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2001-2020 ( )
2001 2002 2005 2010 2015 2020

Biomedical/Gene Research 801 1118 3081 6820 14560 20090
Disease 
Treatment/Management

27 52 234 1430 3640 6650

Pharmacogenomics 9 13 78 660 1820 3690
Diagnostics/Testing 54 104 390 1760 4420 8200
Agricultural Biotechnology 0 0 39 110 260 410
Environmental Industries 9 13 39 220 520 820
Forensics & Military 0 0 39 110 520 410
Others 0 0 0 0 260 410
Total 900 1300 3900 11110 26000 40680
Source: Helmut Kaiser Consultancy 
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aCGH

aCGH, array comparative genomic hybridization

:
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Next-generation Sequencer



Exons 5’
5’

RNA

Whole genome Whole exon PCR amplicon



Company/Platform Library 
amplification

Sequencing 
principle

Nucleotide 
modifications

Signal detection 
method

Type of 
sequencing error

Run-
time

Max 
length/read

Output 
(Gb)/run

Roche

454 FLX 
Titanium
454 FLX+
454 GS 
Junior 
Titanium

emPCR on 
microbeads

Pyrosequencing None Optical detection of light, 
emitted in secondary reactions 
initiated by release of Ppi upon 
nucleotide incorporation

Indels in 
homopolymeric
regions 10h 400bp 0.5-1

Illumina

MiSeq Bridge-PCR on 
flow cell surface

Reversible terminator 
sequencing by synthesis

End-blocked 
fluorescent 
nucleotides

Optical detection of fluorescent 
emission from incorporated 
dye-labeled nucleotides

Substitutions, in 
particular at the end of 
the read

5-55h 2x300bp 0.3-13

HiSeq 11h-11d 2x150bp 15-500

NextSeq 11-30h 2x150bp 19-120

HiSeqX 3d 2x150bp 1,800

NovaSeq 48h 2x150bp 6,000

Ion Torrent

PGM emPCR on 
microbeads

Semiconductor-based 
fluorescent 
oligonucleotides

None Transistor-based detection of 
H+ shift upon nucleotide 
incorporation

Indels 3-7h 400bp 0.09-1.9

Proton 4-6h 500bp 12-88

S5 2.5-4h 400bp 2-16

PacBio
RSII

NA

Single-molecule, real-
time DNA sequencing 
by synthesis.

Phosphor-linked 
fluorescent 
nucleotides

Real-time optical detection of 
fluorescent dye in polymerase 
active site during incorporation

Indels 2h 3000bp 0.09

Sequel 0.5-6h 20,000bp 0.08-1.25

Oxford 
Nanopore MinION NA

Changes in electrical 
current are used to read 
off the chain of nucleic 
acid bases.

None Real-time changes in electrical 
current caused by bases of 
nucleic acid flow through.

Indels

1min-48h 10,000bp 44



Genome fragmentation.
Adapter ligation.

DNA annealing to 
capture beads.

DNA 
enrichments.

Clonal 
amplification.

Emulsify beads 
and PCR 

reagents in 
microreactors.

Beads loading 
on chips.

Roche 454 NGS Workflow



Genome fragmentation.
Adapter ligation.

DNA attached on the 
chip. Bridge amplification. Fragment double 

stranded.
DNA double strand 

denatured.
Amplification 

complete.

First base 
determination. First base imaging. Second base 

determination.
Second base 

imaging.
Sequence reads by 

multiple cycles Data alignment.

Illumina NGS Workflow



• Procedures and chemistry similar to Roche 454.
• Instead of PPi, measure H+ release (pH 

change) via semiconductor chip.
• No expensive camera or laser required, no 

modified nucleotides.

Ion Torrent NGS Workflow



PacBio NGS Workflow

1                           2                 3              4



Oxford Nanopore

The membrane contains pore-forming 
proteins with an inner diameter of 1nm.

DNA base

Protein pore

Unwinding enzyme
DNA double helix

Ion
Current





Lab-on-a-chip



Small Lab Large Labv.s
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Lab Chip, 2015, 15, 2688-2699Excretory flow circuit

Blood flow circuit

1. Intestine
2. Liver
3. Skin
4. Kidney

14
2

3

Ctk19

CYP3A4

Ctk10 Ctk15









Lab Chip, 2018, 14, 359–368



DNA

Lab Chip, 2014, 14, 3719-3728



N Engl J Med 2004; 351:781-791







Scientific Reports volume 3, Article number: 1259 (2013)



Nature Protocols, 2014, Vol.9, No.3



LabChip,2018,18,723–734 





Clinical 
Observation/Validation

In vitro
Diagnostics

Genomic
Approach

In vitro
Mechanical Investigation

In vivo
Validation

Bioinformatics

Medical Decision

Medical Care

Pharmacy

Treatment

Clinical Physicians

Medical Technologist

Researcher

Pharmacist

Professional Nurse

Treatment
Innovation

Treatment
Efficiency





Non-invasive diagnostics
Compassionate Treatment
QoL management

Low dose CT examination
Cancer marker test
Health screening

Low dose CT examination
Gene testing
Companion diagnostics
Clinical trial
Precision medicine

Genetic risk factors 
screening
Environmental risk factors 
elimination
Life style management
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• Global liquid biopsy market: 
US$ 456 M, 2017

• Estimated market at 2027: 
US$ 3,130.7 M



Dynamic plasma EGFR 
mutation status can 
predict TKU efficacy.



J. Am. Chem. Soc., 2016, 138 (34), pp 11009–11016



Lab Chip, 2018, 18, 1320–1329



Lab Chip, 2018, 18, 1320–1329



Lab Chip, 2018, 18, 1320–1329





(LDT, Lab Developed Test)

(IVD, In Vitro Diagnostic Devices)
An instrument, apparatus, implement, machine, contrivance, implant, in vitro reagent, or
other similar or related article, including any component, part or accessory which is:
1. Recognized in the official National Formulary.
2. Intended for use in the diagnosis of disease or in the cure, treatment or prevention of

disease.
3. Used in laboratories or other health professional settings or for consumers to use at home.

An device that is intended for clinical use and designed, manufactured and used within a single
laboratory.
FDA does not consider devices to be LDTs if they are designed or manufactured completely, or
partly, outside of the laboratory that offers and uses them.

US FDA; Federal Food, Drug, and Cosmetic



LDT
US FDA 1976 LDT
FDA 2010 7 :

FDA
LDT

2012 NGS FDA CLIA ISO CAP

2012 11 US CDC NGS
(Nature Biotechnology, Vol.30, Nov.11, 2012)

2013 11 US FDA NGS :
(Nov. 19, 2013) (NEJM, 369: 2369-71, 2013)
2014 10 3 US FDA Framework for Regulatory Oversight of LDTs
2015 1 (ACLA) John Conley 2014 FDA

LDT FDA
2016 9 Alan Mertz : LDT

LDT
2017 1 US FDA LDT



Their commentary hints that such lab-mad tests could 
come under increased scrutiny: “putting in place an 
appropriate risk-base regulatory framework is now critical to 
ensure the validation and quality of tests.”

NEJM, 369:2369-71, 2013

NGS in Clinical Diagnostics



Basic 
Research

R&D
Pre-Clinical

Development
Clinical Trial
Phase I II III

FDA Filing
Approval

Discovery
/Concept Materials Feasibility/

Assay Design

RUO
CE

UVD

Ethic Review

Design
Design Control

Mechanical Testing
Packaging

Labeling
Validation Development

Analytical 
Performance

Analytical
Validation

Risk Management Regulatory
ReviewClinical 

Performance

Conception

GLP
GCP

GMP

IVD

LDT



(validation)

CLIA, 

(Accuracy)
(Q ) GC

(within-run) (between-run) 3 3-5

?
(Analytic Specificity)

( )

(Precision)

(Analytic Sensitivity)

(Reportable Range)

(Reference Range)

(Traceability)

(SOP)

(Stability)

(Reports)

( )



Precision

Instability of 
the instrument

Variation of the 
pipetting, mixing

Variation in 
the reagent or 

calibrator

Variation of
the temperature, 
humidity

Repeatability:
Same condition;
Within-run

Reproducibility:
Change conditions;
Between-run



Precision
(low and high

concentration)

Within-run 20 between-day

20 (CLSI, Clinical and Laboratory

Standards Institute )

mean SD CV



Accuracy

0   2    4     6     8   10

10

8

6

4

2

0 Reference Materials Real Clinical Samples

0   2    4     6     8   10

10

8

6

4

2

0
Participated Labs
Your Lab

Agreement between the best estimate of a quantity and its true value.



Sensitivity and Specificity 

( )

( )



(
)

(
)

A B

C D

:A/(A+C)
:D/(B+D)
:B/(B+D)
:C/(A+C)

:A/(A+B)
:D/(C+D)

Sensitivity and Specificity 



( ) ( )

90 990

10 8910

:90/100=90%

:8910/9900=90%

:B/(B+D)=10/100=10%

:C/(A+C)=1000/10000=10%

:A/(A+B)=90/1090=8.3%

:D/(C+D)=10/9010=99.9%

Sensitivity and Specificity 

A B

C D

100 9900



Analytical (Report) Range ( )
Dynamic range, Analytical range

Working range, Calibration range
Linear range, Linear dynamic range

LOD
LOQ

LOL (limit of linearity)

LOD, limit of detection; LOQ, limit of quantification

Blank



Reference Range ( )
A reference range or reference interval is the range of values for a physiologic 
measurement in health persons.

95% 
Healthy

Reference Range

2.5% 
False Positives

2.5% 
False Positives



LOD and LOQ 

LOD LOQblank

3SD blank 10SD blank

β-error: 
probability of a false negative (50%) α-error: 

probability of a false positive (1%)



(Interferences)



IVD
(In vitro diagnostics)

LDT 
(Lab developed tests)

Development and 
Manufacturing by device manufacturing by  single laboratory

Regulatory Agency FDA CLIA via CMS; FDA: 
enforcement authority

Documentation GLP, GCP (if applicable), GMP, 
CLIA SOPs/quality system

GCP (if applicable), GLP, GMP, 
CLIA SOPs/quality system

Analytical Validation Required Required

Premarket Review &
Approval for Tests Required Not Required

Clinical Validation Required Not Required
What is Sold? Diagnostics Service













Pre-Clinical Testing





Intended Use











FDA Design Control Guidance

User needs

Design 
input

Design 
process

Design 
output

Medical device

Verification

Validation

Review





I II III TFDA







Risk Value
P*I

Impact

1 2 3

1 1 2 3

Pr
ob

ab
ilit

y

2 2 4 6

3 3 6 9



(Threat) (Opportunity)

Avoid Exploit

Mitigate Enhance

Transfer Share

Acceptance Acceptance
: (Contingency Reserve/Plan)
: (Workaround Plans)



60%

40%

60%

40%

800
(2000-1200)

-300
(900-1200)

700
(1200-500)

100
(600-500)

360
800x60%+(-300)x40%

460
700x60%+100x40%
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Non-rare

Non-unmet
Needs

Class I
Low Risk

Class II
Moderate Risk

Class III
High Risk

Rare

Unmet 
Needs

Proposed 
IVD for 

Clinical Use

FDA PMA

FDA 510(k)

Exempt FDA review

Exempt FDA review

Exempt FDA review

Patients
Clinicians

FDA Proposed Risk-based Framework
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