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IMAGING AND ANALYSIS OF MOVEMENT
OF ERYTHROCYTES IN BLOOD VESSELS IN
RELATION TO THE CARDIAC CYCLE

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] The present patent application claims the priority of
U.S. Provisional Patent Application 60/678,238 to Nelson et
al., filed May 6, 2005, which is incorporated herein by refer-
ence.

FIELD OF THE INVENTION

[0002] The present invention relates generally to analyzing
sampled biological data, and specifically to reducing error in
sampled data.

BACKGROUND OF THE INVENTION

[0003] Diseases involving the retinal vasculature are one of
the leading causes of blindness worldwide. Many of these
diseases are both progressive and treatable. Thus, their early
detection is highly desirable. Diagnoses are often made on the
basis of the many obvious structural changes which may
occur in the retina as a consequence of problems with retinal
blood flow. These include neovascularization (the growth of
new blood vessels in an attempt to compensate for a reduction
in flow through pre-existing vessels), cotton-wool patches
(regions in which nerve fiber axoplasmic transport has
failed), and eventually the degeneration of retinal nerve
fibers. Once observed, these and other phenomena may be
used to diagnose retinal vascular disease, and treatment may
begin to inhibit further degeneration. However, it is desirable
to detect such problems early, if possible, before irreversible
damage has occurred. Thus, attention has focused on devel-
oping methods of diagnosing retinal vasculature problems by
measuring the rate of retinal blood flow, a reduction of which
oceurs prior to later, more serious, problems.

[0004] U.S. Pat. No. 6,588,901 to Grinvald et al., which is
incorporated herein by reference, describes a system for
directly imaging and analyzing the movement of individual
erythrocytes in blood vessels. The system includes imaging
means for acquiring, within a predetermined time interval
from each other, at least one pair of images of at least one
same erythrocyte for producing at least two frames, each
image representing an analog or digital image of the location
of the erythrocyte in each of the frames at a predetermined
time. The system also includes image acquisition means for
collecting and storing analog or digital images in machine-
readable form, and a computer for controlling the operation of
the imaging means and the image acquisition means, for
processing the at least two frames, and for analyzing the
movement of the erythrocyte in the blood vessels. A method
for directly imaging and analyzing the movement of indi-
vidual erythrocytes in blood vessels is also described.
[0005] An article by Michelson G et al., entitled, “Flicker-
ing lightincreases retinal blood flow,” Retina, 22(3):336-343,
June 2002, which is incorporated herein by reference,
describes the examination of retinal blood flow in normal
eyes before and during retinal stimulation by flickering light.
Laser Doppler flowmetry measurements are described as hav-
ing been synchronized with the electrocardiogram, in order to
decrease the influence of the heartbeat on pulsation of retinal
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blood flow. As described, only phases similar in terms of the
systolic or diastolic phase within the heart cycle were com-
pared.

[0006] An article by Grinvald A. et al., entitled, “In-vivo
optical imaging of cortical architecture and dynamics,” pub-
lished in Modern Techniques in Neuroscience Research, U.
Windhorst and H. Johansson (eds.), Springer Verlag, which is
incorporated herein by reference, describes imaging the
brain, and various techniques for reducing the effect of heart-
beat-induced and respiration-induced motion of the brain.

SUMMARY OF THE INVENTION

[0007] Insomeembodiments ofthe present invention, mea-
surement apparatus comprises (a) an optical measurement
device, which generates a burst of light and assesses a physi-
ological parameter of a patient such as erythrocyte movement
in the patient’s blood vessels in response to reflected light, (b)
a heartbeat measurement device, which senses a cardiac
parameter of a patient, and (c) an integrator unit, which
receives input from the heartbeat measurement device and
triggers operation of the optical measurement device. Typi-
cally, but not necessarily, the optical measurement device
comprises a non-invasive retinal scannet.

[0008] Thelightemitted by the optical measurement device
typically comprises visible or near infrared light and/or has a
wavelength in the range of 400-1000 nm.

[0009] There is therefore provided, in accordance with an
embodiment of the invention, apparatus, including:

[0010] a heartbeat measurement device, which is operative
to sense a cardiac parameter of a patient and to generate a
cardiac parameter signal responsively thereto;

[0011] an optical measurement device, which is operative
to acquire data by emitting towards tissue of the patient 400-
100 nm light, and receiving light reflected from the tissue; and
[0012] an integrator unit, which is operative to receive the
cardiac parameter signal and, in response thereto, to actuate
the optical measurement device to acquire the data.

[0013] Inan embodiment, the optical measurement device
includes a fundus camera.

[0014] Inan embodiment, the optical measurement device
includes an opthalmoscope.

[0015] In an embodiment, the heartbeat measurement
device includes an electrocardiograph.

[0016] In an embodiment, the heartbeat measurement
device includes a pulse oximeter.

[0017] In an embodiment, the heartbeat measurement
device includes an optical densitometer.

[0018] In an embodiment, the cardiac parameter signal
includes a digital pulse indicative of a heartbeat, and wherein
the heartbeat measurement device is operative to generate the
digital pulse and not to generate, every heartbeat, additional
information indicative of a measured parameter of the heart-
beat.

[0019] Inanembodiment, the tissue includes a retina ofthe
patient, and the optical measurement device is operative to
receive light reflected from the retina.

[0020] In an embodiment, the tissue includes a tissue
selected from the group consisting of: conjunctiva, episclera,
tongue, a surface-accessible vascular bed, esophagus, stom-
ach, small intestine, colon, an internal surface of a gas-
trointestinal tract, a vascularized passageway, heart, brain,
liver, a surface of a surgically-accessible organ, and a vascular
bed to which access is obtained by catheter, endoscopy,
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microendoscopy, or laparoscopy, and wherein the optical
measurement device is operative to receive light reflected
from the selected tissue.

[0021] In an embodiment, the cardiac parameter signal
includes a varying trace indicative of a plurality of parameters
of a single heartbeat, and wherein the heartbeat measurement
device is operative to generate the varying trace.

[0022] Inanembodiment, the integrator unit is operative to
estimate a duration of a current, not yet completed, heartbeat
responsively to (a) a portion of the varying trace indicative of
parameters of a completed previous heartbeat, and (b) a por-
tion of the varying trace indicative of parameters of the cur-
rent heartbeat.

[0023] Inanembodiment, the integrator unit is operative to
designate atime for actuating the optical measurement device
responsively to timing data from the heartbeat measurement
device indicative of a duration of a prior heartbeat.

[0024] Inan embodiment, the integrator unit is operative to
receive during a current heartbeat an operator command from
a human operator, indicating a readiness to acquire data, and
to actuate the optical measurement device to acquire the data
during the current heartbeat, responsively to the timing data
indicative of the duration of the prior heartbeat.

[0025] Inanembodiment, the integrator unit is operative to
receive during a current heartbeat an operator command from
a human operator, indicating a readiness to acquire data, and
to actuate the optical measurement device to acquire the data
during a heartbeat immediately following the current heart-
beat, responsively to the timing data indicative of the duration
of the prior heartbeat.

[0026] Inan embodiment:

[0027] the designated time includes a plurality of desig-
nated times,

[0028] the integrator unit is operative to designate the plu-

rality of times as suitable for actuating the optical measure-
ment device responsively to the timing data, and

[0029] the integrator unit is operative to receive an operator
command from a human operator, indicating a readiness to
acquire data, and to actuate the optical measurement device to
acquire the data at one of the designated times, responsively
to the operator command.

[0030] Inanembodiment, the integrator unit is operative to
designate the time responsively to timing data indicative of a
trend relating durations of a plurality of previous heartbeats.
[0031] Inanembodiment, the integrator unit is operative to
designate the time for actuating the optical measurement
device responsively to timing data from the heartbeat mea-
surement device indicative of a duration of an immediately
previous heartbeat.

[0032] Inanembodiment, the integrator unit is operative to:

[0033] (a) actuate the optical measurement device at the
designated time during a current heartbeat,

[0034] (b) subsequently determine the duration of the cur-
rent heartbeat,
[0035] (c) process data acquired by the optical measure-

ment device according to a first protocol if the duration of the
previous heartbeat differs from the duration of the current
heartbeat by less than a threshold value, and

[0036] (d) process data acquired by the optical measure-
ment device according to a second protocol if the duration of
the previous heartbeat differs from the duration of the current
heartbeat by more than the threshold value.
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[0037] Inanembodiment, to carry out the first protocol the
integrator unit is operative to designate the acquired data as
good data.

[0038] Inanembodiment, to carry out the first protocol the
integrator unit is operative to process and output the acquired
data for display to a human operator.

[0039] Inanembodiment, the integrator-unit is operative to
determine that the duration of the previous heartbeat (Dp) and
the duration of the current heartbeat (Dc) differ by less than
the threshold value if 1-MIN(Dp,Dc¢)/MAX(Dp,Dc) is less
than 0.20.

[0040] Inanembodiment, the integrator unit is operative to
determine that the duration of the previous heartbeat (Dp) and
the duration of the current heartbeat (Dc) differ by less than
the threshold value if ABS(Dp-De) is less than 50 ms.
[0041] In an embodiment, to carry out the second protocol
the integrator unit is operative to discard the acquired data.
[0042] Inanembodiment, to carry out the second protocol
the integrator unit is operative to correct the acquired data,
and output the corrected data for display to a human operator.
[0043] Inanembodiment, the integrator unit is operative to
analyze the acquired data to generate an indicator of blood
flow velocity, and to correct the indicator of blood flow veloc-
ity by a factor that is based on a known relationship between
typical blood flow velocities at a plurality of phases of a
cardiac cycle.

[0044] There is also provided, in accordance with an
embodiment of the invention, apparatus, including:

[0045] a cyclic-physiological-parameter ~measurement
device, which is operative to sense a cyclically-varying
parameter of a patient and to generate a cyclically-varying-
parameter signal responsively thereto;

[0046] an optical measurement device, which is operative
to acquire data by emitting light towards tissue of the patient
and receiving light reflected from the tissue; and

[0047] an integrator unit, which is operative to receive the
cyclically-varying-parameter signal and, in response thereto,
to actuate the optical measurement device to acquire the data.
[0048] The present invention will be more fully understood
from the following detailed description of embodiments
thereof, taken together with the drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

[0049] FIG. 1isablock diagram of measurement apparatus
for non-invasively measuring the blood flow rate in a blood
vessel of a patient, in accordance with an embodiment of the
present invention;

[0050] FIG. 2 is a sample graph representing a technique
for initiating data acquisition at a time fixed to a particular
phase ofthe cardiac cycle, in accordance with an embodiment
of the present invention;

[0051] FIGS. 3 and 4 are sample graphs representing a
technique for correcting velocity data, in accordance with an
embodiment of the present invention;

[0052] FIG. 5 is a sample graph representing a technique
for reducing phase error, in accordance with an embodiment
of the present invention;

[0053] FIG. 6 is a sample graph representing a technique
for timing data acquisition in response to an operator com-
mand, in accordance with an embodiment of the present
invention;

[0054] FIG. 7 is a sample graph representing a technique
for reducing the latency between an operator command and
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activation of the optical measurement device, in accordance
with an embodiment of the present invention; and

[0055] FIG. 8 is a sample graph representing a method for
enhancing phase accuracy, in accordance with an embodi-
ment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

[0056] FIG.1isablockdiagram of measurement apparatus
2 for non-invasively measuring the blood flow rate in a blood
vessel of a patient, in accordance with an embodiment of the
present invention. For illustrative purposes, the specification
relates mainly, as a practical example, to such measurements
performed in the retina of an eye 8. Measurement apparatus 2
typically comprises an optical measurement device that com-
prises vessel imaging optics 6, such as a fundus camera or an
opthalmoscope for viewing retinal vessels, a flash 14, and an
imager 4 (e.g., a CCD camera). Image data are sent to a
“heartbeat phase and triggering integrator” unit 10 through an
image acquisition interface 12, for example, a digital frame
grabber. Integrator unit 10 controls image acquisition and
illumination timing by means of flash 14. For some applica-
tions, a display monitor 16 is provided for viewing the results
of automatic image analysis and permitting interactive image
analysis, and a printer 18 generates hard copy output of analy-
sis results.

[0057] Integrator unit 10 typically comprises (a) dedicated
circuitry to intput timing and data signals, process these sig-
nals, and output timing and data signals, and/or (b) one or
more programmable units (e.g., embodied ina programmable
digital data processor), configured to input timing and data
signals, process these signals, and output timing and data
signals. Other components of measurement apparatus 2, in
accordance with an embodiment of the present invention, are
described in the above-referenced U.S. Pat. No. 6,588,901 to
Grinvald et al., which is incorporated herein by reference.
These components are described with reference to FIG. 1 of
the *901 patent, and appear in FIG. 1 of the present patent
application using the same reference numbers. Additionally,
all embodiments described herein are suitable for practice in
combination with techniques and apparatus described in the
*901 patent, as well as with other optical blood velocity mea-
surement apparatus known in the art.

[0058] Measurement apparatus 2 additionally comprises a
heartbeat measurement device 3, comprising, for example, a
pulse oximeter, an electrocardiograph or an optical densito-
meter suitable for temporary coupling to a finger or earlobe of
the patient. This list of devices is intended to be indicative
only, and not exhaustive or exclusive.

[0059] Heartbeat measurement device 3 typically has a
digital output (C), such as a TTL pulse, having a temporal
characteristic which has a determinable relationship to the
heartbeat cycle itself. For example, the temporal characteris-
tic may be the moment of a low to high voltage transition of
the TTL pulse, and this may indicate the end of the QRS
complex. Alternatively, the output of heartbeat measurement
device 3 varies continuously, providing more complete infor-
mation about the heartbeat cycle. In this case, integrator unit
10 typically analyzes the output of device 3 to determine a
repeating, fixed point in the cardiac cycle.

[0060] With knowledge of the patient’s cardiac cycle,
operation of flash 14 is timed such that light is delivered and
images acquired during a known phase of the patient’s heart-
beat cycle. These embodiments address the technical chal-
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lenge that the rate of blood flow through all blood vessels
varies substantially over the course of a heartbeat cycle. Since
some sampling periods for use with the apparatus described
in the 901 patent are much shorter than a heartbeat cycle, the
embodiments described herein give the ability to control
when in the heartbeat cycle flash 14 is activated and a mea-
surement is taken. For some applications, flash 14 is activated
independently of the cardiac cycle, and subsequent analysis
of the images acquired also accesses the data from heartbeat
measurement device 3, in order to reject images not acquired
during a designated window of the cardiac cycle.

[0061] In an embodiment, flash 14 is activated at a fixed
time after a known feature of the cardiac cycle, for example,
immediately upon sensing the QRS complex, or within 1-100
ms, 100-300 ms, or 300-900 ms after the peak of the QRS
complex.

[0062] Using this simple algorithm, however, some level of
inaccuracy may be obtained, because when the patient’s heart
rate is rapid, flash 14 may be activated at a later relative phase
in the cardiac cycle than when the patient’s heart rate is slow.
Thus, for example, although activating flash 14 at a fixed time
after the previous QRS complex produces acceptable results
in embodiments of the present invention in which it is desired
to activate flash 14 shortly before systole (e.g., about 100-200
ms before the QRS complex), improvements in accuracy can
be obtained using techniques described hereinbelow.

[0063] Measuring blood flow velocity just before systole,
as provided by these embodiments of the present invention,
provides a stable baseline level of blood flow velocity, at the
slowest time in the cardiac cycle. For some applications, it is
desirable to measure the variability of blood flow velocity
during the cardiac cycle, in which case measurement appara-
tus 2 is programmed to activate flash 14 just before systole
during some heartbeats, and just after systole (e.g., about
0-100 ms after the QRS complex) during other heartbeats. In
an embodiment, heartbeat measurement device 3 operates
during data acquisition periods, but is not used as a trigger for
data acquisition. Instead, data are acquired independently of
the cardiac cycle. During post-processing of the data, velocity
measurements are binned according to where in the cardiac
cycle they were measured.

[0064] FIG. 2 is a sample graph representing a technique
for initiating data acquisition at a time fixed to a particular
phase of the cardiac cycle, in accordance with an embodiment
of the present invention. Measurement apparatus 2 (in this
case, integrator unit 10 or heartbeat measurement device 3)
assesses the instantaneous heart rate of the patient by mea-
suring the interval between the two most recent heartbeat
measurement device outputs. (Alternatively, an average or
other combination of recent heartbeat cycle durations is
used.) At the end of the first heartbeat shown in FIG. 2,
measurement apparatus 2 assesses the instantaneous heart
rate. This heart rate is represented in the figure by its inverse,
duration B1. Measurement apparatus 2 is typically prepro-
grammed to attempt to activate flash 14 at a designated phase
of the cardiac cycle, i.e., at a point ¢ in the cycle, where ¢
could be defined by being, for example, about 10% or about
75% of the cardiac cycle following the QRS complex. The
time A between sensing by heartbeat measurement device 3
of the QRS complex and the output by device 3 of a pulse is
typically fixed. Thus, upon measuring the instantaneous heart
rate B1, and typically in an early stage of the second heart-
beat, integrator unit 10 calculates a data acquisition triggering
time (T) at which flash 14 will be activated and image acqui-
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sition will begin. If the second heartbeat is subsequently
measured to have a duration B2 that is close to Bl (e.g,,
1-MIN(B1,B2)/MAX(B1,B2)<about 10% or 20%) then the
image data acquired at time T are stored. If the second heart-
beat is measured to have a duration B2 that is not similar to B1
(e.g., 1-MIN(B1,B2)/MAX(B1,B2)>about 40% or 50%),
then the image data acquired at time T are typically rejected,
or set aside. Alternatively or additionally, small but non-
trivial deviations between B1 and B2 are identified and a
correction algorithm is applied to the recorded data, as
described hereinbelow.

[0065] Reference is now made to FIGS. 3 and 4, which are
sample graphs representing a technique for correcting veloc-
ity data, in accordance with an embodiment of the present
invention. Sometimes, integrator unit 10 determines that the
heartbeat cycle during which data acquisition occurred was
somewhat longer or shorter than the previously measured
heartbeat cycle. In other words, B2 (on ECG 2, the time
between pulse 2 and pulse 3) is somewhat longer or shorter
than B1 (on ECG 1, the time between pulse 1 and pulse 2).
Thus, a corresponding phase error will have occurred because
$2 for the second heartbeat was not the same as ¢1 for the first
heartbeat. Since blood flow velocity varies as a functionof the
cardiac cycle, this phase error could introduce some measure-
ment error in the blood flow velocity measurement. That is,
some amount of “jitter” exists in the measured data due to
variations in heart rate.

[0066] Ina first method to reduce the phase error, integrator
unit 10 calculates (typically but not necessarily during a post-
processing session after all data have been acquired) the dura-
tion B2 of the heartbeat cycle during which the data were
actually taken. From this, and the information already avail-
able, integrator unit 10 calculates at what phase in the heart-
beat cycle data acquisition actually occurred. Combining
with this measurement previously gathered knowledge of
how blood velocity generally varies in subjects as a function
ofheartbeat cycle (e.g., as shown in FIG. 4), integrator unit 10
corrects the measured velocity so that it approximately
reflects the velocity that would have been measured, if the
duration of the second heartbeat had been known in advance
and the measurement had been made at the desired phase in
the second heartbeat.

[0067] Thus, for example, if the second heartbeat were
shorter than predicted, the velocity measurement will be seen
with hindsight to have been made ata later phase inthe second
heartbeat than desired. In the sample data shownin F1G. 4, the
measured velocity was lower than the velocity at the desired
phase. In order to estimate the velocity at the desired phase, a
correction factor is applied to the measured velocity. In the
example of FIG. 4, a predetermined population-based veloc-
ity calibration curve is known, and is used to generate the
correction factor.

[0068] Inasecond method to reduce the phase error, which
may be practiced in combination with the first method, short-
term trends of heart rate are assessed, and serve as inputs to
the algorithm of integrator unit 10 that predicts the length of
a subsequent heartbeat. An example of this method is
described hereinbelow with reference to FIG. 5.

[0069] FIG. 5 is a sample graph representing a technique
for reducing phase error, in accordance with an embodiment
of the present invention. For many individuals (in particular
sedentary patients), heartbeat cycle time does not increase
and decrease randomly, but rather sinusoidally, roughly as a
function of the current phase of the patient’s respiratory cycle.
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FIG. 5 shows sample data reflecting this phenomenon. Thus,
by analyzing the recent history of the patient’s heart rate (e.g.,
from rate R to R1 in the figure), integrator unit 10 identifies
periodic rises and falls in the heart rate and predicts whether
the next heartbeat in sequence (R2, in the figure) will be faster
or slower than the previous one, and approximately by how
much.

[0070] Therefore, for some applications, prediction based
upon the instantaneous heart rate as described hereinabove
with reference to FIG. 2 is replaced by or supplemented by
(e.g., with weighting of 50% per strategy) a model that looks
at recent short-term variations in heart rate.

[0071] FIG. 6 is a sample graph representing a technique
for timing data acquisition in response to an operator com-
mand, in accordance with an embodiment of the present
invention. Typically, an operator enters acommand in order to
initiate data acquisition, after checking that the patient is
ready and that measurement apparatus 2 is ready and well
positioned with respect to the patient. It is desirable to avoid
a long delay between the operator entering the command to
acquire an image (e.g., by pressing a start button), and the
actual acquisition of the image. Long delays sometimes tend
to degrade the quality of the data acquired (for example, the
patient’s eye may move). Some enbodiments of the present
invention both improve heartbeat synchronization, as
described herein, and minimize the delay between the opera-
tor command and the acquisition of data.

[0072] In accordance with an embodiment of the present
invention, integrator unit 10 calculates potential times to trig-
ger flash 14 on a continuous, rolling basis. Integrator unit 10
knows in advance the time at which the next data acquisition
should occur if an operator command is received, and con-
tinuously prepares itself to acquire data during the current
heartbeat cycle, if possible, or else in the next heartbeat cycle.
If the operator command is not received, then integrator unit
10 does not trigger the optical measurement device to acquire
data when the trigger point is reached (at time ¢1 in F1G. 6).
If in the next heartbeat the operator command is received (at
time A in FIG. 6), then there is no need to wait until the next
pulse from the heartbeat measurement device, as the trigger is
already set (to time ¢2 in FIG. 6). In this manner, the optical
measurement device is continuously pre-primed, and so the
latency from operator command to image acquisition is gen-
erally one heartbeat cycle or less.

[0073] FIG. 7 is a sample graph representing a technique
for reducing the latency between an operator command and
activation of the optical measurement device, in accordance
with an embodiment of the present invention. Under certain
circumstances, it is advantageous to have more than one
“target point” set during a heartbeat cycle when it is suitable
to actuate the optical measurement device to acquire data.
There s, for example, a long period preceding the ECG spike
during which the rate of blood flow changes relatively little.
In FIG. 7, three target points are identified as (¢1, ¢2, and (¢3.
As shown in the sample graph of FIG. 7, no operator com-
mand was received during the first heartbeat, but shortly after
(41, an operator command was received. Therefore, a trigger
was generated in order to initiate data acquisition at 2. With
slight normalizing adjustments analogous to those described
hereinabove with reference to FIG. 4, or by simply accepting
the slight extra variability introduced, integrator unit 10 in
many cases reduces the latency between operator command
and image acquisition to substantially less than a heartbeat
cycle.



US 2009/0221912 Al

[0074] Tt is noted that for many embodiments, the target
points occupy a continuous range of time, e.g., extending
from ¢1 to ¢3, rather than a small number of discrete points.
For other embodiments, a number of target points are distrib-
uted at different portions of the cardiac cycle, in order to
facilitate measurements of, for example, maximum and mini-
mum blood flow velocity.

[0075] For embodiments in which techniques described
herein are practiced (e.g., the embodiment described with
reference to FIG. 7), integrator unit 10 typically stores the
actual instantaneous heart rate of the patient during data
acquisition and the point in the heartbeat when data were
acquired (e.g., the number of milliseconds after the QRS
complex).

[0076] FIG. 8 is a sample graph representing a method for
enhancing phase accuracy, in accordance with an embodi-
ment of the present invention. For some applications, heart-
beat measurement device 3 comprises an electrocardiograph
(ECG) or other generator of a continuously-varying trace of
cardiac activity. In an embodiment, integrator unit 10 com-
pares the state of the trace which begins at the onset of the
current heartbeat cycle (however defined) to a reference trace
that was output during the most recent complete cycle, or
some combination of recent cycles. The comparison may
comprise, for example, expanding the reference trace in time
until it best matches the current partial trace, and noting how
much expansion is required to obtain that match. Alterna-
tively, the current partial trace is expanded until it best
matches the reference trace. An example of such expansion is
shown in FIG. 8. Integrator unit 10 lines up the reference and
current partial traces post-expansion, and assesses (a) how
long the currentheartbeatis going to last, and (b) when during
the current heartbeat the optical measurement device should
be activated to begin data acquisition.

[0077] It is noted that although embodiments described
herein relate specifically to cardiac cycle synchronization of
the acquisition of images of blood vessels for the purpose of
blood flow velocity measurement, the scope of the present
invention include synchronization of data acquisition to other
measurable, cyclic physiological parameters, such as the res-
piratory cycle. (For example, measurements of blood oxygen
levels or control of a ventilator may be synchronized to a
patient’s natural respiratory cycle, using techniques
described hereinabove, mutatis mutandis.) Similarly, the
scope of the present invention includes applying the tech-
niques described herein to facilitate synchronized measure-
ments of blood flow in a range of optically-accessible vascu-
lar beds, including those in:

[0078] retina, conjunctiva, episclera, and tongue (and,
generally, any surface-accessible vascular bed);

[0079] esophagus, stomach, small intestine, and colon
(and, generally, the internal surface of the gastrointesti-
nal tract or any vascularized passageway);

[0080] heart, brain, liver (and, generally, the surface of
any surgically-accessible organ); and

[0081] any vascular bed to which it is possible to gain
optical access by any technique or apparatus which pro-
vide for both illumination and image capture (e.g., cath-
eter, endoscopy, microendoscopy, or laparoscopy).

[0082] The scope of the present invention includes other
techniques for reducing jitter and latency in synchronization
that would be obvious to a person of ordinary skill in the art
who has read the present patent application.
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[0083] 1t will be appreciated by persons skilled in the art
that the present invention is not limited to what has been
particularly shown and described hereinabove. Rather, the
scope of the present invention includes both combinations
and subcombinations of the various features described here-
inabove, as well as variations and modifications thereof that
are not in the prior art, which would occur to persons skilled
in the art upon reading the foregoing description.

1. Apparatus, comprising;

a heartbeat measurement device, which is operative to
sense a cardiac parameter of a patient and to generate a
cardiac parameter signal responsively thereto;

an optical measurement device, which is operative to
acquire data by emitting towards tissue of the patient
400-1000 nm light, and receiving light reflected from the
tissue; and

an integrator unit, which is operative to receive the cardiac
parameter signal and, in response thereto, to actuate the
optical measurement device to acquire the data.

2. The apparatus according to claim 1, wherein the optical

measurement device comprises a fundus camera.

3. The apparatus according to claim 1, wherein the optical
measurement device comprises an opthalmoscope.

4. The apparatus according to claim 1, wherein the heart-
beat measurement device comprises an electrocardiograph.

5. The apparatus according to claim 1, wherein the heart-
beat measurement device comprises a pulse oximeter.

6. The apparatus according to claim 1, wherein the heart-
beat measurement device comprises an optical densitometer.

7. The apparatus according to claim 1, wherein the cardiac
parameter signal includes a digital pulse indicative of a heart-
beat, and wherein the heartbeat measurement device is opera-
tive to generate the digital pulse and not to generate, every
heartbeat, additional information indicative of a measured
parameter of the heartbeat.

8. The apparatus according to claim 1, wherein the tissue
includes a retina of the patient, and the optical measurement
device is operative to receive light reflected from the retina.

9. The apparatus according to claim 1, wherein the tissue
includes a tissue selected from the group consisting of: con-
junctiva, episclera, tongue, a surface-accessible vascular bed,
esophagus, stomach, small intestine, colon, an internal sur-
face of a gastrointestinal tract, a vascularized passageway,
heart, brain, liver, a surface of a surgically-accessible organ,
and a vascular bed to which access is obtained by catheter,
endoscopy, microendoscopy, or laparoscopy, and wherein the
optical measurement device is operative to receive light
reflected from the selected tissue.

10. The apparatus according to claim 1, wherein the cardiac
parameter signal includes a varying trace indicative of a plu-
rality of parameters of a single heartbeat, and wherein the
heartbeat measurement device is operative to generate the
varying trace.

11. The apparatus according to claim 10, wherein the inte-
grator unit is operative- to estimate a duration of a current, not
vet completed, heartbeat responsively to (a) a portion of the
varying trace indicative of parameters of a completed previ-
ous heartbeat, and (b) a portion of the varying trace indicative
of parameters of the current heartbeat.

12. The apparatus according to claim 1, wherein the inte-
grator unit is operative to designate a time for actuating the
optical measurement device responsively to timing data from
the heartbeat measurement device indicative of a duration of
a prior heartbeat.
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13. The apparatus according to claim 12, wherein the inte-
gratorunit is operative to receive during a current heartbeat an
operator command from a human operator, indicating a readi-
ness to acquire data, and to actuate the optical measurement
device to acquire the data during the current heartbeat,
responsively to the timing data indicative of the duration of
the prior heartbeat.

14. The apparatus according to claim 12, wherein the inte-
gratorunit is operative to receive during a current heartbeat an
operator command from a human operator, indicating a readi-
ness to acquire data, and to actuate the optical measurement
device to acquire the data during a heartbeat immediately
following the current heartbeat, responsively to the timing
data indicative of the duration of the prior heartbeat.

15. The apparatus according to claim 12,

wherein the designated time includes a plurality of desig-
nated times,

wherein the integrator unit is operative to designate the
plurality of times as suitable for actuating the optical
measurement device responsively to the timing data, and

wherein the integrator unit is operative to receive an opera-
tor command from a human operator, indicating a readi-
ness to acquire data, and to actuate the optical measure-
ment device to acquire the data at one of the designated
times, responsively to the operator command.

16. The apparatus according to claim 12, wherein the inte-
grator unit is operative to designate the time responsively to
timing data indicative of a trend relating durations of a plu-
rality of previous heartbeats.

17. The apparatus according to claim 12, wherein the inte-
grator unit is operative to designate the time for actuating the
optical measurement device responsively to timing data from
the heartbeat measurement device indicative of a duration of
an immediately previous heartbeat.

18. The apparatus according to claim 17, wherein the inte-
grator unit is operative to:

(a) actuate the optical measurement device at the desig-

nated time during a current heartbeat,

(b) subsequently determine the duration of the current
heartbeat,

(c) process data acquired by the optical measurement
device according to a first protocol if the duration of the
previous heartbeat differs from the duration of the cur-
rent heartbeat by less than a threshold value, and

(d) process data acquired by the optical measurement
device according to a second protocol if the duration of
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the previous heartbeat differs from the duration of the
current heartbeat by more than the threshold value.

19. The apparatus according to claim 18, wherein to carry
out the first protocol the integrator unit is operative to desig-
nate the acquired data as good data.

20. The apparatus according to claim 18, wherein to carry
out the first protocol the integrator unit is operative to process
and output the acquired data for display to a human operator.

21. The apparatus according to claim 18, wherein the inte-
grator unit is operative to determine that the duration of the
previous heartbeat (Dp) and the duration of the current heart-
beat (Dc) differ by less than the threshold value if 1-MIN
(Dp,De)MAX(Dp,Dc) is less than 0.20.

22. The apparatus according to claim 18, wherein the inte-
grator unit is operative to determine that the duration of the
previous heartbeat (Dp) and the duration of the current heart-
beat (Dc) differ by less than the threshold value if ABS(Dp-
Dc) is less than 50 ms.

23. The apparatus according to claim 18, wherein to carry
out the second protocol the integrator unit is operative to
discard the acquired data.

24. The apparatus according to claim 18, wherein to carry
out the second protocol the integrator unit is operative to
correct the acquired data, and output the corrected data for
display to a human operator.

25. The apparatus according to claim 24, wherein the inte-
grator unit is operative to analyze the acquired data to gener-
ate an indicator of blood flow velocity, and to correct the
indicator of blood flow velocity by a factor that is based on a
known relationship between typical blood flow velocities at a
plurality of phases of a cardiac cycle.

26. Apparatus, comprising:

a cyclic-physiological-parameter measurement device,
which is operative to sense a cyclically-varying param-
eter of a patient and to generate a cyclically-varying-
parameter signal responsively thereto;

an optical measurement device, which is operative to
acquire data by emitting light towards tissue of the
patient and receiving light reflected from the tissue; and

an integrator unit, which is operative to receive the cycli-
cally-varying-parameter signal and, in response thereto,
to actuate the optical measurement device to acquire the
data.
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