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I nvention The present invention relates to a short coherence | ength Dopple
vel oci metry system Background of the Invention The hunman retina is
sensitive to-~alterations in blood flow pravided by the retinal vascul ar
systen1Such M terations in bl ood flow may: (a) occur as a result of a

speci fi¢ ocular disease such as bl ood vessel occl usion or (b) be associ at ed
with a systen1c di sease such as di abetes or system c hypertension, which
alterations in blood flow often lead to blindness. In light of this, an
efficient,-reproducible method for measuring blood flowin the retina is
inportant for use in diagnosis and treatment of retinal vascular diseases.
A nunmber of apparatus are known in the art for measuring/estimating bl ood
flowin the retina, however all suffer fromone or.- nore drawbacks. One such
prior art apparatus is an ultrasound i nmaging syst em whi ch measures a

Doppl er-shift in a rieflected wave. The ultrasound i nagi ng system uses a
first technique to provide output to a user in-a format known as Spectr al
Doppl er flow mapping and a second technique to provide output to the user
in a format known as Col or Doppler flow mapping, which first and second
techniques differ mainly i-n the manner in which data is presented to the
user. The ultrasound inmagi ng systemsuffers froma drawback in that neither
the first nor the second technique can provide accurate three-dinensional

| ocal i zation of SEEYRTEOHERENCHERETH, IROPPILEN SEI IMITR Y VS 1ToM
direction of bloo owrelrative to a directron of sound wave propagati on
(known in the art as "transducer alignnent"”). The inherent uncertainty in
bl ood Technical Field of the Invention

The present invention relates to a short coherence length Doppler
velocimetry system.

Background of the Invention

The human retina is sensitive to alterations in blood flow provided by the

retinal vascular system. Such alterations in blood flow may: (a) occur as a result of a
'speciﬁc ocular disease such as blood vessel occlusion or (b) be associated with a systemic
disease such as diabete__s or systemic hypertension, which alterations in blood flow often lead
to blindness. In light of this, an efficient, reproducible method for measuring blood flow in
the retina is important for use in diagnosis and treatment of retinal vascular diseases.

A number of apparatus are known in the art for measuring/estimating blood
flow in the retina, however all suffer from one or more drawbacks. One such prior art
apparatus is an ultrasound imaging system which measures a Doppler-shift in a reflected
wave. The ultrasound imaging system uses a first technique to provide output to a userin a
format known as Spectral Doppler flow mapping and a second technique to provide output
to the user in a format known as Color Doppler flow mapping, which first and second

~ techniques differ mamly in the manner in which data is presented to the user. The

_ ultrasound imaging system suffers from a drawback in that neither the first nor the second
technique can provide accurate three-dimensional localization of a signal, nor can these
techniques account for the direction of blood flow relative to a direction of sound wave
propagation (known in the art as "transducer alignment"). The inherent uncertainty in blood



2 flow.direction, referred to as transducer. alignnent error, can have |arge
effects on the neasured .velocity. Furthernore, filter settings in the-

ul trasound apparatus can also. have |large effects on the absol ute neasured
velocities. Filter induced errors, conbinéd with transducer  alignnent
errors,\havekthe consequence that ultrasound Doppl er techni ques can provide
only an averaged estimate of retinal blood flow Another such prior art
appar at 'u§ is a Confocal Scanni.ng Laser Ophthal moscope ("CSLO') which can
provide accurate three-dinmensional images of the anterior eye, including
"the retina. Blood fl ow neasurenents in the retina have been nade using the
CSLO i nst r uflewtditegtiom aeferred tawes transducse alignmemh emore cathieave largé effesteoncthet  dyes
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attaching a,d ﬁ%@fd’eg %§ e s%rength of the time-dependent fluorescence. This technique suffers from
a drawback in that it requires extensive post-processing of video images by a trained
operator to extract gray scales and to correlate the gray scales with blood flow, see an
article entitled "Retinal Circulation Time Determination using the SLO - Image Processing
Techniques" by P. G. Rehkopf, J. W. Warnicki, L. J. Mandarino, T. R. Friberg, and D. N.
Finegold, paper presented at the First International Symposium on Scanning laser
Ophthalmoscopy and Tomography, University Eye Hospital, Munich,' Germany, July 7-8,
1989. A further drawback of this technique is that it requires injection of dyes into the
blood stream.

Still another such prior art apparatus is a Laser Doppler Velocimeter
("LDV") which measures blood flow velocity in the retina by attaching a laser/detector
system to a standard fundus camera, see an article entitled “Near-IR Retinal Laser Doppler
Velocimetry and Flowmetry: New Delivery and Detection Techniques" by B. L. Petrig and
C. E. Riva, Applied Optics 30, 1 June 1991, pp. 2073-2078. The LDV technique can
provide localized (on a 2-D plane), absolute measurement of blood flow velocity in major
retinal vessels (>50 um diameter) in a non-invasive manner. However, the standard LDV
technique suffers from several drawbacks. First, the LDV technique suffers a drawback in
that it cannot provide 3-D localization by itself. Second, the LDV technique suffers a
drawback in that it includes simultaneous measurement of all blood velocities within a blood
vessel (as is well known, blood flows fastest in the center of the blood vessel and slowest at
the wall). The presence of all blood velocities within a detection signal: (a) complicates the
analysis and, (b) when short sampling times are used to avoid multiple scattering artifacts,
makes interpretation of the detection signal difficult. This is illustrated in FIG. 1A where,



systemto a standard fundus canera, see an article entitled "Near-I1R

Ret i nal Laser Doppl er Vel ocinetry and Flowretry: New Delivery and Detection
Techni ques" by B. L. Petrig and C. E. Riva, Applied Optics 30, 1 June 1991,
pp. 2073-2078. The LDV techni que can pr ow?de | ocalized (on a 2-D plane),
absol ut'e nedsurenent of blood flow velocity in major retinal vessels (>50
[err] di arreter) I n a non-invasive manner. However, the standard LDV
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signal strength and this produces a flat frequency spectrum. Beyond fi,44 there is no
further signal, except for the noise terms. In contrast to the idealized case of single
scattering shown in FIG. 1B, FIG. 1C shows a representative spectrum from actual blood
vessels wherein multiple scattering forces the use of very short sample times. The use of

short sample times, in turn, makes exact determination of fij,ax difficult because the
reflected signal is naturally stochastic and, as a result, short sampling times increase the
noise. However, long sample times allow the signal beyond 5« to build up (mﬁltiple
scattering can cause frequency shifts larger than f,5y). Therefore, determining the cut-off
frequency fi,ax is possible only for short sampling times. Fourth, the LDV technique
suffers a drawback in that it relies on reflection from the blood vessel wall as a "local
oscillator" (the blood vessel wall provides a strong, non-Doppler-shifted reference beam).
Interference between the local oscillator beam and the Doppler-shifted signal causes a low-
frequency beat signal in the detector from which the velocity can be extracted. However,
the beat frequencies are typically a few kilohertz and are therefore sensitive to low
frequency 1/f noise which is inherent in the LDV apparatus.

In light of the above, there is a need in the art for an apparatus for providing
non-invasive, blood flow velocity measurement which overcomes the above-described
problems.



case of. 'single scattering, the neasured LDV.Ssi gnal frequency spectrumis
constant with respect ta frequency up-to a. maxi mum frequency, [err], where
it abruptly drops to the shot noise limt. This behavior is caused by t he
parabolic red blood cell velocity profile féound in blood vessels. The

par abol k¢ ve%00|ty profile causes each velocity increnment (corresponding to
a Doppl er_frequency increnent) to contribute an equal anount to the
measured LDV signal strength and this produces a flat frequency spectrum
Beyond [err] there is no further signal, except for the noise ternms. In
contrast toSubdrgefithedakentioie of single scattering shown in FIG 1B, FIG
1C shows a representative spectrum from actual bl ecod vessel s wherein
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overcormes t @Emé‘ ggtlcal ij q tﬁe cc(Janerence length of the light source (for example, the use
ofa superlummescent light emitting diode source can provide temporal coherence lengths
on the order of 30-60 femtoseconds and, as a result, can provide optical lengths on the
order of 10-20 um). This balance, in turn, requires accurate location of a reference mirror
and, therefore, provides an accurate measurement of position of a reflected sample beam
(for example, the z coordinate or depth of the point of reflection). In addition, a fundus
camera and/or standard scanning optics used to steer the sample beam provides an accurate
measurement of the (x.y) coordinates of the point of reflection of the sample beam. A
second reason for the advantages of the present invention is that the 3-D spatial locahzatlon
allows Doppler-shifted light arising from the center of a blood vessel to be independent of

~ non-Doppler-shifted light arising from a wall of the blood vessel. As a result, signal analysis

is simplified and less ambiguous. A third reason for the advantages of the present invention
is that multiple scattering effects are minimized since, in blood vessels, multiple scattering of
light occurs over distances large compared to the coherence length of the short coherence
length source. A fourth reason for the advantages of the present invention is that the
reference beam can be modulated at frequencies well above the 1/f noise of the instrument,
improving the signal-to-noise ratio of the measured Doppler shifts. Thus, in accordance

with a preferred embodiment of the present invention which overcomes the 1/f noise
problem, a separate reference beam is utilized that allows the signal to be frequency-shifted
well above the 1/f noise.



4 Summary of the Invention An enbodi nent of the present invention is an
apparatus for providing non- invasive, blood flow velocity neasurenents
whi chi-over cones the above-described problens in the art. In particular, an
enbodi ment of the present invention conpri8es a Mchelson interferoneter
whi ch iscludé&s a short coherence length |ight source. Enbodi ments of the
present invention provide the follow ng advantages: (a) excellent
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advant ages of the present ipnvention.is t the 3:D spatial_ |pcalization
g PTeSR a pref%rred embodiment %{ne present invention: (5 the ﬁg t source 'IiS a

superluminescent light emitting diode which is focused: (i) through a pinhole aperture or (ii)
into a single mode optical fiber to provide good spatial coherence; (b) the sample and
reference beams are produced by a beam splitter; (c) means for directing the sample beam to
a specific area within the biological sample comprises a fundus camera or a slit lamp
biomicroscope with fundus viewing optics; (d) the detector means comprises a photodiode
or similar device; (e) the translatable reflecting means comprises a retroreflector mounted
on a galvanometer or similar apparatus; and (f) the analyzer means comprises a gated timer
and a frequency to voltage converter or a microprocessor controller or equiw;alent.

In a second embodiment of the present invention, the accuracy of the
apparatus is improved by directly monitoring the actual speed of the retroreflector in the
path of the reference beam ("reference mirror"). All galvanometers exhibit, to varSring
degrees, small velocity changes as they scan along their range of motion. These velocity
changes show up as a frequency band about a central beat frequency in the interference
signal output by the detector. Since the measured blood velocity is only accurate to within
the velocity uncertainty of the reference mirror, the uncertainty can be reduced, or removed,
by accurately measuring the velocity of the reference mirror at all points during its travel.
Many galvanometers are equipped with a mechanism that provides a direct electrical
indication of relative pds_ition. In this second embodiment, the electrical signal provided by
the galvanometer is electronically differentiated, the differential being proportional to the
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all ows Doppler-shifted Iight arising fromthe center of a blood vessel to
be i ndependent of non-Doppler-shifted light arising froma wall of the
bll'ood 'vessel. As a result, signal analysis is sinplified and | ess

anbi guous. A third reason for the advantages of the present invention is
that noltighke scattering effects are minimzed since, in bl ood vessels
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Brief Description of the Figure

FIGs. 1A, 2B, and 2C provide an aid in understanding the drawbacks of the
prior art long coherence length, Laser Doppler Velocimetry ("LDV"),

FIGs. 2A, 2B, and 2C provide an aid in understanding the advantages of the
inventive short coherence length Doppler velocimetry system,

FIG. 3 shows, in pictorial form, an embodiment of the present invention
which compensates for uncertainties in galvanometer speed;

FIG. 4 shows, in pictorial form, a further embodiment of the present
invention which corrects for uncertainties in galvanometer speed;

FIG. 5 shows, in pictorial form, an embodiment if the present 1nvent10n
which comprises a fiber optxc based system which includes polarization compensating
loop(s);

FIG. 6 shows, a block diagram of the x~y scanning optics of the apparatus
shown inFIG. 5; and . '

FIGs. 7A, 7B, and 7C illustrate, in 'picton'al fonﬁ, the inventive method of
detemﬂning absolute velocities using short coherence length interferometry;

FIGs. 8A, 8B, 8C, and 8D illustrate, in pictorial form, signals obtained from
the detector of the embodiment of FIG. 3, |



(f) optional nodul ator neans disposed in the reference beampath to

nodul ate the reference beam at high frequency when needed; and (g) anal yzer
means for measuring the tenporal and frequency conponent of the detected
interfering light and for determ ning the7RBC speed based on these
measurenent st In a preferred enbodi ment of the present invention: (a) the

| ight source is a superlum nescent light emtting diode which is focused:

(i) through a pinhol e FAGeY shsves Pblotk dibgiakt 6F cheeinibalimeRPERhe RhdIgA; of FIteIr3;t 0
provi de good _spatial coherence; (b) the sanple and reference beans are
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apparatus; and (f) the anal yzer neans conprises a gated tinmer and a

frequency t g v?g aige converter or a microprocessor controller or
equi val ent . 198 bodi ment of the present invention, the accuracy
of the apparatus is inproved by directly nonitori ng the actual spee'gl of the
gal vanometer s exhi bi ¢ Ve B FLIFON Gl G SECTORRREL ol T o5 e O Bty
scan al ong stesi fromahg&cbthahtongeoherthedengte karcdsyi.« flasegs svestroseduThase a
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' 1/f noise of the instrument. These advantages occur for the following reasons. A first
reason for the advantages of the present invention is that the short coherence length
requires the reference and sample arms of the interferometer to be balanced, i.e., to have the
same optical length, to within the coherence length of the light source (for example, the use
of a superluminescent light emitting diode source can provide temporal coherence lengths
* on the order of 30-60 femtoseconds and, as a result, can provide optical lengths on the
order of 10-20 um). This balance, in turn, requires accurate location of a reference mirror
and, therefore, prbvides an accurate measurement of position of a reflected sample beam .
(for example, the z coordinate or depth of the point of reflection). In addition, a fundus '
camera and/or standard scanning optics used to steer the sample beam provides an accurate -
measurement of the (x,y) coordinates of the point of reflection of the sample beam. A
second reason for the advantages of the present invention is that the 3-D spatial localization
allows Doppler-shifted light arising from the center of a blood vessel to be independent of
non-Doppler-shifted light arising from a wall of the blood vessel. As a result, signal analysis
is simplified and less ambiguous. This is illustrated in FIG. 2A where the coherence length
310 of short coherence beam 320 is much shorter than the diameter of blood vessel 200.
Further, the measured signal can be obtained so that it arises only from a small section near .
the center of the vessel and, thereby, the maximum of blood velocity profile 330 (the spot




6 velocity, and the velocity information is supptied to the analyzer for
usé in correcting the neasured bl ood speeds. In a third enbodi nent of the
present invention, the gal vanoneter speed is al so nonitored, but by
interferometric neans which provide greateB accuracy and reliability than
differeatiating the electrical signal as described above. However, the
interferometric nethod is nore costly. In this third enbodinment, a | ong
coherence | ength source’(for exanple, a distributed feedback di ode |aser
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uncert ai nti eAs bne gal readibynaipeeciat¢)ehid behavior provides for straightforward analysis of blood
velocity. The behavior of the idealized case of single scattering shown in FIG. 2B is
maintained for the representative spectrum obtained from actual blood vessels shown in
FIG. 2C, which spectrum includes the effects of multiple scattering. A fourth reason for the
advantages of the present invention is that the reference beam can be modulated at
frequencies well above the 1/f noise of the instrument, thereby improving the signal-to-noise
ratio of the measured Doppler shifts. Thus, in accordance with a preferred embodiment of
the present invention which overcomes the 1/f noise problem, a separate reference beam is
utilized that allows the signal to be frequency-shifted well above the 1/f noise.

FIG. 3 shows, in pictorial form, embodiment 500 of the present invention.

As shown in FIG. 3, short coherence length source 510 emits beam 520 and beam 520 is
split at beam splitter 530 (preferably) into two, substantially equal intensity beams, reference
beam 540 and sample beam 550. As shown in FIG. 3, reference beam 540 is directed
towards reference mirror 560 and sample beam 550 is directed towards focusing and
scanning optics 570. Reference mirror 560 is translated at a substantially constant velocity
by galvanometer 531. Focusing and scanning optics 570 is means for directing sample
beam 550 to a specific area within eye 588. For example, the focusing and scanning optics

may be a fundus camera or a slit lamp biomicroscope with fundus viewing optics or
scanning optics including orthogonally mounted scanning mirrors, all of which are well
known to those of ordinary skill in the art. An embodiment of focusing and scanning optics
) will be described in detail below in conjunction with FIG. 6. Reference beam 540 is
reflected from reference mirror 560 so that it travels back to beam splitter 530 and sample
beam 550 is reflected from eye 588 so that it travels back through focusing and scanning
optics 570 to beam splitter 530. At beam splitter 530 the two reflected beams converge and
interfere. Beam splitter 530 causes the reflected beams to be directed partially towards



FIG 4 shows, in pictorial form a further enbodi ment of the present

i nvention which corrects for uncertainties in galvanoneter speed; FIG 5
shows, in pictorial form .an enbodinment if the present invention which
conprises a fiber optic based system whi ck i ncl udes pol ari zati on
conpensating |l oop(s); FIG 6 shows, a block diagramof the x-y scanning
optics of the apparatus shown in FIG 5; and. FIGs. 7A, 7B, and 7C
illustrate, in pictorial form the inventive nmethed of deternining absolute
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are overcone py enbodi ments of the ;yresen I nvent 1'bn whi ch conprise a
. (either towards or away from beam splitter 540). The scan length is variable, but is held
constant for a given measurement, typical lengths are on the order of a few millimeters.
After a scan, reference mirror 560 is returned to its starting position and another scan is
taken. Although data may be obtained from the return motion of reference mirror 560, this
is not always done for simplicity. Note that the scan of reference mirror 560 provides the
scan of eye 588 in the z-direction or in depth. .

The following discussion is made in conjunction with FIGs. 8A-8D which
illustrate, in pictorial form, signals obtained from detector 580 of embodiment 500 of FIG.
3. Whenever reference mirror 560 is at a position such that the reference arm optical path
length matches the sample arm optical path length corresponding to near wall 1900 of blood
vessel 1901 (this is indicated by point A shown in FIG. 8A), a relatively large non-Doppler
shifted interference signal will be observed at detector 580. As the scan of reference mirror
560 progresses, interference signals will be recorded that correspond to Doppler-shifted
light which is reflected from moving red blood cells inside blood vessel 1901, At far wall
1910 of blood vessel 1901 (this is indicated by point B shown in FIG. 8A), another
relatively large non-Doppler shifted interference signal will again be observed at detector
580. The envelope of the signal output from detector 580 is shown in FIG. 8B. Time T;
shown in FIG. 8B is given by the diameter of blood vessel 1901 D divided by the product of
sin @ and v, where € is defined in FIG. 8A, i.e., Tj= D/(sin @ * v; ). Typical values for D,
0, and v are: D = 100 microns, & = 609, and v, = 16 cm/sec, which typical values give T;
equal to about 720 microseconds. The signal shown in FIG. 8B consists of rapidly varying
beats and the frequency of the beats depends on both the Doppler shifts from moving
reference mirror 560 and from the moving red blood cells.

In accordance with eqn. (A7) of Appendix A, the peak of the frequency _
spectrum obtained by Fourier transforming a time segment of the signal output by detector

- 580 occurs at a center frequency f' where: (a) f' = 2v'/A; (b) A is the central wavelength of
short coherence length source 510; (c) V' = vy + v;;; (d) v is the component of red blood cell



M chel son interferoneter which includes a short coherence | ength |ight
source. Emhodinents of the present invention provide the follow ng

advant ages: (a) excellent three-dinensional (3-D) spatial localization of
the signal; (b) independence from non-Dopplldr-shifted Iight reflected from
bl ood véssel-“wal l's; (c) multiple scattering effects are minimzed; and (d)
the reference beam can be nodul ated at frequencies well above the 1/f noise
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velocity pr C\)Ir}{elree T?i?ié) o _é—ﬂﬁf of Tp. FIG. 8D shows the two time segments of the signal shown in
FIG. 8C where the dots on the signals represent sample points taken by analyzer 590.
FIG. 9 shows a block diagram of an embodiment of analyzer 590 which is
fabricated in accordance with the present invention. As shown in FIG. 9, signal 1700
output from detector 580 is applied as input to amplifier 1710. The amplified output from
amplifier 1710 is applied as input to bandpass filter 1720. Bandpass filter 1720 is centered
at frequency f; = 2v,/A. The width of bandpass filter 1720 is chosen to limit extraneous -
noise components while ensuring that the additional frequency shifts about f; caused by the
red blood cells are not rejected. As those skilled in the art will readily appreciate, the center
frequency f' of the frequency spectrum of the signal segments will be above or below fr, the
frequency of moving reference mirror 560, depending on whether V| is parallel or anti-
parallel to the direction of the sample beam. In practice, for the case of moving reference
mirror 560 shown in FIG. 3, f; is approximately equal to 400 kHz and the bandpass width is
+40 kHz. - -
The output from bandpass filter 1720 is applied as input to peak detector
1730 to detect the signal peaks shown in FIGs. 8B and 8C. The output from peak detector
1730 is applied as input to microprocessor 1740. The detection of the first of the peaks
shown in FIGs. 8B and 8C indicates the detection of near wall 1900. Further, the tirhe of




8 size can approach 20 [err] in dianmeter and the coherence length is - 10
[err]). Athird reason for thé advantages of the present invention is that
mul tiple scattering effects are mnimzed since, in blood vessels, multiple
scattering of occurs over distances which kke |arge conpared to the

cohererice | &ngth of the short coherence length source. This is illustrated
in"FIGs. 2B and 2C. FIG 2B shows, in graphical form a frequency spectrum
of a measured signal for an i deal i zed bl ood sanple, i.e., a very dilute
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intensity be refElrentt:h
ordmary skill'in the art can readily appreciate, alternative embodiments include use of a
multiplicity of gates to simultaneously sample different time segments of the signal from a
single scan or include converting the entire signal to digital form and storing the entire

signal in digital form for subsequent analysis of the various time segments from the same

scan. In addition, the results obtained for each of the time segments may be averaged over
many scans, depending on the accuracy desired and the noise of the detector output signal.

Microprocessor-1740 displays the results of the analysis, for example, a
graph of vj across the blood vessel, on CRT 1780. Note that further results are described
below. Further note that FIG. 9 shows mirror velocity information being input to

" microprocessor 1740, which mirror velocity information is utilized in performing the
analysis in the manner which was described above and in Appendix A. However, a detailed
description of how mirror velocity information is obtained where the velocity varies is
provided below in conjunction with FIGs. 3 and 4. It should be understood that the
components shown in FIG. 9 represent just one of many possible implementations of
analyzer 590. For exémple, it is understood that all of the elements in FIG. 9 which are
enclosed within dotted line 1800 in FIG. 9 could be accomplished by a microprocessor.

In accordance with the present invention, source 510 is a éubstantially
spatially coherent beam of jradiation that also displays a short temporal coherence,
preferably a temporal coherence which is much less than a picosecond, for example, on the
order of 30-60 femtoseconds. It is preferred to have a substantially spatially coherent beam -
of radiation to ensure that the waves impinging upon the sample region in the eye are



beam 540 and sanpl e beam 550. As shown in FIG 3, reference beam 540 is-
directed towards reference mrror 560 and sanple beam 550 is directed
towards focusing and scanning optics 57G, Reference mirror 560 is
translated at a substantially constant vé ocity by gal vanoneter 531.

Focusi ng and scanni ng optics 570 is means for directing sanple beam 550 to
a specific area within eye 588. For exanple, the focusing and scanning
optics nBipepéally plang veyes tonksip prsvent other dnterfergness whichrwewd paslathen f undus
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) Galvanometers, like galvahometer 531 shown in FIG. 3 which is used to
translate reference mirror 560, exhibit, to varying degrees, small velocity changes as they
scan along their range of motion. These velocity changes show up as a frequency band
about the central beat frequency in the interference signal output by detector 580. Further,
since the measurement of blood velocity is accurate to within the velocity uncertainty of
reference mirror 560, the uncertainty can be reduced, or removed, by accurately measuring
the velocity of reference mirror at all points during its travel. Many galvanometers are
equipped with a mechanism that provides a direct electrical indication of relative position.
In accordance with the present invention, electrical position signal 534 output from
galvanometer 531 is applied as input to differentiator circuit 532. Differentiator circuit 532.
differentiates electrical position signal 534 to produce velocity signal 533 which is
proportional to velocity. Velocity signal 533 (Vyef(t) of FIG. 3) is applied as input to
analyzer 590 where it is used to determine f; from £ = 2V ef(t)/A 4 (Where A is the peak
wavelength of the light source). Since the velocity of mirror 560 is r_nuch greater than the
red blood cell velocity, the Doppler shift caused by the red blood cells (frpc =
2VRBC(t)/A o) will show up as a frequency shift from fi, i.e., the measured Doppler
frequency is f; + fRpC Where the + arises because the red blood cells move both toward
and away from the detector. As those of oid'mary skill in the art can readily appreciate, the
differentiation of galvanometer position signal 534 can occur either through an electronic
circuit like differentiator circuit 532 or it can be computed by analyzer 590. As shown in



(either towards or away from beam splitter 540). The scan length is
variable, but is held constant for a given neasurenent, typical lengths are
on the order of a fewmllineters. After a scan, reference mrror 560 is
returned to its starting position and another scan is taken. Al t hough dat a
may be” obtadi‘ned fromthe return notion of reference mrror 560, this is not
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peak of theeht QG Wavelength AL and are substantially fully transmissive at wavelength As.
Detector 580 is substantially sensitive only to Ag while detector 640 is sﬁbstantially sensitive
‘only to A].. As one can readily appreciate from this, in the second interferometer,
galvanometer-mounted reference mirror 560 becomes the sample mirror and fixed mirror
650 is the reference mirror. Since the coherence length of source 610 is long, the two arms
of the second interferometer do not have to be balanced in length. Then, in accordance
with the present invention, detector 640 outputs a signal whose frequency is directly
proportional to the speed of reference mirror 560, i.e., the resulting interference signal will *
have a beat frequency fB which is directly proportional to the speed of reference mirror 560
vr (fB = 2vi/AL.) The output from detector 640 is applied as input to analyzer 590 and
analyzer 590 uses the frequency information to measure the velocity of reference mirror 560
and, in turn, to measure the red blood cell velocity. In particular, for an embodiment of
analyzer 590 like that shown in FIG. 9, the signal from detector 640 would be bandpass
filtered, gated, converted to digital, and Fourier transformed to detect B as the peak of the -
frequency spectrum for the relevant time segments used in analyzing the output from
" detector 580. In a preferred embodiment of the present invention, long coherence source -
- 610 is a distributed feedback diode laser running at 1350 or 1550 nm (which lasers are
fabricated for use in the telecommunications industry), short coherence source 510 is a




spectrum obt ai ned by Fourier transformng a tine. segnent of the signal

out put by detector 580 occurs at a center frequency f' where: (a) f' =
2v'/[err]; (b) [err is the central mavelﬁngth of short coherence |éngth
source 510 (c) vi =T[err] [err] (d) [e i s the conponent of red bl ood
cell # 10/ (RBC) veIOC|ty which is paraIIeI or anti-parallel to the
direction of sanple bean1550 (see FIG 8A); and (e) [err] is the velocity
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enters fiber 800 and a reference beam which enters loop 830 by fiber optic beam splitter

810. The sample beam and aiming beam output by fiber 800 are directed to the patient's

eye by x-y scanning optics 790 which is described in detail below in conjunction with FIG.

6. The reference beam output from fiber optic beam splitter 810 is coupled into

polarization compensation loop 830. Polarization compensation loop 830 may comprise

one or more loops. As is well known in the art, these loops function by adding a stress-

induced birefringence into the fiber. The stress is caused by wrapping the fiber around a

spool of predetermined size. Depending on the properties of the specific fiber used, and the

availability of spool sizes, more than one such loop may be required to achieve the

' necessary compensation. In accordance with the present invention, compensating

birefringence may be added by use of specifically oriented bends in the fiber or by using free

beam wave plates external to the fiber or a combination thereof. The need for polarization

compensation has been discovered in practice as the fibers tend to change the polarization

of radiation in the sample arm relative to radiation in the reference arm and this acts to

reduce the measured interference signal. In accordance with the present invention,

retroreflector 860 is moved in fixed increments to provide spatial localization, for example,

in the z-direction and frequency shifting is accomplished using one or more of the following

methods. In accordance with the first method,, retroreflector 860 is scanned to provide a -

Doppler frequency of 4V/A. The Doppler frequency for the retroreflector provides a

Doppler frequency of 4V/A because scanning the retroreflector at velocity V causes the

optical path length to change at rate 4V (The apparatus for scanning retroreflector 860 and



FIG 8C where the dots on the signals represent sanple points taken by

anal yzer 590. FIG 9 shows a bl ock diagramof an enbodi ment of analyzer 590
which is fabricated in accordance with the present invention. As shown in
FIG 9, signal 1700 output fromdetector 380 is applied as input to
anmpl i f Fer 1'710. The anplified output fromanplifier 1710 is applied as

I nput to bandpass filter 1720.  Bandpass filter 1720 is centered at
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out put from ect O m Croprocessor .
The det ect i 6btaining vpiomﬁyrlgﬁormanqme Cpmak@ogmmhp nnbp@:en@sham irgJGsndiavdttes

the detecti gi o W&m@{dthggggodlﬁgmtg}ﬁwmﬁmt §me of detection of the
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4000 is output from fiber 800 is collimated by collimating lens 4010 and directed to x and y
scanning mirrors 4020 which are driven by closed-loop galvanometers (not shown). The
beam output from scanning mirrors 4020 is directed by scanning lens 4030 to beam splitter
4040. Lastly, beam splitter 4040 directs the sample beam to eye 5000 through ocular lens
- 4050. Ocular lens 4050 has, for example, aspherical faces and is user adjustable in the z-
axis. ' '

As shown in FIG. 6, illumination path 2010 compriseé light source 4100,
light source reflector 4110 (for example, a spherical reflector), condenser lens 4112, |
illumination slit aperture 4115, and fixation target 4120. Fixation target 4120 is user
adjustable via motorized movement in the x and y axis to the extent of illumination slit
aperture 4115. Slit collimating lens 4130 and slit imaging lens 4140 direct the illumination

- radiation through illumination pupil aperture 4150, beam splitter 4040 and to eye 5000
through ocular lens 4050. - o

As shown in FIG. 6, observation path 2020 compﬁseé objective lens 4200,
system aperture 4210 (not focused), CCD camera lens 4220, and CCD chip 4230.

FIGs. 7A and 7B illustrate, in pictorial form, the inventive method of
determining absolute velocities using short coherence length interferometry. In the choroid
of an eye, i.e., the rear surface, there are a large number of easily seen blood vessels. In
many instances, these blood vessels will be in a plane which is perpendicular to the direction
of the incident light and therefore blood flowing therethrough will impart no Doppler shift.
However, certain blood vessels, or portions thereof, of necessity, will be aligned into/out of



1750 for an anmount of tinme equal to T seconds after detection of the first

peak. The output fromtinmed gate 1750 is applied as input to

anal og-to-digital converter 1760 (A/D 1760) where the signal is sanpled and
converted to digital format. The digital oubput fromA/D 1760 is stored in

menor y* buf fer 1770. M croprocessor 1740 analyzes the digital data stored in
menory, buffer 1770 using a standard FFT algorithm and determnes [err] . As
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scanning optics 790 is oriented so that the Y ax15 1s perpendxcular to blood vessel 2000. As

a result, only scans in the X and Z directions are required. In this set-up,
reflection/interference signals from points 1032 and 1033 are obtained by scanning in the Z-
direction. .

As shown in FIG. 7B, line 8000 represents the start of a Z scan, which Z
scan takes place along the direction indicated by arrow 8010. In accordance with a
preferred embodiment of the present invention, the total length of the Z scan is fixed at, for
example, approximately 1 mm and the optical depth of field of the interferometer path
shown in FIG. 6 is designed to be at least 1 mm so that the liéht beam is always focused
during a Z scan. The Z scan which goes through points R1 and R2 starts from line 8000
and has an X coordinate equal to xg. The signal output from detector 580 during this Z
scan is shown as signal 15000 in FIG. 7C. The peaks of signal 15000 correspond to points
R1 and R2, respectively.. "

' X scans are performed by stepping an X-mirror controller which comprises X
and y scanning mirrors 4020 shown in FIG. 6. In the preferred embodiment of the present
invention, x and y scanning mirrors 4020 are controlled directly by stepper motors which
are controlled, in turn, by microprocessor 1740 of analyzer 590. In accordance with the
present invention an X scan is accomplished as follows. Point R1 is located by an operator



encl osed within dotted line 1800 in FIG 9 could be acconplished by a

m croprocessor. In accordance with the present invention, source 510 is a
substantially spatially coherent beam of radiation that also di splays a
short tenporal coherence, preferably d%enporal coherence which is nuch

| ess than a:pi cosecond, for exanple, on the order of 30-60 fentoseconds. It
S preferred to have a substantially-spatially coherent beam of radiation
to ensure that the.waves inpinging upon the sanple region in the eye are
12 essential Ly plane waves to hel p prevent other interferences which would
mask t heand@ &y §oan srpaderat & seasdigatgas upder processor eniselr ddie outpus fiom deigctoyood

spatial 6O St 1 SOUNhSHNINEBIG AT @#id Be Eacstaeemersmeeftfylp‘ewa&tleymmmsﬂ into
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mode opt Itﬁﬁ&alryl 1%&& ﬁé;%rei&ke@ ot émtstey ar&%hx rfz G&an i PkefSh Prictice 580
corrprr ses glgi)to | ode or si evi ce; rence m.rgor 560

conpri seSe¥r mnérreetelferandgherw}s aaaam&qd fsw gm?m%gn gamEdty i ner
and a fregdepase measufddtfagachmaﬁémralang)a m:qhepemxpemacgeomeﬁy sldwein or
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by [err] from ¢he ﬂ!rsaﬁ dcanl inditated by sighald 580@ G @Ca @awampphltx)qspmc t2 obthehe
descri bedz Qiiqedd GHaP 156384n FIG PRCY &hitided b @GSt B 3ah at xg (see signal
15000 in FIG. 7C). At this point xf- xg = R3x - R1x. These data are then used jin the
manner described below. Although the scan nrocedure is preferably implemented so that |
the scans are performed under processor con t.rolthose of ordinary skill in the art
.Tecognize that they can also be done manually.

(3)  The unknown angle @ (the "out-of plane" angle) and the blood vessel
diameter D are determined as follows:

R3,-Rl1
= -1 X X 1
~f=tan [——-——-—Rzz_mz] )

" and

D=(R2,-Rl,)sinf =(R3, - Rl,)cosd . @

where R1 corresponds to point 1032 shown in FIG. 7B, R2 corresponds to point 1033
shown in FIG. 7B, R3 corresponds to poirif 1031 shown in FIG. 7B, and the subscripts
indicate the X and Z positions respectwely . :

(4)  Asthe Z and X scans are made, the Doppler shift frequency wﬂl
grow, reach a peak, and decline to zero again (Note, in the example shown, the frequency
shifts along X are positive and those along Z are negative - but we are concerned only with
the absolute shifts). This is due to the parabolic v_elocity'proﬁle found in blood vessels
which is given by:



Gal vanonet ers, . | i ke gal vanoneter 531 shown in FIG 3 which is used to
transl ate reference mrror 560, exhibit, -to varying degrees, small velocity
changes as they scan along their range of tion. These velocity changes
show up as a frequency band about the central beat. frequency in the

i nterference.signal output by detector 580. Further, since the neasurenent
of blood velocity is accurate to wthin the veIocrty uncertainty of
reference mirror 560, the uncertainty can be reduced, or renoved, by
accurately neasuring the veIocrty of reference mrror at all points during
its travel. Many gal vanonet er 92are equi pped with a nechani smthat provides
a direct eIectrrgZ!)UP;& dr zbosrtron 1n accordance with the pﬂékent

i nvention, electrical positi i gnal 534 output from gal vanoneter 531 is
applied as input to dlfferentlator circuit 532. Differentiator circuit 532

di f f erent i at aherd ris the radial pesition measyred feom tejongitudinalpkiscthyauigh the ¢enter of g
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skill in the art can rea apprec e differentration

gal vanonet er cﬁﬁgﬁmpéﬁgé’ﬁblﬁ&%fss4 can occur ei ther through an el ectr.onic
circuit like differentiator circuit 532 or it can be conputed by anal yzer
590. As shown in = 13

Vabs = v /cos 6 | | Q)

(5)  Due to scattering effects within the vessel, it may not always be
possible to accurately determine point R2 (point 1033 in FIG. 7B) and point R3 (point 1031
in FIG. 7B). In this case, another method can be used to determine the absolute velocities.
In accordance with this method, determine the location of the largest frequency shift during
a scan along X and Z, these locations correspond to points P1 and P2 in Fig. 7B,
respectively. Then: '

Pl —Rl, ' :
— -1 X Xy - 5
§=ta0"(5, “Ri, )
and
D - - g ©
Py =(P1, —Rl,)cosé = (P2, - Rl,)sin .

The difference values for points P1 and P2 used in eqn. (5) and (6) are
obtained in a manner which is analogous to the timing method described above with respect
to points R1, R2, and R3, except that here one looks for the peaks of frequency shift during
the Z-scans instead of peaks in the interference signal. Typically, the procedure is initiated



FIG. 9, Vref (t) is input to mcroprocessor 1740. In analyzing data froma
time segnent of the signal output from detector 580, m croprocessor 1740
now uti'lizes the value of [err] which coagesponds to that tinme segment. . As
those of ordinary skill in the art should”readily appreciate, [err] may be
averaded over a time segment if differentiator circuit 532 provides
sufficient data. Again, note should be taken of the proper equation to use
for [err’] when a reference mirror 560 is a retroreflector. FIG 4 shows, in
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interferoneter, do not have to be bal ariced I ength. Then, 1 n accordance
with the pCeRERHtONiAMNEAln detector 640 outputs a signal whose frequency
is directly proportional to the speed of reference mrror 560, i.e., the
resulting interference signal wll '



have a beat frequency [err] mhich Is directly proportional to the speed of
reference mrror 560 [err] [err] The output from detector 640 is applied
as input to anal yzer 590 and analyzer 590 uses the frequency information to
measure the velocity of reference nirror2%60 and, in turn, to neasure the
red blood cell velocity. In particular, for an enbodinent of analyzer 590
like that shown in FIG 9, the signal fromdetector 640 woul d be bandpass
filtered, gated, converted to digital, and Fourier transforned to detect fB
as the peak of the frequency spectrumfor the relevant tine segnents used
in anal yzing the output fromdetector 580. In a preferred enbodi nrent of the
present invention, |ong coherence souAggendi®JAi s a distributed feedback
di ode laser running at 1350 or 1550 nm (which |lasers are fabricated for use
in the tel ecomunications industry), short coherence source 510 is a 14
super | um nescent | i gliGel@ shdwsgimﬁictdéalrfunmimsaical&ZEhdmn ideerfercnaeterSB0. i s a
silicon ph ndi | nGaAs)
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' 110. The relative amounts of each portion depends on the nature of the interference at that
moment, i.e., constructive/destructive interference. The general theory of Doppler-shifted
light and Michelson interferometry are well-known and can be found.in many basic
textbooks on physics and optics. Hence, only those aspects will be descnbed which are
needed for understanding the present invention. In accordance with the present invention,
emphasis will be placed on combining short coherence length sources with Doppler
' vefocimetry and extracting velocity information from a reflected beam.
For a monochromatic plane-wave source, the basic equation describing a
measured signal seen at detector 180 of FIG. 10 is given by:

R,,- =-}I°A(R:+R,)+J,-1/R,R, I, Acos(2kAT) | ‘ (A1)

where: Pget is the measured power at detector 180; /o is the intensity of source light beam
120; Ry is the reflectivity of reference mirror 160 (~1.0); Ry is the reflectivity of the sample
(unknown); k is the wave-vector of the light (= 2n/A, where A is the wavelength); Al is the
optlca.l path length difference between the sample arm and the reference arm; and 4 is the
area of detector 180. :

The cosine term in eqn. (A1) describes the interference of the two beams,
which in the case of pure monochromatic light (by definition pure monochromatic light has
infinite coherence length) is simply périodic with A/ (the other terms are constant and are
not useful here). If we relax the assumption of monochromatic light and introduce a broad
band light source which has an intensity peak at a center frequency f,, and which varies in



operaf-or to determ ne the placenent of the short coherence | ength sanple
beam The aim ng beam and the short coherent radiation are conbi ned and

coupled into fiber 750 by fiber optic bea%}splitter 740. Qutput fromfi ber
750 is split into a sanple beam which ent®rs fiber 800 and a reference beam

whi ch enter’s | oop 830 by fiber optic beamsplitter 810. The sanpl e beam and
ai m ng_beam. qut put by fi.ber.800 are directed the patjent's eye by x:y
scanni ng' opl’rr%ﬁgs%y% a\ﬁ}ﬁ"(d,?‘@i%g"ﬁﬂ%ﬁﬁnﬁtéﬂl Wﬁ}t’ a%‘#h os[Y%% %%4eﬁc .Sr‘if‘eu%&nﬁ%‘h"f/vi th
FI G 6. The thisfeuretiusindwave ourhlpens, A (F@wX =2gfchmasi ¢ beam splitter 810 is
coupl ed into polarization conpensation |oop 830. Pol arization conpensati on

| oop 830 may conprise one orpnore loops. As is well known in the art, these
| oops function by(kydirngkpi-c+¥y@$s- induced bireflingence into the faisbgr.
The stress is caused by wapdng the fiber around a spool of predeternined
si ze. Dependi.ng on the properties of the specific fiber used, and the

avai l ability ,of 00l sizes..noLe thap .one such. | Qo be.required to
achi eve the%&eééggr © ‘ﬁﬁé’ﬁ%%ﬁ?@ ﬁglﬁfeﬁei%‘?f&%&\ﬂgtaﬁgy‘ﬁés tbpggkgﬁrtwave

i nventi on, oumpensating birefringence may be added by use of specifically -
oriented bends in the -l ' . al to
the fiber or, a conbi nz;ltﬂlegﬁéatsﬁ%(rig@&%ﬁ%ﬁ%ﬁ?‘?ﬁ%&?ﬁ%@%@@@ omgélgsat I on
has been di {teguenciss presentinshe sQueceds the fibers tend to change the

pol ari zation of radiation in the sanple armrelative to radiation in the
reference armand this S to peduce the neasured interference signal. In
accordance with tﬁgqﬁﬁfig@xﬂn{gyzﬂm&ﬁlﬁkg) oreflector 860 is noved (A3)fi xed
increnents to provide spati al alization, for exanple, in the z-direction
and frequency shifting is acconplished using one or nore of the followng -

Seanned t o BHUF lede SIS S Ehheria raat s denad aBRLT s B Sprnciieio pathor
t Ee r et : 8: gﬂérg‘h misngatches dwsh dargershdrek,, mesigudrm?r_xgth ripidly dirhiaishess eﬂtmlm ni ng.
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ight, and 1f the return packets miss each other in time at the beam splitter due to path length
differences, the interference signal will disappear. This short coherence length therefore
allows one to determine the position of the sample mirror (if the reference mirror location is
known) to within accuracy Ic. This is the basis of short coherence length interferometry for
imaging purposes. . _ :

In practice, the instrument exhibits noise which interferes with the _
measurements. In general the noise arises from both the instrument and the inherent nature
of the measurement. For example the instrument will exhibit Johnson noise (also known as -
white or thermal noise) which arises mainly in the resistive elements of the electronics; shot
noise which is due to both the finiteness of the electron charge and the particulate nature of
the blood flow, and 1/f noise (also known as pink noise) which has the characteristic that it
has equal power per decade of frequency. The exact origins of 1/f noise are not well
understood but it appears in both the instrument electronics (base current noise in
transistors for examplé) and in the blood flow itself. The 1/f noise is the dominant noise in
the velocimetry system; therefore low frequency Doppler shifts (such as those measured in
previous LDV systems) will exhibit a high noise content. However, if the Doppler




15 for nonitoring the speed of retroreflector 860 is not shown for
clarity). In accordance with the second nethod, which may be used al one or
inconjunction with the first method, acgusto-optic nodul ators (which are
wel | known) and/or piezo-electric transdifcers (which are well known) are
attached 1o reference armfiber 830. Then, in accordance with this second
met hod, the length of reference armfiber 830 is varied to provide the sane
type of oftformbtigratdn behangl diwfrequeney kigh eeslightha oVt ndse @ inskmifivant, Fi ber
optic beag‘g%ploi. trﬁ%% 17e 0e &ncd ?)10 a?re standard fiber optic beamsplitters
and such an‘f%%‘ll PRSP MYIED in the tel ecommunications I ndustry.
Not e that the met hodOnatedhmiguetoatanry thesignal bed highomeddlationdtegaentyngtosssanci t y

i nformat i ' | i | ogli &n@ﬁ i I .and 4 are
al so appl ﬁgg g&%&t ereaQ 0 |%1:Hr‘{tﬂa§}t1}gv\q%ﬁ) |nmEp%‘: _91\/__\%11& p‘%ﬁs%o‘\’/\l/sn?s'a bl ock
diragram of x-y scanni ng optics 798 o; enbodi mrent 700 shown in FIG 5. As
showmn in FIG 65 X-Y i opt kESE 490 5 copprised of interfer ter
pat h 2030, illuﬁﬁ“n'éﬁ‘/mz{ %ﬁﬁ—é, laﬁd?%@‘m)'a{ﬂjon pat h 2020. Sa beam-
4000 is output fromfiber 800 is collimated by collimting | ens 4010 and
directed to x and y scanning mrrors 4020 which are driven by cl osed-|oop
gal vanoneters (not sTh&Rgurief ansfemiopheRbbvd équatiGicyletds 1@ fraquémys 4020 is
directed by scanning |ens 4030 to beam splitter 4040. Lastly,- beamsplitter

4040 dir ectEHHERY lI’res‘_ mto eye 5000 through ocular | ens 4050. Ccul ar
| ens 4050 has, for exanple, aspherical faces and is user adjustable in the

z- axis. As shown i g Fl , 11 1um ngtj th 2010 conprises |light source
4100, Pa="JRR 1, Al,expl-(-e Iy (5)

r r

It can be seen from eqn. (A5) that the frequency content is peaked at f;
where £; is the Doppler shift frequency (= 2v¢/A) and decreases as a-Gaussian with width
[c/ 2Vr. ' '

~ Finally, we now assume that the sample mirror is actually a red blood cell
(RBC) that is moving at velocity vRgc. Light reflected from the RBC will be Doppler
shifted by an amount given by:

AfRBC = 1/27 (K;-K) s VRBC (48

where Kj is the k-vector of the incident light, Ky is the k-vector of the scattered (reflected
light), and vRp is the velocity of the RBC. Note that all three quantities are vectors, i.e.,
they are direction dependent. Eqn. (A6) reduces to the simple scanning mirror Doppler
shift if: (a) vRBC is small compared to the speed of light (as it is) so that K ~ [Kgl; (b) the
direction of vR( is parallel to K;; and (c) K is opposite in direction (i.e. reflected) to the
incident light. :

If we define vy as the component of the RBC velocity which is parallel to the
light direction, we can re-write egn. (AS) as:

P =;‘/§—7JR,R, 14l exp-(E Ly (A7)



| i ght éource reflector 4110 (for exanple, a spheri cal reflect or), condenser

l ens 4112, illumnation slit aperture 4115, and fixation target 4120.
Fi xation target 4120 is user adjustable vizg not ori zed novenent in the x and.
y axis to the extent of illumnation slit “dperture 4115. Slit collimating

lens 4130 and slit inaging Iens 4140 direct the illum nation radiation
through illum nation pupil aperture 4150, beamsplitter 4040 and to eye
5000 thr0ugh ul gt lens 4050 bservatlo

conpri ses ob‘j"}g"crfl‘(/és Y &ng Zvd fAisf&s 2&%@%‘@? geezfgaltd W8Ym$(§%rﬁggﬁa‘}rgf:§%2
canera | ens cfl:ﬁﬁg)ed toth tlmﬁddh(the GadRian Widh is JpN"cand tHdacantdrlfmquatcg of the signal.
pictori al ““1 I teh £S5
Usi ng. short _CRoRs b RERfE: 4 mé""e?ﬁ‘&f tF“*é‘P%%dgf%ﬁ@b?“ caf e

i .e., the reparalialvélacity cqmmnentanféhablpad gell Eﬁﬁiﬁ-r That iy £8¢ Py %@é‘rﬂ pesEd

vessel s. 1n fRRS 'tﬁ%l% 2 thd SRGS ﬂ*éh Yesm%éofdhdch vhﬁx eferiei @fdodimend | S
per pendi cul ar_ t'o t Irectiop of  t ﬁ&;l den her ef ?%ﬁ?ﬁbl ood

fl owi ng t her @ithe BIR§ENbARYENtipR,3his ds done “é?m% prmipg g BiFod
vessel's, or ﬂ?ﬂ{sfdrﬁﬂi%atrh@:hﬁﬁﬁvlncﬁﬁswewmﬁwthmddfdﬁdxnaiylsgdienithemrb/ out of

16 the perpendicul ar plane and, therefore, blood flowng therein will have
a parallel velocity conponent [err] that will inpart a nmeasurabl e Doppl er
shift. The inventive nethod for obtaining the absolute blood flow velocity
is described as follows in conjunction with FIGs. 7A, 7B, and 7C. Note that
this description is taken in conjunction the enbodi nent 700 shown in FIGs.

5 and 6 for reference but is.not limted by this choice. (1) . Locate bl ood
vessel 2000 (see FIG 7A). This is done visually, for

~
™ by




exanpl e, :
in FIG 6 Then use x-! scannl ng optics 790 to pl ace the ai m ng beam shown

in FIG 5 on t dpoi nt of,,a bl ood vesseL_AAa.l_J___,Sh.Q\m..g

poi nt 1000 in an readlly appreci at e, |ltRiys 5| 6§§N tihe
sanpl & beam on p0| nt 1000. Locate the front andijrear @Cgf e

bl ood, vessel by observi ng the strength of the interfektesee—signat—aut-puth
from det eCWHat 28QaimbRgs: St rength i s observed by a display of the output from
detector 580 on display 1780 shown in FIG 5 (An exanple of the output is
given in FIG 8B). In accordance with the present invention, and as shown

in FIG 7B, blood vessel \Wd;iaﬁatdm;%mﬁnﬁ i3 édomsahiﬁ%l&odst}ers

i nterferenge,si.gn th Zer. t at po Es 1031, 1032, and 1033.

For the seﬁ Efbg‘%r# F?t 15p c“ilg ﬁﬁfe@“@i’ ‘f‘?@se@pt"’b@ appRTRtuS COMPHY®Sed so

that the Y axis is parsparwdiofalbaamiof radiatiod haeing elprid€ipsl wateleagthewhich, only

scans int Isned. t L - g

of | ect on?fd %50?195?@&%%{@8’ AR Rt hGES s I Shfhee st richis g 1

scanni ng i kess chqse@qndon As shown in FIG 7B, line 8000 represents the

start of a Z scan, B di cat ed
Whdalis for Sp ﬁ’tﬂn% fHebranlifto% ﬁh@fn%)ggﬂeang 'réﬁ&hbﬁﬁebah{p ]e!s : nt

by arrow 8010. In accordapce. w t prefe of t
i nvention, the total MeEAYIN dHchqgégstﬁ ean {q %e%ﬁ“ sample;

appr oxi mat el y 1 nm ambahhﬁ)r@mdcﬁﬁgthé&afeifeneébéanel d of the i nt erfer onet er
path shown in FIG 6 negd t,o be at at the |ight beam
I s always focused dwd:eﬁﬁp "fqgig’ﬁde*ﬁtén Egﬁ%t}ﬁ‘t%% ﬁ?’Bﬂlﬁﬁ? |nts R1
and R2 st areflecfeddron thecar&006 the defleated aefedéncobeadi amslt for gepsdting an insenf¢rencehe

si gnal out %Tﬂfrom detector 580 during this Z scan is shown as signal 15000

in FIG 7C e peaks of signal 15000 correspond to points Rl and R2,
respectively.. X scafaeans forghiering sreeptivp! patlelepgthplthe refesenice beara Gom el er

whi ch conpepiitifig iieans to the detector means at an effective alteration velocity;

analyzer means for analyzing the interference signal to determine the speed
of the blood in the area from a frequency spectrum of the interference signal, the effective
alteration velocity, and the principal wavelength. |

o2 The apparatus of claim 1 wherein the analyzer means comprises
means for determining a shift of a central frequency of the frequency spectrum of the
interference signal from a frequency determined from the effective velocity. .

3. The apparatus of claim 1 wherein the analyzer means further
comprises means for determining the speed of the blood in the area from the width of the
frequency spectrum of the interference 31gnal the effective alteration veloclty, the principal
wavelength, and the temporal coherence length

4, The apparatus of claim 1 wherein the source of radiationis a
superluminescent light emitting diode which is focused through a pinhole aperture.

5. The apparatus of claim 1 wherein the source of radiation is a
superluminescent light emitting diode which is coupled into a single mode optical fiber.

6. The apparatus of claim 1 wherein the means for reflecting the
reference beam comprises at least one reflective surface and the means for altering
comprises means for translating the means for reflecting at the effective alteration velocity.
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and y scanni ng;mjiors Mi n FIG 6. In the preferred enbodi ment of
the present invention, x and y scanning mrrors 4020 are controll ed

directly by step, m, ﬁum] are controlled in_turn, by mcroprocessor
1740 of anal yzerH mmm , ce wit B3t he pr eseni + T T on—arEse=sgan i S
acconpl i shed as fol Iows. Poiht R1 is |ocated by an ET HABBEEN [la Z
scan Ls, made at X coordr nate [err] under processor : ‘
detector 580 is si gn 0 sho the eaks are. identrfied
by peak detector 173 2&3?’5’/‘?@? uggﬁclmm%yvégb Hises DEgRA0L £ r om peak
det ect or 1d@ermining rthqacffesusedteratmwfcxty and for applying thmetﬁcﬂesalmmhmtmtmy

times [errigi th%élnaygblcﬂeﬂ{e rreasured relative to the start of a Z scan.
This information is us to determne [err] from[errt]g Next, incremnental

steps are taken by tBe x- JbeApparstpef daim wherelp the axans r transtaging ontymes a

typi cal I y Pebitiorcsigal & eesneaﬁefdrabeﬁmnmg D3¢ MR f& RIGmihinPcdmpies | S
results .are averaged

t aken, ract er al scaps are taken and_th

for. each |ﬁ8?‘}§r#8h$ﬁ§ nliating the position igual to detergyipe the & Eﬁ'tB’B teration ¥elo¢ite r enent
along X. For the set9up an‘ﬁegﬂmmhwfdﬁm%mﬁm 7B, as increnments are
taken along X, tinesg,ler nd | f oser to the .tinme.or

obt ai ned fromthe firf lIemeZ]ngi d ing tglﬁ a@g;aéoxb%eéomqﬁwnpﬁ aﬁtllﬁeﬁ%‘em%&r
sone poi ntmegnsrwhich includpes lo]ng@bhuhm:eza&m fonece lavigg alpribGipdlovavelenptB, theC)
coi nci des mé&&émg@ eids! prg%d@emﬁn Ff@x‘bn?etter[&t Uk s %ﬁge signal 15000 in FIG

+7C). At this point err are the in the manper descri bed
bel ow. Al't hough the Hestestion agansdurt ermmm%#eﬁeﬁb%@t%rqmﬁmhe

scans are @aphodigid and i trafsmit@psee oGPot ntdrferdingter $inabioithd analy£ek ilehnd, N t he
art recognj | Zf that .they can al so be done manual ly.

l.l

_)'-'KU

the analyzer means further comprising means, in response to the output
interferometer signal, for determining the effective alteration velocity from a central
frequency of a frequency spectrum of the output interferometer signal and the principal
wavelength of the long coherence source.

10.  The apparatus of claim 9 wherein the long coherence length source is
a laser. _ _ :

11.  The apparatus of claim 1 wherein the beam is coupled into an optical
fiber and the sample beam and reference beams are coupled into optical fibers over at least a
portion of their travel f)aths. _

12.  The apparatus of claim 11 wherein the means for reflecting compﬁses
measn for movement in fixed increments and the means for altering comprises one or more
acousto-optic modulators attached to at least one of the reference beam optical fibers.

13.  The apparatus of claim 11 wherein the means for reflecting comprises
means for movement in fixed increments and the means for altering comprises one or more
piezo-electric transducers attached to at least one of the reference beam optical fibers.

14,  The apparatus of claim 12 wherein the means for altering further
compnses means for translatmg the means for reflecting. '

15.  The apparatus of claim 13 wherein the means for altering further
comprises means for translatmg the means for reflecting.

IS e S
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(3) ' The mkﬁem—&ﬁgJ—Herr]-----{the "out-of plane" angle) and the bl ood
vessel di arret ned as follows: [err et
cor responds t ﬁ"ﬂ&i B!}/vn in FIG ?% R2 coiré’ﬁtﬁmﬂEEﬁﬁA@@Eﬁﬁ

shown in FI_G nds to poi n€~°1031 shggwn i nREPCACEDR, andjt he
subscripts.indicate the X and Z positions respectiVery—%t Z and
X scans are made, the Doppler shift frequency will grow, reach a peak, and

dlecl ine to zero agai rné( Notl‘dethbdlﬁ{rhﬂeamhevdbdmfwm ih bRydarsyglsdhi ft s g
along X ar e ' i 0 gncer ne
ol y i t b gt sipahdn bitREtar e el YIS, By menlfy eBisfe BRERD:
profile fo@fd in bl ood vessels which is given by: 18 [err] where r is '
of bl od vessel 2000 B R aRE ki nce*ff#"*”ﬁ*@ %“**“Q%Mé’éﬁ“;%%@&. A bt on
( Poi seui | | 80'%efE%ﬁﬁ)qe‘P% h Mighelsog nterterameterBAYing p refesspes heamaphase referenerbram -
cor{esgo?dphmleﬁt?t@édaraq&ﬁ@amemdcitp rings within the v?ﬁse:cl 1z:and ea;:h ri Pg
contri butes equa en or e flat spectra o
Fig. 1B in the case ilée{ag&er tl“’f‘?@f‘?ﬁ&%@?ﬂéé’% Srher ef ore, knowi ng
the angle [err] and [seamﬁnyﬂleaanqﬂebembmrthabluedoésselmaﬁrétﬂirec_tt'roaibgfﬂafﬁngvard
to obtain \ierehbhcaHRANBatfer Al Hfechile (elBiH) Al QeRBRA Ml FreVfeheAEd botwka 122!

reflected sample beam and the reference beam;

1033

determining a first position of a first wall and a first position of a second wall
from the interference signal;

determining components of velocity of the blood parallel or antiparallel to
the direction of the sample beam from the interference signal by analyzing the frequency
spectrum of the interference signal; _

scanning the sample beam effectively in a second direction to determine a
second position of the second wall; -

| determining the angle of the first direction with respect to a direction of the
blood vessel from the positions; and | _

determining the absolute velocity from the components of velocity and the
angle. ' )

17.  Method for measuring the velocity of blood in blood vessels in
biological samples, in particular, in retinal blood vessels, which method comprises the steps
of: ' _

generating a sample beam having a princip'al wavelength from a short
coherence length Michelson interferometer having a reference beam whose reference beam
path is varied at an effective velocity;

aiming the sample beam at a wall of the blood vessel,

scanning the sample beam over the blood vessel in a first direction by varying
the reference bean path at the effective velocity and détecting an interference between the
reflected sample beam and the reference beam; _

determining a first position of a first wall from the interference signal;

—_—
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vessel, it may not always be -pessi+ble to accuratel y! Qe e rrrrre—pei=f—R2

corre’sbondi ng val ue of r: [err] (5) Due to scattering effects within.the

(point. 1033 in FIG 7B) and ' R3 (point 1031 inj FIHS . HBE‘E
‘anot her net hod c:ﬂ“!ﬂ “ﬂ &ﬂ Ler m ne tHe absol ut el JRERLAQED | n
accordanceiwith t A ) «rmne the | ocation of thée Trargest

frequency shift duri ng a scan along X and Z, these |ocations correspond to
points P1 and P2 in Fig. 7B, respectively. Then: {berr] and The difference
val ues for points Pl deternpningsompprentscof velosity afithe bodparalicherzantiparallel ta
manner Whi CiheidfretitH YRS Santple békn hd 4 Gt E%‘s‘itﬂﬂﬁbf‘i‘%ﬁﬁﬁﬁr@ﬁ%f%@l@&iﬁ% fnlthé espect

to points RL , and , except that he one | opks for the peaks of
frequency s‘ﬁtq‘%"d’GF F%mﬂé‘nﬂy@lﬁﬂ? %F’&X&l’ﬁﬁm’&bﬁ‘&be imterference §ig8ak er ence
signal . Typically, thscapfifg @t atplebeatil difediivly in a séCond)diRbtGPR ddterminedcat i ng
the desired_ bl o(?d VeSS and thefmpo%qlg;nt | ocati-on on the bl ood vessel

wal | . The oiﬁgpﬁ BPSIORLQF pappd QIVEIE 0 to lie in the pl ane of the bl ood
vessel . Then, the conpeterminingibeangldaf the frshdirentidn ¥ithaaspetitotaadirecpomofthien

t he manner ggﬁ{gg,bggg‘dﬁ. Weepésﬁioﬁg%dt he peaks in the frequency shift (X and

e

Y scans are ineated by cross hairs in the view ng optics err|

5 . . Once
and D are known, the Hetermining theabselute velocity from the companents @t) ‘@mtmelmg the
determ ned agpldefore.. '
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I f absol ute bl ood speed val ues are not required, t AR ggg‘q
measurenent of [err] +is sufficient. For exanple, it} WIS SHIEET, i valuabl e
to nonitor the advance/rem-ssion of retjgal vascul a "di s BEELY i ng

several values of [err] taken over tine at the san on. Although

vari bus NSHORT CEOHRRENCRYLERGPH(UPOPPUERYVEDOSEMEERE eEYSTEMhe art, it
shoul d_be Understood that we W sh to enbody W thi n t he scope of the pat ent

gr ant ed hereon all such modi fi c XbserictdF thecDis¢lospe Y and properly cone w thin
t he scope of our contribution to the art. 20 Appendix A FIG 10 shows,

in pictorial form a classical Mchelson interferometer 100. As shown in
FIG 10, source |i gtﬁppam&usﬁmmeesurhgehb fpeedofbloodia blddd vesselsih biolagicdbeam

splitter t e %r]%- sanpl e
beam 150. %’%gPllg?efﬁrc%’y%ﬁ%@ 6lh Ir ec e’iegsbla’?i?Ch apﬁgr%gpﬁﬁgggggrﬁ%@% €0 and
sanpl e bekginof radiatignhavinga m& lavelengthe which rasliatipngs substaniially spatindlt
appar at us cBH&Eﬁt%HQﬂs h'fe I HhEYefice/ten h Whﬂ:h% R§SMAn | 'ﬁib%&!cbﬁ’d‘ (b;LQSed’n?t I na
becones the.sa Ret ur n Ilg are |rec(t )Qaf to beam
splitter PRI F IG5t bt I & SIS Heame B HRce PRRphont
splitter ) mOdltdmng th:e sam‘pwb”eainaarm aﬁearwi&ﬁ:gmeMoglxcﬁl sarhplea(d) Besflectop Ifmt ter 133
causes t rih r 180 an
parti al | y% %e%g# Lf?&gg ﬁagn b@%gh&gﬁéfﬁ’ g&e%g%nwmtg &éﬁh%zb%%? | ?)'% depends
on the natsamplecbreamheﬂectndeﬁrm thenarea and the sefleatsdseference beam and for generating an
con Slt (ralrJCts 'ul\i@l‘fﬁgﬁéer dial, (B dpPhrats Toeiiefing dNEpHADSAR lenbthostitde fiference bean
PP r%‘rom the beam splitter to the detector at an alteration velocity; and (g) an analyzer for
analyzing the interference signal to determine the speed of the blood in the area from a shift
of a central frequency of a frequency spectrum of the interference signal from a frequency
determined from the alteration velocity and the principal wavelength. '

_—
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| ight and M chel son interferonetry are well-known and can be found in nmany
basi ¢ textbooks on physics and optics. Hence, only those aspects will be
descri bed which are needed for. understanding the present invention. In
accordance .wi th the present i nvention, enphasis will be placed on conbining
short coherence | ength sources with Doppler vel oci netry and extracting

vel oci ty. information froma refl ect eg }oqm For a nonochromati c pl ane-wave
source, the basic equation describin asured signal seen at detector
180 of FIG 10 is given by: [err] where: [err] is the measured power at
detector 180; [err] is the intenRRJOB #ARFce |ight beam 120; R is the
reflectivity of reference mirror' 160 {err] is the reflectivity of the

sanpl e (unknown); k is the wave-vector of the light (= [errhﬁ%ﬁé&éé&e@ is
the wavel ength); [err] is the optical %&P | eri@@6h differenc
sanple armand th erence zrﬂf—aﬁﬁ ALY t he of detector 180. The

i bes t nt rence of the two beans, which

cosine termin eqgn.
in the case of pur tic li by definition pure nonochronatic

light has infinite is sinply pepiogtic with Al (the other
terns are constant [and ar : here) ax t he assunption of
nmonochromatic |igh é% ource whi ch has an

intensity peak at center mhich e¥ SPEL 21 intensity as a

uncti on
g

st andard Gaussi
of this source?ZQ

[err]; me can describe the intensity
(=[err] =[err] as:

oeauzeo case-  FIG 1B

SINGLE SCATTERING
SIGNAL
STRENGTH

N SHOT NOISE LIMIT

ACTUAL CASE —-MULTIPLE

SCATTERING F/G 7[
SIGNAL
STRENGTH

) i
0 FREQUENCY fmax




[err] [err] where [err] is the
wi dth of the Gaussian |ight envel ope function and [err] is the center wave
nunber. The neasured signal at detector 180 now becomes (accounting for al
frequencies present in the source): [err] '

(M where.ferr] is called the coherence length and is defined as 2/ Ak. It
can be seen that for path length m smatches nmuch |larger than [err], the
signal strength rapidly dininishes.'AnOEZ?w i ewpoi nt of this description
is that a | ow coherence source emts sh Ulckets of coherent light, and
if the return packets mss each other in tinme at the beamsplitter due to
path length differences, the interference3g@mnal wll disap Thi s, short
coherence length therefore all ows one tg-determ ne the posﬁﬁofﬁ)ﬂa
sanple mrror (if the refgrence mrrorslocation is known) .o wthin
accuracy [err]. This is the basi sN\No#& short coherence length interferonetry
for imaging purp actice,qthe instrument exhibits noise which .
interferes with t he noise arises fromboth the
i nstrunent and Yat:3 or exanpl e the
instrument will exhibit Johnson/ngfse (al so known as_white or thermnal

noi se) which arises mainly in thelresistive el enents2@f the el ectronics;
shot noise which is due to both ¥he 328i t eness of tBEOSDECYESS EIhar ge and
the particulate nature of the blood BExAWM and [err] noise (al so known as

pi nk noi se) which has the characteristic that it has equal power per decade
of frequency. The exact origins of 1/f noise are not well understood but it
appears in both the instrument electronics (base current noise in
transistors for exanple) and in the blood flowitself. The 1/f noise is the
dom nant noise in the velocinmetry system therefore | ow frequency Doppl er
shifts (such as those neasured in

IDEALIZED CASE-
SINGLE SCATTERING F/G 2_8

SIGNAL
STRENGTH

SHOT NOISE LIMIT

1

0 f! |
FREQUENCY

ACTUAL CASE-
MULTIPLE SCATTERING

sionaL ' FIG. 2C

STRENGTH

SHOT NOISE LIMIT

0 fi ™

FREQUENCY



previ ous LDV systens) will exhibit a high noise content. However, if the
Doppl er 22 information can be carried on a frequency high enough that
the I/f noise is insignificant, |ow noise nmeasurenents can be nade. One
technjque ,to carry the signal on a high nodul ation frequency is to scan the
referencerdirror at a known velocity, vr. 1n this technique, eqn. [err]
becones; [err] The Fourier transform of the above equation yields the
frequency dependence of our signal: [q;gn |t can be seen fromegn. [err]
that the frequency content is peaked attr erefr is the Doppler shift
frequency [err] and decreases as a Gaussian with width [err]. Finally, we
now assune that the sanple m rF‘rJG a-i‘ually a red blood cell (RBC) that
is moving at velocity [err]. L{ght\defdlected fromthe RBC will be Doppl er
shifted by an anpbunt given by: [err] wWhere [err] is the k-vector of the
incident light, [err] is the k-vector of the scattered (reflected |ight),.
and [err] is the velocity of the RBC. Note th gall three quantities are
vectors, i.e., they are difeett ) ég . [err] reduces to the

sinpl e scanning mrror Doppl er i L err] is small conpared to the
speed of light (as it is) - ) the
DETECTOR
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A
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direction of [err] is parallel to [err]; and (c) [err] is opposite in
direction (i.e. reflected) to the incident light. If we define [err] as the
conponent. of the RBC velocity which is parallel to.the light direction, we
can re-wite eqn. (AS) as: [err] (A7) 23

wher e’ [err] is V' [err] and f' is [err]/ Hence we see that the noving
sanple mrror has changed both the mr l the Gaussian wwdth is [err]) and
the center frequency of the signal. Ther ore, by Fourier transformng the
measured time-based signal, one can extract the parallel velocity conponent
of the blood cell directly. That is, one perforns a spectral analysis to
determ ne the center frequency [err]. In accordance with a preferred _
enbodi ment of the present invention, this is done by digitizing the signal
and perform ng a fast Fourier tflfﬁm#n a manner which is well known to
those of ordinary skill in the is clainmed is: 1

Apparatus for neasuring the speed of blood in bl ood vessels in biological
sanples, in particular, in retinal blood vessels, which apparatus
conprises: a source of a beam of radiation having a principal wggel ength,
which radiation is substantrally spatrally coherent and has a tgnporal

coherence |l ength which is |ess ftramr=t 590
———— ANALYZER [~
580 DETECTOR
. 1370
KS LONG
-_COHERENCE
N 630 : LENGT_I:I}\SQURCE
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pi cosecond; neans for splitting the beaminto a sanple beam and reference
beam neans for directing the sanple beamto an area within the biol ogical
sanple; neans for reflecting the reference beam detector neans for
detecting an interference between the sanple beamreflected fromthe area
and the refl ected reference beamand for generating an interference signal;
means .for altering an optical path Iengghlﬁf the reference beam fromthe
splitting neans to the detector neans at effective alteration velocity;
anal yzer means for analyzing the interference signal to determne the
profile of the speed of the blood f al ysis of frequency spectra of
time segnents of the interference I,fgﬂe alteration locity in the
time segnents, and the principal wavelength. 2. 7¥ae appar at us of
Claim 1 wherein the anal yzer neans conprises neans for gdetermning, within
a tinme segnent, the speed of blood in a portion of the”blood vessel froma

;:gant ral fre?ue{]ﬁy o:‘tz é{ gque\rzé(q)sp?ct.runl ?eaéhe i nt fe[ er}gﬁdsi ﬁnal in the
i me segnent, e a ion city in i me gnent e
princi pal wavel engt h. /13 The apparatus of¥C aim 2 erein the

anal yzer neang further cofpri means for determning, wthin the gine
segnent, the 3pec®HORTHI o¢d. hesportion pf the bl odd vesse a wdth
of the frequen&@HER : i a dhe i ment ,
the alteration VS@JIRCE {qheNrf+aCi pal wayel engt h, or al
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25 conprises nmeans for identifying the tinme segnent which nmaxi ma of an
envel ope of the interference signal. 5. The apparatus of Claimi4
wherein the means for determ ning further conprises neans for .determning
the profile of speed of blood fromthe interference signal generated during
a single pass of the sanple beam through the bl ood vessel. 6. The
apparatus of C aim4 wherein nmeans foﬁ ﬁq{prm ning further conprises neans
for determning the profile of speed of blood frominterference signals
generated during a nultiplicity of passes of the sanple beamthrough-bl ood

vessel . 7. The apparatus of Caim1l wherein the source of the beam
of radiation is a superlum nescent |ight emtting di ode, wherein the beam
of radiation is focused through a pinhole aperture. 8. The

t he beam of radiation is a-
in the beamof radiation is
The apparatus of Caim 1
nhce beam conprises at | east one

apparatus of daim1 wherein the source of
superlum nescent light emtting dio d
coupled into a single node optical B
wherein the neans for reflecting thé're e
reflective surface and the neans forg aIt j conpri ses nmeans for
translating the nmeans fqg reflectln The apparatus of Claim?9
whi ch further conprises Q§eans for erm nfng the alteration velocity and
for applying th el terat~u-on vel o ty as i kgt to thE anal yzer nmeans. 11.

The appar at us f“C1 ai m J0 wher ei e meangy f or trags at| ng outputs a
position sign J.-;othe ansfor d rm ni

conpri ses ma% d| ent| atl n e_po }
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REPLACEMENT SHEET 26 12. The apparatus of Claim1l wherein the
optical fiber and at | east one portion of a path of travel within the
apparatus of the sanple beam and the reflections of the sanple beamis
conprised of an optical fiber and at |east one portion of a path of travel
wi thin the apparatus of the reference beamis conprised of an optical

fiber. 13. The appar at us of im 12 wherein the nmeans for
reflecting conprises nmeans for nove 1ﬂn fixed increnents and the neans
for altering conprises one or nore acousto-optic ngdlil ators attached to the
optical fiber in the path of travel of the rlef er ece beam 14. The

apparatus of Claim 13 wherein the neans for jaltering fu
means for translating the neans for refl ectijng. {5.

of aim12 wherein the means for ref{@60in
in fixed increments and the neans for al\erife
pi ezo-el ectric transducers attached to
travel of the reference beam.l16. 2 aim 15 wherein
the means for altering further e ransl ating the nmeans
for reflecting. 17. <1 aljm 1 wherein the |ength of
the tinme segnents is prop0O @ _Letp coherence | ength divided
by the alteration vel oci 2000
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18. Met hod for neasuring a profile of absolute value of velocity of
bl ood across a bl ood vessel in a biological sanple, in particular, in a
retinal bl ood vessel, which nethod conprises the steps of: generating a
sanpl e beam having a princi pal wavel ength froma short coherence | ength

M chel soni*nterferoneter having a reference beam whose reference beam path
is varied at an alteration velocity; y§7 aimng the sanple beamat a wall
of the blood vessel; scanning the saM beam over the bl ood vessel in a
first direction by varying the reference beampath at the alteration

vel ocity and detecting an interference signal produced by an interference
between refl ections of the sanple beam and the reference beam determ ning
a first position of a first wall and a first position of a second wall from
the interference signal; determ ning conponents of velocity of the blood
parallel or antiparallel to a direction of the sanple beamfromthe
interference signal by analyzing frequency spectra of tinme segnents of the
interference signal; scanning the sanple beamin a second direction to
determ ne a second%ﬁg&ition of the second wall; determ ning an angle of the
first direction w espect to a direction of the blood vessel fromthe
posi tions; and deternd ning the absolute velocity profile of &te bl ood from
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velocity and the angle. 19. Met hod for nmeasuring a profile of

absol ute value of velocity of blood across a bl ood vessel in a biological
sanple, in particular, in a retinal blood vessel, which nethod conprises
the steps, of: generating a sanple beam having a prlnC|paI wavel ength from a
short’ coherence | ength M chel son interferoneter having a reference beam
whose.reference beampath is varied at an alteration velocity; aimng the
sanpl e beamat a wall of the bl ood véhﬁqu; scanni ng the sanpl e beam over
the bl ood vessel in a first direction by varying the reference beam path at
the alteration velocity and detecting an interference signal y
interference between reflections of the sanple beam and the fgygﬁg Zg/ae
determning a first position of a first wall fromthe interference signal;

determ ni ng conponents ?§"%6|OCIty of the bl oog ggﬁiLb?éEﬁé%ﬁﬂulpa;allel to
m o
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determ ning the absolute velocity profile of the bl ood fromthe conponents
of velocity and the angle. _
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