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(57) ABSTRACT

Apparatus for monitoring arterial pulse waves includes at
least one separator ring receivable on at least one digit of a
limb effective to tether a feed tube supplying a measuring
device to a digit. Each separator ring is of a compliant mate-
rial, of a non-interrupted tubular configuration, designed to
avoid interference of blood supply to or from the digit to
which it is applied, and of sufficient resilience and thickness
to enable it to distance each adjacent digit from a digit
mounted tubular socket probe so as to prevent contact
between the tubular socket probe and adjacent digits, without
interference to blood circulation, irrespective of the thickness
of the digit on which the separator ring is received.
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APPARATUS FOR MONITORING ARTERIAL
PULSE WAVES IN DIAGNOSING VARIOUS
MEDICAL CONDITIONS

RELATED APPLICATION

[0001] The present applicationis a PCT Application which
claims the benefit of priority of U.S. Provisional Application
No. 61/563,574, filed 24 Nov. 2011, the contents of which are
incorporated herein by reference in their entirety.

FIELD AND BACKGROUND OF THE
INVENTION

[0002] The present invention relates to apparatus for moni-
toring arterial pulse waves in diagnosing various medical
conditions. The invention is particularly useful in relation to
the methods and apparatus for measuring the peripheral arte-
rial tone of a subject, such as described in U.S. Pat. Nos.
6,319,205, 6,322,515, 6,488,633, 6,939,304, 7,374,540 and
7,819,811, and US Patent Application No. 20080077024, (all
incorporated herein by reference), and is therefore described
below with respect to such apparatus and methods, but it will
be appreciated that the invention could also be advanta-
geously used in other apparatus and methods.

[0003] The above-identified U.S. patents and patent appli-
cation disclose apparatus including various probe construc-
tions and methods for the noninvasive detection of medical
conditions of a subject, particularly by monitoring changes in
the peripheral arterial tone, as manifested by changes in the
pulsatile arterial blood volume in a body part, e.g., a digit
(finger or toe) of the subject. The various medical conditions
detected by such probes, as described therein, include myo-
cardial ischemia, sleep apnea, endothelial dysfunction (ED),
sleep disorders, sleep stages, mental stress, sympathetic ner-
vous system reactivity, blood pressure, etc. The preferred
embodiments described therein are particularly useful for
monitoring peripheral arterial tone in a subject’s finger, and
for this purpose, they include pressurizing means for applying
a static pressure field substantially uniformly around the dis-
tal end of the subject’s finger, including its terminal-most
extremity. The pressure field is of a predetermined magnitude
sufficient to substantially prevent distention of the venous
vasculature, uncontrolled venous backflow and retrograde
shockwave propagation into the distal end of the finger, and to
partially unload the wall tension of, but not to occlude, the
arteries in the distal end of the finger when at heart level or
below. The probe sensor senses changes in the distal end of
the subject’s digit (finger or toe), related to changes in volume
therein due to pulsatile changes in instantaneous blood vol-
ume related to arterial tone.

[0004] Further particulars as to the construction of such
probes, and the various medical conditions for which they
may be used, are available in the above-identified U.S. patents
and patent application.

OBJECTS AND BRIEF SUMMARY OF THE
INVENTION

[0005] An object of the present invention is to improve such
apparatus and diagnostic method in one or more of the fol-
lowing respects: in the performance and/or accuracy of the
apparatus and method, in the interpretation of the data
acquired, and/or in the ease of using the apparatus or imple-
menting the method.
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[0006] Probably most relevant to the present invention is
U.S. Pat. No. 6,939,304 (hereinafter the 304 patent) which
relates to apparatus for monitoring arterial pulse waves of a
subject having a pair of upper limbs, a pair of lower limbs, and
a plurality of digits on each of said limbs comprising;
[0007] atleast one tubular socket probe for application to at
least the distal phalanx of a digit, including the outer most tip
of said plurality of digits, on one limb;

[0008] a pressure applicator for applying a static pressure
field via a fluid conducting feed tube, to said distal phalanges
in said one limb; and

[0009] a measuring device carried at least in part by said
tubular socket probe for measuring arterial pulse wave signals
resulting from arterial pulse waves flowing through said distal
phalanx in said at least one digit in said one limb.

[0010] Preferably, the static pressure field is applied by a
thimble shaped probe including an end cap enclosing the
distal most phalanx, and a contiguous annular cuff.

[0011] According to a broad aspect of the present invention,
suich apparatus is characterized in that said apparatus further
comprises a plurality of separator rings at least one of which
is receivable on at least one of said digits securing thereto said
pressure feed tube to tether said fluid feed tube to said digit,
said at least one separator ring being of a compliant material,
of a non-interrupted tubular configuration, and of sufficient
resilience and thickness to enable it to distance an applied
tubular socket probe from an adjacent digit so as to prevent
contact between said tubular socket probe and said adjacent
digit, irrespective of the thickness of the digit on which the
separator ring is received.

[0012] More particularly, the pressure applicator is config-
ured to apply a static pressure field, via the fluid feed tube, to
said at least distal phalanx of the at least one digit, and an
interrupted occluding pressure field to a region between said
at least one distal phalanx and the subject’s heart; and this
apparatus further comprises a processor for calculating said
occluding and static pressure fields in response to the output
of said at least one measuring device.

[0013] According to another aspect of the present inven-
tion, the interrupted occlusion pressure field is to be applied
by an occluding cuff on one of said limbs in said one pair
limbs; and a said separator ring is designed to be applied to the
digit receiving said probe, or to two digits straddling the digit
receiving said probe.

[0014] According to one feature of the present invention,
the inner surface of each separator ring is formed with a
plurality of longitudinally-extending, circumferentially
spaced ribs, with intervening gaps effective to reduce inter-
ference of the separator ring with blood supply to or from the
digit to which it is applied, irrespective of the size of said
digital phalanx. This feature thus causes the separator ring to
engage the perimeter of the finger with multiple wedge-like
projections at evenly spaced intervals with interspersed gaps,
to apply localized force of a level:

[0015] a) to ensure that the flow of both venous and arterial
blood is not adversely affected,

[0016] b) to ensure an evenly spaced coupling to the body
surface over the perimeter of the digit,

[0017] c¢) to adapt it to a range of digit sizes covering the
normal anatomical range in the population, without applying
inconvenient pressure to the digit, and

[0018] d) to facilitate a stable and robust link to the digit.
[0019] According to another feature of the invention, the
fluid conducting feed tube is connected to, or passes through,
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a bore formed longitudinally through each separator ring
laterally of said longitudinally-extending, circumferentially-
spaced ribs, on the side of said separator ring to face the outer
dorsal surface of the digit on which the distal probe is applied
so as not only to support and tether the feed tube, but also to
elevate it above the body surface.

[0020] According to a still further feature, said apparatus
further comprises a mounting member for the fluid conduct-
ing pressure feed tube designed to be removably attachable to
the respective tubular socket probe so as to form a stable but
reversible airtight seal between said tube and the tubular
socket probe, and locking elements which interact to anchor
and lock said elements in a stable manner.

[0021] According to yet another feature, the apparatus fur-
ther comprises at least one limb support for supporting said
one limb and for temporarily supporting the tubular probe
during its application to the digit.

[0022] According to another feature, the processor controls
said occluding and static pressure fields by monitoring said
arterial pulse waves for a predetermined time period before
each occlusion, during each occlusion, and after each occlu-
sion.

[0023] According to another feature, the processor normal-
izes the signals received from the measuring device to the
tissue volume of the respective digit.

[0024] According to another feature, the processor normal-
izes the signals received from an occluded site with those
simultaneously recorded from a non-occluded site, and deter-
mines a response ratio.

[0025] According to still another feature, the processor cor-
rects the response ratio according to the signal amplitude
before occlusion.

[0026] The invention is particularly, but not exclusively
useful in cases wherein the pressure applicator applies a pres-
sure sufficient to substantially prevent venous pooling and to
partially unload wall tension of; but not to occlude, the arter-
ies in the respective digit including its distal extremity, and
especially wherein it provides an output indicating the Aug-
mentation Index of the subject.

[0027] Further features and advantages of the invention
will be apparent from the description below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] The invention is herein described, by way of
example only, with reference to the accompanying drawings,
wherein:

[0029] FIGS. 1-3, illustrate three variations of apparatus
showing improvements according to the present invention;
[0030] FIGS. 4-7 illustrate four further variations in the
apparatus of FIGS. 1-3;

[0031] FIGS. 8-10 illustrate three forms of separator ring
constructed in accordance with the invention for use in the
apparatus of FIGS. 1-7;

[0032] FIG. 10 illustrates a further construction of separa-
tor ring in accordance with the present invention;

[0033] FIGS. 11-14 illustrate another variation constructed
in accordance with the present invention wherein FIG. 11
illustrates the probe, F1G. 12 illustrates the tube holder, FIG.
13 illustrates the assembly of probe and tube holder, and FIG.
14 illustrates the assembly and separator ring;

[0034] FIG. 15 illustrates an arm support including a
mounting for a finger probe in accordance with the present
invention;
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[0035] FIG. 16 illustrates another means for temporarily
occluding the supply of blood to a measurement site in accor-
dance with the present invention;

[0036] FIG. 17 illustrates an improved manner of making a
baseline correction in accordance with the present invention;
[0037] FIGS. 18 and 19 illustrate correlation diagrams rel-
evant to variations of FIG. 17; and

[0038] FIG. 20 illustrates a digit-size measuring device that
may be included in the improved apparatus for measuring
tissue volume to provide a baseline correction in accordance
with the present invention.

[0039] It is to be understood that the foregoing drawings,
and the description below, are provided primarily for pur-
poses of facilitating understanding the conceptual aspects of
the invention and possible embodiments thereof, including
what is presently considered to be a preferred embodiment. In
the interest of clarity and brevity, no attempt is made to
provide more details than necessary to enable one skilled in
the art, using routine skill and design, to understand and
practice the described invention. It is to be further understood
that the embodiments described are for purposes of example
only, and that the invention is capable of being embodied in
other forms and applications than described herein.

DESCRIPTION OF PREFERRED
EMBODIMENTS OF THE INVENTION

[0040] FIGS. 1-4 schematically illustrate four variations in
one form of prior art apparatus for monitoring arterial pulse
waves of a subject showing improvements according to the
present invention. Such a prior art apparatus is described, for
example, in the above-cited U.S. Pat. No. 6,939,304 (the *304
patent), and the first three of such variations are illustrated
particularly in FIGS. 3-5 of that patent.

[0041] Briefly, the prior art apparatus illustrated in FIG. 1
includes a pressure applicator, generally designated 10, hav-
ing a tubular socket probe 11 for receiving the distal phalan-
ges of a digit 12 on a limb 13 of the subject’s body; and a
pressure source 14 for applying, via branch 15q of feed tube
15, a static pressure field generally around at least the distal
phalanx, including the distal extremity of the finger 12, when
received within the tubular socket probe, and an interrupted
occluding pressure field to a region between that at least distal
phalanx and the subjects heart, or within the said pressure
applicator 10 itself. The tubular socket probe 11 further
includes a pulse wave measuring device, schematically indi-
cated at 16, for measuring pulse wave signals resulting from
arterial blood pulse waves in the at least distal phalanx, and a
processor 17 for receiving signals from the measuring device
and for controlling the occluding and static pressure fields.
The interrupted occluding pressure field is produced by an
occluding cuff, shown at 18 in FIG. 1.

[0042] As described in the above-cited U.S. Patents, such
probes are useful in detecting a wide variety of medical con-
ditions, and may utilize numerous types of blood pulse sen-
sors, other than volumetric change measurement, such as
optical density or surface reflectivity devices, pulse oxime-
ters, electrical resistivity devices, Doppler ultrasound
devices, laser Doppler devices or other flow meter devices,
segmental plethysmographs, circumferential strain gauge
devices, optical plethysmographs, isotope washout devices,
thermal washout devices, electromagnetic devices and any
other sensors which are affected by a change in finger geom-
etry or red blood cell alignment or flux associated with pul-
satile volume changes, Hall effect sensors, and the like.
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[0043] FIGS. 1-3 illustrate one improvement of the present
invention in the provision of a separator ring 20 releasably or
permanently securing thereto the at least one fluid pressure
feed tube branch or branches 15a/155 to tether the measuring
device 16 to a finger 12, and to the probe 10. Separator ring 20
is of a compliant material, of a non interrupted tubular con-
figuration and of sufficient resiliency and thickness to enable
it to distance distal phalanges of different thicknesses from
the distal phalanx of an adjacent digit.

[0044] FIG. 1 illustrates an arrangement for determining
the arterial response to a predetermined period of arterial
occlusion. In the apparatus depicted in FIG. 1, probes 11 are
applied to digits of the respective right and left sides of the
arms 13, or of the legs. During the course of the test, one side
only is subjected to a period of arterial occlusion effected by
the application of a super systolic pressure field applied via
cuff 18, while the opposite side serves as an un-occluded
control, and the simultaneously recorded data derived from
the respective probes is processed in the manner described
below with respect to FIG. 17.

[0045] FIG. 2 illustrates a variation of the above described
arrangement; instead of the occlusion pressure field being
applied by cuff 18, it is applied directly to the at least distal
phalanx by one of the probes 11, via the pressure feed tubes
15. In this case, the pressure tubes designated as 154/155,
conduct the occluding pressure such that during the period of
occlusion, a supra-systolic pressure field equivalent to that
supplied by cuff 18 in FIG. 1, is applied within the probe,
while during the rest of the test, the same non-occluding static
pressure field is applied to both probes.

[0046] FIG. 3 illustrates a further setup, identical to that
illustrated in FIG. 2, except that in this case, digits of the same
limb serve as the respective occluded and un-occluded sites.

[0047] FIG. 4 illustrates a further arrangement for deter-
mining the arterial response to a predetermined period of
arterial occlusion. In this apparatus depicted in FIG. 4, a
probe 11 is applied to one digit 12 (e.g. the index finger) on
one arm 13 of the subject, and the interrupted occluding
pressure field is applied by cuff 18 to the upper end of arm 13.
The static pressure field is applied by the probe 11, and the
separator ring 20 is designed to be received on an adjacent
digit 12 (e.g. finger) to that receiving the probe.

[0048] FIGS.5 and 6 illustrate arrangements similar to that
of FIG. 4, except that in FIG. 5, the separator ring 20 is spaced
near the probe 11, and in FIG. 6, the separator ring is applied
against the probe.

[0049] FIG. 7 illustrates a still further arrangement wherein
two separator rings are applied to the two fingers straddling
the finger the probe 11.

[0050] As shown in FIG. 8, separator ring 20 may be in the
form of a torus with a rectangular cross section 20. It is of a
hollow tubular construction, to define an inner lumen 21 for
receiving the digit, (e.g. finger), of the subject’s body, and is
formed with a plurality of holes 22 defining passageways for
receiving the tubes 15 (FIG. 1) supplying the pressurized air
to the tubular probe 10. FIG. 8 also illustrates the longitudi-
nally extending, circumferentially spaced ribs defining the
multiple wedge-like projections 23 at evenly spaced intervals,
effective to ensure that the flow of both venous and arterial
blood are not adversely affected, while providing an evenly
spaced coupling to the body surface over the perimeter of the
digit. The separator ring is applicable to digits of a range of
sizes spanning the normal anatomical range in the population.
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[0051] FIG. 9 illustrates a modification in which the sepa-
rator ring, generally designated 120, is in the form of a torus
with a rectangular cross section, and is formed with the same
elements 121, 122 and 123, corresponding to elements 21, 22
and 23, respectively, in FIG. 8, but is further formed on its
outer surface with grooves 124 on either or both sides facing
neighboring finger/fingers, to accommodate the adjacent fin-
ger/fingers (or toeftoes) 12, as illustrated in FIGS. 4-7. Such
grooves aid in stabilizing the adjacent finger/fingers, thus
further reducing the potential movement of fingers and
improve signal stability.

[0052] The separator ring of FIG. 8 or FIG. 9 may be placed
on the proximal phalanx of a finger adjacent to the finger upon
which the probe 11 is placed, or on the same finger either at a
distance to the probe, or in direct contiguity to it, while the
probe 11 is placed over the distal phalanges of the finger. As
can also be seen, tubes 15 supplying the probe are supported
by the separator ring and are elevated above the body surface.
The tubes may form an arc between the probe and separator,
or follow a straight path, as shown.

[0053] Itwill thus be seen that although an air tube tethering
function was described in U.S. Pat. No. 6,319,205, as illus-
trated in FIG. 8 therein, the described means for achieving
this objective held the tubes in place immediately atop the
instrumented finger. In the present application, this function
is preferably effected in an integrated manner with the novel
digit separator 120, wherein the tube tethering feature is
integrated with the digit separator, and further serves to
elevate the tubes above the tissues, thereby avoiding undesir-
able perturbation of the tubes by contact with the body. This
may be achieved by using the tube holes formed within the
matrix of the finger separator illustrated in FIGS. 8 and 9.
[0054] FIG. 10illustrates a modification in the construction
wherein the separator ring, therein generally designated 220,
1s integrated with the tubular probe received on a digit (finger
or toe). The integrated digital probe/separator ring 220 also
includes a hollow interior, as shownat 221, and 1s formed with
the wedge-projections 223, corresponding to projections 23
and 123 in FIG. 8 and FIG. 9.

[0055] InFIG. 10, the fluid tubes (15, FIG. 1) are supported
on a holder 224 attached to tubular probe/separator ring 220,
and include longitudinally-extending grooves 222 formed in
the upper surface of holder 223.

[0056] In all of the above-described constructions, the
tubes are securely held by the tethering means, and thus
mechanical perturbations of the tubes remote from the teth-
ering site are prevented from being conducted to the probes
Likewise, all of the above described constructions, when
applied in any of the locations with respect to the probe
bearing digit illustrated in FIGS. 4-7 serve to physically sepa-
rate and distance the neighboring digit or digits so that direct
contact is avoided between the neighboring digits and the
tubular socket probe on the measured digit on which the probe
is mounted, or between any parts of the respectively neigh-
boring digits. The avoidance of possible contact between the
digit mounted probe and an adjacent digit, (finger or fingers),
serves to eliminate mechanical perturbation of the probe
which can seriously reduce the quality of the measured sig-
nals.

[0057] Another feature designed to improve the perfor-
mance and ease of use of the measurement probes is a special
means for quick reversible connection of the pressurized-
fluid feed tubes of the system to the finger probes. This feature
allows the pressurized-fluid tube connection to be quickly and
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easily effected in a manner requiring a minimum of operator
effort or technical skill, while ensuring a stable and airtight
connection. Further features of the tube connecting means are
thatit anchors the end portions of the tubes in a fixed, ordered,
and stable arrangement, and that it elevates the tubes above
the body surface.

[0058] FIGS. 11-14 illustrate such a construction, includ-
ing two main components namely a tubular socket-probe,
generally designated 310 in FIG. 11 and a tube holder, gen-
erally designated 320 in FIG. 12 for attaching thereto the
pressurized-fluid tubes 15. The tubular socket-probe 310 is
formed with a hollow interior 311 for receiving the finger or
toe of the subject, and with fluid conducting passageways
terminating in inlet ports 312 for conducting the pressurized
fluid, e.g. air, into the interior compartments of the probe. In
addition to the foregoing, the probe 310 carries, on its upper
surface, a mounting member 314 formed at one end with a
latch, schematically indicated at 315, and at the opposite end
with a locking element, schematically indicated at 316.
[0059] The apparatus illustrated in FIGS. 11-14 is particu-
larly useful when it further includes an electrical device, such
as an electrical heater, an optical plethysmograph, a tempera-
ture sensor, or the like. In such case, the probe 310 would
include electrical contacts, schematically illustrated at 317,
for the electrical device; and similarly, the tube holder 320
would also include electrical contacts, schematically indi-
cated at 327, to engage electrical contacts 317 when the tube
holder is applied to the integrated ring. The electrical conduc-
tors to which the electrical contacts 327 are connected are
schematically shown at 321 in FIG. 12 (and as shown at 19 in
FIGS. 1-7 inclusive). FIG. 12 also schematically illustrates
the pressurized-fluid ports 322 to be coupled to ports 312 in
the integrated ring 310, the latching element 325 to cooperate
with latch 315 of the integrated ring, and the locking element
326 to engage locking element 316 of the integrated ring.
[0060] FIG. 11 illustrates the probe 310, when the air inlet
ports 312 are in the form of rigid, slightly-fluted projections.
Latch 315 within an internal recess, and a locking element
316 at the opposite end of the integrated ring, interact with
their counterparts 325 and 326 respectively, in the removable
tube mounting member 320, shown at FIG. 12. The air inlet
ports 322 are preferably of an elastomeric material designed
to be compressed upon application to the corresponding air
inlet ports 312 on probe 310 to form an airtight seal, while the
foregoing latch and locking elements interact to anchor and
lock the two parts in a stable manner, yet releasable manner,
as shown in FIG. 13. A further advantage of the two part
connecting arrangement is that the electrical conducting
wires, 321 similar to the fluid conducting tubes, are anchored
in the end portion of mounting member 320 in a fixed and
stable arrangement, likewise elevated above the body surface.
[0061] It will thus be seen that the construction illustrated
in FIGS. 11-13 permits the fluid conducting tube and electri-
cal connections to be quickly and easily effected in a manner
requiring a minimum of operator effort or technical skill It
also assures a stable and airtight connection, and provides
electrical connectors to enable electrical communication
between the probe and the electrical device. Connections can
thus be made, for example, to the elements of an optical
plethysmograph, to a temperature sensing means, or to a
heating coil, within the probe, as described above. Similarly,
an electrical connection can be made to an electronic identi-
fication device mounted on the probe itself for the purpose of
identifying the probe.
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[0062] An advantageous combination of the tube and wire
mounting means is depicted in FIGS. 12 and 13, and the finger
separating and tube tethering means (shown for example in
FIG. 2 as 20, in FIG. 3 as 120, and in FIG. 4 as 220), is
depicted in FIG. 14. The elevation of the complex of conduct-
ing tubes and wires above the body surface from the distal end
of the tube holder element 320 is illustrated in FIGS. 12 and
13.

[0063] There are a number of ways in which the probe and
separator ring shown at 420 in FIG. 14 may interact, for
example, by the formation of an arc of about 180° of the tubes
and wires between the distal end of the tube holder element
320 and the tube retaining means of the separator ring 420.
Likewise, the probe separator ring 420 may interact in the
ways illustrated at FIG. 5 and FIG. 6, as briefly described
above, in order to reduce the potential for mechanical pertur-
bation of the probe due to mechanical strain, tugging or
motion of the tubes and wires.

[0064] FIG. 15 illustrates a further improvement in the
monitoring apparatus of the present invention, which may be
embodied in the limb support for supporting the limb of the
digit of the subject’s body to be monitored. In the illustrated
embodiment of FIG. 15, the limb support is an arm support,
generally designated 500, for supporting and stabilizing the
forearm and base of the hand of the subject throughout the
measurements, and allowing the digits to be comfortably and
stably positioned in front of the limb support, thereby reduc-
ing patient movement and related mechanical perturbations
and thus extraneous noise, where the digit to be monitored is
one or more fingers of the subject’s hand.

[0065] The forearm support illustrated in FIG. 15 is gener-
ally similar to that described in the above-cited U.S. Pat. No.
4,270,235 incorporated herein by reference, but has been
modified by the provision of a probe-supporting recess 510
for supporting the pressure applicator 10, described above
with respect to FIGS. 1-3, during the process of applying the
probe to the patients digit. The modified forearm support
illustrated in FIG. 15 thus facilitates the proper and stable
placement of the pressure applicator on the patient’s digit at
an appropriate orientation to the digit, during the process of
inserting the digit into the probe lumen, inflating, i.e., pres-
surizing, the probe.

[0066] The use of such an improved forearm support, in
combination with the other devices described above with
respect to FIGS. 1-14, provides a greater level of noise sup-
pression than any of the individual devices alone.

[0067] FIG. 16 illustrates another form of occlusion cuff,
therein generally designated 600. It is applied to the finger
carrying the pressure applicator 10 on the proximal side
thereto, i.e., on the side thereof facing the subject’s heart. In
this case, the pressure applicator 10 itself may also serve as
the occluder, instead of cuff 18 (FIG. 1).

[0068] Although it is usually possible to completely
occlude blood flow, we have nevertheless discovered that ina
fraction of cases, even very high levels of occlusion pressure,
which may even be considerably higher than the patient’s
systolic blood pressure, are insufficient to entirely occlude the
blood flow. This may be related to functional characteristics
of the blood vessel structure and tissue composition. In such
cases, the amplitude of the residual pulsatile blood volume
signals is often unaffected by further increasing the level of
applied occlusion pressure.

[0069] Under such circumstances, it is important to identify
and quantify the occurrence of such incomplete occlusion,
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both in terms of the absolute and/or relative magnitude of the
residual arterial pulsatile volumes, and also the absolute and/
or relative duration of this incomplete occlusion during the
prescribed occlusion period.

[0070] Such information is very important for determining
the level of validity of a test, as a poor occlusion quality may
adversely affect the degree of physiological stimulus in fact
produced by the attempted occlusion. Thus the ability to
detect and quantify the magnitude of the residual pulsatile
signal present, despite a maximal allowed level of applied
cuff pressure, is a further improvement of the current appli-
cation. Determining the extent of the residual detected signal
may for example provide information which is useful for
categorizing the test quality, and thus for correcting the test
result. It also provides feedback which is useful for limiting
the pressure to be applied by the occluding means, in the event
that with increasing pressure there is no further reduction in
the degree of residual arterial pulse waves. The existence of
incomplete occlusion despite the application of an above
systolic pressure level, may in itself represent a significant
diagnostic feature. In such apparatus, the monitoring probe is
effective to monitor arterial pulse waves through the respec-
tive digit to indicate when there is no arterial pulse waves
therethrough, or in the case where a complete occlusion can-
not be effected, to produce a correction factor based on the
residual signal magnitude, to be applied to the resulting signal
following occlusion removal, and thus adjust the test result.

[0071] The quantitative analysis of incomplete arterial
occlusion may be determined by measuring the absolute
amplitude of detected arterial pulse signals, as indicated 700
in FIG. 17, or by dividing the amplitude of detected arterial
pulse signals, as indicated at 705 in FIG. 17, during occlusion
by the corresponding arterial pulse signals, as indicated at
706, or by for example the mean amplitude of the occluded
side baseline arterial pulse signals amplitude as indicated at
701 or 704. The resulting ratios can thus provide relative
indices of incomplete arterial occlusion, when their value
exceeds a predetermined threshold value.

[0072] Likewise, the absolute value of arterial pulse signals
at 705 can be used to identify an absolute index of incomplete
arterial occlusion when the value of said absolute index of
incomplete arterial occlusion exceeds a predetermined
threshold value. Furthermore, the said absolute or relative
indices of incomplete arterial occlusion may be used to cat-
egorize the test quality. and to correct the test result.

[0073] U.S. Pat. No. 6,939,304, FIG. 16, described a strik-
ingly powerful relationship linking the pre-occlusion arterial
pulse wave signal amplitude with subsequent relative signal
amplitude change following a standard period of blood flow
occlusion. This relationship has been consistently observed in
large study populations, and importantly, it is consistently
observed when considering multiple tests within a given indi-
vidual subject, where considerable variability of the pre-oc-
clusion signal amplitude may be observed, suggesting that
such variability is physiologically normal. As shown in FIG.
18, the post-occlusion, relative signal amplitude change has
been found to be exponentially inversely related to the pre-
stimulus signal amplitude, and has subsequently been found
to have a remarkably high correlation coefficient of around
0.8 in large samples of n>>1,000. Essentially this means that a
lower amplitude pre occlusion signal is associated with a
larger relative increase following the release of the occlusion,
and vice versa. Since a pre-stimulus signal amplitude may be
widely variable due to normal physiological factors, even
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within an individual, the consequent post-occlusion relative
signal amplitude change vatiability may thus also be consid-
ered to be physiologically normal. Since a post-occlusion
relative signal amplitude change is indicative of endothelial
function, its potential instability related to physiologically
normal variability of the pre-occlusion baseline amplitude
raises a problem, because endothelial function in an indi-
vidual is assumed to be stable at least in the short term. This
problem can be resolved by using an empirically derived
correction factor to be applied for correcting for this inherent
baseline amplitude dependency of the post occlusion
response.

[0074] Such a baseline signal amplitude related correction
factor was described in U.S. Pat. No. 6,939,304, It is essen-
tially a reciprocal function to the correlation function
between baseline signal amplitude and post occlusion signal
amplitude changes. It is applied to a given baseline signal
amplitude to yielda correction factor, and is of the basic form:
Correction factor=a*log Baseline amplitude +b, where the
baseline value is the pre-occlusion signal amplitude.

[0075] The present application describes a number of
improvements to this correction factor, based on temporal
adjustment, tissue volume, and blood pressure related correc-
tions of the pre-occlusion baseline amplitude used in deter-
mining the correction factor.

[0076] The finger and toe arteries are particularly respon-
sive to autonomic nervous system activity. This is itself sub-
jectto spontaneous change over time in general, and is highly
reactive to noxious stimuli such as a period of blood flow
occlusion FIG. 18 shows the results of a study comparing the
simultaneously measured response indices corresponding to
704/701 described in F1G. 7 when a cuff was used to apply the
occlusion pressure field on one side while the identical pres-
sure field was applied within a probe on the opposite sided
digit. This study comprised 40 subjects as can be seen in FIG.
13, the correlations over successive 30 second epochs of time
after the end of occlusion shown at 801, were consistently
extremely high. The subjective impression all 40 subjects was
that the digit applied occlusion was considerably less uncom-
fortable than the cuff applied occlusion. Thus, effecting the
occlusion within the probe itself may be advantageous, how-
ever both means of producing arterial occlusion are consid-
ered to be effective and clinically acceptable. FIG. 19 shows
the results of a study comparing finger volume versus base-
line amplitude wherein lines 901 and 902 indicating the male
and female relationships are highly correlated, linear and
parallel.

[0077] Thus, it would be reasonable to expect this stimulus
to transiently change the finger and toe vascular tone, and
therefore the measured baseline amplitude, when comparing
the pre-occlusion and post occlusion periods. Unfortunately,
itisnot possible to accurately measure the signal amplitude of
the occluded site after occlusion since the occlusion itself
induces local changes in its aftermath at the occluded site,
greatly affecting the signal. U.S. Pat. No. 6,939,304 described
using the unadjusted pre occlusion period baseline amplitude
of the occluded side as a basis for correction, despite the
likelihood that the actual signal amplitude could have been
substantially affected by normal autonomic nervous system
related factors associated with the occlusion event.

[0078] FIG. 17 shows, amongst other things, a way in
which such a correction to assess the above mentioned auto-
nomically mediated changes could be made indirectly, based
on using the ratio of post-occlusion to pre-occlusion changes
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of the un-occluded site (control) signal, to appropriately com-
pensate the occluded site baseline signal amplitude.

[0079] This process is explained as follows:

[0080] Firstly, when considering the overall time course of
a representative test study, indicated in FIG. 17 generally as
700, an occluded site response ratio can be determined by
dividing the measured post occlusion signal amplitude 704,
by its baseline signal amplitude 701. Similarly, an un-oc-
cluded site response ratio can be determined by dividing the
measured post occlusion signal amplitude 703, by its baseline
signal amplitude 702. When the occluded site ratio is divided
by its corresponding and simultaneously recorded un-oc-
cluded site response ratio, this yields a corrected ratio, as
indicated at A in FIG. 17.

[0081] Multiplying this corrected ratio by the above
described baseline amplitude correction factor, of the general
form a*log 701+b where a and b are constants, yields a
baseline amplitude corrected ratio, as indicted at Bin FIG. 17.
[0082] To effect a temporal correction to the baseline
amplitude correction factor, the baseline amplitude in the
region of interest during the pre-occlusion period of the site to
be occluded indicated as 701, may be corrected by being
multiplied by the ratio of the un-occluded (control), site post
occlusion signal amplitude (703) divided by the control site
pre-occlusion signal amplitude (702), to determine a tempo-
rally corrected baseline amplitude, and substituting this value
into the baseline correction factor function to derive a tem-
porally adjusted baseline correction factor. Thus, substituting
(701%(703/702)) into the baseline correction factor function
and multiplying by corrected ratio vields a temporally
adjusted baseline amplitude corrected ratio, as indicated at C
in FIG. 17.

[0083] Alternatively, the same type of correction may be
made using the control side post-occlusion signal amplitude
immediately before the time of the region of interest, such
that the corrected occluded side baseline would represent the
adjusted signal amplitude immediately before the elected
region of interest time. Applying such a correction to the
measured pre occlusion occluded site baseline data for in a
group of 732 subjects increased its correlation to the subse-
quent post occlusion vascular response.

[0084] For instance, it was found that the linear regression
correlation coefficient between the logarithm ofthe pre occlu-
sion occluded site baseline amplitude 701, and the corrected
ratio i.e. (704/701)/(703/702), was 0.755, while the correla-
tion to the occluded side pre-occlusion amplitude (701) after
being corrected by being multiplied by the ratio of 803/802,
was 0.848.

[0085] A further shortcoming of the baseline amplitude
correction factor described in U.S. Pat. No. 6,939,304, is that
it did not take into account the actual tissue volume of the
finger from which it was derived. This is important when
considering the signal amplitude/post-occlusion response
relationship. Thus, what is important is the level of vascular
tone upon which the stimulus is being applied, rather than the
signal size as such. The degree of vascular tone is determined
by the relative degree of vascular resistance which is in turn
related to the signal amplitude normalized to the tissue vol-
ume from which it is derived. Since finger size varies sub-
stantially between people, and even between fingers of the
same hand (e.g. thumb vs. little finger), this could be expected
to impact on the accuracy ofthe baseline amplitude correction
function mentioned above. FIG. 19 shows the average base-
line amplitude values associated with given interval ranges of
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the estimated volume of the distal phalanx of a finger volume,
based on measurement of the actual finger perimeter, with
901 representing the male population and 902 representing
the female population, together with respective lines of best
fit (least squares) and respective linear regression coeffi-
cients. The plots demonstrates both the linearity of finger size
vs. signal baseline amplitude (corresponding to 701 in FIG.
17), as well as the span of finger sizes, based on a population
of 1959 males and 1266 females, grouped by the estimated
volume intervals based on the perimetry measurements. It
also appears that there is a gender related offset with males
having larger amplitudes compared to females at a given
finger volume, which may be related to physiological factors
or to anatomical factors.

[0086] When baseline signal amplitude was corrected for
the temporal delay as defined above, and further normalized
by dividing the baseline signal amplitude by the measured
tissue volume itself divided by a reference tissue volume
value, its subsequent correlation to the corrected ratio i.e.
(704/701)/(703/702), was increased to 0.8550.

[0087] Determining the digit tissue volume for the above
described tissue volume based source of inaccuracy could be
resolved by normalizing the measured signal to the actual
finger size. An automated method for quantitatively deter-
mining tissue volume is described in U.S. Pat. No. 7,819,811.
However, that method for implementing this measurement
requires major changes to the apparatus. FIG. 18 shows the
results of a study comparing the simultaneously measured
response indices corresponding to 704/701 described in FIG.
17, when a cuff was used to apply the occlusion pressure field
on one side, while the identical pressure field was applied
within a probe on the opposite sided digit. This study com-
prised 40 subjects. As can be seen in FIG. 18, the correlations
over successive 30 second epochs of time after the end of
occlusion shown at 711, were consistently extremely high.
The subjective impression all 40 subjects was that the digit
applied occlusion was considerably less uncomfortable than
the cuff applied occlusion. Thus, effecting the occlusion
within the probe itself may be advantageous, however both
means of producing arterial occlusion are considered to be
effective and clinically acceptable.

[0088] FIG. 20 illustrates a digit-size measuring device,
therein generally designated 800, for measuring the size of
the distal end of the digit to produce a corrected baseline
correction factor based on the volume of the distal end of the
digit. As shown in FIG. 20, device 800 includes a digit-
receiving member 801 formed with an opening 802 for
receiving the digit. Member 801 is slidable along another
member 803 which includes side surfaces 804 and 805 inter-
secting at an acute angle and engaged by the outer surface of
the digit received within member 801. Member 803 is further
formed with a scale 806 along surface 804. Scale 806 is
graduated to indicate the size of the digit, and thereby its
volume, when the digit is moved along member 803 until the
outer surfaces of the digit come into contact with both sur-
faces 804 and 805 of member 803. The scale is viewable
through a window 807 formed in a side wall of member 801.

[0089] The design shown in FIG. 20 merely serves to illus-
trate a simple means for measuring the finger size at a given
region of the finger’s length with respect to its distal extrem-
ity. Numerous other means could be used to this end, includ-
ing but not limited to a direct measurement of the digit perim-
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eter using a measuring tape, a series of holes of varying sizes
to determine the smallest size capable of allowing the digit
region to enter it.

[0090] Another alternative approach to adjusting the base-
line signal amplitude is to normalize signal amplitude to the
subjects Body Surface Area, (BSA), itself divided by a refer-
ence BSA value, which can be derived from the subject’s
height and weight using well known formulae. Since this is
significantly correlated to finger tissue volume, it can be used
as a surrogate of volume to aid in normalizing the baseline
signal amplitude in the manner shown in FIG. 17 at D.
[0091] The above describe examples, which are merely
illustrative, would provide a finger size surrogate index, as
opposed toa rigorous determination of volume as perour U.S.
Pat. No. 7,819,811, but would have the advantage of being
simply applied.

[0092] Similar to the correction of the signal amplitude
based on the tissue volume, it may also be advantageous to
correct the baseline signal amplitude with respect to the span
of the patient’s pulse pressure, that is the difference between
systolic and diastolic systemic blood pressure. The pulse
pressure acts in concert with the level of effective arterial
resistance to determine the resulting signal amplitude.
[0093] The reason why it may be advantageous to correct
the signal amplitude for pulse pressure magnitude is that,
when considering the interaction between the initial signal
amplitude and the post occlusion response. what is really
important is the level of vascular tone upon which the stimu-
lus is being applied, rather than the signal size as such. Since
the magnitude of a subjects pulse pressure is derived from the
combination of the action of the heart and the overall systemic
resistance, it is, to a large extent, independent of the local
vascular resistance of the specific measurement site under
consideration. Thus, variations in pulse pressure at a given
level of localized vascular tone could give rise to substantial
variations in the signal amplitude, and this could thus be
expected to impact on the accuracy of the baseline amplitude
determination. A subject with a large pulse pressure would
thus be expected to exhibit a lower level of arterial tone, and
thus a greater capacity for vasodilation, compared to one
having the same signal amplitude but with a smaller pulse
pressure.

[0094] A process of normalization of the baseline signal
amplitude would thus be based on correcting the measured
baseline signal amplitude by the ratio of the patient’s pulse
pressure to a reference pulse pressure value, as shown in FIG.
17 at E.

[0095] Another analysis feature, unexpectedly discovered
to be useful in improving the diagnostic performance, is that
of applying a logarithmic transformation to the response indi-
ces described in F1G. 17 at A, B, C, D and E. Using the log of
the response index has been empirically demonstrated to
provide better separation between patient and unselected
populations than the corresponding conventional index.
Since it provides a less skewed frequency distribution profile,
it also would appear to be a statistically appropriate change.
[0096] The “Augmentation Index” is a well known index
which uses the noninvasively measured pulse wave shape to
provide a parameter that reflects the general level of arterial
stiffness, the increase of which is amongst other things, a
consequence of arterial aging and arteriosclerosis. The pulse
wave shape is affected by the degree to which the incident
central arterial pressure is changed by its summation with
wave reflection of the pulse wave. Degeneration of the arterial
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wall due to aging and disease processes results in a stiffening
of the arterial walls and in an increase in the pulse wave
velocity, which affect the manner in which the incident and
reflected waves summate.

[0097] The PAT probe provides a uniquely advantageous
measurement environment for measuring this index. This is
due to its ability to restrict the measurement solely to arterial
pulse waves without venous admixture, while further ensur-
ing that the site of measurement is not affected by induced
venous pooling which can induce reflex vascular changes. It
further ensures that a state of optimal transmural pressure is
applied to the measurement to optimally unload the arterial
wall tension and thereby provide the optimal range of vascu-
lar motion and signal linearity, as described in considerable
detail in for example U.S. Pat. No. 6,319,205. Thus, using the
PAT apparatus and method facilitates the accurate and con-
sistent measurement of the Augmentation index.

[0098] Many other variations, modifications and applica-
tions of the invention will be apparent to those skilled in the
art.

In the claims:

1. Apparatus for monitoring arterial pulse waves of a sub-
ject comprising:

probe for application to a probe-receiving digit of a limb of

said subject and measuring signals from said arterial
pulse waves therein;

a fluid conducting feed tube attachable to said probe; and

a separator ring, receivable on a supporting digit of said

limb, and configured for securing thereto and support-
ing;

said separator ring being:

sized to distance said probe from an at least one digit
adjacent to said probe-receiving digit so as to prevent
contact therebetween, and

having an inner surface formed with a plurality of lon-
gitudinally-extending, circumferentially-spaced ribs
with intervening gaps; wherein

said ribs are configured to be of sufficient resilience to
support said feed tube above said supporting digit,
while applying localized force of a level low enough
to ensure that the flow of both venous and arterial
blood is not adversely affected in said supporting
digit.

2. The apparatus according to claim 1, wherein said probe
comprises a tubular socket, and further comprising a pressure
applicator configured to apply a static pressure field via said
fluid feed tube to enclose an at least distal phalanx of said
probe-receiving digit, including the outer-most tip thereof,
received in said tubular socket of said probe, and an inter-
rupted occluding pressure field to said at least distal phalanx,
or to a region between said at least one distal phalanx and the
subject’s heart; wherein

said apparatus further comprises a processor for calcu-
lating said occluding and static pressure fields in
response to the output of a measuring device, carried
at least in part by said probe, for measuring arterial
pulse wave signals resulting from arterial pulse waves
flowing through said probe-receiving digit.

3. The apparatus according to claim 2, wherein:

said interrupted occluding pressure field to be applied by

an occluding cuff is to be applied to a region between
said outer-most tip and the heart of said subject;
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and said separator ring is:
of a compliant material,
sized for application to said probe-receiving digit, to a
digit adjacent thereto, or to two digits straddling the
probe-receiving digit.
4. The apparatus according to claim 2, wherein:
said pressure applicator is configured to apply a static
pressure field to said probe-receiving digit and to a sec-
ond probe attachable to a second probe-receiving digit,
said digits being on separate limbs of said subject.

5-6. (canceled)

7. The apparatus according to claim 1, wherein said fluid
conducting feed tube or passes through a bore formed longi-
tudinally through said separator ring laterally of said ribs, on
aside of'said separator ring configured to face a dorsal surface
of the probe-receiving digit such that said feed tube is
elevated above the body surface.

8. The apparatus according to claim 7, wherein said sepa-
rator ring is formed on its outer wall with a channel removably
receiving a tube holder for removably receiving the fluid
conducting feed tube.

9. The apparatus according to claim 1, wherein said sepa-
rator ring is formed, on its outer surface, a longitudinally-
extending groove on one or both sides each for receiving a
digit of the subject’s body.

10-13. (canceled)

14. The apparatus according to claim 2, wherein said pro-
cessor controls said occluding and static pressure fields by
monitoring said arterial pulse waves for a predetermined time
period before each occlusion, during each occlusion, and
after each occlusion.

15. The apparatus according to claim 14, wherein:

the amplitude of arterial pulse waves during the predeter-

mined time period after the period of occlusion is
divided by the amplitude of arterial pulse waves during
the predetermined time period before occlusion to pro-
vide an occluded site ratio;

the amplitude of arterial pulse waves during the predeter-

mined period after the period of occlusion is divided by
the amplitude of arterial pulse waves during the prede-
termined time period before occlusion to provide an
un-occluded site ratio; and

said occluded site ratio is divided by said un-occluded site

ratio, to provide a corrected ratio; wherein

said corrected ratio is multiplied by a baseline amplitude

correction factor, which is a predetermined function of
the arterial pulse wave amplitude of the before occlusion
time period of the occluded site, to provide a baseline
amplitude corrected ratio.

16. (canceled)

17. The apparatus according to claim 15, wherein said
baseline amplitude of the arterial pulse waves of the occluded
site during the before occlusion time period, is multiplied by
the ratio of the un-occluded site post occlusion signal ampli-
tude divided by the un-occluded site pre-occlusion signal
amplitude, to provide a temporally corrected baseline ampli-
tude, which is substituted into the said baseline correction
factor function to derive a temporally adjusted baseline cor-
rection factor, and used to multiply said corrected ratio to
thereby derive a temporarily adjusted baseline amplitude cor-
rected ratio.

18. The apparatus according to claim 14, wherein the
amplitude of arterial pulse waves of the occluded site during
the predetermined occlusion period is divided by the ampli-

Nov. 13,2014

tude of the corresponding arterial pulse waves of the at least
distal phalanx, or by the average amplitude of the arterial
pulse waves of the before occlusion period of the occluded
site, to provide an index of incomplete arterial occlusion
effective to categorize the test quality and to correct the test
result.

19. The apparatus according to claim 14, wherein the abso-
lute amplitude of arterial pulse waves of the occluded site
during the predetermined occlusion period provides an index
of incomplete arterial occlusion effective to categorize the
test quality and to correct the test result.

20. The apparatus according to claim 15, wherein said
processor divides said baseline amplitude by the tissue vol-
ume of the respective digit divided by a reference tissue
volume to provide a tissue volume adjusted baseline ampli-
tude, which is further substituted into said baseline correction
factor function to derive a tissue volume adjusted baseline
correction factor, and used to multiply said corrected ratio to
thereby derive a tissue volume adjusted baseline amplitude
corrected ratio.

21. (canceled)

22. The apparatus according to claim 20, wherein said
processor divides the said baseline amplitude or tissue vol-
ume adjusted baseline amplitude, by the pulse pressure of the
subject divided by a reference pulse pressure value, to provide
apulse pressure adjusted baseline amplitude, which is further
substituted into the said baseline correction factor function to
derive a pulse pressure adjusted baseline correction factor,
and used to multiply said corrected ratio to thereby derive a
pulse pressure adjusted baseline amplitude corrected ratio.

23. The apparatus according to claim 2, wherein said pres-
sure applicator applies a pressure sufficient to substantially
prevent venous pooling and to partially unload wall tension
of, but not to occlude, the arteries in each digit including its
distal extremity.

24. The apparatus according to claim 2, wherein said pro-
cessor for receiving signals from said at least one probe and
for providing an output indicating said arterial pulse wave
signals provides an output indicating the Augmentation Index
of the subject.

25. (canceled)

26. The apparatus according to claim 22, wherein a loga-
rithmic transformation is applied to the said corrected ratio,
baseline amplitude corrected ratio, tissue volume adjusted
baseline amplitude corrected ratio, and pulse pressure
adjusted baseline amplitude corrected ratio.

27. The apparatus according to claim 1, wherein an output
of said measuring device carried by said probe for measuring
arterial pulse wave signals in said at least distal phalanx is
selected from among the group consisting of:

avolumetric change measurement, an optical density mea-

surement, a surface-reflectivity measurement, a pulse
oximetry measurement, an electrical resistivity mea-
surement, a Doppler ultrasound measurement, a laser
Doppler measurement, a flow meter device, a segmental
plethysmograph, a circumferential strain gauge device,
an optical plethysmograph, an isotope washout device, a
thermal washout device, a temperature measurement, an
electromagnetic measurement device, a sensor affected
by a change in finger geometry or red blood cell align-
ment or flux associated with pulsatile volume changes,
and Hall effect sensors.

28. (canceled)
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29. The apparatus according to claim 1, wherein said fluid
conducting feed tube, and at least one electrical wire are
connected to, or pass through, a bore formed longitudinally
through said separating ring laterally of said ribs, on the side
of said separator ring configured to face the dorsal surface of
the probe-receiving digit, effective to support and tether not
only said feed tube, but also said at least one wire, and to
elevate them above the body surface.

30. The apparatus of claim 29, wherein said tethering and
elevation above the body surface of said feed tube and at least
one electrical wire is effective to reduce mechanical pertur-
bation of the measurement probes due to tugging, strain or
motion of the tubes or wires on said probe.

31. The apparatus of claim 1, wherein said application
comprises a stable and robust link to said supporting digit;
and said low level of localized force is applied is obtainable
for any supporting digit used, irrespective of size.

32. The apparatus according to claim 2, wherein said pro-
cessor is configured:

to receive signals from said probe; and

to provide an output indicating the Peripheral Arterial Tone

of the subject based on said signals.

33. A method of monitoring arterial pulse waves of a sub-
ject, comprising:

inserting into each of two tubular socket probes an at least

distal phalanx of a respective probe-receiving digit of
said subject, including the tip thereof;

applying at least one separator ring to a respective support-

ing digit, such that each said probe-receiving digit is
adjacent to a supporting digit, said

applying including attaching to said at least one separator

ring a fluid feed tube leading from one of said tubular
socket probes;

applying a static pressure field to each said at least distal

phalanx;
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applying an interrupted occluding pressure field to a region
between the tip of one of said probe-receiving digits and
the heart of said subject; and

measuring said arterial pulse waves from said probe-re-

ceiving digits; wherein

said at least one supporting ring is configured with suffi-

cient resilience to support said feed tube on said support-
ing digit, while applying localized force of a level low
enough to ensure that the flow of both venous and arte-
rial blood is not adversely affected in said supporting
digit.

34. The method of claim 33, wherein said probe-receiving
digits are mutually non-adjacent on one limb of said subject,
and said interrupted occluding pressure field is applied to a
region of one of said probe-receiving digits.

35. The method of claim 33, wherein said probe-receiving
digits are on opposite limbs of said subject.

36. The apparatus according to claim 33, wherein said
measuring of said arterial pulse waves comprises use of a
measuring device carried by said tubular socket probe, an
output of said measuring device being selected from among
the group consisting of:

avolumetric change measurement, an optical density mea-

surement, a surface-reflectivity measurement, a pulse
oximetry measurement, an electrical resistivity mea-
surement, a Doppler ultrasound measurement, a laser
Doppler measurement, a flow meter device, a segmental
plethysmograph, a circumferential strain gauge device,
an optical plethysmograph, an isotope washout device, a
thermal washout device, a temperature measurement, an
electromagnetic measurement device, a sensor affected
by a change in finger geometry or red blood cell align-
ment or flux associated with pulsatile volume changes,
and Hall effect sensors.
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