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Metrology for Physical and Chemical
Properties...

Sediments and




Measuring Biological Properties...




What makes Metrology in Biology
different?

What is Biology?

Biology is a natural science
concerned with the study of
life and living organisms,
including their structure,
function, growth, evolution,
distribution, and taxonomy.

From Wikipedia
entry for “Biology”

What do we measure?

Properties over many length
scales

— ~10° range

Dynamic properties over many
time scales

— 10'%range

Many properties at once

— genomes can have ~10°
elements

Abundances of many things

— proteomes can have ~10%°
dynamic range



What Properties?

Property Classes

Morphology
Physical Activity
Metabolic Activity

— dynamic biochemical activity
Interactions with other entities
Amount

|dentity

— from organism taxonomy to
nucleotide identity to sequence
identity...

Over what space??



Presenter
Presentation Notes
Biology deals with the study of the many varieties of living organisms. Clockwise from top left: Salmonella typhimurium (a type of bacteria), Phascolarctos cinereus (koala), Athyrium filix-femina (common lady-fern), Amanita muscaria (fly agaric, a toxic toadstool), Agalychnis callidryas (red-eyed tree frog) and Brachypelma smithi (Mexican Red-kneed Tarantula)


Complex Space for Metrology
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Where do we start?

* One starting point is
Molecular Biology

— molecular basis of
biological activity
* Interactions amongst
systems in cells

e Can we measure key
elements in the
molecular “plan”
underlying biological
phenomena?

replication
(DNA -> DNA)
DNA Polymerase

DOODADA ONA

transcription
(DNA -> RNA)

RNA Polymerase

translation
(RNA -> Protein)
Ribosome

O-0-0-0-0-0O0 Prrotein

“Central Dogma” of molecular biology



‘Omics

Omics aims at the collective o

characterization and

qguantification of pools of

biological molecules that
translate into the structu

re,

function, and dynamics of
an organism or organisms. .

Wikipedia entry for Omics
accessed 31 Oct 2013

typically involves
measurement of a
“complete” cohort of
biomolecules to
characterize a biological
state

genomes began to be
reported first

— “templates” for living
matter

transcriptomes began to
be measured

— “gene expression”
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What i1s Gene Expression?

& A caterpillar and a butterfly
have identical genomes!

e The difference between
them arises from which
genes are expressed, and
when and where they are
expressed.

e From a genome of billions 2 'S
of base pairs and tens of & I
thousands of genes, the )/ "

subset expressed in a cell
confer its nature.

caterpillar

»
P
~Te

""‘"‘0 A e
¢ Quantitative biology in the \
post-genomic world



Presenter
Presentation Notes
With only a few exceptions, every cell of the body contains a full set of chromosomes and identical genes. Only a fraction of these genes are turned on, however, and it is the subset that is "expressed" that confers unique properties to each cell type. "Gene expression" is the term used to describe the transcription of the information contained within the DNA, the repository of genetic information, into messenger RNA (mRNA) molecules that are then translated into the proteins that perform most of the critical functions of cells. Scientists study the kinds and amounts of mRNA produced by a cell to learn which genes are expressed, which in turn provides insights into how the cell responds to its changing needs. Gene expression is a highly complex and tightly regulated process that allows a cell to respond dynamically both to environmental stimuli and to its own changing needs. This mechanism acts as both an "on/off" switch to control which genes are expressed in a cell as well as a "volume control" that increases or decreases the level of expression of particular genes as necessary.
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How Is Gene Expression

profiling used?

& Systems Biology

S .
S Organism
e research phase s
. . S
& TOXICogenomICS 6\0 Organ
S
3
RS

e appearing in clinical trials

e environmental application Tissue

¢ Pharmacogenomics

L . Cell
e appearing in clinical trials §0
.. . - ) g
& Cllnlca_l Dlagqostlcs Protein g
e devices being developed é%’
. .. N
¢ Genomic Medicine RNA L
e expected to be an £
underlying technology Chromosomal DNA &
&
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Presentation Notes
Shown here is the “Central Dogma” of biology -- that the genetic “blueprint” in DNA is transformed into biological activity through an intermediate molecule, RNA, which is used as a template to make protein, from which biological functions arise.
RNA is ribonucleic acid, a polymer of nucleotides. 
RNA is the agent, DNA is the database.
We started out in biology by observing organisms, taking them apart and looking at organs, tissues, and finally cells. 
Starting about 50 years ago, with the work of Watson and Crick, we’ve been able to work our way up the chain -- in a quantitative fashion -- from DNA-RNA-Proteins…
Gene expression is the measure of what RNA messages are being produced at a given moment.
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Measurement Problems

¢ Comparability of results
e Traceability
e Validation
e Uncertainty

¢ Management of variability
e Across platforms

& Truth
e (uantitative accuracy
e specificity

¢ Informatics

e High dimensionality

e Many more genes than samples
e presents statistics challenges

e statistics alone are insufficient

5676-5684 Nucleic Aciddy Research, 2003, Vol. 31, No. 19
DO 101093 fmurdykp 763

Evaluation of gene expression measurements from

to deliver biol 0]0]| cal commercial microarray platforms
i nte rp retati on Paul K. Tan, Thomas J. Downey', Edward L. Spitznagel Jr?, Pin Xu, Dadin Fu,
Dimiter S. Dimitrov®, Richard A. Lempicki®, Bruce M. Raaka® and Margaret C. Cam*

Microamay Core Laboralory, National [nstilute of Diabetes and Digestive and Kidney Disorders (NIDDK),

Naticnal Institutes of Health, 'Partek Incorporated, *Depatment of Mathematics, Washington University,
#Laboratery of Experimental and Computational Biology (LECE), National Cancer Institute, NIH, *National Instilute
of Allergy and Infectious Diseasas (NIAID), NIH, SAIC-Fredarick, Ing., “Clinical Endocrinclogy Branch, NIDDK,
NIH, USA
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Presentation Notes
note -- name companies and our partnerships with them


Measurement Strategies

& ORT-PCR
only a few RNA transcripts at a
time
& Microarrays
proposed NIST focus
massively multiplexed RNA
measurements
e high-throughput,
combinatorial approach
e “bio-nano-informatics”
e develop, deploy infrastructure
technology also applies to

e DNA sequencing

e proteomics/protein
sequencing



Presenter
Presentation Notes
animate to zoom out from one dot to the full array
after animation finishes, show hires pic of microarray, or reverse
Array is ~22000 spots (26^2 * 4 * 8)


Microarrays

& Affinity hybridization
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Presentation Notes
Sequences of interest are identified, typically from database information. 
Complements to these sequences are either synthesized or created from templates, and immobilized on a passive substrate. These act as specific probes for target sequences. 
Each probe is a “reporter” for the activity product of a gene.
When target sequences are present in solution above the probes, they “hybridize” with affinity to the immobilized probes. Targets are typically labeled with fluorophors to permit detection.
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Microarrays
¢ Affinity hybridization \tt /
& Spectroscopic |1 Lz
detection

emission

¢ Image analysis

¢ Statistical analysis of - -

massively multiplexed
data
e To identify gene

expression patterns of
Interest


Presenter
Presentation Notes
Shown here is an cartoon of the scanning of a microarray for detection. 
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Microarrays
& Affinity hybridization \tt /
& Spectroscopic - 1 o
detection x

emission

& Image analysis

¢ Statistical analysis of F
massively multiplexed !
data
e To identify gene

expression patterns of
Interest

computer
anaIyS|s


Presenter
Presentation Notes
Composite image shows up-regulation of a single gene.
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Microarrays
& Afflnlty hybl’ldlzathn Figure 1 N
¢ Spectroscopic WWHW mm

P !’,‘1;3'1' !!;!1!’,‘

detection
¢ Image analysis

& Statistical analysis of
massively multiplexed
data

To identify gene
expression patterns of
Interest
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What does a microarray

experiment look like?

& RNA isolation

& Clean-up, labeling,
hybridization k
¢ Imaging of spatially arrayed H H |
signals )( - -
& Image feature extraction oy MO
& Informatics to assign gene \v(
expression measures
& Bioinformatics to elucidate ""”i""‘"'
biological insight ]




Worldview

 Three legged stool of
metrology
— Traceability

— Measurement
Uncertainty

— Method Validation




Traceability

e tyingresultsto a
common reference

— usually realized with
calibration

enables comparison of
results amongst those
using the common
reference
e across space and time
e biological measurement
results are often
traceable to the
experimental control

— enrichment of a molecular
signal




VIM 2 Defintion

Traceability

 "“property of the result of a
measurement or the value
of a standard whereby it
can be related to stated
references, usually national
or international standards,
through an unbroken chain
of comparisons all having
stated uncertainties.”




VIM 2 Defintion

Traceability

 "“property of the result of a
measurement
whereby it
can be related to stated
references

through an unbroken chain
of comparisons

)




Comparing results

e results are only useful
when compared

— to other results
e e.g., to observe a trend
— to limits
e e.g., athreshold for action

— different results in
different places or
measured at different
times...

e “comparability over space-
and-time”




Comparability of results

Whole and sole goal of
traceability.

— raison d'étre!
results linked to a common
reference can be compared

scope of reference defines

scope of comparability

— global network
e Sl




Comparability of results

e Whole and sole goal of
traceability.

— raison d'étre!

* |n biology, we use a
‘control’ as our reference,
and compare against that
control to “measure”
biological effects

— experiment design
establishes traceability

— scope of traceability is to
the control




Emerging Challenges in Metrology for
Biological Measurements

Commutability
— measurand “mismatch”

— typically caused by bias
arising from matrix

Speciation

— specificity matters
Unstable measurands &
dynamic processes

Complex and multiplexed
measurands

— artifacts, biostatistics
Qualitative properties

— traceability?

— measurement uncertainty?

e Measurement of stochastic
processes

— population studies poorly,
misleadingly representative

* jn Vvivo measurement
— imaging-based
— molecular sensors

e jn vivo sensor logic

— detect condition in
engineered cells

— trigger action
e switch metabolic pathway



Measured Data are Samples from
Distributions

The thing we’re
measuring has some
distribution

— we sample it

— from our samples we infer
the underlying distribution

— our sampling is fraught
with extra dispersion and
biases

— a lot of what we try to do is .

to separate out the § 3
underlying stuff that gives

rise to the distribution of

our measured data



Basics of Measurement Uncertainty
Calculation

PDF's of the influence equation of
quantities X;, X,, X3 the
measurand

measurand Y



How does this work for Genomics?

e Quantitative results
— e.g., Gene Expression

e (Qualitative results

— e.g., absence/presence,
identity, mixtures

e variant calling
e Hybrids

— e.g., gene specific
methylation

e (Critical Elements

— too many measurands to
calibrate

— no existing metrology for
“nominal” properties

— variation arising from
bioinformatics
e Traceability ill-posed
— traceableto A, C, G, T?
e MU needs extension for

gualitative results
— Ax?



Approaches for Genomics

Quantitative Results

e Use external “Spike-in”
controls to validate in situ
— External RNA Controls

e Use mixed tissue samples to
validate/monitor
performance of
measurement process

— FDA-developed Gene
Expression controls

— Pilot project at UMMC

Qualitative Results

e Research to develop strategy
to create and apply in situ
controls

— ERCC Controls for Systematic
Sequencing Errors

* Initially, establish strategies to
use shared, well-characterized
samples to demonstrate
measurement performance

— Controls for Whole-genome
Sequencing



Approaches for Genomics

Quantitative Results

e Use external “Spike-in”
controls to validate in situ
— External RNA Controls

e Use mixed tissue samples to
validate/monitor
performance of
measurement process

— FDA-developed Gene
Expression controls

— Pilot project at UMMC

Qualitative Results

e Research to develop strategy
to create and apply in situ
controls

— ERCC Controls for Systematic
Sequencing Errors

* Initially, establish strategies to
use shared, well-characterized
samples to demonstrate
measurement performance

— Controls for Whole-genome
Sequencing



Method
Validation

e Demonstration by
provision of objective
evidence...

— that what I'm
measuring is what |
intend to be
measuring

— to prove I'm not just
reporting artifacts




Measurement
Uncertainty

e estimated value that
gives me reasonable
expectation of
dispersion around my
result
— given my

measurement system

— use data from
validation experiment
to develop estimates




Standards for
Genome-scale Measurements

Sarah A. Munro, Ph.D.
Marc Salit, Ph.D.
Biosystems and Biomaterials Division

NIST MATERIAL

National Institute of MEASUREMENT

Standards and Technology

U.S. Department of Commerce LABORATORY



What does NIST do in Biology?
Example: Genome-scale Reference Materials

e Whole Human Genome

Reference Materials R [ DN A for
Viz Variant
— Cell line DNA s gn-:ng
— Genome in a Bottle S35 % '
Consortium

e Standard Reference
Material (SRM) 2374

— DNA Sequence Library
for External RNA RNA Controls
Controls ERS

— External RNA Control
Consortium

2374

DNA Sequence
Library for External

[

. % 4 £ B &

Il




ERCC Collaborative Study to Create SRM 2374

- O
e ERCC members contributed BMC Genomics E—

Ca n d i d ate Se q U e n Ces I’r'qre:::::j}fr:iil:uds for testing and selecting the ERCC exte

RNA controls
— Collaborative StUdy to test RNA External RNA Controls Consortium* -2

Adilress: {Miembers af the External RNA Controls Consortiom are Bsted in Appersdiz | ard Send comepondance ba Lasra H Reid

controls on variety of platforms e S
— Selected well-performing Nt b A i

BMC Genomas 2005, 62150 ook 101 18671471 -2 1 64-6- | 50
Thi artiele is availabie frome bop v Bomedoentrel caml | 4712184087 50

sequences for SRM 208 Rk sl RN Gl st oo Bt Conl Lo
This i5. an Cpen Access arsicle dissrituted under the terms of the Creasies Commons. Amrisstion | {hitzclicrearverommens onglice nues il G,
i L= propery cied

wehich pereics unrestricied we, discribution, and repreducton in any mediom, provided the ar

* SRM contains 96 unique - -
control sequences in plasmid e e e e s e b e
DNA

— In vitro transcription to make
RNA controls

— Intended to mimic mammalian
MRNA




Library of 96 Controls in SRM 2374

Sequence Lengths GC Content

25 - 14-
20 -

15 -

count
count

10 -

5_ I
O_

o1 Wl

Sequence Length GC Content



B
Creating Spike-in Mixtures from SRM 2374

SRM 2374 Plasmid | |
DNA Library RNA transcripts Mixtures with known

\ N \ abundance ratios
I NN

— > 3 4
W
— w
)
in vitro Pooling

transcription


Presenter
Presentation Notes
How the 96 controls will be mixed up to make them useful to tell you about what’s going on in your experiment – 
they’ll be used to assess the technical performance of the experiment, which is usually looking for ‘enrichment’ of genes between “case and control.” 

To do this you have to establish ratios across multiple pools, and then you can use those control pools to validate the results on your genes under study.


Total RNA
Isolation

Microarray Analysis RNA Sequencing

MRNA Enrichment from
Total RNA

MRNA Amplification

v

Target Preparation

v

Library Preparation

v v

Hybridization of Array Sequencing by
Content Synthesis or Ligation
Hybridized Target Sequence Alignment

Detection to Reference

Expression Measures

|

Statistical Analysis



Method Validation with the erccdashboard

e Open-source R package
- erccdashboard

e Developed as part of
FDA-led SEQC
interlaboratory study

e Assess technical
performance of a gene
expression experiment

e Compare results
— Within a single laboratory
— Between laboratories

Expression Measures

erccdashboard
. Dynamic
Ratio range
measurement
and variability Limit of
detction of
Diagnostic FELIoE

performance
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Log2 Ratio of Counts
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Subpool

Ba Mean 95% CIl Lower Bound 95% CIl Upper Bound
®b m 0.9539 0.9478 0.96
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Log2 Ratio of Counts

Ratio
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Subpool

Ba Mean 95% CIl Lower Bound 95% CIl Upper Bound
Wb ™ 0.9539 0.9478 0.96
Wc
md ®
_._90 ¢ o _§ . ® ®
8 Bias in ratios
o mRNA fraction?
MRNA enrichment?

Log2 Ratio of Counts

Ratio
@41
@ 1:1
@115
e 12

-10 -5 0 5 10 15
Log2 Average ERCC Spike Amount(attomol nt/ug total RNA)



Read Depth Normalized Log2 Transformed ERCC Counts

I
&)
1

—
o
1

(&)
1

o
1

N
=)

Ratio
4:1
@11
@115
o 12

Sample

@ CTL
& MET

-5 0
Log2 ERCC Spike Amount(atto

5 10
mol nt/ug total RNA)

15



Read Depth Normalized Log2 Transformed ERCC Counts

—
o
1

(&)
1

o
I

Ratio
41

@11
1:1.5

o112

Sample

@ CTL
& MET

LOD of
Spiked
Transcripts

-5 0
Log2 ERCC Spike Amount(atto

215 Dynamic Range

~~__1Observed

mol nt/ug total RNA)



1.00

0.75-

o
0 0.50 -
|_

0.25-
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1.00

0.75 ROC Curves, differentiation between
true positives and true negatives
o
0 0.50 - ,,
= Ratio
Area Under the Curve (AUC) 41
for comparison & 1:15
L 12
0.25- \
K ’ Ratio AUC Measured Spiked
.’ 4:1 1.000 16 23
1:1.5 0.950 16 23
) 1:2 0.967 16 23
0.00- |
0.00 0.25 0.50 0.75 1.00




1e+00 -

1e-01 -

1e-03

DE Test P-values

1e-04

1e-05

10 1000
Mean Counts

Ratio LODR Estimate 90% CI| Lower Bound 90% CI| Upper Bound
4:1 26 19 32
1:1.5 Inf NA NA

1:2 250 120 350



1e+00 - = oo
[
1e-01 - Threshold P-value
o for chosen FDR
g
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T
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*ga: 1e-03 -
|_
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10 1000
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19 32
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120 350



Read Depth Normalized Log2 Transformed ERCC Counts
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Log2 Ratio of Counts

Mean 95% CI| Lower Bound 95% CIl Upper Bound
m  0.9539 0.9478 0.96
2- k e
This ERCC is below the 4:1 LODR
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o
-2+ : R i
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sample transcript measurements ®1:2
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