrine factors: Produced by cells and active on their neighbours 

 

Common Growth Factors: 

• Vascular Endothelial GF (VEGF)  

• Bone Morphogenetic Factor (BMP)  

• Insulin-Like GF (IGF) • Epidermal GF (EGF)  

• Fibroblast GF (FGF)  

• Platelet derived GF (PDGF)  

• Transforming GF (TGF beta) 
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How to Entrap Growth Factors? 

 

 

4.4 Cartilage Tissue Engineering 
 

Cartilage lines joints and provides low friction 

surface. Almost everyone has microlesions in their 

cartilage. 

Artificial Cartilage Histology 

- Thickness:  3 mm  

- Low cell density (106 cells/ml)  

- 70% Water  

- No blood supply  

o Low oxygen tension  

o Poor healing 

 

 

 

1. Mosaicplasty: Extraction of osteochondral plugs which are then inserted into the cartilage lesion.  

Allows early weight bearing, but causes «donor site morbidity». 

2. Microfracture: Poor man’s cell therapy: The cartilage lesion is cleaned and holes are made into the 

bone layer, causing bleeding and clot formation. Results in scarring, 50-80% failure rate! 
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3. Autologous Chondrocyte Implantation (ACI): A cartilage biopsy is taken (1) and cells isolated (2/3).  

The cells are grown in the lab until 12 x 106 cells are available (4).  Cells are seeded onto a scaffold (5) 

and the scaffold is placed in the lesion (7). Two surgeries are required, therefore ACI is very expensive! 

 

 

Approaches to Cartilage Engineering 

1. Attachment:  Fibrin-Based Repair Cartilage 

Fibrin is a hydrated mesh which forms during blood clotting via the polymerization of fibrinogen and 

thrombin. This is a useful hydrogel in which chondrocytes can be suspended.  

Injectable, space-filling and sticky 

Production: 

- Suspend chondrocytes in fibrinogen 

solution 

- Draw up in syringe 

- Draw up thrombin solution in syringe 

- Inject into defect site 

- Hydrogel polymerizes after 10 sec 

  

 

 

Advantages: Defects are perfectly filled  

Disadvantages: Tissue is very weak in tension 

 

 

 

 

2. Woven Cartilage 

3D composite structure possible: 

- Fiber - Polyglycolic acid yarn (104 micron diameter)  

- Hydrogel - Fibrin seeded with chondrocytes   

Controlled anisotropy and depth-dependent properties (x, y and z control of fibers) 
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Woven vs. Native Cartilage Mechanical Properties 

 

 

4.5  Skin Engineering 
 

 

Production: 

- Take a piece of healthy skin from the patient (Biopsie) 

- Skincells in culture media 

- On a gel-like fiber scaffold 

 If you need dark skin, it’s easy just to put melanocytes into the graft 
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4.6  Pancreas Engineering 
 

Bioartificial Pancreas – “Implantable Device“  

- Replaces non-functional Islets of Langerhans  

- Donor islets are embedded in a sheet to prevent host 

rejection   

- Islets can sense glucose levels and secrete insulin  

- Sheet is thin so that oxygen diffusion can maintain cell 

viability 

 

Alginate – Ion-Induced Gelation 

 Alginate is used to protect (encapsulate) the islets. 

Gelation Methods:  

- CaCl2: fast, uncontrolled, non-homogeneous, hard shell softer core   

- CaCO3-GDL (D-(+)-glucono-δ-lactone): time controlled, homogeneous structures 

 

 

4.7  Liver Engineering 
 

Functions of the Liver: 

- 24 hrs without liver  

- Control of fats, amino acids, glucose   

- Glycogen storage  

- Decomposition of red blood cells  

- Bile production  

- Plasma protein synthesis  

- Detoxification of poisons, drugs, insecticides   

- Production of enzymes, hormones, blood clotting 

proteins  

- Fighting infections                Blood Flow in Liver Acinus = 0.01 cm/s 
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Liver Disease  

- Often begins in the periportal region (highest toxin levels)  

- Caused by viruses, analgesic medications, alcohol, ischemic insult and extensive liver resection for 

trauma or cancer   

- Very high mortality rate 

 

Clinical Trials of HepatAssist Device  

- 171 patients   

- Study Design: Prospective, randomized, controlled  

- Purpose:  Extend life of acute liver failure patients by 30 days  

- Status: Failed  

Problems: 

- Transmission of disease from the donor hepatocytes  

- Foreign proteins  

- Toxins from patient’s plasma kills donor hepatocytes  

- $300,000    

 

Multi-Coaxial Hollow Fiber Bioreactor: Bioreactor mimics liver acinus generating radial flow from ECC to ICC 
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5. Joint and Tissue Biomechanics & Mechanobiology 
 

Definition Biomechanics: 

- The study of the mechanics of a living body, especially of the forces exerted by muscles and gravity on 

the skeletal structure. 

- The mechanics of a part or function of a living body (organs, tissues or cells). 

Why are mechanics important to humans? 

- Classically: Performance 

Movement science – basic understatement: 

o Sportsbiomechanic (performance) 

o Trauma biomechanic (injury) 

o Neuromuscular movement control (development, rehabilitation) 

- More centrally: Biology 

o Musculosceletal system function and disease 

o Cardiovascular system function and disease 

o Many other systems depend on mechanics in less obvious ways 

 

 

5.1 Movement science 
 

The main function of the skeletal system is 

movement (design goal: survival). This needs: 

- Energetic efficiency (metabolic cost) 

- Power (fight/flight; Darwinian 

competition) 

- Avoid damage, quick & effective repair 

- Human skeletal system operating 

principle 

o Kinematic mechanisms: 

jointed bones 

o Dynamic actuators: muscles 

and tendons 

- Bones of the skeletal system are attached to 

each other at (a) fibrous, (b) cartilaginous or 

(c) synovial joints (e.g. knee) 
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Example of a synovial joint – the Knee 

 

- The menisci are two disks of fibrous tissue 

(“fibrocartilage”). Act as a “gliding” bearing 

- Ligaments are fibrous tissues anchoring two bones  

key structures that limit range of motion 

- The whole joint is bathed in a lubricating fluid: “synovial 

fluid” inside the “synovial capsule” 

 

Synovial joints have fluid-filled cavities and are the most complex and varied types of joints. Each synovial joint 

is classified into one of six types depending on is structure and type of motion: 

 

Joint Kinematics: Constrained Degrees of freedom  

Joint Motion: Moment balance around the joint 

Joint Stability: Passive (ligaments) and Active (muscles) 

 

 

 

 

Multiple muscles could generate the movement: How are they “recruited”? 

Effective muscle recruitment depends on the goal:  

- Repetitive movements (walking, distance running): are usually governed by energetic considerations 

(efficiency): SURVIVAL when food is scarce  

- Power movements: are predicted well by power maximization strategies (strength): SURVIVAL against 

threats 

- Both are critically constrained by requirements for injury avoidance: 

o Avoid soft tissue over-load (cartilage, tendon, muscle) 

o Overload “sensors” exist in the tissue 

o Keep the joint stable  “overload sensors” in the ligaments and joint capsules 

SURVIVAL by avoiding injury 

 

Muscle functions: 

(a) A muscle can move a joint (concentric contraction)  muscle 

works and gets shorter 

(b) A muscle can stabilize a joint (isometric contraction)  muscle 

works but don’t move 

(c) A muscle can “dampen” a movement: “energy dissipation” 

(eccentric contraction)  muscle works by being stretched 

 The muscle’s tendon stores and then releases energy (“energy return”) 

when the joint is unloaded 
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A shock absorber functions as a damper when a non-compressible fluid is driven past a piston, converting 

kinetic energy to heat. 

If the shock absorber is in series with a spring, then stretching the spring-shock results in tension on the spring 

or extension of the shock, depending on both the magnitude and time course of the force produced. 

When an active muscle is lengthened during an eccentric contraction, it behaves a shock absorber spring 

complex. 

In hiking downhill, nearly all of the energy that stretches the active muscle is lost as heat (extension of the 

shock). 

In contrast, running mammals store most of the energy required to stretch the muscle as elastic recoil potential 

energy (extension of the spring, which can be recovered on the subsequent stride. 

The time course of stretch and recovery of elastic recoil energy are dependent on both the magnitude of the 

forces involved as well as the compliance (spring property) of the muscle/tendon unit. 

As both of these properties are body size dependent, small animals move with predictably higher stride 

frequencies than do large animals. 

 

5.2 Applications in Movement Science 
 

Measuring ground forces, and kinematics to estimate joint and tissue loads: A common goal is to calculate joint 

reaction forces, so we can estimate the stress on the joint surface. 

 

Training & Rehab: Chronic eccentric training triggers a suite of muscle adaptations that have significant and 

desirable effects in both, rehabilitation and sports. 

Force Plates: allow a precise localization of external forces (x,y,z) on the body  This precision allows analysis 

of extremity joint loads (ankle, knee, hip). 

Electromyography “EMG”: The basic function of EMG is to see if 

a muscle is active or not. It can give a very rough idea of 

contraction magnitude “force generating capacity”, and tell-tale 

signs of fatigue. EMGs detects the electrical potential generated 

by muscle cells when these cells are electrically activated. 

 Detecting medical abnormalities, activation levels or 

recruitment 

 

EMG signals are essentially made up of superimposed moto unit 

action potentials (MUAPs) from several motor units. The 

measured EMG signals can be decomposed into their constituent 

MUAPs.  

MUAPS from different motor units tend to have different 

characteristic shapes. EMG decomposition is non-trivial, 

although many methods have been proposed. 
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Motion Capture “Mocap”: is the process of recording the movement of objects or people. A subject usually 

wars markers (acoustic, inertial, LED, magnetic, reflective) near each joint to track segment motion by the 

positions or angles between the markers  optimally at least two times the frequency rate of the desired 

motion, usually with (sub) millimetre positional accuracy for human joint measurement. 

 Sources of error: Surface (marker) tracking and analysis are indirect reflections of bone movement! 

 Clinical Gait Analysis: is widely used for surgical planning to alleviate muscle contractures in children with 

cerebral palsy 
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6. Introduction to Musculoskeletal Tissue Structure and Function 
 

The musculoskeletal Structure/Function 

 

 

 

6.1  The Bone as an Organ 
 

The basic tissue type of bones are cortical and trabecular. The basic constituents (mineralized collagen) are 

mineral (calcium salts) and collagen (osteoid). Bones can through intermembranous or endochondral 

ossification.  

Major functions 

 Mechanical: structural support for movement of the body, protect vital organs 

 Biological: Provide an environment for marrow (where blood cells are produced) 

 Biochemical/metabolic: Storage area for minerals (such as calcium) 

 

Bones are composed of two types of tissue: 

1. A hard outer layer called cortical 

(compact) bone, which is strong 

dense and tough 

2. A spongy inner layer called 

trabecular (spongy) bone. This 

network of trabecular is lighter and 

less dense than compact bone.  

 

 

The extracellular matrix of bones is composed of: 

1. Non-mineral matrix: mostly with collagen with some non-collagenous proteins (osteoid) 

2. Inorganic mineral salts (various forms of calcium mineral) deposited within the collagen matrix. 

 

 

 

From an Engineering Standpoint: 

-Segments 

-Joints/Bearing Surfaces 

 Actuarors/Springs/Dampers 

From a Tissue Standpoint 

Bones: Cortical & Trabecular 

Kinematic constraints (between segments):  

Bone surfaces & Ligaments 

Bearing Surfaces:  

Cartilage & Fibrocartilage, Synovial Tissue 

Actuators/Springs/Dampers: Muscles and Tendons 
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Cells in bone tissue: 

1. Preosteoclasts 

2. Osteoclast: bone matrix break down  

3. Osteoblast: deposits bone matrix 

4. Osteoblasts built Osteoid, which mineralizes 

5. Osteocytes: trapped bone cells that “sense” mechanical loads and signal 

for bone damage repair 

 

 

 

 

6.1.1 Bone Tissue Formation 
 

Osteogenesis occurs by two processes 

Intramembranous ossification involves the replacement of connective tissue membrane sheets with bone 

tissue and results in the formation of flat bones (e.g. skull, clavicle, and mandible). 

 

 

Endochondral ossification involves the 

replacement of a hyaline cartilage model with 

bone tissue (e.g. femur, tibia, humerus, and 

radius).  

 

Long bones continue to grow in length and width throughout childhood and adolescence. Increase in length is 

due to continued endochondral bone formation at each end of the long bones. Increase in circumference of the 

bone shaft is achieved by formation of new bone on the outer surface of the cortical bone.  

 

6.2  Overview of Articular Cartilage as a Connective Tissue 
 

- Mechanical Function: Joint articulation 

- Basic extracellular constituents: Type II 

Collagen and Aggrecan 

- Basic concept of synovial fluid lubrication 

- Fibrocartilage repair (scarring) 
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Principal components and zonal organization of articular 

cartilage tissue: Fibrils of type II collagen, proteoglycan 

complexes composed of aggrecan and hyaluronan - what 

builds the extracellular matrix - and chondrocyte cells 

(cells). 

Type II Collagen fibrils contribute mechanical resistance to 

tension and shear.  

 

Proteoglycans are negatively charged, large molecules which attract water. The osmotic pressure balances 

mechanical pressure: with strain/pressure the cartilage is squeezed and some water escapes and lubricates the 

areas between the bones  reduces mechanical stress 

 

Hydrodynamic Lubrication 

As joint speed and viscosity of the synovial 

fluid increase, the amount of fluid “drawn 

into” the joint space increases. Creating a fluid 

boundary layer that is very low in friction 

 

 

 

 

Synovial fluid can classified into normal, non-inflammatory, inflammatory and septic: 

 

Joint load and anatomy determine tissue stresses, which produce 

tissue property-dependent strains that influence bone and 

chondral modelling and remodelling. If tissues are damaged, 

inflammatory responses as well as modelling and remodelling of 

bone and cartilage, may be activated, influencing joint anatomy 

and tissue properties. In some instances, the system may be stable 

and self-correcting: in others, if may become and self-destructive. 

 Normal joint movement and loading is key to 

joint health; Large shearing motions can induce 

“fibrocartilage” formation 
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6.3  Overview of Fibrocartilage as a Connective Tissue 
 

- (Mechanical) function: can support both compressive and shear forces, connecting bone to bone (joint 

stability) 

- Basic extracellular constituents 

o Cartilage like: Type II Collagen and Proteoglycans (Aggrecan) 

o Fibrous: Type I Collagen 

- Healthy tissues mad of fibrocartilage are menisci and labrum 

- Damage repair: Cartilage defect “scarring” 

 

 

 

 

 

 

 

Histology of interface between bone and ligament: 

Ligament (L) insertions occur by means of 

fibrocartilage, which is divided at the tidemark (T, 

black line in b) into non-calcified fibrocartilage (F) 

and calcified fibrocartilage (CF) regions. The 

calcified fibrocartilage interdigitates with the 

underlying subchondral bone (B). 

Cell: Fb (Fibroblast); Cc (Chondrocyte); Ob 

(Osteoblast); BV (blood vessels) 

 

The transition between ligament and bone involves a steep gradients of mineralized Type-I collagen: High 

mineral (bone)  none (ligament) 

 

 

6.4  Overview of the Muscle-Tendon Unit 
 

Tendon connects muscle to bone 

Collagen that give strength: composed mostly of Type-I collagen (deposited by cells called tendon fibroblasts; 

self assembles into collagen “fibrils”, cell mediated fusion of fibrils into larger structures called “fibres”, and 

even larger units called “fascicles” 

Elastic fibers: includes very small quantities of elastic fibers (“elastin” that provide recoil after stretching 

Reticular fibers: type III collagen that form a fine meshwork acting as a supporting mesh 
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Tendon Muscle Junction 

The nuclei of the skeletal muscle stain bright red, 

fibrous connective tissue (tendon) stain pale blue, 

the muscles pink, and erythrocytes orange. 

This section presents the tendon in conjunction 

with skeletal muscle (muscle tendon junction). The 

dense regular connective tissue of the tendon 

stain s blue, while the nuclei of fibroblasts and 

other cellular constituents stain red. A few strands 

of the tendon connective tissue appear attached 

to the surrounding muscle fibres. Notice the Z 

lines in between the A bands, which help to define 

the I band. The elongated nuclei of the muscle 

fibers also stain a dark pink and are located on the 

periphery of the muscle cells. 

 

The skeletal muscle-tendon function 

The central nervous system triggers the muscle fiber at the motor 

junction to release calcium from the sarcoplasmic reticulum. This leads 

to uncovering of actin binding sites.  

ATP then powers the actin-myosin cross-bridge motors that contract 

muscle. 
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7. Biomechanics of the Circulatory System & Cardiovascular Tissues 
 

The circulatory system delivers nutrients (e.g. glucose and O2) 

and hormones throughout the body, removes waste products 

from tissues (e.g. CO2), and provides a mechanism for 

regulating temperature and removing the heat generated by 

the metabolic activities of the body’s internal organs. Every 

living cell in the body is no more than 10–100 mm from a 

capillary (small blood vessels with walls only one cell thick that 

are 8 mm in diameter, approximately the same size as a red 

blood cell). This close proximity allows oxygen, carbon dioxide, 

and most other small solutes to diffuse from the cells into the capillary or from the capillary into the cells, with 

the direction of diffusion determined by concentration and partial pressure gradients. 

 

The blood 

Accounting for about 8 +/– 1 percent of total body weight, averaging 5,200 ml, blood is a complex, 

heterogeneous suspension of formed elements—the blood cells, or hematocytes— suspended in a continuous, 

straw-coloured fluid called plasma.  Nominally, the composite fluid has a mass density of 1.057 +/– 0.007 

g/cm3, and it is six times as viscous as water.  The hematocytes include three basic types of cells: red blood 

cells (erythrocytes, totalling nearly 95 percent of the formed elements), white blood cells (leukocytes, 

averaging less than 0.15 percent of all hematocytes), and platelets (thrombocytes, on the order of 5 percent of 

all blood cells).  Hematocytes are all derived in the active (“red”) bone marrow (about 1,500 g) of adults from 

undifferentiated stem cells called hemocytoblasts, and all reach ultimate maturity via a process called 

hematocytopoiesis.  

 

 The haematopoietic system is maintained 

by self-renewing long-term, intermediate-

term and short-term haematopoietic stem 

cells (LT-, IT- and ST-HSCs).  HSCs give rise to 

multiple types of haematopoietic 

progenitor cells (HPC), which have an 

enormous proliferative potential but only 

very limited (if any) self-renewal capability, 

and thus these cells need to be 

continuously replenished from the HSC 

pool.   

Progenitors downstream of HSCs: 

multipotent progenitors (MPPs), lymphoid-

primed multipotent progenitors (LMPPs), 

common lymphoid progenitors (CLPs), 

common myeloid progenitors (CMPs), 

granulocyte– macrophage progenitors (GMPs), megakaryocyte– erythrocyte progenitors (MEPs) and common 

dendritic progenitors (CDPs).   

Finally, the largest pool of haematopoietic cells is made up of the billions of mature blood cells of different 

lineages that, with some exceptions (certain B cell and T cell subsets, and tissue-resident macrophages), do not 

self-renew and thus need to be regenerated from the pools of upstream HSCs and HPCs:  DC, dendritic cell; NK 

cell, natural killer cell; NKT cell, natural killer T cell. 
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The functions of the blood cells 

- The primary function of erythrocytes is to aid in the transport of blood gases. 

- The primary function of leukocytes is to endow the human body with the ability to identify and 

dispose of foreign substances (such as infectious organisms) that do not belong there— agranulocytes 

(lymphocytes and monocytes) essentially doing the “identifying” and granulocytes (neutrophils, 

basophils, and esinophils) essentially doing the “disposing.”  

- The primary function of platelets is to participate in the blood- clotting process. 

 

The blood vessels 

Blood vessels that carry blood away from the heart are 

called arteries, while those that carry blood toward the 

heart are called veins. The pulmonary artery is the only 

artery that carries deoxygenated blood, and the pulmonary 

vein is the only vein that carries oxygenated blood. The 

average adult has about 5 L of blood with 80 to 90 percent 

in the systemic circulation at any one time; 75 percent in the 

veins, 20 percent is in the arteries, and 5 percent is in the 

capillaries. 

 

The Heart 

The heart is the pumping station that moves blood through the blood vessels, and consists of two pumps: the 

right side and the left side. Each side has one chamber (the atrium) that receives blood and another chamber 

(the ventricle) that pumps the blood away from the heart.  

The right side moves deoxygenated blood 

that is loaded with carbon dioxide from the 

body to the lungs, and the left side receives 

oxygenated blood that has had most of its 

carbon dioxide removed from the lungs and 

pumps it to the body.  

The vessels that lead to and from the lungs 

make up the pulmonary circulation, and 

those that lead to and from the rest of the 

tissues in the body make up the systemic 

circulation. Because of the anatomic proximity of the heart to the lungs, the right side of the heart does not 

have to work very hard to drive blood through the pulmonary circulation, so it functions as a low-pressure (P 

40 mmHg gauge) pump. The left side of the heart, which does most of its work at a high pressure (up to 140 

mmHg gauge or more) to drive blood through the entire systemic circulation to the furthest extremes of the 

organism. 

During the 480-ms or so filling phase—diastole—of the average 750-ms cardiac cycle, the inlet valves of the 

two ventricles (3.8-cm-diameter tricuspid valve from right atrium to right ventricle; 3.1-cm-diameter bicuspid 

or mitral valve from left atrium to left ventricle) are open, and the outlet valves (2.4-cm-diameter pulmonary 

valve and 2.25-cm-diameter aortic semilunar valve, respectively) are closed—the heart ultimately expanding to 

its end- diastolic-volume (EDV), which is on the order of 140 ml of blood for the left ventricle. During the 270-

ms emptying phase—systole—electrically induced vigorous contraction of cardiac muscle drives the 

intraventricular pressure up, forcing the one-way inlet valves closed and the unidirectional outlet valves open 

as the heart contracts to its end-systolic- volume (ESV), which is typically on the order to 70 ml of blood for the 

left ventricle. Thus, the ventricles normally empty about half their contained volume with each heartbeat, the 

remainder being termed the cardiac reserve volume. More generally, the difference between the actual EDV 
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and the actual ESV, called the stroke volume 

(SV), is the volume of blood expelled from the 

heart during each systolic interval, and the ratio 

of SV to EDV is called the cardiac ejection faction, 

or ejection ratio (0.5 to 0.75 is normal, 0.4 to 0.5 

signifies mild cardiac damage, 0.25 to 0.40 

implies moderate heart damage, and less than 

0.25 warns of severe damage to the heart’s 

pumping ability).  

If the stroke volume is multiplied by the number 

of systolic intervals per minute, or heart rate 

(HR), one obtains the total cardiac output (CO) 

CO = HR x (EDV - ESV) where EDV-ESV represents 

the stroke volume.  

 

In order of size, the somewhat spherically shaped left atrium is the smallest chamber— holding about 45 ml of 

blood (at rest). The pouch-shaped right atrium is next (63 ml of blood), followed by the conical/cylindrically 

shaped left ventricle (100 ml of blood) and the crescent shaped right ventricle (about 130 ml of blood). 

Altogether, then, the heart chambers collectively have a capacity of some 325 to 350 ml, or about 6.5 percent 

of the total blood volume in a “typical” individual—but these values are nominal, since the organ alternately 

fills and expands, contracts, and then empties. 

 

Cardiac polarization wave 

Cardiac Polarization wave is the generation and propagation of electrical signals): 

Depolarization (recovery/reset)  

- SA node  (initiates the wave)  

- AV Node  (passes the wave from the atria to the ventricles)   

- Perkinje fibers (accelerates propagation throughout the ventricles)  

 

Cardiac cells are linked and tightly coupled so action potentials spread from one cell to the next. Activation 

wave fronts move across the atria at a rate of about 1 m/s. When cardiac cells depolarize, they also contract. 

The contraction process in the atria (atrial systole) moves blood from the right atrium to the right ventricle and 

from the left atrium to the left ventricle.  

The activation wave front then moves to the atrioventricular (AV) node, where it slows to a rate of about 0.05 

m/s to allow time for the ventricles to completely fill with the blood from the atria. After leaving the AV node, 

the activation wave front moves to specialized conduction tissue, the Purkinje system, which spreads the wave 

front very rapidly (at about 3 m/s) to many cells in both ventricles. The activation wave front spreads through 

ventricular tissue at about 0.5 m/s. This results in the simultaneous contraction of both ventricles (ventricular 

systole) so blood is forced from the heart into the pulmonary artery from the right ventricle and into the aorta 

from the left ventricle.  
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The electrocardiogram is an electrical 

measure of the sum of these ionic changes 

within the heart. The P wave represents the 

depolarization of the atria, while the QRS 

represents the depolarization of the 

ventricles. Ventricular repolarization shows up 

as the T wave, while atrial repolarization is 

masked by ventricular depolarization. Changes 

in the amplitude and duration of the different 

parts of the ECG provide diagnostic 

information for physicians. Many biomedical 

engineers have worked on methods for 

recording and analysing ECGs. 

 

Cardiac Muscle  

Cardiac muscle is striated and contraction occurs via the 

sliding filament mechanism. The cells are short, fat, branched, 

and interconnected by intercalated discs.  Some cardiac 

muscle cells are self-excitable or autorhythmic. These cells 

generate an action potential that spreads throughout the 

myocardium, causing the heart to contract as a single unit. 

Unlike skeletal muscle there are no individual motor units and 

no motor unit recruitment. In addition, the heart’s absolute 

refractory period is longer than a skeletal muscle’s, preventing 

tetanic contractions. 

 

 

 

 

 

Functional requirements of heart valve prostheses 

The functioning of natural heart valves is characterized by many advantages:  

1. Minimal regurgitation: This means that the amount of blood lost 

upstream as the valve closes is small (5 ml or less).  

2. Minimal transvalvular pressure gradient: Natural heart valves have a 

low transvalvular pressure gradient as they present little obstruction 

to the flow through themselves, normally less than 16 mmHg. A 

desirable characteristic of heart valve prostheses is that their 

transvalvular pressure gradient is as small as possible.  

3. Non-thrombogenic: As natural heart valves are lined with an 

endothelium continuous with the endothelium lining the heart 

chambers they are not normally thrombogenic. A desirable 

characteristic of heart valve prostheses is that they are non or 

minimally thrombogenic.  

4. Self-repairing: Although of limited extent compared to well 

vascularised tissue (e.g. muscle), the valve leaflets do retain some 

capacity for repair due to the presence of regenerative cells (e.g. 
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fibroblasts) in the connective tissue from which the leaflets are composed. As the human heart beats 

approximately 3.4x109 times during a typical human lifespan this limited but nevertheless present 

repair capacity is critically important. No heart valve prostheses can currently self-repair but 

replacement tissues grown using stem cell technology may eventually offer such capabilities. 

5. Non-damaging to blood cells. 
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8. Cell-Matrix Interaction (Signaling) 
 

Mechanosensitivity: the ability to sense and respond to mechanical forces  all prokaryotic and eukaryotic 

cells are mechanosensitive 

Many disorders are ‘mechanical diseases’: 

- endothelial cells line the blood vessels and are constantly exposed to the shear flow of the blood 

- endothelial cells sense and respond to the shear flow 

- the first atherosclerotic plaques form in areas of disturbed blood flow 

 

Physical contact between a cell and its local 

environment is a huge driver of cell behaviour  cell 

growth and survival depend on the extent of cell 

spreading on a substratum, rather than the mere fact 

of attachment or the number of matrix molecules the 

cell contacts. 

 

 

8.1  Cell-Matrix Interaction and Downstream Behaviour (Signals) 
 

 

Specific combinations of extracellular signals, on rather than one signal molecule acting alone, are generally 

required to stimulate complex cell behaviour. 

 Different signals lead to a different cell fate: 

Each cell type displays a set of receptors that enables it to 

respond to a corresponding set of signal molecules produced by 

other cells. These signal molecules work in combinations to 

regulate the behaviour of the cell. 

As shown here, an individual cell often requires multiple signals 

to survive (blue) and additional signals to grow and divide (red) 

or differentiate (green). 

If deprived of appropriate survival signals, a cell will undergo 

apoptosis. Although (not shown), some extracellular signal 

molecules act to inhibit these and other cell behaviours, or even 

to induce apoptosis. 
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A simple cellular signaling pathway activated by an 

extracellular signal molecule: The signaling molecule 

usually bind to a receptor protein that is embedded in the 

plasma membrane of the target cell and activates one or 

more intracellular signalling pathways mediated by a series 

of signaling proteins. Finally, one or more of the 

intracellular signaling proteins alters the activity of effector 

proteins and thereby the behaviour of the cell. 

 

Extracellular signals can act slowly or rapidly to change the 

behaviour of a target cell: Certain types of signal responses, 

such as increased cell growth and division, involve changes 

in gene expression and the synthesis of new proteins; they 

therefore occur slowly, often starting after an hour or 

more. Other responses – such as changes in cell movement, 

secretion or metabolism – need not involve changes in 

gene transcription and therefore occur much more quickly, 

often starting in seconds or minutes they may involve the 

rapid phosphorylation of effector proteins in the cytoplasm. Synaptic responses mediated by changes in 

membrane potential can occur in milliseconds! 
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9. Cell-Cell and Cell-Matrix Interactions 
 

The two main classes of physical contact are: 

- Cell-cell (e.g. epithelial cells) 

- Cell-Matrix (e.g. mesenchymal cells like fibroblasts, binds epithelial tissue to the underlying connective 

tissue) 

 

Different Junctions, Different Functions: 

- Anchoring: link cell to cell (typical via transmembrane cadherin proteins) or cell to matrix (typically via 

transmembrane integrin proteins); mechanical integrity, physical force sensing 

- Occluding: involving claudin proteins, seal gaps between epithelial cells  physical sealant 

- Channel forming: rapid intercellular transport (also Ca2+ ion); composed of connexin or innexin 

proteins, form passageways for small molecules and ions to pass from cell to cell 

- Signal relaying: rapid transient intracellular signaling, complex structures, typically involving 

anchorage proteins alongside proteins mediating signal transduction 

 

 

 

9.1  Channel forming junctions: transport and signaling 
 

Gap junctions allow neighbouring cells to share signaling information   

Gap junctions are narrow water – filled channels that directly connect the 

cytoplasms of adjacent epithelial cells, as well as of some other cell types. 

The channels allow the exchange of inorganic ions and other small water – 

soluble molecules, but not of macromolecules such as proteins or nucleic acids. 

Thus, cells connected by gap junctions can communicate with each other directly, 

without having to surmount the barrier presented by the intervening plasma 

membranes. 

In this way gap junctions provide for the most intimate of all forms of cell 

communication and allowing the cells therefore respond to extracellular signals in 

a coordinated way. 

Different functions have been ascribed to gap junction proteins:  

- Electrical and metabolic signaling 

- Functional “grouping” into cellular networks (cardiac depolarization wave) 
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9.2  Anchoring junctions: mechanical strength and integrity 
 

The two main classes of physical/mechanical junctions are each enabled by one of 

two important protein families: 

- Cadherins 

- Integrins 

Transmembrane adhesion proteins link the cytoskeleton to extracellular structures. 

The external linkage may be either to parts of other cells or to extracellular matrix. 

The internal linkage to the cytoskeleton is generally indirect, via intracellular 

anchor proteins. 

Cadherin structure and function: 

The extracellular domain of a classical cadherin bind homophilically, end-to-end. The extracellular part of each 

polypeptide consists of a series of compact domains called cadherin repeats, joined by flexible hinge regions. 

Ca2+ bind in the neighbourhood of each hinge, preventing it from flexing. In the absence of Ca2+, the molecule 

becomes floppy and adhesion fails.  

 

9.2.1 Extracellular Matrix: important chemical and mechanical cues 
 

Many cellular processes involve interactions between the 

ECM and the cell:  

 Cell Cycle 

 Migration 

 Differentiation 

 Apoptosis 

The ECM not only connects cells together in tissues, but 

also guides wound healing and embryonic development. 

 

 

The most important classes of extracellular matrix proteins: 
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Collagens and proteoglycans combine to provide both tensile and compressive mechanical properties.  

Tissue viscoelastity is also regulated by a function specific fibrillary structure (elastic) and PG content (viscous). 

Cell-matrix biochemical (all ECM ligands) and biomechanical (particularly collagens and proteoglycans) 

interactions are strong drivers of cell behaviour. 

 

Elastic Fibrous Proteins: Collagen (strength and toughness) 

- collagen is the most abundant protein in the human body 

- we know 28 different collagen subtypes consisting of 46 distinct polypeptides 

- collagens are evolutionary conserved 

- collagen synthesis occurs within the cell 

- collagen fibrillogenesis occurs extracellularly 

Elastic Fibrous Proteins: Elastin (elastic recoil)  

- Elastin gives tissues their elasticity 

- many tissues need to be elastic such as the skin, lung or blood vessels 

- elastin content increases by 500 % in the uterus during pregnancy 

- the typical elastin repeat is very similar to the collagen repeat:  

(P-G-V-G-V-A)n 

- but elastin is essentially unstructured  and behaves as an 

entropic elastomer 

- the elastin concentration gradually decreases in aging skin and 

tissue elasticity is reduced 

- individual elastin fibers are cross-linked through covalent 

bonds 

- each elastin molecule in the network can extend and contract 

in a manner resembling an entropic spring so that the elastin 

fibre will recoil after transient stretch 

- ideal elastomeres show a linear-elastic behaviour: 

 

                                

 

 

 

 

 

 

Water Drawing Proteins: Proteoglycans (compressive resistance)  

- proteoglycanes are composed of GAGs covalently linked to a core 

protein  

- proteoglycanes are a very heterogenous group of molecules and 

can be complex 

- they have many functions and may serve as adhesion proteins 

(syndecan), linker between other matrix proteins (decorin) or as a 

sponge (aggrecan) 
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- GAGs mediate compressibility:  

o glycosaminoglykane (GAGs) consist of repeating sugar subunits 

o depending on the sugar side-chain we distinguish:   hyaluronan, chrondoitin sulfate, 

dermatan sulfate, keratan sulfate, heparan sulfate  

- GAGs occupy a large volume: 

o polysaccharide chains are too stiff to adopt a compacted structure and are very hydrophilic 

o even at low concentration GAGs form gels, which attract cations (such as Na+) causing water 

incorporation and swelling 

o GAGs fill most of the space in the cartilage 

 

Integrin: transmembrane proteins linking the cell and matrix 

  

 

The head of the integrin molecule attaches directly to an extracellular 

protein such as fibronectin; the intracellular tain of the integrin binds to 

talin, which in turn binds to filamentous actin (f-actin). A set of other 

intracellular anchor proteins, including α-actinin, filamin, and vinculin, 

help to reinforce the linkage. 

 

 

 

Integrins mediate cell-matrix adhesions 

- integrins are heterodimeric transmembrane proteins and consists of an a and a b-subunit 

- integrins bind to various ECM proteins such as collagens, laminins or fibronectin 

- integrins are the main ligands for the ECM 

 

Cell – Matrix (Integrin & Focal adhesion) Signaling 

ECM binding and/or mechanical forces activates enzymes (protein kinases, or phosphatases that respectively 

phosphorylate or de-phosphorylate signaling proteins) which can activate or deactivate the signaling protein 

depending on the signaling chan. 

Focal Adhesions affect many cellular processes:  

- Focal Adhesions contain many different proteins (structural proteins, enzymes, etc.) 

- cell division, cell migration, mechanical integration 

 

Summary 

- cells adhere to each other using cell-cell contacts  

- cells adhere to the ECM using a family of cell surface receptors called integrins  

- integrins have to be activated by intracellular proteins  

- integrins connect to the cytoskeleton in subcellular structures called focal adhesions 
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9.3 Glossary of terms to know 
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10. Radiation Imaging 
 

Radiation Imaging:  

- Uses low-level radioactive chemicals 

- Chemicals are designed to be absorbed by different types of tissue 

- Hotspots are detected and used to identify for example a tumor location 

 

Radiographic Imaging Systems: 

- Externally produced radiation passed through tissues 

- Attenuated X-rays are detected to provide an image of the tissues radiation 

has passed through 

 

Non-radioactive Imaging: Diagnostic Ultrasound Imaging 

- Uses high frequency sound to image internal structures and blood flows 

- Detects sound waves, differentially reflected back from internal tissues 

- Non-ionizing radiation involved 

Non-radioactive Imaging: Magnetic Resonance Imaging (MRI) 

- Makes use of the property of nuclear magnetic resonance (NMR) to image 

nuclei of atoms inside the body 

- NMR: Physical phenomenon in which magnetic nuclei in a magnetic field 

absorb and reemit electromagnetic radiation 

- Non-ionizing radiation involved 

 

10.1 Basic principles of radiation (emission) imaging 
 

 

Radioactive tracers 

- Chemical compounds in which one or more atoms have been replaced by a radioisotope (atom with 

an unstable nucleus) 

- Depending on the chemical compound it can be used to explore specific chemical reactions / bodily 

functions by imaging the path that radioisotopes follow from reactant to product 

- E.g., glucose (simple sugar) is metabolized by cancerous tumors. Therefore, glucose linked with a 

radioactive tracer will reveal the tumor’s location 
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10.2 Radiation theory 
 

Radioactive emission involves the spontaneous disintegration of atoms. Protons and neutrons experience short 

range nuclear forces (far greater than the electromagnetic force of repulsion between the positively charged 

protons). The interplay of these forces induces a different arrangement of the particles within the nucleus and 

therefore different energy states. 

 Ground state, most stable 

 Excited state precludes radioactive decay when particles are ejected in 

order to achieve a more stable state 

There are three types of radiation emitted from radioactive material 

- Alpha radiation: Alpha particles, positively charged, identical to the 

nucleus of a Helium atom (2 protons & 2 neutrons) 

- Beta radiation: negatively charged electrons or positively charged particles similar to electrons are 

emitted from the nucleus 

- Gamma radiation: Pure electromagnetic radiation with zero mass and zero charge 

Notation 

- Neutrons and protons  Nucleons 

- Atomic mass (A)  Total number of nucleons 

- Atomic number (Z)  Total number of protons 

 Elements with a Z > 83 are radioactive and spontaneously decay into other elements 

 

The weight in grams of an isotope which is equivalent to its atomic mass is called gram atomic mass (gm):  

 Avogadro's number (mole): 6.023x1023 atoms/gm  

 

 

 Mass of a nuclear particle is expressed in Atomic 

Mass Units (AMU) 

 

 

 The energy released by 1 amu 

 

  

 [gm*cm2/sec2] is frequently encountered in physics and is termed the “erg” 

 

 

 Another convenient unit of energy is the electron volt (eV): 
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10.2.1 Alpha decay 
 

During the decay of an atom, energy is liberated in 

the form of kinetic energy.  Detecting and 

measuring this energy is key to imaging. 

The energy associated with decay can be 

determined by considering the fact that mass 

equates to energy. 

- Neutrons and protons are bound by 

internal nuclear forces 

- The mass of an atom is always found to 

be less than the sum of the individual components 

- Mass defect is manifested as the energy required to bind nucleons together 

 

The amount of energy liberated in the decay: 

Mass before decay = Mass of product after decay + Δm  

 Where Δm is the liberated energy (amu) 

 

 

10.2.2 Beta decay (β-) 
 

 Negatron Decay 

 

 The nucleus contains the same number of nucleons in total but 

atomic number increases by 1: 

 

 A neutron is transformed into a proton and an electron (which is 

emitted): 

 

The energy typically released during beta decay cannot be 

explained by the kinetic energy of the daughter particle and the 

electron. The energy is carried away by a third particle: Neutrino, 

which has zero charge, negligible mass, and is difficult to detect 

 

10.2.3 Beta decay (β+) 
 

 Beta decay (β+)  Positron decay 

 

 Positron decay produces a different element by decreasing the atomic number (Z) by 1, as if a proton 

was transformed into a neutron and an electron with a positive charge 

 

Example: 
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10.2.4 Gamma decay (γ) 
 

 

β decays (negatron and positron) are typically 

accompanied by a gamma decay (γ). Following β 

decay, protons and neutrons residing in the nucleus 

are left in high energy states. Photons of energy 

(gamma rays) are emitted to achieve a more stable 

configuration. 

 

10.2.5 Radioactive decay 
 

Radioactive decay is unaffected by changes in temperature, pressure or chemical combination. The rate of 

decay (λ) remains constant with the same number of disintegrations occurring per unit time. Radioactive is 

material characterized by the half-life (T1/2)  the time required for half of the nuclei to decay. 

Considering a number of atoms (N) for a specific nuclide which are present at time t with a decay constant (λ): 

  

 

 

After a time interval equivalent to one half-life (T1/2) the number of radioactive nuclei remaining is N0/2, this 

gives: 

 

Dividing by N0 and taking the natural logarithm of both sides of this equation reveals: 
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10.3 Applications & Instrumentations 
 

E.g.: Use of Strontium 85 in preclinical research to monitor progression of leukaemia following treatments with 

new drugs. Half-life: 64 days 

 

10.3.1 Gamma – camera 

 

 The Collimator 

Device that filters a stream of rays so that mostly those 

traveling parallel to a specified direction are allowed 

through 

 

Scintillation /Sodium Iodide Crystal 

A flash of light which is emitted when a substance (i.e. zinc sulfide and sodium iodide) is struck by an emitted 

particle / gamma ray. The amount of light emitted is proportional to the energy of the colliding particle/gamma 

ray. 

 

Photomultiplier 

The Photomultiplier measures light intensity and converts it to an electrical impulse. The electrical impulses can 

then be amplified and processed to provide information about the incident radiation. 

Photomultiplier provide information about: 

- Measures energy/intensity of the incident radiation 

- Activity of a specific radionuclide 

- Useful for physicians to understand if an organ is functioning properly 

- Provides no spatial/positional information 

- Converts into electrical impulses 

 Spatial information provided by a Gamma camera in combination with collimation 
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10.3.2 Positron emission tomography (PET) 
 

Positrons emitted through decay can only travel short distances (1-2 mm) in a 

tissue and are then annihilated. Annihilation creates a pair of photons (gamma 

rays) that travel 180 degrees to one another. 

- Radioactive tracer  carrier molecule + isotope (radioactive) 

- Isotope creates positron  

 Positron interacts with the e- from the body 

 Annihilation 

- Photons develop 

- Detection of photons 

 

Error Sources Positron Emission Tomography: 

 

Positron emission tomography (PET) is a nuclear medicine, functional 

imaging technique that produces a three-dimensional image of functional processes in the body. The system 

detects pairs of gamma rays emitted indirectly by a positron-emitting radionuclide (tracer), which is introduced 

into the body on a biologically active molecule. Three-dimensional images of tracer concentration within the 

body are then constructed by computer analysis. In modern PET-CT scanners, three dimensional imaging is 

often accomplished with the aid of a CT X-ray scan performed on the patient during the same session, in the 

same machine. 

To conduct the scan, a short-lived radioactive tracer isotope is injected into the living subject (usually into 
blood circulation). Each tracer atom has been chemically incorporated into a biologically active molecule. There 
is a waiting period while the active molecule becomes concentrated in tissues of interest; then the subject is 
placed in the imaging scanner. The molecule most commonly used for this purpose is F-18 labeled 
fluorodeoxyglucose (FDG), a sugar, for which the waiting period is typically an hour. During the scan, a record 
of tissue concentration is made as the tracer decays. 

As the radioisotope undergoes positron emission decay (also known as positive beta decay), it emits a positron, 
an antiparticle of the electron with opposite charge. The emitted positron travels in tissue for a short distance 
(typically less than 1 mm, but dependent on the isotope]), during which time it loses kinetic energy, until it 
decelerates to a point where it can interact with an electron.  The encounter annihilates both electron and 
positron, producing a pair of annihilation (gamma) photons moving in approximately opposite directions. These 
are detected when they reach a scintillator in the scanning device, creating a burst of light which is detected by 
photomultiplier tubes or silicon avalanche photodiodes (Si APD). The technique depends on simultaneous or 
coincident detection of the pair of photons moving in approximately opposite directions (they would be exactly 
opposite in their centre of mass frame, but the scanner has no way to know this, and so has a built-in slight 
direction-error tolerance). Photons that do not arrive in temporal "pairs" (i.e. within a timing-window of a few 
nanoseconds) are ignored. 

  

https://en.wikipedia.org/wiki/Radioactivity
https://en.wikipedia.org/wiki/Isotope
https://en.wikipedia.org/wiki/Blood
https://en.wikipedia.org/wiki/Fluorodeoxyglucose
https://en.wikipedia.org/wiki/Positron_emission
https://en.wikipedia.org/wiki/Beta_decay
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Positron_emission_tomography#cite_note-30
https://en.wikipedia.org/wiki/Electron%E2%80%93positron_annihilation
https://en.wikipedia.org/wiki/Gamma_ray
https://en.wikipedia.org/wiki/Photon
https://en.wikipedia.org/wiki/Scintillator
https://en.wikipedia.org/wiki/Photomultiplier
https://en.wikipedia.org/wiki/Avalanche_photodiode
https://en.wikipedia.org/wiki/Center_of_mass_frame
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11. Radiographic Imaging Systems 
 

Externally produced radiation passing through tissues is used to generate images. 

11.1 X-Rays 
 

- High voltage generated by coil applied across a vacuum tube  

- Radiation induced is visualized on fluorescent screen 

- When x-rays hit an element, they can get transmitted, scattered or absorbed 

- Absorption is called attenuation 

- Transmitted rays are measured, we don’t want scattered    

 

X-radiation (composed of X-rays) is a form of electromagnetic radiation. Most X-rays have a 
wavelength ranging from 0.01 to 10 nanometers, corresponding to frequencies in the range 30 
petahertz to 30 exahertz (3×1016 Hz to 3×1019 Hz) and energies in the range 100 eV to 100 keV. X-ray 
wavelengths are shorter than those of UV rays and typically longer than those of gamma rays. 

X-rays can be generated by an X-ray 
tube, a vacuum tube that uses a high 
voltage to accelerate the electrons 
released by a hot cathode to a high 
velocity. The high velocity electrons 
collide with a metal target, the anode, 
creating the X-rays. 

 Uh heat up filament 

 excited e- are going away from filament 

 e- strike metal 

 interactions: Ekin  Heat 

 

When the electrons hit the target, X-rays are created by two different atomic processes: 

1. Characteristic X-ray emission: If the electron has enough energy it can knock an orbital 
electron out of the inner electron shell of a metal atom, and as a result electrons from higher 
energy levels then fill up the vacancy and X-ray photons are emitted. This process produces 

https://en.wikipedia.org/wiki/Electromagnetic_radiation
https://en.wikipedia.org/wiki/Wavelength
https://en.wikipedia.org/wiki/Nanometer
https://en.wikipedia.org/wiki/Frequency
https://en.wikipedia.org/wiki/Hertz
https://en.wikipedia.org/wiki/Hertz
https://en.wikipedia.org/wiki/Electronvolt
https://en.wikipedia.org/wiki/KeV
https://en.wikipedia.org/wiki/Ultraviolet
https://en.wikipedia.org/wiki/Gamma_ray
https://en.wikipedia.org/wiki/X-ray_tube
https://en.wikipedia.org/wiki/X-ray_tube
https://en.wikipedia.org/wiki/Vacuum_tube
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Hot_cathode
https://en.wikipedia.org/wiki/Anode
https://en.wikipedia.org/wiki/Characteristic_X-ray
https://en.wikipedia.org/wiki/Electron_shell
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an emission spectrum of X-rays at a few discrete frequencies, sometimes referred to as the 
spectral lines. The spectral lines generated depend on the target (anode) element used and 
thus are called characteristic lines. Usually these are transitions from upper shells into K shell 
(called K lines), into L shell (called L lines) and so on. 

2. Bremsstrahlung: This is radiation given off by the electrons as 
they are scattered by the strong electric field near the high-Z 
(proton number) nuclei. These X-rays have a continuous 
spectrum. The intensity of the X-rays increases linearly with 
decreasing frequency, from zero at the energy of the incident 
electrons, the voltage on the X-ray tube. 

 

Physics of X-rays 

 

 

 Unnecessary rays are blocked by the collimator because of the unhealthy rays  

 Linear Attenuation because of the absorption; to measure I0 we calibrate the system; µ is linear 

absorption coefficient 

 

Linear Attenuation 

 

The Photon-effect is desired  you 

will get a photoelectron  

Compton-effect is not desired  you 

get a Compton-electron 

https://en.wikipedia.org/wiki/Emission_spectrum
https://en.wikipedia.org/wiki/K-alpha
https://en.wikipedia.org/wiki/Bremsstrahlung
https://en.wikipedia.org/wiki/Proton
https://en.wikipedia.org/wiki/Continuous_spectrum
https://en.wikipedia.org/wiki/Continuous_spectrum
https://en.wikipedia.org/wiki/X-ray_tube
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Attenuation showed in a diagram over different applied voltage; 

based on density   for more details you need more energy  

The denser a material, the bigger the absorption 

 

Radiography relies upon differential attenuation of X-rays:  

High contrast differences between lung (soft tissue/air) and bone 

(hard tissue) facilitate low radiation doses 

 

 

 

 

 

Advantages:  

- High resolution image  

- Rapid acquisition  

- Low dose  

Disadvantages:  

- Inability to discern depth information 

- Difficult to distinguish between materials of similar density 
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11.2 CT – Computer Tomography 
 

Computed tomography (CT) enables acquisition of images with in-plane depth information  “x-ray image 

from different sites” 

CT Measurement 

- a 2D image is reconstructed from its 1D projections  

- very slice selective  

- projections are recorded digitally and reconstructed on a computer 

Projections and Samples 

- a sample P(t) of a projection defines the integrated 

attenuation along the path of the x-ray beam 

- the set of samples taken under a defined measurement angle describes a projection 

- all projections recorded digitally for angles varying between 0° and 180° describe the data set needed 

for the image reconstruction 

 

11.2.1 CT scanner Types 
 

1st Generation 

- one-channel  

- translation-rotation  

- measurement time 5 minutes per slice 

2nd Generation 

- multi-channel  

- translation-rotation  

- measurement time 20 seconds per slice 

3rd Generation 

- rotation of tube and detectors  

- measurement time 1-10 seconds per slice 

4th Generation 

- rotation of tube ring detector  

- measurement time 1-10 seconds per slice 

5th Generation 

- targets on ring detector 

- rotating electron beam  

- no mechanical movement  

- measurement time 200 milliseconds per slice 
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Multislice System  

- based on multislice 3rd  generation  

- 64 detector rows  

- measurement time 0.4 seconds per 64 slice 

FlatpanelSystem 

- cone beam geometry  

- 2D detector, i.e. 1024x1024 pixels  

- measurement time i.e. milliseconds for cardiac applications 

 

CT Reconstruction Types 

- inverse of Radon’s formula does not work  

 infinite number of ideal projections 

- iterative reconstruction (ART)  

 image estimation; compute pseudo-projections; compare to original projections; minimize 

error 

- direct reconstruction  

 projections are backprojected in the image plane where they are summed up over all 

measured angles  

 resulting image is strongly blurred 

 

- Backprojection: 

 

 

 Endbild 

 

 

 

 

 4 angles of x-ray  4 different descriptions  the computer applies an algorithm/formula to work 

out individual numbers 

 

1. Just take the horizontal x-rays and add the numbers:  

3+4 = 7  

 1+8 = 9 

2. Add the numbers from the second x-ray to the numbers below (7,9), 

where 1 comes from the number 1 (in ‘Endbild’) in the left corner, 11 

comes from 3 + 8 (diagonal) and 4 comes from the right corner 

3. Take the third x-rays: 3+1 =4, 4+8 =11 

Add them to the already existing numbers 

4. Take the last x-rays, where 3 is the number in the left corner, 5 is the 

sum of the diagonal and 8 is in the right corner 

5. Now you can take picture 1  7+9 =16  substract 16 in picture 4  

divide by 3 (therefore you only get one direction of x-rays)  you will get 

the ‘Endbild’ 
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Image Representation 

- After reconstruction an image represents a matrix of linear attenuation coefficients 

- In clinical computed tomography we mostly use Hounsfield Units (HU) 

- Image values range from -1000 HU (air) to about +3000 HU (compact bone) 

- For quantitative measurements the Hounsfield Units are converted to bone mineral densities using 

measurement phantoms 

- No clear distinction of bone and soft tissue 
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12. Diagnostic Ultrasound Imaging 
 

History 

- 1729-1799: Lazzaro Spallanzani was the 1st to provide experimental evidence that non audible sound 

exists. Demonstrates that bats could navigate in the dark but bumped into objects when their mouths 

were covered.  

- 1945: Paul Langevin developed SONAR to locate submarines in World War I - but too late to be 

operationally useful. However by WW2 Firestone in US had developed his ‘reflectoscope’ for non-

destructive testing. This was used in the testing of aircraft wings. 

- 1956: In the US, Holmes & Howry experimented with water tanks to obtain detailed pictures of soft 

tissues. To image the neck, a volunteer was submerged in degassed water in a disused B29 gun turret 

and scanned through 360 degrees. And had some success ... 

- Today ultrasound is used in hospitals to image internal structures and blood flow 

 

Principles: Piezo Electric Crystal 

 

- Ultrasound generated using Piezo electric crystals  measures internal structures and blood flow 

- Switching off voltage  Contraction  

- Switching on voltage  Expansion 

- The piezo electric crystal sensitive to mechanical perturbation  

- Variation in air pressure deform crystal and produce voltage 

- Crystal can be configured to listen (detect reflected waves) 

- In reality, ultrasound probes are composed of a large number of individual piezo electric crystals  

- The information gathered from the crystals are processed by a computer to display the images on a 

screen 

 

Principles: Acoustic Impedance 

Ultrasound waves entering the body are either reflected, refracted or absorbed. Waves which do not return to 

the probe are wasted. 

Every substance (fat, muscle, bone) has a unique property called acoustic impedance. Acoustic impedance is 

determined by the density and the speed of sound in that substance. Acoustic impedance determines the 

proportion of wave reflected and refracted  loss of ultrasound energy 

Ultrasound waves cross from one tissue to the next, each with a different acoustic impedance and each 

reflecting different proportions of the wave back. Multiple reflected waves return to the probe and the 

machine uses this information to display an image representing the different tissues. 
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Estimate the image frame rate for a scan depth of 150 mm assuming: 

- A linear array consisting of 100 elements (activated in sequence)  

- The average speed of sound through the tissue is 1.5 mm/μs 

The round trip time for waves to be transmitted, reflected and detected is: 

Time required to generate a single full frame: 

 50 frames per second 

 

Sequence of diagrams shows the propagation of an ultrasound pulse 

(yellow arrow) along one particular beam line (dotted line) 

Sequence of diagrams shows the sweeping of the ultrasound beam through 

a planar FOV in the patient. 

 

Characteristic acoustic impedance of a tissue: 

- A free boundary (i.e. bone to air): Z = 0 

- A matched boundary (i.e. bone to bone): Z1 = Z2 

- A rigid boundary (i.e. air to bone): Z = ∞ 

 

At the boundary of tissues 1 and 2 the reflection factor (RF) is related to their 

characteristic impedances Z1 and Z2: 

- A free boundary: RF = -1 

- A matched boundary: RF = 0 

- A rigid boundary: RF = 1 

The transmission factor (TF), i.e. the proportion of the wave which is transmitted 

through the tissue boundary is:  

- A free boundary: TF = 0 

- A matched boundary: TF = 1 

- A rigid body: TF = 2 

 

Impedance values for oblique waves: 
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For a wave incident at a water-honey interface, determine the reflection factor at 45° 

- Speed of sound:   Water  1.48 km/s  Honey  2.05 km/s  

- Impedances:   Water  1.48 MRayl  Honey  2.89MRayl 

 

The reflection factor provides a measure of the loss of intensity or amplitude of the sound wave due to 

reflection this is most commonly expressed in decibel (dB): RF = 20log10(x) 

 

Principles: Absorption 

Energy of sound waves is also lost via absorption. Waves lose energy to medium of propagation resulting in 

weak local heating. 

Absorption is measured in dB and described by: 

Where:  

 α absorption coefficient   units: dB/MHz/cm  

 f frequency    units: MHz  

 y exponent of power law   units: commonly set to 1  

 z depth of penetration   units: cm 

 

Doppler Effect 

The transmitted wave has a certain frequency. When the wave is 

bounced back from a stationary object such as a nerve, both the 

transmitted and the returned waves have the same frequency. 

 The wave that bounces off an object moving towards 

the probe will have a higher frequency 

 The moving object "squashes" the waves as it moves 

towards the probe 

 Waves returning from an object moving away from the detection source return have a lower 

frequency 

 The faster the object moves away, the greater will be the frequency difference. 

 

Devices with the ability to measure the Doppler Effect can be used to identify blood flow. The machine 

constructs an image in the usual way but in addition it also analyses frequency of returned waves. Whenever 

the returned wave has a frequency different to the frequency of the transmitted wave, the machine knows that 

the place where those waves bounced back from have moving objects (blood cells)  devices add colour to 

areas showing fD 

 

The shift in frequency (Doppler frequency, fD) from the transmitted one (f0) 

is:  

  

  

  

 c0: sound speed of intervening medium 
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13. Magnetic Resonance Imaging 
 

Magnetic Resonance Imaging is a non-radioactive Imaging Method: 

- Makes use of the property of nuclear magnetic resonance (NMR) to image nuclei of atoms inside the 

body  mainly H+ (protons) are measured; protons act as a “magnet” 

- NMR: Physical phenomenon in which magnetic nuclei in a magnetic field absorb and re-emit 

electromagnetic radiation 

- Non-ionizing radiation involved 

 

History 

- Jean Baptiste Joseph Fourier (1768-1830) a French mathematician and physicist developed the 

mathematical methods for converting data between the time domain and the frequency domain 

- Wolfgang Pauli (1900-1958) initially proposed the existence of the physical basis of magnetic 

resonance 

- Isidor Rabi (1898-1988) did the first experiment that proved the existence of magnetic resonance 

- Felix Bloch (1905-1983) and Edward Purcell (1912-1997) independently demonstrated the presence of 

nuclear magnetic resonance in solids 

- Erwin Hahn (born 1921) conceived the refocusing pulse/spin echo concept that greatly improves the 

utility of measurement of T2 relaxation in most biological samples 

- Paul C. Lauterbur (1929-2007) proposed the use of three orthogonal gradients that is the basis of 

most modern MRI systems.  

- Raymond V. Damadian (born 1936) in the early days conducting MRI experiments he showed that 

cancerous cells should be distinguishable from normal cells by NMR.  

- Invented the first systems capable of collecting localized NMR data from various parts of the intact 

body in living humans 

 

A: The human size NMR spectrometer with spiral carriage for the RF 

apparatus submitted in his original 1972 patent application (granted 

1974).  

B: Drawing of human thoracic cross section.  

C: First image from 1977.  

D: Design from this patent equipped with a system for moving the 

patient within the device. 

 

 

 

13.1 MRI Principles 
 

MRI examines the magnetic properties of atomic nuclei. Certain atomic nuclei (those with odd atomic weight) 

possess a quantum quantity called "spin". Since the nucleus has charge, and spin, it possesses a small magnetic 

field behaving like a little bar magnet. 
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The strength of the field is greatest in protons (¹H nuclei). Since there are an abundance of H nuclei in the body, 

mostly in water, the proton signal is also the easiest signal to image. All clinical systems image ¹H. When the 

body is put inside a large external magnetic field, the protons will align themselves, like a compass needle in 

the magnetic field of the earth. 

 

An interesting phenomenon occurs when many billions of protons, in a tissue are placed in a magnet: 

 Protons either align with the field, or against it 

 Those aligned against the field are in a higher energy state, and those 

aligned with the field are in a lower energy state: These two states are 

referred to as parallel and antiparallel states 

 By flipping some proton states the net magnetization vector is ‘rotated’ 

or flipped through a certain angle  precession 

 

The nuclei precess about the direction of the field (like a spinning top when knocked). 

Precession frequency is a known as Larmor frequency. 

Transitions from the parallel to the anti-parallel state can be 

induced in the sample when it is excited with 

electromagnetic radiation of energy, ΔE provided by 

a radio frequency pulse. 

 

Frequency of precession of magnetic moments given by Larmor relationship:  
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Flip angle (α) of net magnetization vector M is determined by: 

- the magnetic field induced by the RF pulse (B1) 

- the duration of the applied pulse (tp) 

 

If the flip angle is chosen to be 90°, then RF pulse rotates M into transverse (x-

y) plane. Rotation of M within transverse plane induces signal in receiver coil at 

Larmor frequency. Magnitude of signal dependent on Mxy. 

 

 

When B1 is released, M rebounds back to its original value/precessional orbit. This 

recovery can be described by the following FID equation (frequency induced decay): 

- Mz is the vertical component of the net magnetic vector  

- T1 is the characteristic spin lattice recovery time (a time constant) which occurs (t) seconds after the 

RF pulse 

 

If flip angle is chosen to be 180°: T1 is affected by temperature 

and viscosity of the tissue or material (it becomes longer as the 

viscosity increases). 

A similar relationship holds true for 

the magnetization vector in the x-y 

plane:  

 

 

 

- Mx,y is the component of the initial net magnetic vector in the x-y plane prior to relaxation 

 

 

 Magnetization vector is modified and measured by RF coils, when net vector moves to z-axis 
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13.2 Spatial localization of MR signal 
 

How are relaxation signals used to reconstruct an image?  

- The received signal is made to depend on position 

- Done by creating gradients in the external magnetic field 

A gradient in the external magnetic field can be applied in the z direction. This causes the resonant frequency 

to be different at each z location. RF pulse is then tuned to one frequency. Only the spins in the slice 

corresponding to that frequency will flip and contribute to the signal. All the other locations will not be excited. 

Same principle is applied to X and Y directions so that spins at different location precess at frequencies and 

phases (angles) unique to their location allowing us to reconstruct 2D or 3D images. 

3 steps to localization 

1. Slice Selection (gradient applied in z-direction) 

2. Frequency encoding (gradient applied in x-direction) 

3. Phase encoding (gradient applied in y-direction) 

 

13.3 Phase and Frequency Encoding 
 

 

- All voxels have the same precessional frequency and are all “in phase” after the slice 

select gradient and RF pulse 

- Unique combination of phase and frequency 

 

1. Apply a Y gradient or “phase encode gradient”  

2. Nuclei in different rows experience different magnetic fields.  

Nuclei in the highest magnetic field (top row), precess fastest 

and advance the farthest (most cycles) in a given time. 

3. When the Y “phase encode gradient” is on, spins on the top row 

have relatively higher precessional frequency and advanced 

phase.  Spins on the bottom row have reduced precessional 

frequency and retarded phase.  

 

4. Turn off the Y “phase encode gradient”  

5. All nuclei resume precessing at the same frequency  

6. All nuclei retain their characteristic Y coordinate dependent   

phase angles  

 

7. A “read out” gradient is applied along the X axis, creating a   

distribution of precessional frequencies along the X axis.  

8. The signal in the RF coil is now sampled in the presence of   

the X gradient.  

While the frequency encoding gradient is on, each voxel   

contributes a unique combination of phase and frequency.    

The signal induced in the RF coil is measured while the frequency encoding gradient is on. 
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9. The cycle is repeated with a different setting of the Y phase encoding gradient. 

10. After the samples for all rows are taken for every phase-encode cycle, 2D Fourier Transformation is 

then carried out along the phase-encoded columns and the frequency-encoded rows to produce 

intensity values for all voxels. 

 

 

13.4 Types of Density 
 

Proton density (PD):  

The PD is high, if there is much H2O in the tissue and vice versa. It describes the relative concentration of 

protons in the tissue relative to that in H2O with the same volume and temperature 

 

T1: spin-lattice relaxation 

T1 is measured by using time constant, which is defined, when 63% of longitudinal magnetisation has 

recovered 

 

T2: spin-spin relaxation 

T2 is defined, when 63% of transverse magnetization has decayed 
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14. Biomedical Optics and Lasers 
 

14.1 Absorption 
 

 

 

 

 

 

 

 

Energy Levels of Molecules (Born-Oppenheimer Approximation): 

- E_molecule =  E_rotation: rotation of molecule  around its centre of mass   ~0.001 eV: Microwave 

- E_vibration + : vibration of the atoms of  the molecule   0.1 eV: IR 

- E_electronic:  interactions of the electrons  and nuclei of molecule  ~1-10 eV: UV-VIS 

Lambert Beer’s law: 

- Transmitted intensity (Ι) is defined as:  

α: molar absorption coefficient (1/mM*cm)    

c: concentration (mM)  

l: path length (cm)  

Io: initial intensity 

 

- The mean free path for absorption is 1/µa 

 

 The wavelength depends on the absorption 

 

14.2 Scattering 
 

 

 

 

Energy changes are associated with scattering . 
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14.2.1 Elastic scattering 
  

- In elastic scattering the energy remains the same.  

Rayleigh scattering  

Rayleigh is used for the scattering from very small particles (1/10 of the wavelength).  

Rayleigh scattering is inversely related to fourth power of 

the wavelength of the incident light: 

 

Mie scattering   

Mie scattering is used for scattering of particles comparable or larger than the wavelength. Mie 

scattering is not strongly wavelength dependent. 

 

Tissue scatterers   

- The light scattered by a tissue has 

interacted with the ultrastructure of the 

tissue  

- Tissue ultrastructure extends from 

membranes to membrane aggregates to 

collagen fibers to nuclei to cells  

- Size range of tissue ultrastructure will 

determine if it is a Mie or Rayleigh scatterer 

 

Scattering coefficient  

The scattering coefficient (µs) describes a medium containing many scattering particles and is defined 

as: 

 

Where,  

σs is the scattering cross-section (cm2)  

ρs is a volume density (cm-3) 

 

Anisotropy of scattering  

- Imagine that a photon is scattered by a particle so that its trajectory is deflected by an angle, 

θ  

- Then, the component of a new trajectory which is aligned in the forward direction is cosine 

of θ  

- Anisotropy is a measure of forward direction retained after a single scattering event (mean 

value of cos(θ)) 

anisotropy = directionally dependent 

 isotropy = homogeneity in all directions 



69 
 

Reduced scattering coefficient  

Lumped property (µs’) incorporating the scattering (µs) 

coefficient and the anisotropy factor (g): 

The mean free path is 1/µs  

The reduced mean free path if the inverse of 1/µs’ 

 

The total attenuation coefficient  

The sum of the absorption coefficient (µa) and scattering coefficient (µs) is the 

total attenuation coefficient: 

The total mean free path  

The total mean free path (mfp) is the inverse of the total attenuation 

coefficient:    

µa= absorption coefficient  

µs= scattering coefficient  

g = anisotropy of scattering  

µ‘s= reduced scattering coefficent  

µ‘s = (1-g)* µs 

 

14.2.2 Inelastic scattering 
 

- Change in energy & wavelength   

Raman scattering 

In Raman scattering you have a Laser (Light with f1) which goes through a sample. Then the light gets 

scattered (after passing through the sample) and is leaving the sample with f2. 

- this change of frequency is characteristic for raman scattering 

 

Fluorescence  

- Excitation - following light absorption, a 

fluorophore is excited to higher vibrational 

energy level S1 or S2 (10-15 s).  

- Internal conversion - molecule relaxes back 

to lowest vibrational energy level of S1  

(10-12 s)  

- Emission – relaxation back to vibrational 

energy level of the ground state  

- Energy loss between excitation and 

emission, causing a red shift in the fluorescence emission  

- An absorption spectrum reflects the vibrational levels of the electronically excited state  

- An emission spectrum reflects the vibrational levels of the electronic ground state   

 Energy loss between excitation & emission  Light/Photons 



70 
 

Photoemitters:  

- Endogenous Fluorophores:  

Amino acids  

Structural proteins  

Enzymes and co-enzymes  

Vitamins  

Lipids  

Porphyrins  

- Exogenous Fluorophores:  

Cyanine dyes  

Photosensitizers  

Molecular markers – GFP, etc. 

Phosphorescence  

Brillouin scattering 

 

14.3 Models of Lighttransport 
 

Radiative transport equation • 

- Analytical theory for describing light propagation in turbid media  

- Solutions to the integro-differential equation not available for anisotropic scattering of tissue  

- Under such circumstances, approximate methods provide reasonable answers  

Approximations 

- Diffusion approximation (analytical) 

if µs’ >> µa    

Diffusion approximation can be used to describe light propagation in a turbid medium as a diffusion 

process.  Valid in e.g. near infrared region 

 

Can be solved analytically for special cases (the e.g. infinite or semi-infinite boundary conditions) or 

more generally by numerical techniques. Validity of diffusion equation is limited to tissue cases where 

the light has been highly scattered; i.e., µs’ should be at least 10 times greater than µa 

  

- Monte Carlo modeling of light transport (numerical) 

for all µs’ or µa    

Describes light as particles propagating in a medium containing independent absorption and scattering 

centres. 

 

For situations where diffusion theory breaks down, the most useful method is Monte Carlo modelling. 

It is a computational technique which simulates path of individual photons through a turbid medium. 

Each interaction (absorption or scattering) is governed by the random processes. 
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14.4 Absorption spectroscopy 
 

Each substance has a specific spectrum. So there are analytical method to measure concentration of 

compounds in a non-scattering medium. 

Bilirubin and Jaundice 

- Bilirubin is waste product of hemoglobin in red blood cells  

- Red blood cells replace approx every 100 days  

- Hemoglobin consists of 4 units  

- 1 Unit has globin and heme, heme is iron and porphyrin  

- Iron is recycled  

- Porphyrin is toxic and broken down into bilirubin  

- Indirect bilirubin (lipophil) is bound to albumin and travels through the blood stream to liver where it 

is conjugated to water soluble form of direct bilirubin.  

- Direct bilirubin excreted by gall into intestine.  

- White in eye turns yellow if concentration of indirect bilirubin is high  

- Neonatal Jaundice: Mothers antibodies attack baby's red blood cells, not enough enzymes in liver to 

convert lipophil bilirubin to watersoluble  accumulation in blood, not enough albumin to bind it, 

bilirubin spreads to tissue  

- Increased levels in brain => permanent damage (kernicterus) 

 

- Bilirubin absorption  

o Molar extinction coefficient at 460nm     ε=53846cm-1M-1  

o jaundiced neonate bilirubin concentration typical  c=10mg/dl  

o α=2.3*ε  

o (0.100 g/l)/(574.65 g/mol)=0.17*10-3M.  

o µa(460nm)=α*c=53846*2.3cm-1M-1*0.17*10-3M=21cm-1 

What else do we need to consider?  

- the dermal reflectance that varies with collagen fiber development and depends on gestational age 

and hydration status   

- the epidermal melanin content that gives skin its pigmentation and varies with race and individuals 

- the cutaneous blood content which varies with individuals and with the amount of pressure used 

during measurements   

- the cutaneous bilirubin which indicates the risk of bilirubin leakage into the brain 

Therapy: 

- strong blue light source which makes the Bilirubin soluble 

- transfusion 

 

14.5 Laser doppler flow metry 
 

Doppler shifted light has a different wavelengths. The shift is proportional to the velocity of the cells. 
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14.6 Non-invasive near-infrared spectrophotometry (NIRS) 
 

IR radiation  sample  detector 

Different types of bonds absorb IR radiation at different frequencies. 

 

What can be measured? 

- Blood flow  

- O2-Consumption 

- Hemoglobin Oxygenation 

- Cytochrome 

- Water 

- Lipids 

- Dyes 

Advantages of NIRS  

- Important parameters can be measured  

- Non-invasive  

- Painless  

- Non-ionizing radiation  

- Continuous monitoring  

- Bedside  

- No drugs, tracers necessary 

 

14.7 Optoacoustic Imaging 
 

Principle:  

Laser pulse (ns) enters tissue, where absorbed pressure 

wave is generated (sound wave). Sound travels to surface, 

the time it needs codes the depth.  

Optoacoustic Imaging vs. Ultrasound: 

Optoacoustic imaging has a high contrast and can be used 

for small vessels while ultrasound makes bones visible and 

has a higher depth. 


