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Biomedical Optics : course

2. - Light scattering, theoretical background
- Monte-Carlo + numerical assignment
- Photoacoustics

3. Experimental: focus on some techniques:

- Laser-Doppler perfusion
- Self-mixing velocimetry

FdM 2



Laser Doppler Velocimetry

2. Self-mixing LD
Principles
Experimental aspects
Flow velocities
Intra-arterial use




LDV: Principles

K| =2k.sin 6

Kv .
fp =—sin36cosa
T

Normally in tissue: @ issmall : <cos 6> ~0.95 =2 0 <15°

= approx. ok, /v :only v-component L k, measured
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(A) Differential (Dual-beam) Laser Doppler Velocimetry

Interference fringe pattern

L}I
- = 1fm b
@
O Z
: - A
Fringe spacing S =—
2sin o
Scattered Detection preferentially in
intensity | forward direction
burst

e — Doppler frequency
f =2y, (sina)l A



LDV: Types of Instruments (2)

LM LA | LR
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o+ oy [=10 Hz]

Doppler frequency
o, [ <=20kHz]

Doppler intensity
signal :
~ (freq.sign)?



LDV: Types of Instruments (3)

i Homodyne mixing

Averaging by: - random velocities
—_ - (multiple) scattering in random directions




LDPV: Spectra (1)

A

Heterodyne
peak heterodyne

f(op) S(op)

homodyne

0 ®p 0 ®p

Heterodyne peak: due to large amount of non-Doppler shifted
scattered photons.

FdM 8



S(op)

FdM

LDPV: Spectra (2)

Il? Larger v
=

- velocity v

Moments of
Power spectrum:

M. = Ia)”.S(a))da)
0



LDPV: Spectra (3)

M. = jw”.S(w)dw
0

Moments:
n=0: ~ concentration of moving scatterers

n=1: ~ flux of moving scatterers

M,/ M, : ~ velocity
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(B) Laser Doppler Perfusion Velocimetry
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LDPV: Skin Tissue

il A A

laser
diode

MM

detector

I

epidermis

Schematic cross section of
SKin tissue

= : (back)scattered light

AAAANAAnnnnp- - dOppler shifted
(back)scattered light 12
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LD spectra of
finger tip
upon occlusion
of upper arm

LDPV: Signals

Flux = 15t moment of power

spectrum
MW#-

, heart beat
occlusion ‘

Concentration\\\ ' noise
= 0" moment .

ha

<velocity> =
flux/concentration




LDPV: Types of Instruments

glass fibers

(b) Direct-contact velocimetry:
Laser and detector in one probe

* no motional artefacts
« local averaging 14
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(B) Laser Doppler Perfusion Velocimetry: Instrument design

LD-monitor on-a-chip

provides miniature depth-sensitive
Sensor.

photodiode rows

Blue/red electronics:
amplifiers/multiplexers

Red dot In area;
VCSEL- laser diode




LDF - (PU)

Fdm

Clinical applications: (1) Plastic Surgery

1.6+
1.0 o
6- Resulting Inter-
4- vention level
ok ; , - (“alarm value”)
Good Co ised Occlusion -
(n=41) nzgrgor;\)lse (n=10) 10
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Clinical applications: (1) Plastic Surgery

. specificity
£
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Clinical applications: (1) Plastic Surgery

specificity =— (%)
100 90 80 60 40 20 0

I e

sensitivity
(%)
40
Red line:
(P.U.) laser Doppler flowmetry e oy e

20 5

(C) thermometry

(%) =oroeem differential thermometry

Fdm .



Clinical applications: (1) Plastic Surgery

= —F]
p=0.0T1 p=0.007

rest cigarette |  cigarette 2 rest rest
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Clinical Applications (2): PORH:
Post-Occlusive Reactive Hyperemia

S occlusion
I%
2
o 150 -
Q- 1
100 - ¢l flux
50 - |
0 ] ] ]
0 500 1000 1500 2000
time (sec)
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PORH:
Post-Occlusive Reactive Hyperemia

<~ and shunts
Leg arteries and veins:
| - * Resistance R,
Y :R 1 R 1 « Capacitance or
] ’ compliance C,

Capillaries/ shunts:

O — [ - Resistance R, .. R,

« Capacitance or
compliance C,
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Model: jump-response after occlusion:

Rl LR LN
Vg : ClT Vi[|[Re C= ||R;|V,
3
|
. 8,u£|1 . C- 3,
7, 2E h

RC- circuits behave in time like : exp(-t/7):

with characteristic time constant .

V = pressure (voltage) [N/m?]
| =flow (current) [m?3/s]
Q = volume (charge) [m?]

R =resistance =V /1 [Ns/m°]
C = capacitance = Q/V [m>/N]

| = length of tube

r, = radius

1= Vviscosity [Ns/m?]

h = wall thickness

E = Young’s modulus [N/m?]



BRI

Model: jump-response after occlusion:

 y SE— s Measured perfusion:
Ry | R Current | through R,
é v , | _______ v
Exact model:

—t/z —t/r .
=1, fi+ket+k,e V2| ; k,=-1-k,
with k, ,k, =f (R..R,,C,.C,)
Approximation: R, >> R, .. R; (no shunts before entrance in capillary bed)
R, C, << (R,+ R;3) C, (leg filled much faster than capillaries)

MR = ratio of
Iapprox: Ires,t (1 ~in ) [1+ (MR 1) e ] maximum and

resting flux
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Model: jump-response after occlusion:

Oy S— s Measured perfusion:
Ry R Current | through R,
R3

G v | v

Approximation: R, >> R, .. R; (no shunts before entrance in capillary bed)
R, C, << (R,+ R;3) C, (leg filled much faster than capillaries)

MR = ratio of
I approx — I rest (1_ e_t/z-l ) \;1+ (M R _1) e_t/TZ J maXimum and

resting flux
,=RC, ; 7,=C, RoR, ;. MR= R, + R,

R, + R, R,



Post-Occlusive Reactive Hyperemia

| | (- )i+(MR-1)e '™

approx _ ! rest

MR

1+(MR-1) et/z2
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Post-Occlusive Reactive Hyperemia

100 200 300 400 500 600 700 800 800 1,000 1,00 1,200 1,300 1,400 1,500 1,600 1700 1,800 1,900 100 200 300 400 SO0 600 700 800 900 1,000 1,100 1,200 1,300 1,400 1,500 1,600 1,700 1,800 1,800
time (sec) time (sec)

FdM 27



Post-Occlusive Reactive Hyperemia

PAOD 6.5

0 0 Controls <05 24 74 5.8

10

uuuuuuuuuuuuuuuuuuu

(PAOD = post arterial-occlusion disease)

PAOD-patients react much slower after occlusion.
Their reaction amplitude is smaller.
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Clinical applications (3): lontophoresis

A

tissue

Measured:

Influence of drug delivery on flow.

Amp-meter measures amount of injected molecules.
Measure for diffusion coefficient of drug in tissue.
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Measured:
Influence of drug delivery on flow.
Amp-meter measures amount of injected molecules.

Measure for diffusion coefficient of drug in tissue.

Example:

Women with pre-eclampsia (pregnancy poisoning):

- hypertension, proteinuria, oedema,

- due to endothelial dysfunction, changes in vascular reactivity and
permeability for macromolecules

Vasodilatation can be enforced by drugs:
- endothelial-dependent drugs: acetylcholine
- endothelial-independent drugs: nitroprusside

Question: relation between flow change and drug delivery.



x 1)
- \uk Probe tip LDF-probe

X (measurement)

LDF-probe
(reference)

Sponge pad
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Clinical applications (3): lontophoresis

(Nor)epinephrine hydrochloride Vasoconstrictor

Sodium nitroprusside Vasodilator, to smooth muscle walls

Acetylcholin chloride Vasodilator, activating endothelial
vessel cells

Histamine Oedema and vasodilation

32



Perfusion

R

120 - 300 -

Acetylcholin chloride

100 250

Sodium nitroprusside

80 200

60

-20 - -50 -

; 150
e i
0 Wj} ‘NW 0 Mﬂ

L 1811 361 541 721 901 1081 1261 1441 1621 1801 1981 1 212 423 634 845 1056 1267 1478 1689 1900 2111 2322

Time (sec)

Time (sec)

5 Shots: Start (| ) at 600 sec, duration 20 sec each, intervals 90 sec

End (1) at 960 sec
At end of recording: arterial occlusion.

Shown signal = measuring probe — reference probe

Acetylcholine washes out faster, due to vasodilation,

especially with women with pre-eclampsia.




—T{M@—- Diffusion model for lontophoresis

1. 1-Dimensional diffusion : ¢ = concentration

oc o°c D = diffusion Q 7?2
(z,1) P { 4Dt}

ot Oz ° constant

2. Decrease too slow: add decay term: - AcC

oc o°c A = decay Q A
D — c(z,t) = exp{— — At
ot 072 A constant (z.1) \ 7Dt Pt 4Dt }
3. Assume: N shots with Interval At Assume:
N 2
Q z excess (*) flow
AF (t) = exp[- (n—1)s] 0 exp(— — /Itnj
nz_; xDt, ADt, AF(t) ~
t, =t—(n-1At concentration
s = shot saturation constant; (*) = above resting
if s =0: all shots contribute equally flux level.

If s>>1: only first shot contributes



perfusion (a.u.)

200 -
150 -
100 -
50 -
0 . . . LT"“
0 500 1000 1500 2000 2500

time (sec)

Parameters: y,oq=1.15; 71=76+10s; 72=408 +30s;s=0.029 +0.014
Yoreg = 1.90; 71 =65+ 12s; 72=252+30s;s=0.048 +0.028



R

(C) Self-mixing Laser Doppler Velocimetry: Principle

Photodiode Principle:

Laser diode Velocit _
. » laser light reflected/scattered

by moving blood cells,

» partly back-reflected into laser cavity,

« with Doppler-shifted frequency,

Optical fiber Moving cell

* in cavity: mixing with “original” light,
 Doppler signal results,

« can be measured with photodiode



SM-LDV: Self-mixing (2)

M; M, M,

Five-mirror setup:

- M, and M, : facets of laser crystal

- M; and M, : facets of fiber

- M. : reflection at / scattering in moving object MO

FdM

M, M,

MO: moving object

L, and L, : lenses

DL: diode laser +
photodiode

37



amplitude, [mV]

SM-LDV: Self-mixing (3)
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SM-LDV: Self-mixing (4)

No filter

Glass plate

Reflected light will not be focussed onto laser crystal facet.
FdM Only light returning through the fiber will be fed back into the laser cavity. 2°



SM-LDV: Self-mixing (5)
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Liquid flow: Cut-off frequency Flow profile in whole milk,
provides maximum flow velocity normalised on maximum value
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SM-LDV: Self-mixing (6)

Flow — no flow
> - < Cut-off frequency
E" B
5
g
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a ]
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Cathete ac T +
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frequency, [Hz]

Cut-off frequency at 400 kHz corresponds with a velocity of 16 cm/s.

Fgmdependent measurement using an electromagnetic probe: 14.5 + 1.0 cm/s) "



Laser Doppler Perfusion:
Monitoring vs. Imaging

detector

monitoring imaging
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i% graphs vi
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Superficial perfusion of the
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Laser Doppler Perfusion (Imaging)

Typically the highest perfusion is in the boundary around
the ulcer, in inflammatory skin and in granulating tissue
inside the ulcer area.

From: Bornmyr, “Laser Doppler flowmetry and imaging - methodological studies.
Dep of clinical hysiology”,thesis, Malmo, Sweden (1998);

Figure: courtesy: prof. G. Nilsson, Lisca, Linkoping, Sweden)
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Laser Doppler Perfusion (Imaging)

After 30 minutes the

Insertion of a micro- . .
. No hyperperfusion hyperperfusion is reduced.
dialysis fibre into the at the point of

skin. _ _
introduction because o
the skin is anesthetized. (Courtesy: Lisca S'W‘3d‘3n)45
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Basal Ce“ CarCinoma (Courtesy: Lisca Sweden)
Before treatment After treatment

Immediately One week 8.5 months later

~. A B e 58
ot ks e
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Day 1 wound creation

Flow-Maps of a
Healing Wound

Day 10

Day 13

T Y

Black inc
marker on skin

Crust formation

In centre of wound Crust off
Perfusion returning
to normal



Day 2

Day 13

Day 28

Reduced perfusion
in burnt areas.
Increased perfusion
in surrounding skin.

Towards normalisation.

(Courtesy: Lisca Sweden)



Laser Doppler Perfusion (Monitoring)
New developments

Sample Arm
R

—

o
oo

Normalized intensity

50:50

Ly
o
L 1

0.6 1

*  experimental
— MC simulation

o 5 10
Optical path length [mm]

15

The reference mirror selects the depth in the sample from which a coherent Doppler-

shift signal will be measured.
FdM
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sample
P HeNe laser
illuminating beam

scattered light

- lens
< 7~ N CMOS
camera

to PC
Remarks:

- Beam diameter on the sample.....z5 cm
- Sample-to-camera distance.......... 60cm

Imaging using CMOS camera

Advantage of CMOS over CCD camera:

CCD: serial read-out of collected photons
using shift registers
=> slow read-out
=> no dynamic response possible

CMOS: each pixel can be addressed separately,
enables fast dynamic 2D-response

Advantage of CMOS over scanning detector:
Scanning detector:

= measures dynamic signal

= slow imaging due to scanning



Laser Doppler Perfusion (Imaging)

Moving particles concentration, a.u.

0 I 255

Original Smoothed False-color

o N




New development:
Imaging using CMOS camera

Before After
Image processing image processing

Occlusion b




Laser Doppler Velocimetry

« Imaging

2. Self-mixing LD
Principles
Experimental aspects
Flow velocities
Intra-arterial use

The End
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