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ÅSampling
ÅMorphometry
ÅStereology
ÅPattern Analysis
Å Image Analysis



Questions

ÅWhy measure ?

ÅWhat do you want to measure ?

ÅHow do we measure ?

ÅAre the results unbiased, precise, accurate, 
valid, meaningful ?
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ά ΧΦ ²ƘŜƴ ȅƻǳ Ŏŀƴ measure what you are speaking 
about and express it in numbers, you know 
something about it; but when you cannot express it 
in numbers, your knowledge is of a meagre and 
unsatisfactory kind; it may be the beginning of 
knowledge, but you have scarcely in your thoughts 
advanced to the state of Science, whatever the 
ƳŀǘǘŜǊ Ƴŀȅ ōŜΦέ

            Lord Kelvin (1883)

Why measure ?



Why measure ?

ÅObtain Absolute Data

ÅVariability / Constancy

ÅRelative / Comparative Data

ÅExperimental v Control Data

ÅDisease v Healthy Data

ÅTreatment v Control Data

ÅData on Changes / Growth / Ageing / Differences

ÅData on Structure / Function Relationships

ÅData to Predict / Mathematical Models
ά¢ƘŜ ǇƭǳǊŀƭ ƻŦ ŀƴŜŎŘƻǘŜ ƛǎ not Řŀǘŀ Ηέ
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Things which may be measured

ÅStructures  (3D)
ÅbǳƳōŜǊΣ ǎƛȊŜΣ ǎǳǊŦŀŎŜ ŀǊŜŀΣ ƭŜƴƎǘƘΣ ǾƻƭǳƳŜΣ ǎƘŀǇŜΣ Χ

ÅMass
ÅWeights of organelles, cells, tissues, organs, people, ...

ÅShapes & Arrangement
ÅaŀŎǊƻƳƻƭŜŎǳƭŜǎΣ ƻǊƎŀƴŜƭƭŜǎΣ ŎŜƭƭǎΣ ǘƛǎǎǳŜǎΣ ƻǊƎŀƴǎΣ ǇŜƻǇƭŜΣ Χ

ÅChemical Constituents
ÅStorage products, DNA

ÅActivity ς Time (4D)
ÅEnzyme activities, intracellular events, cell turnover, movement

See also 3D shapes ς Geometric Morphometrics (Frigot) .. Next week!



What to Measure
ÅWhole Body

ÅHeight, Weight, Girths, Composition, Anthropometry, Somatotype, Auxometry

ÅWhole organ
ÅVolume: Water displacement, Specific Gravity, Hydrostatic weighing

ÅSize
ÅLengths, Widths

ÅAmount
ÅLengths, Lv; Surface areas, Sv; Volumes, Vv

ÅNumbers
ÅNA, Nv, N

ÅShapes
ÅRoundedness, Indentedness, S:V ratios, Form Factors, Tortuosity

ÅOrientations
ÅAngles, Isotropic, Anisotropic, Branching

ÅLocations & Patterns
ÅRandom, Clumped, Dispersed, Related



Examples

ÅProportion of muscle, fat, bone, skin in limb

ÅSize of muscle fibres, Haversion ǎȅǎǘŜƳǎΣ ƎƭƻƳŜǊǳƭƛ Χ

ÅNumber of neurons in the brain/ spinal cord/ DRG

ÅNumber of fibrocytes per unit of tendon

ÅLength of capillary network in ligament

ÅAmount of lipid in heart

ÅSurface area of villi in gut, alveoli in lung

ÅOrientation/branching of Purkinje fibres in cerebellum

ÅRelationship of necrotic cells to capillaries

ÅAngle of pennation in muscles



Applications
ÅAnatomy, Neuroanatomy, Embryology
ÅHistology, HistochemistryΣ !ǳǘƻǊŀŘƛƻƎǊŀǇƘȅΣ Χ
ÅPathology
ÅRadiology
ÅFood Science
ÅMetallurgy
ÅMaterials Science
ÅGeology
ÅEcology
ÅGeography
ÅSocial Sciences
ÅAstronomy



ÅWhy measure ?

ÅWhat do you want to measure ?

ÅHow do we measure ?

ÅAre the results unbiased, precise, accurate, 
valid, meaningful ?



ά hƴŜ ƻǳƴŎŜ ƻŦ ǘƘƻǳƎƘǘ ƛǎ ǿƻǊǘƘ ƻƴŜ ǘƻƴ ƻŦ 
ŜǉǳƛǇƳŜƴǘΦέ

      Lord Rutherford



Pre-Quantitation

ÅQualitative Analysis
ÅObservation / Visualisation / Form / Organisation

ÅRecording

Å2D/3D Interpretation / Serial:Thick Sections / Reconstruction

ÅFunctional Interpretation

ÅSubjective Quantification
ÅVariability

ÅAmount, many, more, larger, ++++

ÅActivity

ÅRelate to other levels of organisation, up, down

ÅRelate to other methodologies ς Physiol, Biochem, Living

ÅArtefacts / Misunderstandings



2D < > 3D



2D < > 3D



2D < > 3D



Quantitation

Optical Properties
ÅAnalytical Microscopy

ÅReflectometry, Phase Contrast/Refractometry, Polarising, 
LƴǘŜǊŦŜǊŜƴŎŜΣ Ψ²ŜƛƎƘ ŎŜƭƭǎΩΣ Microdensitometry

ÅSemi-Quantitative
ÅRating scales, ++++

Geometrical Properties
ÅSampling
ÅMorphometry όΧ ŘƛǊŜŎǘƭȅύ
ÅStereology όΧ ƛƴŘƛǊŜŎǘƭȅ  н5κо5ύ
ÅPattern Analysis
ÅImage Analysis



Sampling
Å Identify Object

ÅStaining
ÅMagnification

Å Representative
ÅIs tissue Homogeneous (Isotropic)  / Irregular (Anisotropic)

               Heterogeneous (Anisotropic)
               Gradiential (Anisotropic)

Å Random
ÅCompletely random
ÅSystematic stratified random sampling
ÅZonal oblique sector analysis

ÅManual / Automated

Å How many samples? (Experimental Design)
ÅIndividuals / Organs / Blocks / Sections / Micrographs / Items / Measures
ÅHally Formula RSE= SQRT (1-Vv)/SQRT n
ÅProgressive mean, Log Plots
ÅDo More, Less Well !
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Sampling: ρȟὙὛὉȟὖὶέὫȢὓὩὥὲ

Skeletal Muscle ς Zonal Oblique Sector 
Analysis Method (ZOSAM)

x

Skeletal Muscle ς Random Sampling 
Micrographs at x18,000

Ѝ

Z1   Z2   Z3    Z4 Z4   Z3   Z2    Z1

Mahon et al, 1973



Which Method ?

ÅMorphometry
Ådirect measurement of structures

ÅStereology
Åextrapolation from 2D to 3D using simple counting 

methods

ÅImage Analysis
Åcombination of above using digital imaging and 

computers in manual or automatic modes

Åplus data presentation and analysis

See Russ, 2019 Robust Measurements

https://www.rms.org.uk/asset/BF0FE093-B622-4F83-BFE7A77DC14C5F15/


Morphometry 1

ÅMagnification calibration
ÅKnown Objects, Graticules, Beads, Crystals, Hysteresis, 

Axes (printing, distortion)

ÅSection Thickness
ÅWeigh, Calipers, Inteferometry; Holmes effect

ÅPreparation effects
ÅFixation, dehydration, embedding, sectioning, staining

ÅEquipment & Time available / Costs

Measurement of Form



Tissue Preparation Effects

ÅFixation Effects  (Sissons, Goldspink, Strickland 1960s, 1970s)

ÅFlemmings  - 3-15%
ÅCarnoys  -19-36%
ÅBouins  -23%
ÅFormalin  -23-30%
ÅZenker  -30-40%

ÅLength change  10%
ÅAreal change  21%
ÅVolume change  33%

ÅbŜŜŘ ŀ {ǘŀƴŘŀǊŘ   ΧΦΦ wƛƴƎŜǊǎΣ CǊƻȊŜƴΣ Χ
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Practical

1. Magnification Calibration

2. Morphometry

3. Stereology

4. (Pattern/Shape analysis)

Part



Morphometry 2
Å Volumes, Lengths     , Surfaces    , Numbers             , Thickness
Å Diameters & Areas

ÅLongest, shortest/narrow, Orthogonal, Feret, Average, Random chord
ÅFrom area (̄r2), Circle of best fit

Å Shape
ÅAxial ratio, S:V ratios or Form factors(A/P2, 1=4 Ā/P2), Angularity (Gulfs & Peaks)
ÅShape of best fit (Identikit), Reconstruction
ÅFourier Analysis, Fractals (Mandelbrot)

Å Equipment
ÅRulers, Calipers, Graticules, Stage Micrometer, Cut & Weigh
ÅEM: Diffraction Grating, Latex Spheres, Crystals
ÅFilar micrometer, Image Shearing micrometer
ÅPhotographs, Drawings, Projection (Camera Lucida/Drawing Tube)
ÅThread, Map Measurer (Opisometer), Planimeter
ÅStereological lattices
ÅImage Analyser

Measurement of Form

Image result for em diffraction grating

https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=&url=https://www.tedpella.com/technote_html/604-A-R_TN_2.pdf&bvm=bv.133387755,d.ZGg&psig=AFQjCNEl8_SDk9gSxM2lul6UWdKYnMA8vQ&ust=1474588550982953


Length

ÅDependent on Magnification
ÅHow long is the coastline of Britain? (Mandelbrot (1967) Science)

http://upload.wikimedia.org/wikipedia/commons/thumb/7/78/Britain-fractal-coastline-200km.png/170px-Britain-fractal-coastline-200km.png

U     200 km
L   2400 km

http://upload.wikimedia.org/wikipedia/commons/thumb/f/f9/Britain-fractal-coastline-50km.png/170px-Britain-fractal-coastline-50km.png

U      50 km
L  3400 km

U        ?? km
L   12450 km

Fractal Dimension of 
Wigglinesss 1.25 !

See also Russ et al 2018 
The Problem of Perimeter

http://en.wikipedia.org/wiki/File:Britain-fractal-coastline-200km.png
http://en.wikipedia.org/wiki/File:Britain-fractal-coastline-50km.png
https://pixl8-cloud-rms.s3.eu-west-2.amazonaws.com/prod/public/25a9abf1-fbca-4eb8-a97d4f25fc66a49f/infocus-52-Russ.pdf
https://pixl8-cloud-rms.s3.eu-west-2.amazonaws.com/prod/public/25a9abf1-fbca-4eb8-a97d4f25fc66a49f/infocus-52-Russ.pdf
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Thickness Measurements



Shapes

Form Factor          1.0  0.8   0.4

Gulfs  0     1     5

http://upload.wikimedia.org/wikipedia/commons/2/2e/Mandelbrot-similar-x1.jpg http://upload.wikimedia.org/wikipedia/commons/e/ed/Mandelbrot-similar-x6.jpg http://upload.wikimedia.org/wikipedia/commons/8/82/Mandelbrot-similar-x2000.jpg

Fractals ς Mandelbrot Set

F=(4x x̄Area)/  
           Perimeter2

See Mandelbrot, 1982 The Fractal Geometry of Nature

http://en.wikipedia.org/wiki/File:Mandelbrot-similar-x1.jpg
http://en.wikipedia.org/wiki/File:Mandelbrot-similar-x6.jpg
http://en.wikipedia.org/wiki/File:Mandelbrot-similar-x2000.jpg


Fourier Shape Analysis

Fourier Analysis of Shape Splines

http://imagejdocu.tudor.lu/lib/exe/detail.php?id=plugin:analysis:fourier_shape_analysis:start&media=plugin:analysis:fourier_shape_analysis:image.jpeg


Identikit 
Match

Somatotypes



Stereology 1

ÅHistory
Å1777 Buffon

Å1850s Delesse, Sorby

Å1961 ISS, Models; Elias, Weibel, Williams, Mayhew, Cruz-Orive 

Å1983 Unbiased/Designer: Gunderson (Cavalieri, 1635)

ÅDimensional Reduction
ÅVolumes, Surface Areas, Lengths, Numbers

ÅVolume=3D, Area=2D, Length=1D, Point=0D

ÅVv, Sv, Lv, Pp    Point Counting, Line Cuts, Counting

ÅEquipment
ÅProbes (Sections, Lattices, Tally Counters, Image Analysers)

ÅIsotropic Probes, Merz Lattices, Cycloids

Extrapolation from 2D to 3D

Geology, Metallurgy, Biology, Engineering, Astronomy



Dimensional Reduction

OBJECT                                         SECTION

3D  VOLUMES                   AREAS               2D

2D  AREAS                         LENGTHS          1D

1D  LENGTHS                    POINTS             0D

0D  POINTS                       Hit                      0D
                                            Miss                    X



Volume Fraction

Vv
Reconstruct

AA
Planimetry
Cut & Weigh
Count Squares

= = LL
Measure
Opisometer
Computer

= PP
Count



Surface Density

Sv =

A

B

L x 4/̄

A= 14 cuts
B=    5 cuts

Sv = 2 x IL

L= ̄  /2 x IL.ǳŦŦƻƴΩǎ bŜŜŘƭŜ όмтттύ



Stereology Lattices 
(Probes) Use Hally formula for number of hits



Anisotropic Tissues

ÅISO   Sv= 2IL  2.00

ÅAniso   00 Sv= ̄ /2 IL  1.57

  900 Sv= ̄ /Ҟн IL 2.22

  or use line lattice at 190 to L.S.
                      or use Merz Isotropic lattice
  ƻǊ ǳǎŜ [ƛƴŜŀǊ ƭŀǘǘƛŎŜ Ȅн ϧ ΨƳŜŀǎǳǊŜΩ ƻǊƛŜƴǘŀǘƛƻƴ

Weibel, 1980

Eisenberg, 1974



Summary



Summary



Numbers

ÅN, Nv, NA

ÅCounting Objects or Profiles ?
ÅLoose cells/smears or sections?

ÅDepends on size and shape, section thickness

ÅReconstruct

ÅCorrection procedures (for Size, Shape, Populations)

ÅAbercrombie (1946) D=dx4/̄

ÅSchwartz-Saltykov (1958) Unfolding

ÅAvoid: use Design Based Stereology



Numerical Density

Nv = NA /D
_



Size corrections

Monodispersed (Same Size)

0

2

4
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8

10

12

0.2 0.4 0.6 0.8

Profile Size
13%                                     87%

D/2

!ōŜǊŎǊƻƳōƛŜ όмфпсύ /ƻǊǊŜŎǘƛƻƴ CŀŎǘƻǊ Χ

D = d x 4/̄         (ie x1.273)

Polydispersed (Different Sizes)

Schwartz / Saltykov Unfolding
    ΧΦΦ {ƘŀǇŜ ό9ƭƭƛǇǎƻƛŘǎΣ /ȅƭƛƴŘŜǊǎΣ Χύ ΗΗ



Size corrections

Holmes Effect ς if objects small relative to section thickness

Shape Effect ς ƳŜŀƴ ΨŘƛŀƳŜǘŜǊΩ ŦƻǊ ǎǇƘŜǊŜǎΣ ŜƭƭƛǇǎƻƛŘǎΣ ŎǳōŜǎ etc based on axial 
                           ratios or volume/surface ratios (complex, biased)



Stereology 2

ÅNew Design Based Stereology
ÅFractionator, Disector, Nucleator, Surfactor, Proportinator, 

Selector, Rotator, Cycloids

ÅSurface Weighted Star Volume

ÅUnbiased Brick, Isotropic Fakir

ÅSpaceballs, Petrimetrics

ÅEquipment / Design
ÅSpecialised Sampling; IUR, VUR, SRS sections

ÅThick sections, Optical sections

ÅUnbiased Counting Frames

www.stereology.infoGunderson, Sterio 1980s                          See Howard & Reed, 1998, 2010

http://www.stereology.info/


Cavalieri Method

Image result for parallel line stereology probe

http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwj3msy4tqHPAhVFORQKHb52DnIQjRwIBQ&url=http://onlinelibrary.wiley.com/doi/10.1002/ar.23266/pdf&bvm=bv.133387755,d.ZGg&psig=AFQjCNG_DsHvqXzqLmRREIHZxO7uL8E_xQ&ust=1474580272153760




Oorschot, 2011

Disector for counting 
Total Number in a Volume 



cycloids for Sv uterine glands X20 screen snapshot

Cycloids for estimating Surface 
Area in a Volume 

http://www.stereology.info/wp-content/uploads/2014/04/cycloids-for-Sv-uterine-glands-X20-screen-snapshot.png


Unbiased Stereology

Å Measuring (see Picture 1)
Since small objects are more likely to fit as complete objects within a 
measuring field it is best to remove this bias by measuring ALL objects 
within the frame and ALL objects hitting the dashed (allowed) lines 
but NOT those hitting the solid (forbidden) lines.

Å Counting (see Pictures 1 & 2)
Objects allowed in the reference section (Picture 1 - A,B,C,D) are then 
checked in the next (look-up section (Picture 2)). If they DO NOT 
APPEAR in the look-up section these are the objects which are 
counted - ie object A ONLY.
Therefore one object occupies a volume equal to the 
frame area times the section spacing.
This is called the Disector Method.

Å See: Howard CV, Reed MG (1998) Unbiased Stereology.
RMs Handbook 41; Bios Scientific.

http://www.stereology.info/images/129t.gif

http://www.stereology.info/images/167t.gif

Gunderson

http://www.stereology.info/images/129.gif
http://www.stereology.info/images/167.gif


A
B

C

D

E

F

Forbidden 
lines

Objects A,B, C, D only are counted

Counting 
frame

Unbiased Counting Frame

1)  Reference Section



A
B

C

D

E

F

Of the objects counted in the reference section (A,B,C,D) only the objects NOT 
present in the look-up section are counted, ie only object A is counted.

Disector method

2) Look-Up Section



Mandarim-De-LaCerda (2003)



Recognition ?



edited_fluo-3 screen capture

http://www.stereology.info/wp-content/uploads/2014/04/edited_fluo-3-screen-capture.png


Commercial Stereology Software Packages



Pattern Analysis
aŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ΨhǊƎŀƴƛǎŀǘƛƻƴΩ

ÅLocation / Distribution / Spatial Arrangement / 
Association / Connectivity / Interaction

Å???: Random, Regular, Clumped, Dispersed, Associated/Related

ÅDistance:  Nearest Neighbour, Mean free path

ÅGrouping: Enclosed, Contiguity, Runs Test, SPAM

ÅAutocorrelation

ÅTesselation / Joins / Overlay methods

ÅRegional Density, Point Swarms

ÅOrientation / Branching
ÅDendritic methods (fields, segments, nodes)

ÅIsotropic, Anisotropic

See: Uylings, Berry, Aherne, Underwood, Johnson, Sokal 
& Rohlf, James, Mahon, Cruz-Orive, Diggle, Unwin



Examples



Nearest Neighbour Analysis
Å Developed from Ecology studies (Poisson distribution)           Clark & Evans, 1954, Kendal & Moran, 1963

Å Average distance between objects    or     Mean area / cell

Å Begin at random cell / point                   Problems: reflexive pairs  /  high densities

Predict expected result for random population and compare

 2D (eg muscle)  d = 1/ (2 x sqrt NA)

 3D (eg brain)  d = 0.554/(cube rt Nv)
Index of Dispersion     Id = dobs/dexp

-

-

Also,  Mean Free Path  (edge-edge) James, 1977         ˂ = (1-Vv)/NL  in ˃m



Homogeneity / Heterogeneity

Sampling :
Å avoid it
Å measure it



Randomness ?Healthy Muscle Diseased Muscle



Randomness ?



DISTRIBUTION

9ƴŎƭƻǎŜŘ άŎŜƭƭέ ƳŜǘƘƻŘ

Å Observed versus Expected

Å Predicted E= Np7  +/_ SD

Å Depends on percentage occurrence

Å 30% R = 0 enclosed
Å 50% R = 1
Å 70% R = 8
Å 90% R = 50

Johnson, 1973

X



DISTRIBUTION

Runs Test

Å RRRR W RRR WWWW R WW  r = 6
Å R W R W R W R W R W R W R W R  r = 15

Å N = 15,   n1 R = 8,    n2 W = 7

Å Exp F = [2 x (n1 x n2 / n1 + n2)] -1 = 6.5

Å T = (F - Exp F) / SD

Å Distribution IS Random
Å Distribution IS NOT Random

Å Predict Runs   eg 100 cells 60% R = 47 +/-5 runs

Sokal & Rohlf, 1973



DISTRIBUTION
Run Lengths (Clumps)                                                      Roach, 1968

Å RRRR W RRR WWWW R WW  Avlength R = 2.66
Å R W R W R W R W R W R W R W R  Avlength R = 1.00

Å Predict expected run lengths ClR= NR + PRLR-1 x (1-PR)
2

      for a random distribution  ClW=NR x PR x (1=PR)
LW

л    м    н    о    п    р    с    т    у   ф ΧΦ
 Run Lengths

100

Freq
%
 50

 0
50% R

10% R



DISTRIBUTION
Contiguity                                      Underwood, 1970      Gurland, 1975     James, 1980

Å Apply test line and look at intersections with boundaries
Å Need to know length of test line and NRR = R_R

       NWW = W_W
      NWR = W_R_W

Å Use stereological SV formulae modified for 2D             

Å   LA = ̄ /2 x PL

Å Estimate Interface lengths for LARR

     LAWW

     LAWR

Å Index of Contiguity       CRR = LARR/(LARR + LAWR)



Spatial/Spiral Pattern 
Analysis of Muscle

DISTRIBUTION

Mahon, 1985



ASSOCIATION



Measure of Association ς Circle Overlay Method

eg: Eccentric nuclei, organelle clumping or autoradiography (Williams, 1977)

Cruz-Orive, 1976

Problems: lattice size & spacing



Tesselation
Apply lattices and use mathematical concepts of 
ά[ŀǘǘƛŎŜ tesellation ƻŦ ŎƻƴƎǊǳŜƴǘ ŘƻƳŀƛƴǎέ



CONNECTIVITY

Brain Forest !


