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Principy prutokove cytometrie a
sortrovani

m sorting

® zpracovani signalu
= analyza dat

= kompenzace signalu
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Dolezel (1999)




ELECTROSTATIC DROPLET SORTER
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ISAC presents: Mack Fulwyler -
Innovator, Inventor & Pioneer
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FLUIDIC SWITCH SORTER

Primary field Secondary field
stop stop

N Sorted
fraction

Sort zone

Dolezel (1999)

« Safety (enclosed stream)

» Gentle to cells

« Sorting of large particles
(>100 pm)

Low speed (~100/sec)
 Dilute sorted fraction
* Noisy
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FLUIDIC SWITCH SORTER

« Safety (enclosed stream)
* Gentle to cells

* Low speed (~ 100 / sec)
* Dilute sorted fraction
* Noisy

olezel (1999)
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Elekironika

e Zpracovani signalu z detektord
Predzesileni

e zesiluje signal pro prenos z detektorl do centralni
elektronické casti

Zesileni

e Uprava intensity signalu

e linearni nebo logaritmické
Generovani integralu a Sirky pulsu
Analog-digital konverze




Sher dat

- Data jsou sbirana jako “list” hodnot,
pro kazdy “parametr” a pro kazdou
"event” (bunku)

- kazdé mereni z kazdého detektoru
je oznaceno jako “parameter”




Creation of a Voltage Pulse
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Height, Area, and Width
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Signal processing
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Data Acquisition - Listmode

Event |Paraml | Param?2 IParc}rmj’ | Param4
FS S FITC PE

1 50 100 &0 90

2 55 110 150 95

3 110 60 80 30




Charakteristiky pulsu

Pulsy detekované na prutokovem cytometru jsou analogove jevy
detekované pomoci analogovych zarizeni

Tyto pulsy trvaji nékolik mikrosekund

Pokud nemuzeme digitalizovat tento puls v realném c¢ase musime
kombinovat analog-digitalni zpracovani pulsu

bézne trvalo nekolik mikrosekund digitalizovat puls — to nebylo
dostatecné pruchodné pro vysokorychlostni sbér dat

Nové — plne digitalni systemy mohou digitalizovat puls primo
pomoci MHz frekvence



Zpracovani signalu: detekce piku

= Protoze analogovy puls je velice kratky (us) je
nabiti kondenzatoru jedinym zpusobem jak
zadrzet.

m Kondenzator je pamet pro puls.

m Pro detekci piku (maxima) jsou kondenzatory
nabijeny v obvodu umoznujicim detekci
zesilujiciho signalu.




M¢éfeni integralu a Sitky (width) piku

= V obvodu integratoru odpovida nabiti kondenzatoru
iIntegralu signalu mezi resetem a drzenim signalu.

m Sifka piku je detekovana nabitim kondenzatoru
pripojeného k linearnimu generatoru ktery spina na
zaCatku pulsu a vypina pii dosazeni minima. Napéti
na kondenzatoru pak odpovida dobé trvani pulsu.




Analogové-digitalni prevod

= Analogovy signal musi byt konvertovan na
digitalni puls, aby bylo umozneno jeho dalsi
Zpracovani

= Pomoci analog-digitalni konverze (ADC) —
analogovy vstup/digitalni vystup

= Obvod rozdéluje signal do predvolenych
kanalu

= 8 bitu = 256 kanalu

= 10 bitu = 1024 kanalu
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4 bitova pulzné kodova modulace analogového signalu




AD prevodniky

28 =256
210=1024

Pocet bitu # kanalu rozliseni
8 256 39.1 mV
10 1024 9.77 mV
12 4096 244 mV
14 16384 610 uVv
16 65536 153 Vv
18 262144 38.1 uVv
20 1048576 9.54 uVv
22 4194304 2.38 uV
24 16777216 096 nV

measurement range = 0 to 10 volts

ADC resolution 1s 12 bits: 2E12 = 4096 quantization levels
ADC voltage resolution is: (10-0)/4096 = 0.00244 volts = 2.44 mV



Linearni a logaritmicky obvod

m linearni

m logaritmicky

m dynamicky rozsah

m kompenzace fluorescencniho signalu




Linearni obvody

vystupni signal odpovida (pomerove) vstupnimu
signalu

detekce signalu zalozeného na kvantitativnim vztahu
(DNA znaceni) vyzaduje 10 bitové rozliseni

vySSi pfesnost vyzaduje vySSi mnozstvi bitu
souCasna zarizeni maji rozliSeni 4 fadu v logaritmické
Skale - ADC musi mit schopnost rozliseni nejméné
1/10,000 coz odpovida 1 mV v 0-10 V skale.

pro dosazeni této presnosti je nutné 14ti bitove
rozliseni

upraveno podle J.P.Robinson



28 =256
210 =1024

AD prevodniky

Pocet bitu # kanalu rozliSeni
8 256 39.1 mV
10 1024 9.77 mV
12 4096 2.44 mV
14 16384 610 uVv
16 65536 153 uVv
18 262144 38.1 uv
20 1048576 9.54 nv
22 4194304 2.38 uv
24 16777216 596 nV

measurement range = 0 to 10 volts
ADC resolution is 12 bits: 212 = 4096 quantization levels
ADC voltage resolution is: (10-0)/4096 = 0.00244 volts = 2.44 mV
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http://en.wikipedia.org/wiki/Full_scale

ProC pouzivat linearni obvody?

m Kompenzace signalu musi byt provadeny na
linearnich datech. Tzn. ze cela elektronika
musi byt linearni (> 14-ti bit ADC) nebo musi
byt doplnen specialni obvod mezi
predzesilovac a display.

m Pro imunologické fenotypizace potrebujeme
velky dynamicky rozsah.

m prutokovy cytometr zesiluje signal na hodnoty
mezi 0-10 V pred ADC.

upraveno podle J.P.Robinson



Kolik bitu?

m Pokud konvertujeme analogovy signal
pomoci 8 bitového ADC — mame 256 kanalu
(28=256) odpovidajicich rozsahu 0-10 V

m Rozdil mezi kanaly je 10/256=~40mV

Y 10V
100mV

0 50 108hann£1580 200 250

upraveno podle J.P.Robinson



Idealni logaritmicky zesilovac

1V 10V
100 mV
Linearni
( 0 50 100 150 200 250
Log amp 1 mV 10 mV 100 mV 1V 10V
L Log
0 50 100 150 200 250

Channels upraveno podle J.P.Robinson



Kde je nepresnost?

m Predpokladejme ze pracujeme se 14-ii
bitovymi daty (16,384 kanalu).

m Nejmensi rozliseni na 0-10V skale bude
610 uV.

m Prvnich 10mV skaly je reprezentovano
kanaly 1-16.

® Tomu je mozne predejit napr. digitalizaci

B v 16-ti bitech (65,536 kanalu)




Logaritmické zesileni & dynamicky rozsah
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,,Rat1o circuits

® jsou analogové obvody generujici vystupni signal
odpovidajici pomeru ze dvou vstupnich signalu (dvou
detektor()

Tvoreno specialnimi moduly tzv. analogové nasobice.

napr. pro vypocet povrchové denzity navazanych
antigenu délime pocet navazanych molekul velikosti
povrchu bunék (neni béezné)

Detekce intracelularnino pH
Detekce intracelularnich Ca?* (Indo-1)

Ize take kalkulovat pomoci specialnich softwarovych
nastroju

upraveno podle J.P.Robinson



Kompenzace fluorescencniho
signalu

...pozdeji

)



m presnost — koeficient variance (CV)
m citlivost, Ssum, pozadi

m MESF jednotky

m Presnost a linearita




Koeficient variance

%CYV definice = St.chyba x 100
prumer

CV=3.0

CV=3.0

Lprﬁmér j

Klicové pro jeho hodnotu je:
e stabilita fluidniho systému
e obarveni (oznaceni) bun¢k
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Kvantitativni jednotky - ABC

Antibody Binding Capacity

m mnozstvi protilatky, které se specificky vaze
na populaci bunek (nebo mikrocCastic)

m pozn.: Hodnota ABC nemusi odpovidat
skuteCnému mnozstvi antigenu na povrchu
bunek nebo Castic

upraveno podle J.P.Robinson



Detekce prahu (Sumu)
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UrCeni ABC

Quantum™
Simply Cellular®

Mouse Antibody-Binding Standards

:O:Jangs Laboratories, Inc.
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Proc je dulezité urcit prah?

LI A AY 4

(protilatky) detekovatelné pristrojem

m urci, zda pozadi (Sum) interferuje s
analyzou




Calibration Curve, FL1 (FITC) Performance Parameter Value
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Figure 1. Calibration Curve and Calculations for FL1 Channel (FITC)

Table 1. Performance Parameters

The value of the blank bead in units of fluorescence intensity.

Detection Threshold Indication: The lowest level of fluorochrome that can be detected by the instrument.

The value in units of fluorescence intensity where the calculated regression line
Zero Channel intercepts the fluorescence intensity axis in channel zero.
Indication: The left-hand boundary of the instrument’s sample space.

Log Decades Calibrated full-scale or dynamic range of the detector being examined.

Dako Cytomation



Counts

MEFS Units

= Molecules of Equivalent Soluble Fluorochrome
(MESF) Units

— metoda pro urCeni citlivosti pristroje (Abraham Schwartz)
— smes castic oznaCenych znamym mnozstvim molekul

fluorescencni znacCky

— prah urCeny pomoci MESF znamena nejmensi
detekovatelné mnozstvi fluorochromu (BD FACS Aria 125

MEFS — FITC)

80 ~

-0~ BD Living Colors™ EGFP
| Calibration Beads
60 — i

50-2 || 1

40 4
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Threshold
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[.inearita detekce

PMT signal

0 Fluorescence intensity

m prakticky pfiklad nelinearity muze byt béhem
mereni mnozstvi DNA v bunkach v GO/G1 a
N G2/M fazi bunééného cyklu

m |ze pouzit mikrocastice nebo jiné vnitrni standardy
. pro kalibraci
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Analyza dat

m Zobrazeni dat
— histogram
— dot plot
— isometric display
— contour plot
— chromatic (color) plots
— 3 D projection
m Gating




Zpusoby pro zobrazeni dat
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Histogram distribuce Cetnosti

m Histogram zobrazuje Cetnost Castic pro jeden parametr

m Jednoduchy vystup
m Nekorelujeme s dalSim parametrem
m Problém s identifikaci populaci

K. Soucek Bi9393 Analyticka cytometrie
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Dot plot

Zobrazuje korelaci dvou libovolnych parametrd

Jednotlivé teCky predstavuji konkrétni zmeérené buriky (Castice)
Hodnoty pro radu Castic mohou lezet ve stejném misté
Nemame informaci o relativni denzité ¢astic

Problémy s vykreslenim v pfipadé velkych objemu dat

- dCalor TEME + TrnaZ02 .01
: .|: g:'._

St e
Ly

S50H
m 101 w0 107 10
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Density & contour plot

Density plot:
m Zobrazuje dva parametry jako frekvenci Cetnosti

S80H
w" 0! 1w opp? pd

FSC-H

m barva a nebo jeji odstin odpovida Cetnosti Castic = LB el
Ty
Contour plot: B
m spojnice spojuje body (Castice) se stejnou =1
: 2 1?1l 10f 0¥ pd
hodnotou signalu FaCH
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m V podstaté simulujeme 3D graf — tfeti rozmér je

- frekvence
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Cas jako jeden z parametra
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3D zobrazeni

dCalor TEMNE + TruC0Z.01

m 2 parametry + Cetnost

m 3 parametry spolecné
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3 Color Combinations

4+4+4=12
/ [/
¥ Positives
[1]
= =
/ 4+4-8
FITC
o
I Negatives



3 Color Combinations

| ern TR-PE Pattern
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,,Gating*

"Real-time gating vs. softwarovy
»,gating"

"Urceni region

“Strategie ,,gatingu”

" Analyza kvadrant(

“Boolean ,gating”

B "zpétny ,gating"




Real-Time vs. Software Gating

®"Real-time (live) gating:
-omezuje akceptovana data béhem
mereni

"Software (analysis) gating:
-vyrazuje urcita data behem nasledné
analyzy



UrCeni regionu

" Objektivni nebo subjektivni?
-Skoleni/schopnosti/trénink

"Mozné tvary:
-obdelnik
-elipsa

l -“free-hand" (polygon)
Hl

-kvadrant

" Statistika

- pocet

- podil (%)

- prdmér, median, S.D., CV, ....




dalor TBME, + TraC02 .01

Region vs. gate

we ¥ qpd

S5CH

Region

"oblast (plocha) v grafu definovana
uzivatelem

"mnoho regiond v jednou grafu FacH
"ohranicujeme pomoci nich populace naseho
zajmu

"je mozneé je barevne odlisit

"je definovan stejné pro vsechny vzorky v
analyze

m? !

_.
=
=
=2
=
iy
o
=
] %
=2
=
L3
=
=
§

Gate

"je definovan jako jeden a nebo vice regionll
zkombinovanych pomoci logickych operator
(AND, OR, NOT; Booleova logika)
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Using Gates

:9 logFITC {4) vs logPE &)

ey

At

2
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10gFITC

egion 1 established Gated on Region 1
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Statistika

1 1 &
T=—(m+o+. +2)=—>
i=1

m Aritmericky prumér .

m Geometricky prumer O a0t = Yaar o — (H)
= Median [ s -

— odhad stredni hodnoty

— neni ovlivhén extremnimi hodnotami

= Smérodatna odchylka F= )
m Koeficient variance

® Modus — nejcCastejsi hodnota
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Statistika pro histogram

3Color TBNK01.01

o
o
d
o
w
o
g M1
c
o
o
=T
o
0 200 400 600 800 1000
FSC-H
Histogram Statistics
File: 3Color TBNKO1.01 Log Data Units: Linear Values
sample 1D Patient 1Dx
Tube: CIB/CD4/CU5 Panel: 3 Color TBNK
Acquisition Date: 21-Apr-98 Gate: No Gate
Gated Events: 15000 Total Events: 15000

X Parameter. FSC-H (Linear)

Marker Left, Right Events % Gated % Total Mean GeoMean CV Median Peak Ch
All 0, 1023 15000 100.00 100.00 570.49 500.40 2998 612.00 0
M1 559, 855 9306 62.04 62.04 67083 667.81 956 667.00 672

K. Soucek Bi9393 Analyticka cytometrie



Analyza kvadrantu

< 4Color TBNK + TruC02.01

Y

(=] P “
"10° 10 4

CD4-APC

Quadrant Statistics

File: 4Color TBNK + TruC02.01 Log Data Units: Linear Values
sample 1D Patient 1D
Tube: CDB/CDB/CAS/CDA TUC Panel: 4 Color TBNK + TuC
Acquisition Date: 08-Oct-98 Gate: No Gate
Gated Events: 10000 Total Events: 10000
X Parameter. CD4-APC (Log) Y Parameter. CD8-PE (Log)

Quad Location: 74, 35

Quad Events 9% Gated 9% Total X Mean X Geo Mean Y Mean Y Geo Mean

UL 1149 11.49 1149 16.67 9.14 1474.42 618.99
UR 2222 2222 2222 7621.69 6806.34 2386.22 2160.04
LL 4783 4783 4783  15.00 10.87  12.01 10.64
LR 1846 18.46 18.46 879.87 646.31 12.24 10.28

K. Soucek Bi9393 Analyticka cytometrie



Logicky ,,Gating* (Booleova logika)

S prekryvajicimi se oblastmi mame mnoho moznosti:

FS

Pl (5) vs FS (2]

C -

-

upraveno podle J.P.Robinson



Boolean Gating

Not Region 1:

F5

Pl (5) vs FS (2)

-

e -+

LA T e
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Boolean Gating

Not Region 2:

Pl (5] vs FS (2)

1023

FS;

upraveno podle J.P.Robinson



Boolean Gating

Region 1 or Region 2:

Pl (5) vs FS (2)

1023

FS ]

El or B2

upraveno podle J.P.Robinson



Boolean Gating

Region 1 and Region 2:

Pl (&) vs FS (2)
Ny
=
= R1 and R2
FS
I:I- .........................
0 PI 1023

upraveno podle J.P.Robinson



Boolean Gating

Not (Regionl and Region 2):

PI 5} ws FS (2)

Not (R1 and R2)

1023

i o . ) n ; et :

L
;-

FS
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Light Scatter Gating

Side Scatter Projection

1 1 1 1 1

Forward Scatter F

Lymphocytes

400 600 800 1000

90 Degree Scatter

upraveno podle J.P.Robinson



Back Gating

= logFITC (4) vs logPE (5) 90Is (3 ws FS (2
= o
=N
=1
. Back |gate
21
=4

101

T TS T AmaNTIE 0 o sls 1023
1ogFITC
Region 4 established Back-gating using Region 4

upraveno podle J.P.Robinson



Back Gating

- dColor TEME, + ThaC02 .01

- dCalor TEME + ThaC02.01

=2 3.7 -

chd-AFC
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o015 (3) vs FS (2)

1023

FS

0 901s 1023

E 3 Parameter Data Display
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Vicebarevn¢ analyzy g
mnoho dat...

eneruji

1

3 color

2

3

QUADSTATS

Log Fluorescence

QUADSTATS

Log Fluorescence

QUADSTATS

Log Fluorescence

Log uersscane

QUADSTATS

Log Fluorescence

[y —

QUADSTATS

Log Fluorescence

QUADSTATS

Log Fluorescence

7

8

5 color

9

10

QUADSTATS

[y —

Log Fluorescence

QUADSTATS

Log Fluorescence

QUADSTATS

Log uersscans

Log Fluorescence

QUADSTATS

[y —

Log Fluorescence

QUADSTATS

Log Fluorescence

Lo Fuarsscoce

QUADSTATS

og Fluorescence

QUADSTATS

Log Fuarsscoca

QUADSTATS

og Fluorescence

[rr—

QUADSTATS

QUADSTATS

QUADSTATS

[Po—

QUADSTATS

og Fluorescence

QUADSTATS

Log Fuarsscoca

og Fluorescence

QUADSTATS

[r—

og Fluorescence

| QUADSTATS

oo Fuerscance

QUADSTATS

Log Fluorescence

[y —

Log Fluorescence

oo Fuerescance

QUADSTATS

Log Fluorescence

Log Fluorescence

Log Fluorescence

Log uevssance

Log Fluorescence

QUADSTATS

[ry—

Log Fluorescence

QUADSTATS

oo Fuerescance

Log Fluorescence

QUADSTATS

[r—

Log Fluorescence
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Zpusoby pomoci kterych lze upravit
vysledky:

1. Odstraneni ,doublets"
2. Cas jako parametr pro kontrolu kvality

Priklad - pro DNA analyzu je treba:

- 0C
- 0C

- Uuc

stranit ,, debris™ a shluky
stranit ,doublets"
rzovat konstantni pritok
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# of Events

DNA Histogram

Fluorescence Intensity



Co je problem pr1 vicebarevne
detekc1?

PE 580,30 Bandpass

FITC 530/40 Bandpass

Fluorescence Intensity
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Kompenzace fluorescencniho
signalu pi1 vicebarevne detekci

m Proces pri kterem dochazi k eliminaci
vsech fluorescencnich signalu kromé
signalu z fluorochromu ktery ma byt na
prislusnem detektoru detekovan

m Nastaveni pomoci mixu mikrocastic Ci
bunék oznacenych/neoznacenych
prislusnymi fluorochromy.
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Kompenzace fluorescencniho
signalu pi1 vicebarevne detekci

Table 1.14.1  Typical Spillover Matrix for a Three-Color
Compensation®

Detector
Fluorophore
Green Orange Red
FITC 1.000 0.180 0.040
PE (0.009 1.000 (.213
PE-Cy5 0.005 0.029 1.000

Note: The diagonal elements are 1, since the contribution of each
fluorophore to its cognate detector is defined to be 100%. In this table, the
FITC into PE spillover is 18%:; the PE into FITC spillover is 0.97.

Current Protocols in Cytometry
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Kompenzace fluorescencniho
Si gnélu FITC positive &

negative

PE negative beads
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Kompenzace fluorescencniho
Si gnélu FITC positive &

negative
PE negative beads
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Kompenzace fluorescencniho
signalu
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Nastaveni kompenzaci

" znacené mikrocCastice — pro bézné konjugované fluorochromy

& BD

CaliBRITE Beads

CaliBRITE 3 three-color kit—Catalog No. 340486

CaliBRITE two-color kit—Catalog No. 349502
CaliBRITE PerCP Beads—Catalog No. 340497
CaliBRITE APC Beads—Catalog No. 340487

CaliBRITE PerCP-Cy5.5 Beads with Bead Dilution Buffer—Catalog No. 345036
For In Vitro Diagnostic Use with FACS brand flow cytometers

Setup | Tube® | Unlabeled | FITC | PE Pefg;‘f&grsh APC
two- A 1 drop

color B 1 drop 1drop | 1 drop

three- A 1.drop

color B 1 drop 1drop | 1drop 1 drop

four- A 1 drop 1 drop
color B 1 drop 1drop | 1drop 1 drop 1 drop

" znacené bunky — pro vitalni znaceni

= parametr - detektor amp
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Which marker for compensation?

Correct Too Much Too Little
Compensation Compensation Compensation

A B C A B C A B C
'

Small errors in compensation of a dim control (A) can result in large
compensation errors with bright reagents (B & C).
Use bright markers to setup proper compensation.
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Shrnuti prednasky

m Sorting
m zpracovani signalu

vizualizace dat a ,gating*
kompenzace

Na konci dneSni prednasky by jste méli:

Znat zékladni principu sortovani,

popsat zpuisob zpracovani signalu,

rozumét lin / log zesileni signalu,

rozeznat jednotlivé zplisoby vizualizace dat,

chapat zakladni principy ,,gatingu®,

znat princip kompenzace signalu pi1 vicebarevné detekci.
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