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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

The present patent application claims the priority of
US Provisional Patent Application 60/678,238 to Nelson et
al., filed May 6, 2005, which is incorporated herein by

reference.
FIELD OF THE INVENTION

The present invention relates generally to analyzing
sampled biological data, and specifically to reducing error

in sampled data.
BACKGROUND OF THE INVENTION

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.
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However, it is desirable to detect such problems early, if
possible, before irreversible damage has occurred. Thus,
attention has focused on developing methods of diagnosing
retinal vasculature problems by measuring the rate of
retinal blood flow, a reduction of which occurs prior to

later, more serious, problems.

US Patent 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 thellnovement of the erythrocyte in the
blood vessels. A method for directly imaging and analyzing
the movement of individual erythrocytes in blood vessels is

also described.

An article by Michelson G et al., entitled, "Flickering

light increases retinal blood flow," Retina, 22(3):336-343,

June 2002, which is dincorporated herein Dby 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

2
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as having been synchronized with the electrocardiogram, in
order to decrease the influence ©of the heartbeat on
pulsation of retinal blood flow. As described, only phases
similar in terms of the systolic or diastolic phase within

the heart cycle were compared.

An article by Grinvald A. et al., entitled, "In-vivo
optical imaging of cortical architecture and dynamics,"
published 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
heartbeat-induced and respiration-induced motion of the

brain.
SUMMARY OF THE INVENTION

In some embodiments of the present invention,
measurement apparatus comprises (a) an optical measurement
device, which generates a burst of light and assesses a
physioclogical 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. Typically, but not necessarily, the
optical measurement device comprises a non-invasive retinal
scanner.

The light emitted by the optical measurement device
typically comprises visible or near infrared light and/or

has a wavelength in the range of 400-1000 nm.

3
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There is therefore provided, in accordance with an
embodiment of the invention, apparatus, including:

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 1light, and receiving light reflected from the
tissue; and

an integrator unit, which is operative to receive the
cardiac parameter signal and, 1in response thereto, to

actuate the optical measurement device to acquire the data.

In an embodiment, the optical measurement device

includes a fundus camera.

In an embodiment, the optical measurement device

includes an ophthalmoscope.

In an embodiment, the heartbeat measurement device

includes an electrocardiograph.

In an embodiment, the heartbeat measurement device

includes a pulse oximeter.

In an embodiment, the heartbeat measurement device

includes an optical densitometer.

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 heartbeat.
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In an embodiment, the tissue includes a retina of the
patient, and the optical measurement device is operative to

receive light reflected from the retina.

In an embodiment, the tissue includes a tissue selected
from the group consisting of: conjunctiva, episclera,
tongue, a surface-accessible vascular Dbed, esophagus,
stomach, small intestine, colon, an internal surface of a
gastrointestinal tract, a vascularized passageway, heart,
brain, 1liver, 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.

Tn 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.

In an embodiment, 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 portion of the varying trace indicative of

parameters of the current heartbeat.

In an embodiment, the integrator 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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In an 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.

In an 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 a heartbeat immediately following the current
heartbeat, responsively to the timing data indicative of the

duration of the prior heartbeat.

In an embodiment:

the designated time includes a plurality of designated
times,

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

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 .

In an embodiment, 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.
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In an embodiment, the integrator 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.

In an embodiment, the integrator unit is operative to:

(a) actuate the optical measurement device at the
designated 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 current
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 the
previous heartbeat differs from the duration of the current

heartbeat by more than the threshold value.

In an embodiment, to carry out the first protocol the
integrator unit is operative to designate the acquired data

as good data.

In an embodiment, to carry out the first protocol the
integrator unit 1is operative to process and output the
acquired data for display to a human operator.

In an embodiment, 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.
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In an embodiment, the integrator unit 1is 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-Dc) is less than 50

ms.

In an embodiment, to carry out the second protocol the

integrator unit is operative to discard the acquired data.

In an embodiment, 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.

In an embodiment, 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
velocity by a factor that 1is based on a known relationship
between typical blood flow velocities at a plurality of

phases of a cardiac cycle.

There 1s also provided, in accordance with an
embodiment of the invention, apparatus, including:

a cyclic-physioclogical-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;

~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

cyclically-varying-parameter signal and, in response
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thereto, to actuate the optical measurement device to

acquire the data.

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

Fig. 1 is a block 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;

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;

Figs. 3 and 4 are sample graphs representing a
technique for correcting velocity data, in accordance with

an embodiment of the present invention;

Fig. 5 is a sample graph representing a technique for
reducing phase error, in accordance with an embodiment of

the present invention;

Fig. 6 i1s a sample graph representing a technique for
timing data acquisition in response to an operator command,

in accordance with an embodiment of the present invention;

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; and
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Fig. 8 1s a sample graph representing a method for
enhancing phase accuracy, in accordance with an embodiment

of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

Fig. 1 is a block diagram 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 comprises vessel imaging optics 6,
such as a fundus camera or an ophthalmoscope 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
applications, 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 analysis results.

Integrator unit 10 typically comprises (a) dedicated

signals, and output timing and data signals, and/or (b) one
or more programmable units (e.g., embodied in a programmable
digital data processor), configured to input timing and data

signals, process these signals, and output timing and data

10
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signals. Other components of measurement apparatus 2, in
accordance with an embodiment of the present invention, are
described in the above-referenced US Patent 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 measurement apparatus known in the art.

Measurement apparatus 2 additionally comprises a
heartbeat measurement device 3, comprising, for example, a
pulse oximeter, an electrocardiograph or an optical
densitometer 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.

Heartbeat measurement device 3 typically has a digital
output (C), such as a TITL pulse, having a temporal
characteristic which has a determinable relationship to the
heartbeat cycle itself. For example, the temporal
characteristic 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. Algernatively, the output of heartbeat
measurement device 3 varies continuously, providing more
completeHiﬁfo;ﬁéﬁiéﬁ‘ébéuf thé hééffbéat”éycle.- In this
case, integrator unit 10 typically analyzes the output of
device 3 to determine a repeating, fixed point in the

cardiac cycle.

11
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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
heartbeat cycle. These embodiments address the technical
challenge that the rate of Dblood 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 measurement 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.

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.

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 1is slﬁw. vTHué;iforveiaﬁpié, éifﬂaﬁéhwééfiQéfihgvfiééh
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 Dbefore

systole (e.g., about 100-200 ms before the QRS complex),

12
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improvements in accuracy can be obtained using techniques

described hereinbelow.

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 apparatus 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.

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

measuring the interval between the two most recent heartbeat

measurement device outputs. (Aitérnéﬁi%ély, an avérégé 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

13
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inverse, duration Bl. Measurement apparatus 2 is typically

preprogrammed 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 1s typically fixed. Thus, upon
measuring the instantaneous heart rate Bl, and typically in
an early stage of the second heartbeat, integrator unit 10
calculates a data acquisition triggering time (T) at which
flash 14 will be activated and image acgquisition will begin.
If the second heartbeat is subsequently measured to have a
duration B2 that is close to Bl (e.qg., 1 -
MIN (B1l,B2)/MAX (B1,B2) < about 10% or 20%) then the image
data acquired at time T are stored. If the second heartbeat
is measured to have a duration B2 that is not similar to Bl
(e.g., 1 - MIN(B1l,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 Bl and B2 are identified and a
correction algorithm is applied to the recorded data, as

described hereinbelow.

Reference is now made to Figs. 3 and 4, which are

sample graphs representing a technique for correcting

velocity 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

14
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time between pulse 2 and pulse 3) 1is somewhat longer or
shorter than Bl (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 @l for the first heartbeat. Since Dblood flow
velocity varies as a function of the cardiac cycle, this
phase error could introduce some measurement error in the
blood flow velocity measurement. That is, some amount of
"jitter" exists in the measured data due to variations in

heart rate.

In a 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 duration B2 of the heartbeat cycle during which the data
were actually taken. From this, and the information already
available, integrator unit 10 calculates at what phase in
the heartbeat cycle data acquisition actually occurred.
Combining with this measurement previously gathered
knowledge of how blood velocity generally varies in subjects
as a function of heartbeat 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.

Thus, for example, i1f the second heartbeat were shorter
than predicted, the velocity measurement will be seen with
hindsight to have been made at a later phase in the second

heartbeat than desired. In the sample data shown in Fig. 4,

15
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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 1is applied to the
measured velocity. In the example of Fig. 4, a
predetermined population-based velocity calibration curve is

known, and is used to generate the correction factor.

In a second 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.

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. 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 Rl 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.

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.,

16
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with weighting of 50% per strategy) a model that looks at

recent short-term variations in heart rate.

Fig. 6 is a sample graph representing a technique for
timing data acquisition in response to an operator command,
in accordance with an embodiment of the present invention.
Typically, an operator enters a command 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 embodiments of
the present invention both improve heartbeat
synchronization, as described herein, and minimize the delay

between the operator command and the acquisition of data.

In accordance with an embodiment of the present
invention, integrator unit 10 calculates potential times to
trigger 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 continuously 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 wunit 10 does not ’tiigéér» tﬁe Aopficél
measurement device to acquire data when the trigger point is
reached (at time ¢1 in Fig. 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

17
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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

generally one heartbeat cycle or less.

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 is, 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 ¢l1, ¢2, and ¢3. As shown in the sample
graph of Fig. 7, no operator command was received during the
first heartbeat, but shortly after ¢l, 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.

It 1is noted that for many embodiments, the target
points occupy a continuous range of time, e.g., extending
from ¢l to @3, rather than a small number of discrete

points. For other embodiments, a number of target points

18
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are distributed at different portions of the cardiac cycle,
in order to facilitate measurements of, for example, maximum

and minimum blood flow velocity.

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) .

Fig. 8 is a sample graph representing a method for
enhancing phase accuracy, in accordance with an embodiment
of the present invention. For some applications, heartbeat
measurement device 3 comprises an electrocardiograph (ECG)
or other generator of a continuously-varying trace of
cardiac activity. In an embodiment, integrator unit 10
compares 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 1s required to obtain that match.

Alternatively, 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 current heartbeat is going to

last, and (b) when during the current heartbeat the optical
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measurement device should be activated to begin data

acquisition.

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 respiratory 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
techniques described herein to facilitate synchronized
measurements of blood flow in a range of optically-

accessible vascular beds, including those in:

e retina, conjunctiva, episclera, and tongue (and,

generally, any surface-accessible vascular bed);

¢ esophagus, stomach, small intestine, and colon {(and,
generally, the internal surface of the gastrointestinal

tract or any vascularized passageway);

¢ heart, brain, liver (and, generally, the surface of any

surgically-accessible organ); and

* any vascular bed to which it is possible to gain optical
access by any technique or apparatus which provide for
both illumination and image capture (e.g., catheter,

endoscopy, microendoscopy, or laparoscopy).
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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.

It 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
hereinabove, 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.
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CLATIMS

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 1light, and receiving 1light 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 ophthalmoscope.

4. The apparatus according to claim 1, wherein the
heartbeat measurement device comprises an electro-
cardiograph.

5. The apparatus according to «c¢laim 1, wherein the

heartbeat measurement device comprises a pulse oximeter.

6. The apparatus according to claim 1, wherein the
heartbeat measurement device comprises an optical
densitometer. - - o
7. The apparatus according to claim 1, wherein the cardiac

parameter signal includes a digital pulse indicative of a

heartbeat, and wherein the heartbeat measurement device is
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Operative 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:
conjunctiva, episclera, tongue, a surface-accessible
vascular bed, esophagus, stomach, small intestine, colon, an
internal surface 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
plurality 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
integrator wunit 4is 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 portion of the
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varying trace indicative of parameters of the current

heartbeat.

12. The apparatus according to «claim 1, wherein the
integrator 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.

13. The apparatus according to claim 12, wherein 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.

14. The apparatus according to «claim 12, wherein 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 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
designated 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
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wherein the integrator unit i1s 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.

16. The apparatus according to c¢laim 12, wherein the
integrator unit 1is operative to designate the time
responsively to timing data indicative of a trend relating

durations of a plurality of previous heartbeats.

17. The apparatus according to claim 12, wherein the
integrator 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
integrator unit is operative to:

(a) actuate the optical measurement device at the
designated 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 current
heartbeat by less than a threshold value, and

~(d) process data acquired by the optical measurement
device according to a second protocol i1f the duration of the
previous heartbeat differs from the duration of the current

heartbeat by more than the threshold value.
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19. The apparatus according to claim 18, wherein to carry
out the first protocol the integrator unit is operative to

designate 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
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.

22. The apparatus according to claim 18, wherein the
integrator unit 1is 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-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
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 velocity by a factor that is
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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 parameter
of a patient and to generate a cyclically-varying-parameter
signal responsively thereto;

an optical measurement device, which 1s 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
cyclically-varying-parameter signal and, in response
thereto, to actuate the optical measurement device to

acguire the data.

27



WO 2006/121984

PCT/US2006/017645

1/4

FIG. 1
HEARTBEAT s
MEASUREMENT
DEVICE
Ly
l
A
Yl o
IMAGE 1 5_6
ACQUISITION
VESSEL
IMAGING
OPTICS

—=(0)

HEARTBEAT PHASE

10 18I B ob-
f )

20

't 28 30 1 (g6

& TRICGERING FLASH
INTEGRATOR

16

| DISPLAY -
MONITOR

18~ A
= PRINTER




WO 2006/121984 PCT/US2006/017645

MEASUREMENT DEVICE

SYNC ﬂ

TRIGGER

/4
By >B3
i’ o 0
FIG. 2 ! | |
I | |
| A ® | A @ |
| | | | AI
HEART ; ' i ——d A
PULSE | | T
I
[ !

|

|

|

ECG 1 41/@ Zl E {/Cé
|

ECG 2 /t/@ <'—‘2—‘>(.'..%..)__

\__v_/
JITTER

FIG. 4

CORRECTED VELOCITY=MEASURED VELOCITY . —L1—

VELOCITY
RELATIVE AMPLITUDE

v
]
Vo

PHASE POF HEART BEAT



WO 2006/121984 PCT/US2006/017645

3/4
FIG. S
Rg
B
\/RO
HEART RATE | ©~____~
TIME
FIG. 6
< ~ o
ad | ol |
i6 A — O
TRIGGER TIME I [ |
RECALCULATION i
CoPERATR
COMMAND |
TRIGGER I

PULSE



WO 2006/121984
PCT/US2006/017645

4/4
F | G L] 7
%% 1%
ECC 4/\[ | | | #/\[ | |‘ |
PULSE | P!
OUTPUT l
OPERATOR iR
COMMAND ’ —fh
TRIGGER
FIG. 8
By B
“-‘1 —
i
{
|
%
l -
| N e e~
}
| ‘.
Ty Ta

DURATION OF Bo= % DURATION OF By



THMBW(EF)

[ i (S RIR) A ()
e (S IR) A (%)

HAT R E (TR AGE)

FRI& B A

KRN

IPCH XS
CPCHRF
R 54X

Hfth 237 STk
EING

BE@®F)

5.0z BRI B M E A 440 REIE 30 49 B A 20 4

EP1881788A2 NI (»&E)B
EP2006759270 RiEHR
BAARERZBERAF

RETFRXARFRERIRELA.

BEFRXARTFRAERIELF.

NELSON DARIN
DRORI ARIK
GRINVALD AMIRAM 1 MEONOT WIX

NELSON, DARIN
DRORI, ARIK
GRINVALD, AMIRAM 1 MEONOT WIX

A61B5/02

A61B5/0261 A61B3/1233 A61B5/0452 A61B5/7289 A61B5/7292

60/678238 2005-05-06 US
EP1881788A4

Espacenet

RHETEE (2) , SBORNEBEE (3) , ERNBEN VRS HH
MR F = EORESBES. KFENEREET [ EE AL KE400-
1000/ 435 ¢ F ZWMA LR R FHI L RIREVEE. Ro|/ET (10) FBK
DIESBES AWM T , B NFEN &RELIREEIE.

2008-01-30

2006-05-08

patsnap


https://share-analytics.zhihuiya.com/view/26aad038-3dfc-4017-9b3b-ce4a06e1fa0d
https://worldwide.espacenet.com/patent/search/family/037397181/publication/EP1881788A2?q=EP1881788A2

