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Daivéuevo Doppler

* Christian Johann Doppler,
AuoTpia, 1803-1853

* Qaivopevo Doppler
* H kivnon Twv okedaoTwyv
METABAAAEI TN ouxvOTNTA TOU
onMaTog Tou AEIEP
« Auo petaBoAéc Doppler (Mia
yia KGO KateuBuvaon)

VSC

f, =1, (1i 2—=tcos HJ

 f, = frequency measured at
detector

« f, = frequency of source
* V. = velocity of scatterer




daivéuevo Doppler

* aivopevo Doppler

f, =1, (11 2Yse cos 6’}

(0]
Af =f, —1,
A
2cosd

« H Af ouvbwcg petparal e
ETEPOOUVN AViXveEUON
(heterodyne detection)

* ‘Eva pyépocg Tou wToC aTrd
TNV TNy ouvoudadeTal JE TO
PWC TTOU £XEl OKEDAOTEI KAl
METPATAI N oUXVOTNTA
dlakpoTuatog (beat
frequency)

V. = Af




Tayuperpia Aiep Doppler
(Laser Doppler velocimetry - LDV)

* AvakaAUu@Onke atrd Toug Yeh kai e
Cummins T1o 1964 / \ | =

F’l dy —Freie i Receiving

* MéTpnon TAXUTATWY O€ SUVOMIKA =
pevuocTwy (aépla,uypd) T
«  Méxpi Kal 3 OUVIOTWOEG TNG s

TaXUTNTOG /

. I'IpOTapr]paTa

Mn-etrepBariki pETpNon (OTITIKNA
MEBODOC)

* AmOAuTn pETPNON, Oev XpelaleTal
BaBuovéunon (calibration)

* [loAU wnAR akpipelia

* [ToAU YnAn XwpIkn eukpivela Aoyw
TOU MIKPOU OYKOU METPNONG

* Meplopiopoi

» AtraitouvTal TPOXIOOEIKTIKA (tracer)
cowuaTidla




Taxuuerpia Aéilep Doppler KX
(Laser Doppler velocimetry - LDV) [

Flow with particles

"‘\\ g Signal
)»}F d (known)
I/

= t (measured)

measuring volume
backscattered light

Velocity = distance/time



Tayupuetpia A&i1lep Doppler

(Laser Doppler velocimetry - LDV)

 EQappoyég Tng LDV

2TPWTEG (laminar) kai
TUpBwdEIC (turbulent) poéc

‘Epeuvec TNV agPODUVANIKN
YTTepNXNTIKEC POEC
TOUPMTTIVEG, aQUTOKIVNTA KATT.
YYPEG POEG

EmipaveiakE TaxuTNTEG KAl
METPAOEIC BOVNONG

Oeppa TEPIBAANOVTA (PAOYEC,
TTAGOMATA K.ATT.)

Taxutntag cwuaTidiwv
... KATT., KATT., KATT.

Measurement of flow field around a 1:5 scale car
model in a wind tunnel (Photo courtesy of

Mercedes-Benz, Germany)

Measurement of flow around a ship propeller in a
cavitation tank
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Poopetpia A&iCep Doppler
(Laser Doppler flowmetry - LDF)

* 2& I0TPIKEG EQAPHUOYEG, TO PAIVOUEVO
Doppler xpoIMOTTNOIEITAI KUPIWG YIA
METPNON TNG TAXUTNTAG TG PONRG TOU
QiJOTOG = POOMETPIA

«  MikpoayyeIlaKr por aihaTog Kal aigdTwaon
(perfusion)

. I'Iponpnpam ™nG LDF

@] uanr]oalg MTTOPOUV VO VIVOUV MEOW TOU
OEPMATOC 1 O€ MIa apTnpia hE Eva KAaBeTApa
OTITIKWV IVWV

* [loAU ynAn euaiocBnoia

* EuaioBntn otn TOmKA aipdtwon

» EUENIKTO KOl EUKOAO OTn Xpron yia TN ouvexn
TTapakoAouBnon o€ TTpayuaTikd Xpovo

o Mn-eTTePRATIKA KAl XWpPic eTTA@N (O€
avTiBeon PE TOUG UTTEPAXOUG)

* Aev dlatapdooel TNV QUOIOAOYIKI KOTAOTAON
TNG MIKPOKUKAO®YOpPIag

o Ol HIKPEC OIAOTACEIC TWV QVIXVEUTWV
ETTPETTOUV TN XPHON O€ TTEIPAPATIKA KAl
KAIVIKG TTEPIBAAAOVTA TTOU OEV Eival EUKOAQ
TTPOORACINA HE AAAEC TEXVIKEG




Poouetpia A&i{ep Doppler
(Laser Doppler flowmetry - LDF)

* [lepropicpoi

 H LDF dgv utropei va dwaoel
aTTOAUTN METPNON TNG

AlNATWONG

* AANOYEC OTNV TAOXUTNTO

« Meiwpuévn por Tou aigaTog

MTTOPEI va anuaivel OTi
UTTAPXEI EVOC TTEPIOPIOHOG
TTiow aTTd TO ONUEIo

HETPNONG.
* TayuTepn pon ToU AipaTog

MTTOPEI va anuaiver oTI pia
apTnpia gival oTev) OTO
Onueio TNG HETPNONG.



Poouetpia A&i{ep Doppler
(Laser Doppler flowmetry - LDF)

 E@pappoyég Tng LDF
*  [lpoeyxelpITikn Kal MeTeyxeipnTikA TTapakoAouBnon I0TwvV
* [lapakoAouBnon kai ypryopn avayvwplion TG SIOKOTTAG
TNG AINATWONG OE TITEPUYIO YEILVEI TNV ATTOTUXIO
» EkTignon B&Boug eykaupaTog
*  AMN\epyieg, TEOT AAAEPYIWY, EpEUVA O€ DEPUATIKEG
TTaBAoEIC
* [aoTpevrepoAoyia
* EKTiuNnON TNG PONG TOU QiATOG KAl dIATAPAXWY OTO
yooTpIKG BAEVVOYOVO 1) HETPNON TNV ETTIOPACH MIOG
TTapEPBaong f Bepatreiag
*  Eyke@aAikn aipartikr) pon
* EkTiunoNn NG €YKEPAAIKAG aIPATWONG OE A0BEVEIG pE
TPAUNO OTO KEPAAI
*  @apuakoAoyIKESC Epeuveg

* AZIoAOYNON TWV ETMTITWOEWY TNG TOTTIKNAG quri
OUOTNHATIKAG QYYEIOOPACTIKWY QAPUOKWY OTn POr| TOU uring surgery
QigaTog TWV I0TWV

*  'EAgyxog CWTIKOTNTAG TWV OOVTIWV

» EkTignon Tng dlakupavong Tng pon Tou QiaTog oTa
TPIXOEIdN TOU TTOATOU

*  Epyaotnpiokég peAEteg o€ Cwa

*  O@OaAUIKN, EYKEQAAIKR, OEPUATIKN, WTIKHA, OTTAAXVIKI,
Kal N VEQPIKI POr TOU QipaTog

LDF measurements on the heart muscle



ATtreikovion A&i1lep Doppler
(Laser Doppler imaging - LDI)

* ATTEIKOVION TNG PONG TOU AiATOG ME
Doppler = Mn-erepuBaTiki
XOPTOYPAPNON TNG PONG TOU AiNATOG
oTO OépMa

* Afopn Aéilep XaunANG Eviaong ocopwveTal
TTAVW OTO OEPUA

* M¢oa oTov 1070, TO QWG OKEDACETAI KAl
aAAGCel TO UAKOG KUPOTOG TOU OTAV
XTUTTAOEI O€ aia TO OTTOIO KIVEITAl
(Doppler)

* 'Eva pépog Tou ewTog otrioBookedadeTal
KAl PTAVEI OTOV QVIXVEUTH O OTTOI0G
KaTaypAagel Ta 0eOOUEVA YIa ETTECEPYOATIa

* Eikéva Alpatwong (perfusion image) _
» [OUYKEVTPWOTN KIVOUPEVWYV EPUBPWV ;' laser
algoo@aipiwv] X [uéon TaxUuTNTa AUTWV Mirrors / ]
TWV AIJooPaIpiwy] Backscattered light ©vtgoing beam
* H ouykévtpwon avTikaroTTpifeTal oTnv
évraon Tou oniuarog Doppler

* H taxutnTa avriKaToTITPICETAI OTN
METABOAN TG ouxvoTNTAC Light absorbing background
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ATtreikovion Aéigep Doppler KX
(Laser Doppler imaging - LDI)

* MpoTeppara

« AuocdiaoTarn TTAnpogopia pong
Doppler

« Agv xpelaletal Queon Tagn e
10 O€pua (TTANyr/Eykauua)

« Mrtropei va xpnoiuoTtroinei
EMITTPOCOETA TNG KAIVIKNG
eCETAONG YIO va KaBoploTei kata
TTOC0 Oa yivel XEIPOUpPYIKN
eTTEUPAON

* Meplopiopoi
* To A&Ilep CAPWVETAI TTAVW ATTO
TNV ETTIPAVEIA TOU DEPUATOC
e ATTaQITEl hNXAVIOUO 0Apwaong
(Trepropilel TO pEYEBOC Kal TNV
TaxutnTa)
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ATtreikovion A&i1lep Doppler
(Laser Doppler imaging - LDI)

« ASloAbéynon Tou BaBoug kai Tng duvaroéTNTAG
ETTOUAWONG TWV EYKAUMATWY Kal TTANywWV
*  Baoikn diaxeipion eyKaupdaTwy Kal TTANywyv
* Ta BaBid depuaTik@ TpaUPATA Kal EYKAUPOTA ouvRBwS
QVTIMETWTTICOVTAI PE XEIPOUPYIKN ETTEPRACN, N OTToia
ouvnRBwg TrepIAaUPBAvEl TNV apaipecn TOU
KATEOTPAPUEVOU OEPUATOG Kal akoAouBeiTal atrd
METapOOXEUON OEPUATOG
*  AuOKOAie¢ 0TnV ACIOAOYNON EYKAUNATWY
* AUOKOAO va JIaKPIVEI ETTIPAVEIAKES DEPUATIKEG TTANYEG
oo Ta Babid eykauuaTta Tou dEPUATOC
* AUOKOAO va ekTINNBEi To BABOC TOU EYKAUPOTOC O€
*  [Maidia

* Atopa pe okoUpo SEpUa (CUUTTEPIAQUBAVOUEVWYV Kal
EKEIVWV PE €K YEVETA DEPPATIKEG BAGREG, paupIoPa N
TaTouddq)

e OTaV N nuia TTEPITTAEKETAI OTTO 0idNUA, UTTOEIa TWV I0TWV
1l GAAEG ETTITTAOKEG

*  KAivikr} agloAéynon

«  OTITIKA KAl ATTTIKA EKTIKNON €ival N TTI0 EUPEWG

XPNoiJoTToiouuevn PEBOOOG agioAdynong

* H akpiBela e€aptdral atmd TNV EUTTEIPIA TOU YIATPOU

*  KaBopilel TIG aTTOQPACEIG OXETIKA HE TN XEIPOUPYIKA
eTEUPaoN
* Na yivel vwpiTepa, Kal yia JEPIKOUG
« [lpétTel va atmo@euyeTal yia AAAOUG
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Doppler OCT
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Doppler OCT

Retinal blood vessel flow Letigeb et al, Opt. Express 11, 3116-3121 (2003)
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Laser Speckle

« Speckle was discovered as an unexpected
phenomenon when the first lasers were in
operation (~ 1960)

« Optical interference effect
» Objects are illuminated with coherent (laser) or
partially coherent light

 Constructive and destructive interference from
multiple sub-resolution objects

« Grainy in appearance, with light and dark "speckles

 Laser speckle offers the possibility of _
developing a full-field technique for velocity
map Imaging
« Produces an instantaneous map of velocities in real
time
* No need for scanning
» Blood flow measurement in assessing conditions
such as

- Inflamation, healing process, burn assessment, intra-
operative measurement, dermatology (psoriasis, skin
flap failure, skin irritation), physiology
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Laser Speckle

* Properties of speckle

* A random phenomenon which can
only be described statistically

* The size of the individual speckles
has in general nothing to do with
the structure of the surface

» Determined entirely by the aperture
of the optical system used to

observe the speckle pattern (eye,
camera aperture, etc.)

« Speckle contrast

C __9%9 1

<l >
» 0. standard deviation
* <|> mean intensity

* |deal case =1

« Completely blurred =0

speckle

coherent
T<< T,

b\ r

I

incoherent
T>> 1,

partially coherent
T~1s
O<op/p <1

Ull'l].l.!—=0

[

Thompson, APPLIED OPTICS, 36 (16) 3726, 1997




Laser Speckle

* Time-varying speckle
« Speckle pattern changes with
motion

« Small movements of a solid
object - speckles move with
the object (i.e., they remain
correlated)

« Larger motions - speckles
“decorrelate” and the speckle
pattern changes completely.

» Decorrelation also occurs
when the light is scattered
from a large number of
iIndividual moving scatterers,
such as particles in a fluid.
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Laser Speckle Imaging (LSI)

« Acquire successive images
of sample speckle

« Each image will display a
slightly different speckle
pattern, caused by the change
of position of moving
scatterers in the area of
Interest.

 If the time lapse between
Images is known

« Examine the intensity
variation of individual
speckles at the same position
in each image

« Calculate the velocity of the
scatterers responsible for the
variation.

Laser 4—— CCD
Diode™, Camera

Computer with
Frame Grabber
and Imaging
Software

Laser Diode
Controller Unit

Laser Speckle Imaging System
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Laser Speckle Imaging (LSI)

Velocity (in arbitrary unit)

« Computed from the inverse of the . N
correlation time —2T
. o O T —
Relative velocities s __ ) C 1_ e Tc X
* Relative spatial and temporal | 2T
velocities can be easily obtained from <Il>
the ratios of the correlation times \ /

N |-

Absolute velocity 1
« Theoretically, it is possible V oC —

 Relate the correlation time to the
absolute velocities of the red blood T
cell

« However, it is difficult to do in practice T :
« The number of moving particles that - exposure time of the CCD

the light interact with and their T.. correlation time
orientation are unknown. o,: standard deviation of the speckle pattern
The relative blood flow is computed intensity

by taking the ratio of the correlation <I>: mean intensity of the speckle pattern
time image at any point and a v: relative velocity

baseline image

C
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Laser Speckle Imaging (LSI)

* Important considerations
e Laser wavelength

« Suitable to achieve some tissue penetration for blood
flow mapping.

 Pixel Size

» To ensure proper sampling of the speckle pattern, the
size of a single speckle should be approximately equal
to the size of a single pixel in the image

 ROI for statistical estimates

* The size of the region over which the speckle contrast is
computed must be large enough to contain a sufficient
number of pixels to ensure accurate determination of
standard deviation & mean intensity

* But not so large that significant spatial resolution is lost
 In practice: 5x5 or 7x7

20
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Laser Speckle Imaging (LSI) AtA

 Raw Vs. Speckle Contrast
Image
« 785 nm laser diode expanded
to illuminate a 6x4mm area of

rat cortex (skull removed, dura
intact)

 The area was imaged onto an

« Speckle contrastrange: 0 ~ 1

* 1:no blurring of the speckle
pattern

» 0: the scatters are moving
fast enough to average out all
of the speckles

« Darker color - higher blood
flow

speckle contrast image

D. Boas, Harvard Medical School 21



Laser Speckle Imaging (LSI)

r
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Image of a hand, showing the reduction in
perfusion caused by a rubber band around the
base of a finger. (The rectangle is a control patch
to ensure there was no gross movement of the
hand.)

Figure 13. Laser speckle contrast image of part of a forearm, showing increased perfusion around
a superficial burn (scalded by steam).
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Laser Speckle Imaging (LSI)

(a)
Figure 11. Laser Doppler images, showing perfusion (a) before and (b) after gently scratching a
small area on the back of a hand.

(a) (b)

Figure 12. Laser speckle contrast images, showing perfusion (a) before and (b) after gently
scratching a small area on the back of a hand.
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Laser Speckle Imaging (LSI)

[

« Comparison Four Blood Perfusion Imager

Laser Doppler imagers Laser speckle contrast imagers

Moor Instruments  Lisca AB Kingston

{moorLDI) (PIM II) (LASCA) Harvard
Wavelength 633, 685, T80 670 nm 633 nm T80 nm

and 830 nm
Depth probed 0.1-2 mm 0.1-1 mm 0.1-1 mm 0.1-1 mm
Laser power 2mwW I mW 30 mwa 30 mwH
Maximum scan area 500 x 500 mm 300 x 300 mm 150 x 50 mm®* 20 = 20 mm?
Pixels displayed 256 = 256 256 = 256 40 = 480 640 = 480
True resolution 256 x 256° 64 =% 64° : ;
Time for image capture or scan 5 min® 4 lfz min®
Time for capture plus processing 5 min® 4 1,{9_ min®

1 As the whole area is illuminated in the laser speckle technique, the laser power required will always be higher than
that of the scanning laser Doppler imagers. However, the power required can be reduced by having a more sensitive
CCD camera or by imaging a smaller area. Likewise, the area that can be imaged depends on the laser power and the
camera sensitivity. The areas quoted here are those actually used by the groups concerned.

P The moorLDI processes each pixel in the arrayv, at the expense of a relatively slow scan rate.

© The Lisca PIM II processes an array of 64 = 64 pixels and interpolates this to obtain the 256 = 256 display.

4 The quoted resolution for the laser speckle contrast imagers assumes that a 5 x 5 pixel block has been selected for
computing the local contrast. If a 7 = 7 block is used, in order to improve the statistics, the true resolution 1s reduced
to 90 = 70 pixels.

® By reducing the number of scanned points to 64 x 64, the scan time can be reduced to 40 seconds.

T'This can be reduced to just over 1 lfz minutes at the expense of image quality.
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Laser Speckle Imaging (LSI) (

« Endoscopic Laser Imaging of
Tissue Perfusion: New
Instrumentation and Technique

c d

Low High
Perfusion { Perfusion

Fig. 3. LSI perfusion images of rabbit knee joint capsule. a, b: Images obtained with remote
instrument; (e, d) images obtained with endoscopic instrument; each pair of images shows
blood flow to the joint capsule before and after femoral artery occlusion.

In-Vivo Measurements

Figure 3 compares perfusion maps of rabbit MCL gene-
rated using the remote LS and the endoscopic L3I, The
images are color coded, with low flow areas represented by
blue, moderate flow areas represented by green and vellow,
and high flow areas represented by pink, red and white.
Figure 3ab show the decreased blood flow to the joint
capsule produced by femoral artery occlusion measured
using the remote L3I system. Figure 3c,d show similar
images generated with the endoscopic LSI system. The field
of view is similar to the remote instrument and the same
blood vessels can be seen in each image. The dark blue
object in the bottom left corner of each image is a corner
from the square target used for motion detection.

Video
cco Vidao manitor |

Channel
splittar

Frame
grabbar card

Coupling
lens

Tissue
Blood | +=—

flow
monitor

Processor

Block diagram of remote LSI instrumentation.
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