
Gelatin over bone

0.0120

0.0000
0.0025
0.0050
0.0075
0.0100

86

0
20
40
60

860 20 40 60

Optical Tissue Phantoms

Brian W. Pogue PhD
Chair, Department of Medical Physics, 

University of Wisconsin-Madison



History of Optical Tissue Phantoms 
(c1980s)

Playdough

These are all 
moderately 
scattering 

media



Large variations in tissue optical properties

brain adipose

skin
bones

liver muscle

bile & bilirubin & fat
methemoglobin

fatblood & myelin

high scatter & melanin Collagen & minerals



Absorption Coefficient 

     µa   =  c * e

Units:  µa=[mm-1], c=[µM], e=[mm-1 µM-1]

(beware these are typically base e, 
      not based 10 log units)

µa ≈ 0.01 mm-1 at 800 nm

Tissue Absorption 
Coefficient



Tissue Absorption spectrum 
– a few contributors

V. Tuchin

Other smaller contributors:
Bilirubin 
Methemoglobin
Proteins 

Bruise – dynamic
Interaction of scattering 
with hemoglobin & 
bilirubin



Cited 3,800 times!!!

1990

AJ Welch S Prahl S Jacques
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µs
/(λ)  =  A λ-b A – amplitude

b – scattering power
       b = 0.9 - 1.4

µs
/ ≈ 1.0 mm-1 at 800 nm

Tissue Scattering 
spectrum

µa = 0.01 mm-1, µs
/ = 1.0 mm-1  

µeff = 0.17 mm-1  



Tissue is very close to Mie + Rayleigh scatter 
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M Bartek, Journal Biomed Optics, 2006

Mie scattering theory:
Plane EM waves scattering from dielectric spheres

Incident
EM wave

Reflected & 
Transmitted
EM waves

Mie theory predicts scatter spectrum



Combination of high scatter & absorption makes tissue translucent

CPR body phantom

Not translucent
Just the right balance 
of scatter & absorption



Optical tissue phantom publications

360/yr
1 paper per day



1991

Cited 1570 times!!! 

6 types 

Intralipid® (Fresenius Kabi AB, Uppsala Sweden) 
Nutralipid ® (Pharmicia, Quebec), 
Liposyn ® I, II, III (Abbot Labs, Montreal)

1992

Cited 860 times!!! 

Intralipid is a highly stable source of scattering media



Hospira Issues Nationwide Voluntary Recall of Certain Lots of Liposyn  
and Propofol Products That May Contain Particulate Matter

Nov. 6, 2009 - Lake Forest, Ill. - Hospira, Inc. (NYSE: HSP),, is voluntarily 
recalling 85 lots of Liposyn II 10%, Liposyn II 20%, Liposyn III 10%, Liposyn III 
20%, Liposyn III 30% and 73 lots of Propofol Injectable Emulsion 1% … 
because some of the containers may contain particulate matter. The source of 
the particulate matter has been identified as stainless steel equipment used in 
the manufacturing process. 

Cost $50/Liter c1990        $1000/Liter  c2010

2008
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Scattering spectrum of 1% Intralipid



Cited 218 times 

c1993-1995

Cited 135 times 

UCL BORL Webpage
Components
Epoxy resin: Araldite epoxy (MY753) & hardener (XD716), mixed in ratio 3:1.
Supplier: Aeropia Chemical Supplies (Crawley, UK).
Near-infrared dye: Pro jet 900NP.
Supplier: Avecia (Manchester, UK), formally known as Zeneca Ltd.
Scatterer: "Superwhite" polyester pigment.
Supplier: Alec Tiranti Ltd. (London, UK).

http://www.aeropia.com/inside.html
http://www.avecia.com/
http://www.tiranti.co.uk/index.asp


Cited >1000 times



Matrix 
material

scatterers absorbers

Typically ‘white’ 
Highly pure or concentrated
Highly available
Inexpensive
Mie or Rayleigh scatterers

Typically ‘pigmented’ 
Highly pure or concentrated
Highly available
Inexpensive
Matching tissue absorption



Options for Scattering particles

Scattering

Material

Perm-
anent 

? 

Particle
Size  
[nm]  

Index 
of

refraction

Particle 
distribution 

function 
Recommended Use

Lipids
N 10-500 nm

1.45
Exponentially 
weighted to 

smaller sizes, 
impossible to get a 

single size 
distribution

- Intralipid , milk, mixture
- Theory/Experimental  tests & 
multiple phantom contrast studies

Polymer 
microspheres

Y 50nm-
100µm

1.59
Single size 
function as 

ordered, with 
possible 1-2% 

variance.

-Most accurate theoretical 
prediction of properties
- Use with all aqueous, resin & 
RTV phantoms

TiO2 
Al2O3

Powders 

Y 20-70 nm 2.4-2.9
Exponentially 

weighted or single 
size can be 

ordered

- Used with gelatin, RTV & resin 
phantoms

Quartz glass 
microspheres Y 250 nm 1.45

Single size 
function, with 
10% variance

- used with resin phantoms

Pogue & Patterson, J. Biomed Opt. 2006

Intralipid particles

polystyrene TiO2$$

$

$$$

$$



Phantom Matrix Materials
Phantom 
Matrix 
Material

Permanent  
         ?

Solid/ 
Liquid/
Flexible

Biologically
Compatible 

Organic 
Chemical

Compatible

Index of
refraction Recommended 

Use

Aqueous 
suspension

Y/N L Y Y 1.34 Initial use & multiple phantom 
contrast studies

Gelatin/Agar 
matrix

N F Y Y 1.35 Detailed heterogeneity phantom 
studies bio-absorbers & 

fluorophores

Polyacrylamide 
gel

N F Y Y 1.35 Thermal therapy studies 

Polyester or 
Epoxy Resin

Y S N N 1.54 Calibration & routine validation
Intersystem comparisons

Polyurethane 
Resin

Y S N N/Y 1.50 Calibration & routine validation
Intersystem comparisons

Inclusion of dyes

RTV Silicone Y F N N 1.4 Complex geometries with 
permanent flexible phantoms

Pogue & Patterson, J. Biomed Opt. 2006
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Solid phantoms

Dartmouth

UCL



Silicone Rubber base: 
better contact & mechanical tissue simulation

Medlight SA 
PDT delivery

UC IrvineUC Irvine

Dartmouth

UC Irvine

INO
Quebec



Commercially available option from your 
favorite Zombie movie: Smooth-On 



1% white
0.5% pink

98.5% silicone



The tricky choice: Chicken breast  very low scatter!

Anonymous….

µa = 0.003 mm-1, µs
/ = 0.3 mm-1  

Just say NO

µeff = 0.03 mm-1  



Biologically compatible
optical phantoms?
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Biological/Biochemical Phantom additives – typically aqueous
Additives Function Limitations Stability

EDTA  Penicillin To avoid bacterial growth Days - Weeks

Yeast  or  Sodium azide Remove molecular oxygen Hours

Formaldehyde Increase melting temperature above room 
temp.

Years

Whole Blood Provide realistic tissue spectra Oxygen saturation is not easily changed Days

Ink Provide flat absorption spectra - Not stable nor repeatable unless highly 
calibrated

Days – Years

Organic molecules     (i.e. 
glucose)

Matrix holds most organic compounds - stability of each molecule must be assessed Days

Fluorophores -Compatible with aqueous 
- Gelatin provides some de-aggregation

- May need to avoid aggregation effects with 
addition of additional agents

Days – Weeks

Heterogeneities - Test Tomography and Imaging capabilities
- Inclusions can be liquid or solid

- Clear enclosures need to be avoided due to 
light channeling
- Index changes significantly at inclusions

Days – Weeks

Gadolinium  or  
Copper Sulphate

Provide varying levels of Magnetic 
resonance contrast

Years

Actinometry agents Provide measure of photochemical dose de Unstable over long periods of time Hours

Pogue & Patterson, J. Biomed Opt. 2006



Gelatin/Agar Base
Gelatin / agar

Bone embedded

with TiO2 scatter with blood

Chemical actinometry
PDT Dosimetry

Gelatin
TiO2
ink
dichloroflorescien

varying blood %



Leg/Arm Phantoms for shape & biochemistry
for Raman Tomography of bone mineral

Gelatin over bone
Rat tibia phantom

Courtesy:  Esmonde-White et al, Analyst, 2011

CT scan  mold cast

Anthropomorphic Mouse

PerkinElmer



Phantoms are big business 
in medical imaging



Where can you get blood?
Many suppliers: just Google: research blood suppliers…



Efforts on Standardization 
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Fluorescence guided surgery standardization

1. Concentration

5. Depth
3. Resolution

6. Background

2. Flat Field

4. Absorption 
& scattering



NIR spectroscopy - Multicenter clinical trials

Phantom production: UC Irvine

5 sites in
Multicenter trial
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Standardization/commercialization effort
3D printed fluorescent phantoms

3D printed fluorescent 
test targets & phantoms



doi.org/kzvf

36OpticalPhantoms.com



Anthropomorphic Neonate phantoms



3D Printed Phantoms & Targets 

Liu, Y., et al. Biomed Opt Express, 9(6): p. 2810-2824. (2018) 
Wang, J.T., et al. Proc of SPIE, 9325. (2015). 



Summary

• ‘chicken or cheese’ are not useful for publication…
• Low cost ≠ best  -  but it is both ‘Art & Science’
• Currently voluntary & largely scientifically driven
• Phantoms & systems should be developed in parallel
• Each modality develops best practice (OCT, PA, DOT, Surgery, etc)

• Resin/Silicone based have been optimal for stability & repeatability
• 3D printed gaining wide adoption

• Intralipid or Gel/Agar based for biological/chemical compatibility



Ultrasound

See, it’s a 
little baby!

That’s beautiful!

At least I think I see it…

MRI

That’s so cool!

This is an 
image of my 
brain!

Yah, it only cost $5 million…

X-ray

See, I did 
break my leg!

That’s way cool!

Yah now I can die of cancer…

Optical

I took a cell 
phone image 
of my mouth!

That’s just   
            gross!

I should’ve added Raman ?

XKCD-like
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