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Part I: First-order Instruments

» Typical analytical instruments today are first order,
produce a vector of data per sample
* spectroscopy, LC, GC, sensor arrays, etc.
* The presence of interferents can be detected in a first order
instrument, but not corrected
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» Spectrum (vector) at each pixel
* could be 100-1000s of variables
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Unfolding of First-order Images

Unfolded Data
Variables

Original Data

Pixels (Samples)
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Spatial

Bilinear Multivariate Curve Resolution
(for first-order data)
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Each component explained by one loading/spectrum (s) and
matching scores/concentration (c)

X = ¢gs'+cs, +..+g8"+E = CS+E
When solved with non-negativdternating Least Squares

(known as Multivariate Curve Resolution, MCRBandS
are estimates afoncentration and spectra




TOF-SIMS of Time Released
Drug Delivery System

< Multilayer drug beads serve as controlled-release
delivery system

¢ TOF-SIMS taken of cross section of bead

< Evaluate integrity of layers, distribution of
ingredients

¢ Thanks again to Physical Electronics and Anna
Belu for the data!

Reference: A.M. Belu, M.C. Davies, J.M. Newton and N. Patel, “TOF-SIMS Characterization and
Imaging of Controlled-Release Drug Delivery Systems, Anal. Chem., 72(22), pps 5625-5638, 2000

Multivariate Curve Resolution
on Imaging Mass Spec

* Image is 256x256x93

* The mass spectrum wa
41945 mass channels
selected and binned *®
into 93 channels

* Image of total ion
count 200
« false color
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MCR Results (3 of 6)
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RGB “Chemical” Image

Red: Surelease (bead coati

Blue: Prednisolone (drug)

(3 of 6 extracted factors are
shown)
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Relative Intensity ~ Relative Intensity

Sum(Residuals?)

Rotational Ambiguity

(More than one valid solution!)
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Part |l: Second-order Instruments

* Many advanced analytical instruments are second order,
i.e. amatrix of data per sample
» twol/three photon techniques, “hyphenated techsigu&C-MS, LC-UV, etc.

* In a second order instrument interferents (and some kinds
of drift) can be detected and can be mathematically

eliminated
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Second-order Spectroscopy

* Measure response vs. observed Energy/Mass/etc. (First-orde
* Vary incident energy to modify sensitivity to different species

in Iobs
60. Could also be:
3 ? « sample treatment
&

“ * time response
* any response-

?; g
& modifying effect

»
>

Mass Channel
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Second-order Spectroscopy
(continued)

Measuring thesame responsas in first-order experiment but
here it is a function ainore than one variable

Additional Variable(s) Should:
» Modify the sensitivity to different species

* Be reproducible on all samples
(although some special models provide leeway)

Effect of variable on sensitivity dictates what can be resolved.
(no difference in sensitivity = no advantage!)
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Second-order Spectroscopy
(continued)

Repeat for each sample.
Yields a 3-way array:

* sample

» observed mass channels
* incident energy

sample
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Tri-linear Multivariate Curve Resolution
(PARAFAC - for second-order data +)

Each component explained byre of vectors.

D = acb,"+ach,"+...+E

Also solved withAlternating Least SquareéParallel Factor
Analysis, PARAFAC) but can provideumique result(given
data appropriate for trilinearity). A and B are related to
variables (like S), C is related to samples.




Multiway Advantages
(3. 41

.. n-way models)

* Unique solution - if data fits n-way model
rotational ambiguity is removed

» Better handles interferences

» Easier/Improved interpretation of results —
Improved understanding of the system

» Allows compression optionsot available to 2-
way (bilinear) methods — can leadf&ster
analysis than bilinear data!
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Second-order Multivariate Images
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Effect of Second Variable
4-way array (spatial spatial” variable 1" variable 2)

Unfold into 3-way array (pixels var. 1” var. 2)




Classification of Cervical Tissue
For Detection of Cervical Cancer

» Colposcopic Images
 Interpreted by experts
* Areas of tissue type identified
» Biopsies - “Gold Standard”
» Tissue type confirmed using staining and microgcop
» Areas identified on images
» Evoked Tissue Fluorescence (ETF) Images
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Tissue Types

1-within normal limits
2-normal squamous
3-normal columnar
4-squamous metaplasia
5-low SIL

6-high SIL

Disease Progression

...(a bunch of undiscussed work
involving PLS-DA modeling)...
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High SIL Locator Model

Red = High SIL

aB010

Red = High SIL
aD047

PLS-DA model based on biopsy inf@lue/Green = Normal

Question: Can MCR and/or
PARAFAC give clues as to why
High SIL models are successful?
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Pseudo First-order Analysis

* Actual data is a 3x9 array for each sample:

Emission (nm)
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» Can be “unfolded” into a vector (of 22 variables) for
each sample:

Emission (nm)
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Loadings on Comp. 1 (89.78%), Loadings on Comp. 2 (9.60%)
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MCR Results

(On pseudo first-order data)
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PARAFAC Results

(On second-order data)
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2.6 seconds

Compression For N-way Analysis

PCA

(22" 22)

(50k” 22)
(22° 97 3)

(m” n” p) = (np” n” p)

(50k” 9 3)
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Other n-way Models

GRAM (two-slab direct-solution)

PARAFAC

PARAFAC2 (allows shift in one dimension)
Tucker (allows interactions between components)

Regression:
* n-PLS (predict value from n-way response)
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Part IlI:
Rank Deficiency and Factor Analysis

“True” Components

Given a three component system (A

B, and C) which can be described by A
a mixture of two peaks (i.e. ratio of I

the peaks segregates components)

the following is true: 5
* Only 2MCR factors can be / \ /\

recovered from this system!

because: C = A+B c
* Neither of the two will necessarily JL J\;
be pure A, B, or C (because of

rotational ambiguity).

15
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PCA Scores of Simulated Rank-
Deficient System
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“Pure Pixel” Clustering

Samples which are farthest out in
multivariate space provide
prototypical “target spectra”

Calculate distances to all samples
using normalized, mean centered
original dataor modelscores

S, = sample farthest from mean

S, = sample farthest from;S

S; = sample farthest from;& S,
etc, up to “n” samples
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“Pure Pixel” Clustering

Clustering with pure pixels: ‘Purest” pixels

* Identify “n” most distant points

* Classify all other points by their
closest pure point (projection)

 Optionally: Discard a pure poing,
if it classifies < specified % of
pixels then select new pure
points

» Optionally:iterate with class Comnz ** coumnt
mean as new “pure point”
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Pure Sample Cluster Analysis
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Avicel Pure Pixel Clustering

False-color MCR Results Pure Pixel Clusters

(3 clusters, class mean optimized)
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TOF-SIMS of Martian Meteorite

Lafayette meteorite-Martian

(part of the National Meteorite
Collection)

256 x 256 image TOF-SIMS
positive ion with 81 selected
mass channels

Phases in general, at boundaries,
and in cracks is of interest

Data fromEd Vicenzi,
Simithsonian Institute Total ion image
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Clustering of Meteorite Image
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Conclusions

MCR on first-order data well established but
rotational ambiguity a challenge on some systems

Second-order analysis methods becoming more
established (commercial products exist) and
provide improved selectivity & interpretability

(other 29 order methods permit even more
flexibility even with non-linear effects)

Other classification methods exist in lieu of
second-order methods
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