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Description
BACKGROUND

[0001] The present disclosure generally relates to as-
sessment of blood flow in vessel for determining a se-
verity of a blockage or other restriction to the flow of fluid
therethrough, and more particularly to methods and sys-
tems for automatically determining a reliable fractional
flow reserve value.

[0002] A currently accepted technique for assessing
the severity of a stenosis in a blood vessel, including
ischemia causing lesions, is fractional flow reserve
(FFR). FFR s a calculation of the ratio of a distal pressure
measurement (taken on the distal side of the stenosis)
relative to a proximal pressure measurement (taken on
the proximal side of the stenosis). FFR provides a meas-
ure of stenosis severity that allows determination as to
whether the blockage limits blood flow within the vessel
to an extent that treatment is required. The normal value
of FFR in a healthy vessel is 1.00, while values less than
a threshold FFR value are generally deemed significant
and require treatment. Common treatment options in-
clude angioplasty and stenting.

[0003] Coronary blood flow is unique in thatit is affect-
ed not only by fluctuations in the pressure arising proxi-
mally (as in the aorta) but is also simultaneously affected
by fluctuations arising distally in the microcirculation. Ac-
cordingly, it is not possible to accurately assess the se-
verity of a coronary stenosis by simply measuring the fall
in mean or peak pressure across the stenosis because
the distal coronary pressure is not purely a residual of
the pressure transmitted from the aortic end of the vessel.
As a result, for an effective calculation of FFR within the
coronary arteries, it is necessary to reduce the vascular
resistance within the vessel. Currently, pharmacological
hyperemic agents, such as adenosine, are administered
to reduce and stabilize the resistance within the coronary
arteries. These potent vasodilator agents reduce the dra-
matic fluctuation in resistance (predominantly by reduc-
ing the microcirculation resistance associated with the
systolic portion of the heart cycle) to obtain a relatively
stable and minimal resistance value.

SUMMARY

[0004] This Summary is provided to introduce a selec-
tion of concepts that are further described below in the
Detailed Description. This Summary is not intended to
identify key or essential features of the claimed subject
matter, nor is it intended to be used as an aid in limiting
the scope of the claimed subject matter.

[0005] In one embodiment, a system for evaluating
blood flow in a vessel of a patient includes a catheter
containing afirst pressure sensor and a second pressure
sensor and configured to simultaneously measure pres-
sure data within a vessel on a first side of a stenosis and
a second side of a stenosis. The pressure data generated
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by the catheter includes a first series of pressure meas-
urements from the first pressure sensor positioned on
the first side of the stenosis and a second series of pres-
sure measurements from the second pressure sensor
positioned on the second side ofthe stenosis. The system
further includes an FFR calculation module executable
on one or more processors and configured to calculate
a stability index for each of two or more portions of the
pressure data, wherein each stability index indicates at
least one of heart rate stability and catheter stability for
the respective portion of the pressure data. An optimal
time window is identified for calculated fractional flow re-
serve (FFR) based on the pressure data, wherein the
optimal time window is determined based on the stability
indexes. An FFR value is then calculated based on the
pressure data in the optimal time window, and the FFR
value is then outputted to the clinician.

[0006] In one embodiment, a method of evaluating
blood flow in a vessel of a patient includes receiving pres-
sure data measured in the vessel being evaluated. The
pressure data includes a first series of pressure meas-
urements from a first pressure sensor positioned on a
first side a stenosis within the vessel, and a second series
of pressure measurements from a second pressure sen-
sor positioned on the second side of the stenosis within
the vessel. A stability index is then calculated for each
of two or more portions of the pressure data, wherein
each stability index indicates at least one of heart rate
stability and catheter stability for the respective portion
of the pressure data. An optimal time window for calcu-
lation of FFR is then identified based on the stability in-
dexes. An FFR value is then calculated based on the
pressure data in the optimal time window.

[0007] Various other features, objects, and advantag-
es of the invention will be made apparent from the fol-
lowing description taken together with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The present disclosure is described with refer-
ence to the following Figures.

Figure 1 depicts one embodiment of a system for
evaluating blood flow in a vessel according to the
present disclosure.

Figure 2 depicts an exemplary pressure sensing
catheter measuring pressure data within a vessel.
Figure 3 is a graph depicting exemplary pressure
data and a stability index and FFR according to the
present disclosure.

Figure 4 is another graph depicting pressure data
and stability index and FFR calculations depicting
another example according to the present disclo-
sure.

Figures 5-7 depict exemplary methods, or portions
thereof, for evaluating blood flow in a vessel of a
patient according to the present disclosure.
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DETAILED DESCRIPTION

[0009] Current systems for measuring the proximal
and distal pressures on either side of a stenosis in a ves-
sel and calculating FFR generally rely on the administer-
ing clinician’s input to define the monitoring period.
Namely, most systems are configured such that a clini-
cian pushes a button to start and stop a monitoring period.
Arunning FFR valueis determined based on the pressure
data during the period between the start input and the
end input, and the final FFR value output is taken as the
lowest FFR calculated during that period instructed by
the physician.

[0010] FFR is the ratio of maximum blood flow distal
to a stenotic lesion to the normal maximum flow in the
same vessel. Specifically, FFR is calculated using the
following pressure ratio: FFR=P/P,, where P is the
pressure distal to the lesion and P is the pressure prox-
imal to the lesion. Thus, an FFR of 1.0 means that the
stenosis is not inhibiting any flow, as the pressure distal
to the stenosis is the same as the pressure proximal to
the stenosis. However, the FFR value is not calculated
based on comparison of single pressure values because
such a calculation would be overly influenced by noise
or transient aspects of the measurement. Accordingly,
the FFR value is typically calculated based on mean ar-
terial pressures over a period of time, such as a single
heart beat or a set number of heart beats. By utilizing
pressure data over a period of time, the influence of noise
and other artifacts is minimized. Likewise, by utilizing da-
ta over multiple heart beats, variation between heart
beats can also be minimized. For example, an FFR value
can be calculated over a period of time based on a run-
ning average of the ratio for a particular number of beats.
[0011] In current systems, an output FFR value is au-
tomatically selected by the system as the lowest running
FFR value over the time period indicated by the physi-
cian. Generally, an FFR value lower than 0.75 indicates
a hemodynamically significant stenosis. An FFR value
higher than 0.8 indicates a stenosis that is not hemody-
namically significant. Values between 0.75 and 0.8 are
intermediate, and are generally considered in the context
of a patient’s clinical history to determine if revasculari-
zation is necessary.

[0012] In many current embodiments, the FFR value
and the calculation window providing the basis for the
FFR calculation are outputted such that the clinician can
view the information. In many available systems, clini-
cians are provided the ability to adjust the time period
selected for the FFR, and thus to select a different loca-
tion in the pressure wave for calculation of the FFR.
Through their experimentation and research, the inven-
tors have recognized that physicians adjust the calcula-
tion window for FFR a majority of the time. Thus, the
inventors have recognized that current automated meth-
ods for determining FFR are inaccurate, and usually re-
quire adjustment by the clinician.

[0013] Moreover, the inventors have conducted signif-
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icant research and case studies relevant to FFR, the in-
ventors have recognized that significant inconsistencies
exist in when and how clinicians adjust the FFR calcula-
tion window. Accordingly, the inventors have recognized
that significant inconsistencies exist in how FFR is cal-
culated based on the measured pressure data, and thus
inconsistencies in when stents are utilized. The inventors’
studies have revealed that, especially in the "gray area"
of values (e.g., between FFR values of 0.75 and 0.80),
where clinicians are making judgment calls on whether
to utilize a stent, inconsistencies in the selection of the
data window for calculation of the FFR significantly influ-
ence the outcome of the revascularization determination.
Namely, the studies indicated that decisions on whether
to use revascularization in borderline cases are incon-
sistentand seemingly arbitrary. The inventors have found
this to be the case even when comparing data on proce-
dures performed by the same physician, as consistent
numerical support and/or patterns cannot be discerned
to predict when revascularization will be selected based
on the FFR data. Accordingly, the inventors have recog-
nized that an improved numerical approach for calculat-
ing and assessing FFR is necessary for creating more
consistent and repeatable revascularization outcomes
based on FFR.

[0014] In view of their recognition of the problems and
challenges in the relevant art, the inventors have devel-
oped the disclosed improved methods for identifying op-
timal pressure values for FFR calculations so as to
achieve consistent FFR calculations and numerically
supportable revascularization outcomes. For example,
the optimal time window may be identified based on a
running average of the pressure data over a predeter-
mined number of heart beats, or based on other calcu-
lations indicating one or both of heart rate stability and
catheter stability. For example, the FFR calculation mod-
ule may calculate a one or both of heart rate instability
value (such as a percentage variation in heart rate) and
catheter instability value (such as based on the frequen-
cies presentin the pressure data), and stability index may
be based on one or both of those instability values. The
optimal time window for FFR calculation is then identified
based on the stability index, and the FFR value is calcu-
lated and outputted accordingly. Thereby, a mathemati-
cal framework is provided for identifying an optimal time
window for calculation of an FFR value. Accordingly, var-
iation in FFR calculation can be eliminated and better
discrimination can be provided for the FFR calculation
so that revascularization decisions can be made on con-
sistent and reliable information.

[0015] Figure 1 depicts an exemplary system 1 for
evaluating blood flow based on pressure measurements.
Specifically, the system includes a catheter 10 containing
afirst pressure sensor 18 and a second pressure sensor
20. With reference also to Figure 2, the first pressure
sensor 18 is configured to be positioned on a proximal
side of the stenosis 5 to the catheter system in order to
measure a first series of pressure measurements. The
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second pressure sensor 20 is positioned on the distal
side of the stenosis 5 and is configured to a second series
of pressure measurements, which are time synchronized
with the first series of pressure measurements, from the
distal side of the stenosis 5. The pressure sensors are
generally on a distal end 15 of a wire 14 that is passed
through the vessel 3 from an entrance point to the sten-
osis area 5. Various catheters may provide different dis-
tances between the first pressure sensor 18 and the sec-
ond pressure sensor 20. For example, most catheters 10
provide a distal end 15 of the pressure sensing wire 14
having pressure sensors 18, 20 that are spaced out within
arange of 0.75 inches to 2 inches. The second pressure
sensor 20 may be provided at the distal tip of the wire,
or slightly proximal to the distal tip, such as 20mm away
from the distal tip. The pressure sensors 18, 20 may be
any of various types of pressure sensors incorporated
into catheters 10 for vascular pressure measurement ap-
plication. For example, the pressure sensors 18, 20 may
be piezo-resistive pressure sensors, piezo-electric pres-
sure sensors, capacitive pressure sensors, electromag-
netic pressure sensors, optical pressure sensors, fluid
column pressure sensors, and/or combinations thereof.
[0016] The pressure sensing wire 14 has a proximal
end portion 16 that connects to a catheter base 24, which
is the hand held portion of the catheter maneuvered and
operated by the clinician during the procedure. The wire
portion of the catheter 10 may be disposable, or other-
wise removable for sterilization, and may connect to the
catheter base 24 at a connector 22 configured to connect
to the proximal end portion 16 of the pressure sensing
wire 14. A cable 26 connects to an opposing end of the
catheter base 24 and is flexible such that the catheter 10
is maneuverable as necessary during the procedure. The
cable 26 terminates at a module connecter 28 configured
to connect to a computing system 200.

[0017] The computing system 200 includes a commu-
nication interface 208 configured to receive and transmit
information between the catheter 10 and the processing
system 206. For example, the communication interface
208 may be configured to receive pressure measure-
ments from the first and second pressure sensors 18,
20. In various system configurations, the pressure meas-
urements may be received at the communication inter-
face 208 in either analog or digital form. In certain em-
bodiments, signal processing hardware and digitization
may be housed in the catheter base 24 to filter, amplify,
and/or digitize the pressure measurementsignals. In oth-
er embodiments, the raw analog pressure measurement
information may be received and digitized at the commu-
nication interface 208 of the computing system 200. The
computing system 200 further includes a processing sys-
tem 206 comprised of one or more processors 207 and
storage system 204 storing software, including the FFR
calculation module 40, as well as other needed data and
information. The FFR calculation module is configured
to identify an optimal time window within the pressure
data from the pressure sensors 18, 20 for calculating an
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FFR value based on the methods disclosed herein. The
optimal window is a time segment with stable electrical
activity of the heart muscle and stable conduction. Those
conditions are measured by a median or mean value of
QRS duration and RR interval. To further improve the
consistency of the measurement, a series of overlapped
time windows may be used and the median ormean value
of the series measurements utilized. Information regard-
ing the FFR value and the optimal time window may then
be displayed on the user interface 220 for review and
verification by a clinician. Alternatively or additionally, the
FFR value and the optimal time window may be stored
in the storage system 204 and/or in the patient’s relevant
medical record.

[0018] Figures 3 and 4 are graphs depicting exemplary
pressure data, including a first series of pressure meas-
urements 31 based on output of a first pressure sensor
and a second series of pressure measurements based
on output of a second pressure sensor. Figure 3 depicts
the pressure data 31 and 32 prior to, during, and after
injection of a hyperemic agent. As will be known to a
person having ordinary skill in the art, hyperemic agents,
such as adenosine, can be administered by injecting a
bolus into the patient via intravenous catheter or by drip
administration via the intravenous catheter. The half-life
of most hyperemic agents is short. For example, the half-
life of adenosine is less than 10 seconds. Thus, the win-
dow of opportunity for recording FFR is narrow. There is
an initial settling period where the hyperemic agent takes
effect and the heart rate reaches an elevated and steady
level. Following the settling period, the maximal hypere-
mic region (MHR) offers the region for best and most
accurate detection of FFR. Determining the MHR, the
time period of maximum hyperemia, relative to adminis-
tration of various types of hyperemic agentis an important
part of accurately determining FFR because including
data during periods other than the MHR can lead to an
inaccurate FFR determination.

[0019] Figure 3 depicts pressure data, including a first
series of pressure measurements 31 and a second series
of pressure measurements 32 over a period of time dur-
ing which a bolus of hyperemic stimulus agent is admin-
istered to a patient and the maximum effect period of the
hyperemic stimulus agent. The FFR is represented at
line 36 on the graph. The bolus of hyperemic agent is
administered in the injection period 41 between t; and
t,, and the drug takes effect during the settling period 43
between t, and t;. As illustrated, the FFR 36 is unsteady
prior to and after the MHR 45, decreasing during the in-
jection period 41 and during the settling period 43, where
the heart rate and pressure measurements fluctuate due
to administration of the hyperemic agent. Thus, inclusion
of data during this period, such as including data during
the settling period 43 would yield an artificially low FFR
value. Likewise, the FFR 36 decreases after the MHR
45, when the agent is wearing off and thus the heart rate
becomes unsteady.

[0020] In other embodiments where the hyperemic
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agent is administered via an intravenous drip, the "injec-
tion period" where the drug is administered is much long-
er and overlaps with the measurement period. In most
existing systems where drip hyperemic drug administra-
tion protocols are used, the FFR calculation window is
enable for a long period of time (e.g., 2 minutes) during
administration of the hyperemic drug drip. The chance
of artifact introduction during that long recording period
is extremely high, which is likely to cause an erroneously
low FFR output.

[0021] The inventors have recognized that systems
and methods are needed for identifying an optimal pres-
sure data for calculation of FFR, and that such an optimal
window is one in which the pressure data measurements
are relatively stable and are not influenced by variables
such as an unstable heart rate or influenced by noise,
such as caused by false pressure measurementresulting
from instability or movement of the measurement cath-
eter 10. Ideal FFR values are calculated from pressure
data in regions of high stability that are not influenced by
heart rate variability and/or noise, such as due to false
pressure measurement resulting from movement of the
catheter. The MHR represents the time section of pres-
sure data where the heart rate is fully influenced by the
hyperemic agent and is at a maximum stability. Thus, the
most reliable FFR value will be available in that region
of the data.

[0022] Prior art systems do not identify the most stable
region in the pressure data for detection of FFR instead
typically utilize the entire section of data following the
physician’s recording trigger. This will usually include da-
ta during the settling period 43, which as shown in the
depicted example, will often yield erroneously low FFR
values. Referring again to the example at Figure 3, if data
during the settling period 43 were to be included in the
time window for calculation of the FFR, the minimum FFR
represented at point 51 would be selected as the FFR
value automatically outputted by the system. However,
the FFR value calculated during the settling period 43 is
erroneously low. Instead, in a system according to the
present disclosure identifying and only utilizing data dur-
ing the MHR 45, then a more accurate and reliable FFR
value 50 is identified.

[0023] The optimal time window 48 for calculation of
the FFR value is determined based on a stability index
34.The inventors have recognized that various methods
may be utilized for calculating the stability index and iden-
tifying the optimal window 48. In the depicted embodi-
ment, the stability index 34 is calculated as a weighted
running two second standard deviation of mean pres-
sures calculated based on the first pressure data 31 and
the second pressure data 32. For instance, where the
sample rate for the pressure meausurement is 240hz,
the FFR value is calculated at each sample using an av-
erage of the number of samples equal acquired over the
last three heartbeats (roughly 184 samples). This pro-
duces an FFR value for each sample. In one instance
illustrating this example, the hypthetical stability function
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at each sample looks back over the last second (240
samples) and forward one second (240 samples) and
feeds those 480 samples into the excel equation
=1/STDEVA(F1:F480)*90. So the stablility index at each
sample is inversly proportional to the standard deviation
of the FFR values for the two second window around that
sample, with 90 being an arbitrary scaling factor to make
the stability index graph decently with the Y-axis of the
FFR and pressure plot. Note that additionally, the region
chosen for that graph is around the case time of the drug
injection, illustrating incorporation of the drug injection
intelligence to the stability equation to limit the equation
active window.

[0024] In the depicted example, where the stability in-
dex 34 is calculated as a weighted running two second
standard deviation calculation, the first stability index val-
ue is available at time t,. Namely, the first stability index
value is calculated based on the previous two-second
portion of the pressure data 31, 32, and thenis continually
calculated as a running average over the previous two
second portion. The running FFR value 36 is also calcu-
lated based on a previous time section of pressure data
31, 32. In the depicted embodiment, the running FFR
calculation 36 also starts at time t;. In other embodi-
ments, the first value of the running FFR calculation 36
may be at a different time from the first value of the run-
ning stability index 34. However, in certain embodiments,
it may be beneficial to calculate the stability index based
on an amount of pressure data that is relevant to the
amount of time used for calculating the running FFR.
Thereby, the running stability index 34 will provide a sta-
bility value most relevant to and translatable to the FFR
calculation, as both calculations will be performed on the
same or similar time period of pressure data.

[0025] In certain examples, an optimal time window 48
for calculation of FFR may be identified as the period of
time for which the stability index 34 exceeds a threshold
index value 35. The threshold index value 35 may be a
preset value, which may account for certain variables,
such as the type of catheter 10 being employed, the type
of procedure being performed, the location and charac-
teristics of the vessel being explored, and/or physician
input. In certain examples, the threshold index value 35
may be selectable by the clinician performing the proce-
dure. In other embodiments, the threshold index value
35 may be calculated based on the pressure data 31, 32
being measured during the procedure, as well as the on-
going stability index 34 calculated based thereon. The
determination of the threshold index value 35 may also
account for certain variables of the procedure, such as
the patient’s physiological condition and/or the time con-
straints of the procedure. For example, the threshold in-
dex value 35 may be set lower for patients with arrhyth-
mias or other heart conditions generating an unstable
heartbeat. Alternatively or additionally, therefore alonger
data series might be needed to compensate variations
for the final FFR value or atrial fibrillation patients be-
cause arelatively stable RR interval may be more difficult
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to find. To measure the electrical stability of the heart
condition, a series arrhythmia detections is conducted to
rule out any superventricular/ventricular premature heart
beats from the optimal time window 48. The threshold
index value 35 may also be calculated to account for the
time constraints of a particular procedure. For example,
the threshold index value may be lowered where the sta-
bility indicator remains low throughout the maximal hy-
peremic region (MHR), and thus an optimal time window
48 providing sufficient data for calculation of the FFR will
not be identified unless the threshold index value 35 is
lowered. In such an embodiment, an alert may be gen-
erated to the clinician notifying the clinician that the
threshold index value 35 was lowered in order to obtain
the requisite and sufficient data for calculation of the FFR.
Alternatively, in certain examples, the running stability
index values may be presented in conjunction with the
running pressure and FFR values to aid a clinician in
manually selecting a valid FFR point.

[0026] In certain embodiments, a heart rate instability
indicator may be calculated for detection of the MHR 45.
For example, the heart rate instability indicator may be
percentage variation in heart rate for each heart beat
interval of pressure data. Thus, the heart rate instability
indicator will be calculated for each heart beat interval of
pressure data by comparing a duration of each heart beat
interval to one or more previous heart beat intervals. In
certain examples, the MHR may be identified where the
heart rate instability indicator reaches a sufficiently low
threshold to indicate relatively low instability, or variation,
in heartrate. The threshold heart rate instability threshold
may be a preset value, or may be determined based on
previous heart rate data or health information for the pa-
tient, such as information relevant to an existing heart
condition for the patient that could influence the consist-
ency of the patient’s heart rate.

[0027] Alternatively or additionally, the optimal time
window 48 may be determined to exclude heart beats
initiated by a pace maker. Many hemodynamic patients
have internal pace makers that are not shut off during
hemodynamic procedures. At times these detect abnor-
mal heart beat and become active and start pacing the
heart, thereby creating artificial stability in the heart rate
due to an external force that may not result in a good
FFR value. Accordingly, the system 1 may also detect
this and use it as a basis for identifying heart rate insta-
bility.

[0028] In certain embodiments, the method for identi-
fying the optimal time window 48 may also include esti-
mation of a period when the hyperemic agent is most
likely to have maximal effect on the patient based on drug
administration values and patient information. For exam-
ple, the system 1 may be configured to estimate an ear-
liest likely time for the MHR based on at least one of a
time of administration of a hyperemic stimulus agent
(e.g., tg-t4), a type of hyperemic stimulus agent adminis-
tered, the dose of hyperemic stimulus agentadministered
to the patient, and a body massindex (BMI) of the patient.
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Likewise, an estimated end time may also be determined
by the system based on the foregoing values relevant to
the drug administration. The estimated time window be-
tween the estimated start time and the estimated end
time can then be utilized to narrow the possible time in
which the optimal time window 48 can be identified. For
example, the system 1 may be configured to start com-
paring the running stability index 34 to the threshold index
value 35 after the estimated start time. Thereby, values
occurring during some or most of the settling period 43
can be eliminated. In the depicted example, the estimat-
ed start time based on the values relevant to drug ad-
ministration is at time t3, which eliminates much of the
settling period 43, including the errant low FFR value 51.
Thus, in certain embodiments where the running stability
index 34 surpasses the threshold index value 35 during
the settling period, such data can still be ruled out based
on the estimated time window. Similarly, data falling after
the estimated end time, which in the depicted example
is tg, could also be eliminated from the possible time pe-
riod considered for the optimal time window 48.

[0029] In certain embodiments, the possible period of
the optimal time window 48 may further be narrowed
based on detection of the MHR. As described above, the
MHR is determined based on the heart rate, such as the
heart rate exhibited in the pressure data 31, 32, and is
the period for which the heart rate is stable and maximally
effected by the hyperemic stimulus agent. Thus, identi-
fication of the MHR can be helpful in identifying the op-
timal time window 48. In certain embodiments, the MHR
45 may be identified based on the heart rate exhibited in
the pressure data 31, 32, and identification of the optimal
time window 48 may be confined to the MHR 45. For
example, the system 1 may be configured to start ana-
lyzing the running stability indicator 34 for detection of
the optimal time window 48 once the start of the MHR 45
has been identified. Similarly, the optimal time window
48 identification process may cease upon termination of
the MHR 45.

[0030] Alternatively or additionally, the system 1 may
be configured to identify the MHR based on the heart
rate instability indicator in combination with the estimated
window analysis described above. For example, the sys-
tem may begin calculation and/or analysis of the heart
rate instability indicator at the estimated start time t5 for
the estimated maximal effect window. Similarly, the ter-
mination of the MHR 45 is calculated based on the heart
rate. For example, the MHR 45 may be terminated once
the heart rate instability indicator increases passed the
threshold heart rate instability value. The termination of
the MHR 45 may similarly be determined based on the
estimated time window, such that the MHR 45 is not per-
mitted to extend beyond the estimated end time t.
[0031] In the depicted embodiment, the MHR 45 ex-
tends between time t, and time t;. The optimal time win-
dow 48 is identified as the period within the MHR 45 dur-
ing which the running stability index 34 is greater than
the threshold index value 35. In the depicted example,
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the optimal time window 48 is identified as the period
between time tg and time tg. The FFR value 50 that gets
outputted by the system 1 is calculated based on the
pressure data 31 and 32 within that optimal time window
48. For example, in the depicted embodiment the running
FFR value 36 is calculated as a running average of three
heart beat intervals in the pressure data. The final out-
putted FFR value is then determined to be the lowest
running FFR value 36 within the optimal time window 48,
which is represented at point 50.

[0032] In certain embodiments, the optimal time win-
dow 48 may further be narrowed to eliminate periods of
noise due to catheter instability or the presence of other
noise-creating factors. If the catheter 10 is moved within
the vessel 3, pressure changes will be sensed by the
pressure sensors 18 and 20 that do not reflect actual
changes of pressure within the vessel 3. Such movement
of the catheter wire 14 within the vessel 3 can cause high
frequency noise within the pressure data 31, 32, as well
as baseline drift. The stability index 34 can be utilized to
eliminate noisy periods due to catheter instability from
the pressure data used for calculation of FFR. For exam-
ple, if the running stability index 34 falls below the index
threshold 35, the optimal time window 48 may be amend-
ed to exclude the pressure data 31, 32 for the period
where the running stability index 34 is below the index
threshold 35. Figure 4 exemplifies such a situation, where
catheter instability causes baseline drift and high fre-
quency noise, both of which impact the calculated FFR
value. The region of instability 47 where the running sta-
bility index 34 falls below the threshold index value 35,
is removed from the optimal time window 48. Accordingly,
the optimal time window is bifurcated into a first optimal
time window portion 48a and a second optimal time win-
dow portion 48b. The running FFR calculations 36 thus
available for determination of the final outputted FFR val-
ue are thus those running FFR calculations during the
first and second optimal time periods 48a, 48b. The run-
ning FFR calculations 36 during the instability period 47
are thus excluded from the possible FFR values from
which the final FFR value can be determined. Accord-
ingly, the actual low point of the running FFR curve, which
is point 51, is eliminated from the possible values from
which the final outputted FFR can be chosen because it
falls during the instability region 47 where the data is
inaccurate, and thus FFR value 51 is erroneously low.
Instead, the outputted FFR value 50 is selected, which
falls during the first optimal time period 48a, and consti-
tutes the lowest running FFR value calculated during the
optimal time window period 48a and 48b.

[0033] Invarious embodiments, the stability index may
be calculated based on other methods than the running
standard deviation method described above. To provide
justone example, the stability index may be a value scale,
where one end of the value scale represents stable pres-
sure data that will result in a reliable FFR calculation, and
the other end of the scale represents highly unstable data
that will result in an errant FFR calculation. The scale
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may be represented as any range of values, such as
between 0 and 1, between 1 and 10, etc. In other em-
bodiments, the stability index may be just one of two val-
ues, where one value represents stable data that can be
utilized in the FFR calculation and the other value repre-
sents unstable data that cannot be used in the FFR cal-
culation. In such an embodiment, the stability index could
be a 1 or 0, where 1 indicates stable data and 0 indicates
unstable data. In such an embodiment, the stability index
may be set to a value of 1, indicating stable data, where
the heart rate instability indicator is below a threshold
heart rate instability and the catheter instability is below
a threshold catheter instability value, thus indicating a
stable heart rate and a lack of high frequency noise or
baseline drift caused by catheter instability.

[0034] For example, the stability index may be calcu-
lated based on the heart rate instability indicator de-
scribed above and/or based on other values calculated
to indicate stability aspects of the pressure signal. In cer-
tain examples, a separate catheter instability value may
be calculated, such as based on the presence of high
frequency within the pressure data 31, 32 and/orthe pres-
ence of baseline drift. The stability indicator may be cal-
culated based on both the catheter instability indicator
and the heart rate instability indicator. In that example,
the stability indicator may be set to 0 when either the
heartrate instability indicator exceeds the threshold heart
rate instability or the catheter instability indicator exceeds
a threshold catheter instability. Such an embodiment
would enable determination of an optimal time window
48 that avoids regions of unstable heart rate and noise
due to catheter instability.

[0035] In still other examples, factors accounted for in
the stability index and determination may include: 1) high
and low heartrate thresholds to eliminate exessively high
heart rate zones (regardless of stablity) and/or eliminate
exessively low heart rate zones (regardless of stability);
2) high and low blood pressure thresholds to eliminate
periods where non-invasive or invasive blood pressures
are above or below respective thresholds; 3) pace maker
activity indicators to eliminate periods where an internal
pace maker is active; 4) x-ray activity to gate the zone of
intrest to only when x-ray is active; 5) respiration activity
measurements (because blood pressure is most stable
between breaths); 6) ultrasound dopler blood flow meas-
urements.

[0036] Figures 5-7 depict exemplary methods 80, or
portions thereof, of evaluating blood flow in a vessel for
determining the impact of a stenosis. In the example at
Figure 5, pressure measurement data is received at step
82, whichincludes pressure measurements from firstand
second pressure sensors. A stability index value is cal-
culated at step 84 based on the pressure measurement
data-e.g., based on a section of the first and second se-
ries of pressure measurements. The stability index value
may be any value capable of conveying the stability of
the pressure measurement data received at step 82 as
compared to previously-received pressure measure-
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ment values. For example, the stability index may ac-
count for the stability of the heart rate reflected in the
pressure measurement data, as well as the stability of
the catheter making the measurements. Numerous ex-
emplary stability index values are described in the
present disclosure. However, a person of ordinary skill
in the art will recognize in view of the information provided
in the present disclosure, that the stability index may be
calculated and indicated in any number of ways. An op-
timal time window is identified at step 86 based on the
stability index values. For example, the stability index
value calculated at step 84 may be compared to a thresh-
old index value to determine whether the optimal time
window can extend to include the portion of pressure
measurement data captured by the stability index value.
[0037] The FFR value is calculated at step 88. In cer-
tain embodiments, the FFR value may be a running FFR
calculation, as is exemplified in Figure 3. In other em-
bodiments, the FFR calculation may be performed upon
identification of the optimal time window based on the
pressure measurement data within that time window. An
output FFR value is then identified at step 90 and is pro-
vided as an output of the FFR calculation module 40. For
example, the selected FFR value for output may be dis-
played onthe userinterface 220 associated with the com-
puting system 200. In certain embodiments, the selected
FFR value may be displayed along with a graph similar
to that in Figure 3 depicting the pressure data 31, 32 and
corresponding running FFR calculation 36. In certain em-
bodiments, the graph displayed on the user interface 220
may further include a line representing the running sta-
bility index calculation, where the series of values is ex-
emplified as line 34 in Figure 3.

[0038] Figure 6 depicts another embodiment of a meth-
od 80 of evaluating blood flow in a vessel according to
the presentdisclosure. A patient’'s BMI is received at step
101, an agent type is received at step 102, and an agent
dose is received at step 103. The system may further
receive indication of an administration method, such as
bolus or drip. An injection time is received at step 104,
which could be, for example, a start time of a bolus in-
jection or of a drip administration of a hyperemic stimulus
agent. An estimated effect window is then determined at
step 106, which includes an estimated earliest start time
and an estimated latest end time for the maximal effect
of the hyperemic stimulus agent. Step 108 is executed
to wait for the estimated window start time. Once that
estimated window start time is reached, then a heart rate
is calculated at step 110 based on the pressure data. A
heart rate instability indicator is calculated at step 112.
For example, the heart rate instability indicator may be
calculated as a percentage variation of the duration of
each heart beat interval compared to durations of one or
more previous heart beat intervals within the pressure
data. The heart rate instability indicator is compared to
a threshold heart rate instability value at step 114. The
heart rate reflected in the pressure data continues to be
monitored until the heart rate instability indicator is below
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the threshold heart rate instability at step 114, at which
point the start of the MHR is identified at step 116. The
system then looks for identification of the optimal time
window at step 118. For example, the optimal time win-
dow may be identified as the period during which the
stability index exceeds a threshold index value. The sys-
tem continues to calculate the heart rate instability indic-
tor at step 120 and compare the heart rate instability in-
dicator to the threshold instability value at step 122. So
long as the heart rate and stability indicator remains be-
low the threshold instability value, then the system con-
tinues to look for the optimal time window based on the
stability index. Once the heart rate instability indicator
reaches or exceeds the threshold, then the end of the
MHR is determined at step 124. This also terminates the
assessment and identification of the optimal time win-
dow.

[0039] Figure7 depicts another embodiment of a meth-
od 80, or portion thereof, for evaluating blood flow in a
vessel of a patient. The pressure data is received at step
130, and then steps are executed to determine a catheter
instability indictor based on the pressure data. In certain
embodiments, the data may be interpolated to eliminate
high frequency noise from the pressure waveforms and
to minimize baseline drift, which are common pitfalls for
creating errant FFR analysis. In this specific example, a
first derivative is calculated at step 132 for each of the
first and second series of pressure measurements to
identify a slope of the respective pressure measurement
waveform. A second derivative is calculated at step 134
for each of the respective series of pressure measure-
ments to identify inflection points within the respective
pressure waveforms. A catheter instability indicator is
then calculated at step 136 based on an amount of high
frequency noise and baseline drift presentin arespective
window of the pressure data. For example, the high fre-
quency noise may be determined based on the first and
second derivative information calculated at step 132 and
134. Various methods for determining the baseline drift
are well known in the art. The cubic spline function is
applied at step 138 to interpolate the pressure data in
order to reduce the presence of high frequency noise and
baseline drift exhibited in the respective waveforms. A
heart beat interval is then determined at step 140 based
on the pressure data and a heart rate instability indicator
is determined at step 142.

[0040] The stability index isthen calculated atstep 144.
For example, the stability index may be calculated based
on the heart rate instability indicator calculated at step
142 and the catheter instability indicator calculated at
step 136. The stability index is then compared to a thresh-
old index value at step 146, and the optimal time window
is determined based on the comparison. In the depicted
example, high stability index values indicate signal sta-
bility and low stability index values indicator signal insta-
bility. Thus, step 146 assess whether the stability index
exceeds the relevant threshold index value. In other em-
bodiments, the stability index value may be reversed,
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where signal instability is signified by high stability index
values and signal stability is indicated by low stability
index values. In such an embodiment, logic would be
executed at step 146 to determine whether the stability
index is less than the respective threshold index value.
Where a stability index value indicating signal stability is
identified, the corresponding data is made available for
the FFR calculation by including the time period within
the optimal time window at step 148. Conversely, if the
stabilityindex indicates instability of the relevant pressure
signals, then the corresponding pressure data is exclud-
ed from the FFR calculation at step 147. The FFR value
is then calculated based on the optimal time window as
is described above.

[0041] Referring again to Figure 1, the various meth-
ods 80 of evaluating blood flow in a vessel may be exe-
cuted and controlled by the computing system 200 re-
ceiving pressure data from the catheter 10. The comput-
ing system 200 includes a processing system 206, stor-
age system 204, and a communication interface 208. The
processing system 206 loads and executes software 202
from the storage system 204, including the FFR calcula-
tion module 40, which is an application within software
stored in the storage system 204. The FFR calculation
module 40 includes computer-readable instructions that,
when executed by the computing system 200 (including
the processing system 206), direct the processing sys-
tem 206 to operate as described in herein in further detail,
including to determine the optimal time window for the
FFR calculation.

[0042] Although the computing system 200 as depict-
ed in Fig. 1 includes one FFR calculation module 40, it
should be understood that one or more software ele-
ments having one or more modules may provide the
same operation, which may be distributed across multiple
storage locations. Similarly, while description as provid-
ed herein refers to a computing system 200 and a
processing system 206, it is to be recognized that imple-
mentations of such systems can be performed using one
or more processors, which may be communicatively con-
nected, and such implementations are considered to be
within the scope of the description. For instance, portions
of the storage system 204 storing certain instructions
comprising the FFR calculation module 40, as well as
portions of the processing system 206, may be housed
within the catheter base portion 24.

[0043] The processing system 206 includes at least
one processor 207, which may be a microprocessor, a
general purpose central processing unit, an application-
specific processor, a microcontroller, or any other type
of logic-based device. The processing system 206 may
alsoinclude circuitry that retrieves and executes software
from storage system 204. Processing system 206 can
be implemented within a single processing device but
can also be distributed across multiple processing devic-
es or sub-systems that cooperate in executing program
instructions.

[0044] The storage system 204 can comprise any stor-
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age media, or group of storage media, readable by
processing system 206, and capable of storing software.
The storage system 204 can include volatile and non-
volatile, removable and non-removable media imple-
mented in any method or technology for storage of infor-
mation, such as computer-readable instructions, data
structures, program modules, or other data. Storage sys-
tem 204 can be implemented as a single storage device
but may also be implemented across multiple storage
devices or sub-systems. For example, the FFR calcula-
tion module 40 may be stored on a separate storage de-
vice than pressure data and calculated FFR and stability
index values. Storage system 204 may further include
additional elements, such a controller capable of com-
municating with the processing system 206.

[0045] Examples of storage media include random ac-
cess memory, read only memory, optical discs, flash
memory, virtual memory, and non-virtual memory, mag-
netic sets, magnetic tape, magnetic disc storage or other
magnetic storage devices, or any other medium which
can be used to store the desired information and that
may be accessed by an instruction execution system, as
well as any combination or variation thereof, or any other
type of storage medium. Likewise, the storage media
may be housed locally with the processing system 206,
or may be distributed in one or more servers, which may
be at multiple locations and networked, such as in cloud
computing applications and systems. In some implemen-
tations, the storage media can be a non-transitory stor-
age media. In some implementations, at least a portion
of the storage media may be transitory.

[0046] Thecommunicationinterface 208 interfaces be-
tween the elements within the computing system 200 and
external devices, such as to receive the first and second
series of pressure measurements from the catheter 10.
In certain embodiments, the communication interface
208 may include certain signal processing and digitiza-
tion hardware and software for digitizing and processing
the pressure signals from the pressure sensors 18, 20.
[0047] The user interface 220 is configured to receive
input from a clinician, and display outputted FFR value(s)
and other relevant information, as is described and ex-
emplified herein. User interface 220 includes a digital dis-
play device and one or more input devices, which may
include a mouse, a keyboard, a voice input device, a
touch input device for receiving a gesture from a user, a
motion input device for detecting non-touch gestures and
other motions by a user, and other comparable input de-
vices and associated processing elements capable of
receiving inputfrom a clinician. Speakers, printers, haptic
devices and other types of output devices may also be
included in the user interface 220.

[0048] This written description uses examples to dis-
close the invention, including the best mode, and also to
enable any person skilled in the art to make and use the
invention. Certain terms have been used for brevity, clar-
ity and understanding. No unnecessary limitations are to
be inferred therefrom beyond the requirement of the prior
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artbecause suchterms are used for descriptive purposes
only and are intended to be broadly construed. The pat-
entable scope of the invention is defined by the claims,
and may include other examples that occur to those
skilled in the art. Such other examples are intended to
be within the scope of the claims if they have features or
structural elements that do not differ from the literal lan-
guage of the claims, or if they include equivalent features
or structural elements with insubstantial differences from
the literal languages of the claims.

Claims

1. Asystem (1) for evaluating blood flow in a vessel (3)
of a patient, the system (1) comprising:

acatheter (10) containing afirst pressure sensor
(18)and asecond pressure sensor (20) and con-
figured to simultaneously measure pressure da-
ta within a vessel (3) on a first side (6) of a ste-
nosis (5) and a second side (7) of the stenosis
(5);

wherein the pressure data includes a first series
of pressure measurements from the first pres-
sure sensor (18) positioned on the first side (6)
of the stenosis (5) and a second series of pres-
sure measurements from the second pressure
sensor (20) positioned on the second side (7) of
the stenosis (5);

an FFR calculation module (40) executable on
one or more processors and configured to:

calculate a stability index (34) for each of
two or more portions of the pressure data,
wherein each stability index (34) indicates
at least one of heart rate stability and cath-
eter (10) stability for the respective portion
of the pressure data;

identify an optimal time window (48) for cal-
culating fractional flow reserve (FFR) based
on the pressure data, wherein the optimal
time window (48) is determined based on
the stability indexes (34); and

calculate an FFR value (50) based on the
pressure data in the optimal time window
(48).

2. Thesystem (1) of claim 1, wherein the FFR calcula-
tion module (40) is further configured to:

compare the stability index (34) to a threshold
index value (35); and

identify the optimal time window (48) based on
the comparison.

3. Thesystem (1) of claim 1, wherein the FFR calcula-
tion module (40) is further configured to:
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10

calculate a heart rate instability indicator for each
heart beat interval in the pressure data, wherein the
heart rate instability indicator is a percentage varia-
tion of a duration of each heart beat interval com-
pared to durations of one or more previous heart
beat intervals.

The system (1) of claim 3, wherein the FFR calcula-
tion module (40) is further configured to:

identify a maximal hyperemic region (MHR) (45)
based on the heart rate instability indicator; and
identify the optimal time window (48) based on
the stability index (34) within the MHR.

The system (1) of claim 4, wherein the FFR calcula-
tion module (40) is further configured to identify the
MHR based further on at least one of a time of ad-
ministration (41) of a hyperemic stimulus agent, a
type of hyperemic stimulus agent administered, a
dose of hyperemic stimulus agent administered, and
a body mass index (BMI) of the patient.

The system (1) of claim 3, wherein the FFR calcula-
tion module (40) is further configured to:

identify local maximums, local minimums,
and/or inflection points in each of the first series
of pressure measurements and the second se-
ries of pressure measurements;

calculate a catheter (10) instability indicator
based on a frequency of the local maximums,
local minimums, and/or inflection points; and
wherein the stability index (34) is based on at
least one of the catheter (10) instability indicator
and the heart rate instability indicator.

7. The system (1) of claim 1, wherein the FFR calcula-

tion module (40) is further configured to:

calculate a catheter (10) instability indicator
based on a frequency of local maximums, local
minimums, and/or inflection points in the pres-
sure data; and

wherein the stability index (34) is based on the
catheter (10) instability indicator.

The system (1) of claim 1, wherein the FFR calcula-
tion module (40) is further configured to:
interpolate each of the first series of pressure meas-
urements and the second series of pressure meas-
urements to generate interpolated pressure data pri-
or to calculating the FFR value (50), and calculate
the FFR value (50) based on the interpolated pres-
sure data.

The system (1) of claim 8, wherein the FFR calcula-
tion module (40) is further configured to calculate a
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running average of a predetermined number of heart
beat intervals of the interpolated pressure data
throughout the optimal time window (48); and

calculate the FFR value (50) as a lowest running
average value within the optimal time window (48).

A method of evaluating blood flow in a vessel (3) of
a patient, the method comprising:

receiving pressure data measured in the vessel
(3), the pressure data including:

a first series of pressure measurements
from a first pressure sensor (18) positioned
on a first side (6) of a stenosis (5) within a
vessel (3);

a second series of pressure measurements
from a second pressure sensor (20) posi-
tioned on a second side (7) of the stenosis
(5) within the vessel (3);

calculating a stability index (34) for each of two
or more portions of the pressure data, wherein
each stability index (34) indicates at least one
of heart rate stability and catheter (10) stability
for the respective portion of the pressure data;
identifying, based on the stability index (34)es,
an optimal time window (48) within the pressure
data for calculating fractional flow reserve
(FFR); and

calculatingan FFR value (50) based on the pres-
sure data in the optimal time window (48).

The method of claim 10, further comprising calculat-
ing a heart rate instability indicator for each heart
beat interval in the pressure data, wherein the heart
rate instability indicator is a percentage variation of
a duration of each heart beat interval compared to
durations of one or more previous heart beat inter-
vals.

The method of claim 10, further comprising identify-
ing local maximums, local minimums, and/or inflec-
tion points of each of the first series of pressure
measurements and the second series of pressure
measurements;

calculating a catheter (10) instability indicator based
on the frequency of the local maximums, local min-
imums, and/or inflection points; and

wherein the stability index (34) is based on the cath-
eter (10) instability indicator.

The method of claim 10, further comprising interpo-
lating each of the first series of pressure measure-
ments and the second series of pressure measure-
ments to generate interpolated pressure data prior
to calculating the FFR value (50), wherein the FFR
value (50) is calculated based on the interpolated
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20
pressure data.

The method of claim 13, wherein the interpolation
includes applying a cubic spline function to each of
the first series of pressure measurements and the
second series of pressure measurements.

The method of claim 13, wherein the FFR value (50)
is calculated by determining a running average of a
predetermined number of heart beat intervals of the
interpolated pressure data throughout the optimal
time window (48); and

identifying a lowest running average value within the
optimal time window (48)



EP 3 586 729 A1

220 200 / 1
9 :

Ul |e—— Storage system 208
C
0
204 S §
40 | |25
€ £
8 28
Proc. system | P
)
20 18 226 207 26
3 (s <e=
15/ 14 16/ ) )
22 24
10/
FIG. 1

FIG. 2



EP 3 586 729 A1

e —FFR
— - —-— Stability index

\
35,
| / ]
R D . epmsypuey 2 | 7 =
! / 3 )
t t, | t Y ts 4>8 b 7 ts
34
Time
FIG. 3
------------ Pa
Pd
—— —FFR
— - ——-— Stability index
48a 47 48b
) . g - 5
> » (
31 i i
\\\(’ _ IA\ AN 7\ A
32 36 / 50 A\ 51 A~ AW

13



EP 3 586 729 A1

Receive pressure measurement data

82

l

Calculate stability index value

-84

l

Identify optimal time window based
on stability index value(s)

86

l

Calculate FFR for optimal time window

88

l

Output FFR value

90

FIG. 5

14

/80



Patient BMI

EP 3 586 729 A1

time?

Estimated
window end

p
~101 Agent type [~-102 Agent dose
} i '
Receive injection time ~_-104
Estimate effect window ~-106
/
No Estimated
window start
time?
Yes
Calculate H.R. based on pressure data [~-110
Calculate H.R. instability indicator 112
114
H.R. -
Yes stability indicator >
threshold?
Identify start of MHR ~-116
Identify optimal time window basedon | 143
stability index
Calculate H.R. instability indicator 120
:|/22
H.R.in ™%
stability indicator >
threshold?
>\ Yes
Identify end of MHR 124
FIG. 6

15

80

---103



EP 3 586 729 A1

Receive pressure data

~_-130

l

Calculate first derivative to identify slope

132

Yy

Calculate second derivative to identify inflection points

-134

y

Calculate catheter instability indicator based on
amount of high frequency noise and baseline drift

136

l

Apply cubic spline function to generate
interpolated pressure data

138

l

Identify heart beat interval in pressure data

140

Calculate heart rate instability indicator

142

y

Calculate stability index

| 144

147

:

Exclude from
optimal
time window

Stability index
threshold?

Include in optimal time window

148

FIG. 7

16



10

15

20

25

30

35

40

45

50

55

D)

Européisches
Patentamt

European
Patent Office

Office européen
des brevets

EP 3 586 729 A1

EUROPEAN SEARCH REPORT

Application Number

EP 19 18 2731

—

EPO FORM 1503 03.82 (P04C01)

DOCUMENTS CONSIDERED TO BE RELEVANT

Category

Citation of document with indication, where appropriate,
of relevant passages

Relevant
to claim

CLASSIFICATION OF THE
APPLICATION (IPC)

A

AP

US 2014/135633 Al (ANDERSON DAVID [US] ET
AL) 15 May 2014 (2014-05-15)

* paragraph [0003] - paragraph [0004] *
paragraph [0008] - paragraph [0010]
paragraph [0055] - paragraph [0056]
paragraph [ ]
paragraph [
paragraph [
paragraph [
paragraph [
paragraph [ ]
figures 3-5,16-29 *

*

*

(o] (o]
(o] (o]
(o)) ()]
(o] (o]
Poatr Tl T T
1% % %1

paragraph [0074] *
paragraph [0107]
*

*

=)

S

®

A
1

* % % % X * % % *

W0 2017/013020 Al (KONINKLIJKE PHILIPS NV
[NL]) 26 January 2017 (2017-01-26)

* paragraph [0006] - paragraph [0009] *

* paragraph [0048] - paragraph [0067] *

* figures 4-13 *

W0 2019/027836 Al (BOSTON SCIENT SCIMED
INC [US]) 7 February 2019 (2019-02-07)

* paragraph [0004] - paragraph [0021] *

* paragraph [0037] - paragraph [0048] *

* figure 2 *

SAYAN SEN ET AL: "Development and
Validation of a New Adenosine-Independent
Index of Stenosis Severity From Coronary
Wave-Intensity Analysis",

JOURNAL OF THE AMERICAN COLLEGE OF
CARDIOLOGY,

vol. 59, no. 15, 1 April 2012 (2012-04-01)
, pages 1392-1402, XP55173991,

ISSN: 0735-1097, DOI:
10.1016/j.jacc.2011.11.003

* the whole document *

The present search report has been drawn up for all claims

1-15

1-15

1-15

1-15

INV.
A61B5/02
A61B5/0215
A61B5/00

TECHNICAL FIELDS
SEARCHED (IPC)

A61B

Place of search

The Hague

Date of completion of the search

1 November 2019

Examiner

Van der Haegen, D

X : particularly relevant if taken alone

CATEGORY OF CITED DOCUMENTS

T : theory or principle underlying the invention

E : earlier patent document, but published on, or

Y : particularly relevant if combined with another
document of the same category

A : technological background

O : non-written disclosure

P : intermediate document

after the filing date

D : document cited in the application

L : document cited for other reasons

& member of the same patent family, corresponding
document

17

page 1 of




10

15

20

25

30

35

40

45

50

55

Patentamt
European
Patent Office
Office européen

Européisches

des brevets

EUROPEAN SEARCH REPORT

EP 3 586 729 A1

Application Number

EP 19 18 2731

DOCUMENTS CONSIDERED TO BE RELEVANT

Fractional Flow Reserve Despite Variations
in Systemic and?Coronary?Hemodynamics",
JACC: CARDIOVASCULAR INTERVENTIONS,

vol. 8, no. 8, 1 July 2015 (2015-07-01),
pages 1018-1027, XP55232964,

AMSTERDAM, NL

ISSN: 1936-8798, DOI:
10.1016/j.jcin.2015.01.039

* the whole document *

—

The present search report has been drawn up for all claims

Category Citation of document with indication, where appropriate, Relevant CLASSIFICATION OF THE
of relevant passages to claim APPLICATION (IPC)
A NILS P. JOHNSON ET AL: "Repeatability of [1-15

TECHNICAL FIELDS
SEARCHED (IPC)

Place of search

The Hague

Date of completion of the search

1 November 2019

Examiner

Van der Haegen, D

EPO FORM 1503 03.82 (P04C01)

CATEGORY OF CITED DOCUMENTS

X : particularly relevant if taken alone

Y : particularly relevant if combined with another
document of the same category

A : technological background

O : non-written disclosure

P : intermediate document

T : theory or principle underlying the invention

E : earlier patent document, but published on, or
after the filing date

D : document cited in the application

L : document cited for other reasons

& : member of the same patent family, corresponding
document

page 2 of

18




10

15

20

25

30

35

40

45

50

55

EPO FORM P0459

EP 3 586 729 A1

ANNEX TO THE EUROPEAN SEARCH REPORT

ON EUROPEAN PATENT APPLICATION NO. EP 19 18 2731

This annex lists the patent family members relating to the patent documents cited in the above-mentioned European search report.

The members are as contained in the European Patent Office EDP file on
The European Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

01-11-2019
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2014135633 Al 15-05-2014  NONE
W0 2017013020 Al 26-01-2017 CN 107920764 A 17-04-2018
EP 3324836 Al 30-05-2018
JP 2018533381 A 15-11-2018
US 2018228387 Al 16-08-2018
WO 2017013020 Al 26-01-2017
W0 2019027836 Al 07-02-2019 US 2019038144 Al 07-02-2019
WO 2019027836 Al 07-02-2019

For more details about this annex : see Official Journal of the European Patent Office, No. 12/82

19




patsnap

TRBIROF) TG M E MR REM %

NSNS EP3586729A1 NFF(RE)R 2020-01-01
RiES EP2019182731 RiEH 2019-06-26
FRIFRB(RFR)AGE) BRABRKKHE

BiE (TR AF) BABRSANTH

HARBHEANR)AGE) BRESLH

[#R1 &% BB A WARNER ADRIAN F
SCHNEIDEWEND DANIEL R
NOWICKI DANIEL J
XUE JOEL Q
-3 PN WARNER, ADRIAN F.
SCHNEIDEWEND, DANIEL R.
NOWICKI, DANIEL J.
XUE, JOEL Q.
IPCH %S A61B5/02 A61B5/0215 A61B5/00
CPCoE=
A61B5/7207 A61B5/0215 A61M2025/0002
k54X 16/019229 2018-06-26 US
INEPeELE Espacenet
BEGR)

—HATHHESENOEFNMRORSE , ZRESESE  ZSES
BE-ENMERBNEENERS  AEREENERENE-—M L
B NEMENNEDBE. HSEFENEIBESEREE-ED
RRENFE-RIEDNEEMKEBE -ENERFNE=-RIIEDN
B, ZREHE-SOBEFFRUTEER , ZFFRUTEERTE -1 S
MEERR EHTH ERBEEN N ENBBEORANRES MBDHHE
MRITEREMER , AP S MERERE RN ZEDBENOR

REENSEREETHNED -1, EIBEHNENBD. ETREM
EMBERENEED  MEREEIBETES RES (FFR). A

FETRENBE AR EDBEITEFFRE,

A61B5/02007 A61B5/021 A61B5/024 A61B5/026 A61B5/6852 A61B5/6876 A61B5/7235 A61B5/02158

-80

| Receive pressure measurement data |— 82

l

| Calculate stability index value | 84

l

Identify optimal time window based - 86
on stability index value(s)
| Calculate FFR for optimal time window |'"\ - 88

| Output FFR value |~<~/«90

FIG. 5


https://share-analytics.zhihuiya.com/view/4a88e49a-a51d-416d-a026-11739794ab42
https://worldwide.espacenet.com/patent/search/family/067296943/publication/EP3586729A1?q=EP3586729A1

