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METHODS AND APPARATUSES FOR
CENTRAL VENOUS PRESSURE
MEASUREMENT STATUS

TECHNICAL FIELD

[0001] The present invention relates to methods for deter-
mining central venous pressure, and apparatuses configured
to determine central venous pressure.

BACKGROUND ART

[0002] The central venous pressure (CVP) refers to the
mean vena cava or right atrial pressure, which is equivalent
to right ventricular end-diastolic pressure in the absence of
tricuspid stenosis. The higher the CVP, the greater the
passive diastolic filling of the right ventricle. Per Starling’s
cardiac function curves in normal hearts, greater filling of
the right ventricle leads to a larger right ventricular stroke
volume on the subsequent beat. CVP is expressed in milli-
meters of mercury (mm Hg) or centimeters of water (cm
H20) above atmospheric pressure (1.36 cm H20=1.0 mm
Hg). In most patients, the mean right atrial pressure mea-
sured by the CVP closely resembles the mean left atrial
pressure (LAP). At the end of diastole, left atrial pressure is
assumed to equal left ventricular end diastolic pressure
(LVEDP), which in turn is assumed to reflect left ventricular
end diastolic volume (LVEDV). Thus, CVP reflects left
ventricular preload, a critical parameter in optimizing car-
diac function. However, in patients with obstruction, or
valvular problems or pulmonary disease the right and left
ventricles may function independently. In these less com-
mon cases, left ventricular preload should be estimated by
measuring the pulmonary capillary ‘wedge’ pressure, using
a pulmonary artery catheter (PAC), as this is a better guide
to the venous return to the left side of the heart than CVP.
[0003] Central venous pressure (CVP) measurement is
essential for monitoring hemodynamics in critically ill
patients, individuals with heart failure, and patients under-
going surgery to estimate cardiac preload and circulating
blood volume. The current standard technique for measure-
ment of CVP is invasive, requiring insertion of a catheter
into a subclavian or internal jugular vein, with potential
complications. As CVP is the pressure at the right atrium, the
system must be “zero-ed” relative to the location of the right
atrium or the phlebostatic axis. This reference point is
located at the intersection of the fourth intercostal space and
mid-axillary line, allowing the measurement to be as close
to the right atrium as possible.

[0004] CVP can be estimated by physical examination of
the jugular veins of the neck. The external jugular vein runs
over the sternomastoid muscle and the internal jugular vein
runs deep to it. With the subject in a semi-supine position,
the lower part of the external jugular vein is normally
distended while the upper part is collapsed. Thus, jugular
venous pressure (JVP) provides an indirect measure of
central venous pressure. The internal jugular vein connects
to the right atrium without any intervening valves, acting as
a column for the blood in the right atrium. Unfortunately,
JVP measurements are difficult and measurement prone due
to variance in patient position and clinician measurement
techniques. A 1996 systematic review by Cook et al con-
cluded that agreement between doctors on the jugular
venous pressure can be poor. Cook, Deborah I., and David
L. Simel. “Does this patient have abnormal central venous
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pressure?.” Jama 275.8 (1996): 630-634. When determining
CVP in a heart failure patient by JVP examination, there is
the mistaken belief that jugular pulsations are easier to see
if the patient is in fluid overload. However, because jugular
pulsations depend on right atrial and ventricular contraction,
if the patient is in heart failure with a low ejection fraction,
the pulsations may be difficult to perceive.

[0005] A simple, accurate, noninvasive, and self-adminis-
tered determination of CVP would represent a valuable tool
in the assessment of cardiac function and overall hemody-
namic status to include volume status, fluid overload, and
left ventricular end diastolic pressure (LVEDP). Such a
self-administered test would have significant value in the
ambulatory monitoring of the patent with congestive heart
failure.

[0006] Heart failure occurs due to inadequate cardiac
output. Management goals are thus focused on the optimi-
zation of stroke volume for the patient with limited cardiac
function. Stroke volume is critically dependent on the vol-
ume of blood in the left ventricle at the end of diastole, the
end diastolic volume. FIG. 1 is a graphical representation of
heart performance of a patient with heart failure. The overall
performance of the heart in a patient with heart failure is
defined by decreased stroke volume when the end diastolic
filling pressure exceeds an optimal level. Optimal perfor-
mance of the heart occurs over a limited range of end
diastolic pressures and is labeled “target volume” in the
figure and is represented using Frank-Starling curve. Thus,
fluid management in these patients is critical; too little fluid
leads to decreases stroke volume while fluid overload also
leads to decreased stroke volume.

[0007] Heart failure is a significant medical problem with
an estimated US cost of approximately $30 billion annually
with 80% of that expenditure being attributable to hospital
admissions. The ability to reduce hospital admissions by
improved ambulatory management has been a long-standing
clinical objective. The primary cause of heart failure-related
hospitalizations is fluid overload. Historical monitoring
methods for fluid overload, such as shortness of breath,
swelling, fatigue, and weight gain, are not sensitive enough
to reflect early pathophysiologic changes that increase the
risk of decompensation and subsequent admission to the
hospital. Lewin J, Ledwidge M, O'Loughlin C, McNally C,
McDonald K. Clinical deterioration in established heart
failure: what is the value of BNP and weight gain in aiding
diagnosis? Eur J Heart Fail. 2005:7(6):953-957. Stevenson
L, Perloff ] K. The limited reliability of physical signs for
estimating hemodynamics in chronic heart failure. JAMA.
1989;261(6):884-888. FI1G. 2 shows a typical clinical course
of a heart failure patient with increasing fluid overload
resulting in hospitalization. Examination of the figure shows
that clinically observable signs occur late in the overall
decompensation sequence. Thus, the use of clinical symp-
toms for the management of heart failure patients is prob-
lematic.

[0008] The difficulty of determining early hemodynamic
congestion is demonstrated by the recently completed Better
Effectiveness After Transition—Heart Failure (BEAT-HF)
study. The study involving more than 1400 patients who
were extensively monitored with existing noninvasive tech-
nology. The study investigated aggressive management of
heart failure patients using a protocol that included pre-
discharge heart-failure education, regularly scheduled tele-
phone coaching, and telemonitoring. Telemonitoring
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included a Bluetooth-enabled weight scale and blood-pres-
sure/heart-rate monitor integrated with a text device that sent
the information to a centralized call center for review. If
predetermined thresholds were exceeded, the patient was
called and medication changed as determined by the clinical
staff. Also, if significant symptoms were reported, the
patient’s heart-failure physician was notified and the patient
was sent to the emergency department, if necessary. The
conclusion from this extensive clinical study was that the
intervention had no significant effect on hospital readmis-
sion rates.

[0009] Decreases in hospital admission rates have been
demonstrated by using an invasive-implanted pulmonary
artery pressure monitoring system. The CardioMEMS HF
System measures and monitors the pulmonary artery (PA)
pressure and heart rate in heart failure patients. The System
consists of an implantable PA sensor, delivery system, and
Patient Electronics System. The implantable sensor is pet-
manently placed in the pulmonary artery, the blood vessel
that moves blood from the heart to the lungs. The sensor is
implanted during a right heart catheterization procedure.
The Patient Electronics System includes the electronics unit
and antenna. The Patient Electronics System wirelessly
reads the PA pressure measurements from the sensor and
then transmits the information to the doctor. After analyzing
the information, the doctor may make medication changes to
help treat the patient’s heart failure. In a clinical study in
which 550 participants had the device implanted, there was
a clinically and statistically significant reduction in heart
failure-related hospitalizations for the participants whose
doctors had access to PA pressure data. The system costs
approximately $2,000 to implant and has a list price of
$18,000.

[0010] An accurate, self-administered, and noninvasive
measurement of CVP would be a significant medical
advancement as it would provide information of comparable
value to the expensive, invasive CardioMEMS system.
Specifically, CVP is a measure of right atrial pressure and
closely resembles the mean left atrial pressure (LAP). Atend
diastole left atrial pressure is assumed to equal left ventricu-
lar end diastolic pressure (LVEDP), which in turn is assumed
to reflect left ventricular end diastolic volume (LVEDV).
Thus, CVP is directly related to left ventricular preload, a
key parameter in optimizing cardiac output in the heart
failure patient.

SUMMARY OF INVENTION

[0011] Embodiments of the present invention address the
limitations of current central venous pressure monitoring by
providing a noninvasive, non-implanted, and self-adminis-
tered test for the determination of central venous pressure.
The system uses alterations in transmural pressure, optical
measurements of venous volume, and anatomical measure-
ments to determine central venous pressure. The system can
provide an absolute measurement of central pressure or can
be used to monitor relative changes in central venous
pressure over time. Changes in transmural pressure are used
to create detectable changes in peripheral venous vascular
volume for central venous pressure measurement. Transmu-
ral pressure changes can be induced by intravascular or
extravascular pressure changes. The system noninvasively
measures changes in venous volume in the presence of
prescribed transmural pressure changes. The relationship
between the transmural pressure change and the change in
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vascular venous volume is used with anatomical measure-
ments to determine the central venous pressure of the
patient. Changes in central venous pressure are correlated
with cardiovascular function and can used for the effective
management of heart failure patients.

[0012] The measurement process uses optical detection
methods that are sensitive to venous volume changes. These
optical changes can be used to determine the central venous
pressure in the presence of defined transmural pressure
changes. The optical measurement system interacts with the
venous system in a noncontact manner or in a defined
contact manner. The measurement process addresses
nuances of the measurement including delays in venous
volume response, autonomic function, positional sensitivi-
ties, and anatomical differences between patients. The mea-
sured central venous pressure provides a cardiovascular
assessment to facilitate the management of heart failure
patient in a proactive manner for the avoidance of fluid
overload and possible admission to the hospital.

BRIEF DESCRIPTION OF DRAWINGS

[0013] FIG. 1 is a schematic representation of the Frank
Starling Curve.
[0014] FIG. 2 is a schematic representation of hemody-

namic congestion over time.

[0015] FIG. 3 is a plot of peripheral venous pressure in
heart disease.

[0016] FIG. 4 is a schematic illustration of the distensi-
bility of a vein.

[0017] FIG. 5 is a plot for volume change versus venous
pressure.

[0018] FIG. 6 is an illustration of venous volume change

with an arm raise.

[0019] FIG. 7 is an illustration of physiological effects of
arm raise.
[0020] FIG. 8 is an illustration of using arm elevation to

change transmural pressure.

[0021] FIG. 9 is an illustration comparing tissue measure-
ment sites.
[0022] FIG. 10 is an illustration showing the influence of

pressure on the measurement site.

[0023] FIG. 11 is an illustration showing the impact of the
rate of transmural pressure change.

[0024] FIG. 12 is an illustration of wrist-mounted sensor
system.
[0025]

system.
[0026] FIG. 14 is an illustration of a base of the finger
based measurement system.

[0027] FIG. 15 is an illustration of a vein imaging system.
[0028] FIG. 16 is a schematic illustration of the use of an
external cuff to modify transmural pressure.

[0029] FIG. 17 is an illustration of breathing-induced time
varying transmural pressure changes.

[0030] FIG. 18 is a second illustration of breathing-in-
duced time varying transmural pressure changes.

[0031] FIG. 19 shows examples of pressure profiles used
to vary transmural pressure.

[0032] FIG. 20 is an example of vein imaging during
extravascular variations in transmural pressure.

[0033] FIG. 21 is an illustration showing the location of
the phlebostatic axis.

[0034] FIG. 22 illustrates the identification of anatomical
measurements from an image of a subject.

FIG. 13 is an illustration of a bracelet measurement
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[0035] FIG. 23 illustrates the identification of the location
of the heart using optical methods.

[0036] FIG. 24 is an illustration of a linkage model of
human anatomy.

[0037] FIG. 25 is an example of subject repositioning
using head position.

[0038] FIG. 26 is a second example subject repositioning
using head position.

[0039] FIG. 27 illustrates determination of the roll, pitch,
and yaw of the head.

[0040] FIG. 28 is an illustration of an anatomical mea-
surement and controlled arm movement system.

[0041] FIG. 29 is an illustration of a measurement proto-
col for minimizing the impact of time delays.

[0042] FIG. 30 is an example of vein imaging with a
controlled an arm raise.

[0043] FIG. 31 is an illustration of a subject initiated arm
movement.
[0044] FIG. 32 is an example of wrist-based optical data

during a subject-initiated arm movement.

[0045] FIG. 33 is an illustration of a central venous
pressure measurement system utilizing dynamic air pres-
sure.

[0046] FIG. 34 is an example of vein volume changes
induced by air pressure.

[0047] FIG. 35 is an illustration of central venous pressure
measurement system using static air pressure.

[0048] FIG. 36 is a schematic of a central venous pressure
measurement system using static air pressure.

[0049] FIG. 37 demonstrates central venous pressure
determination using static air pressure to change transmural
pressure.

[0050] FIG. 38 demonstrates the sensitivity of the central
venous pressure using static air pressure.

[0051] FIG. 39 is an illustration of an optical tonometer
example embodiment.

DESCRIPTION OF EMBODIMENTS AND
INDUSTRIAL APPLICABILITY

[0052] Definitions
[0053] Transmural pressure is a general term that
describes the pressure across the wall of a vessel (transmural
literally means “across the wall”), and is defined by the
following equation:

Pra=PrusideLousside

[0054] A flexible container expands if there is a positive
transmural pressure (pressure greater inside than outside the
object) and contracts with a negative transmural pressure. A
positive transmural pressure is sometimes referred to as a
“distending” pressure. A transmural pressure change refers
to any mechanism that changes the relationship between
inside pressure and outside pressure. Methods for changing
inside or intravascular pressure include but are not limited to
positional changes, hydrostatic pressure changes, stroke
volume changes, vascular volume changes, cardiac contrac-
tility changes, and exercise. Methods for changing outside or
extravascular pressure include but are not limited to changes
in intrathoracic pressure, positional changes, compression of
the vasculature by water, air or other means, use of vacuum
methodologies, resistance breathing, mechanical breathing,
abdominal compression, Valsalva, Mueller maneuvers, and
muscle contraction.
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[0055] Resistance breathing is a general term that applies
to any method that increases, decreases, or changes intratho-
racic pressure as compared with normal breathing. Resis-
tance breathing tests can include inhalation resistance
breathing, and exhalation resistance breathing, indepen-
dently or in combination. The use of exhalation resistance
breathing will create an increase in intrathoracic pressure
while the use of inhalation resistance breathing creates
decreased intrathoracic pressures. Resistance breathing can
be conducted using various protocols, such as paced breath-
ing and event-defined breathing. Paced breathing defines
target times for inhalation and exhalation such that the
breathing rate is constant. Event-defined breathing is a type
of resistance breathing where the subject exhales or inhales
against resistance for a single breath followed by rest or
recovery period. The term resistance breathing also covers
the process of creating a change in intrathoracic pressure
where little or no air movement occurs. The creation of an
occlusion pressure either increased or decreased is encom-
passed as part of the broad definition of resistance breathing.

[0056] Hydrostatic positional change is a general term that
applies to any process that changes the hydrostatic pressure
in a vessel due to positional changes or other means.

[0057] Heart Failure Etiology and CVP Measurement

[0058] Due to the etiology of heart failure, changes in
cardiovascular function are associated with changes in over-
all fluid status, and are reflected in central venous pressure
or hemodynamic congestion. Determination of hemody-
namic congestion is the critical metric of cardiovascular
evaluation in the patient with heart failure, however current
methods of determination are not applicable in the home
setting. Invasive measurements provide accurate estimation
of central venous pressure, but they are impractical for
ambulatory patients. Implanted technologies have applica-
bility, but are expensive. Ultrasound or echocardiography
methods can estimate elevated central pressure, but are time
consuming and require trained operators.

[0059]
[0060] The invention recognizes that peripheral venous
pressure (PVP) reflects an ‘upstream’ venous variable which
is coupled to the CVP by a continuous column of blood,
analogous to the fluid continuity that exists between a
pulmonary artery occlusion catheter and the left atrium.
Synder C L, Saltzman D, Happe I, Eggen M A, Ferrell K L,
Leonard A S. Peripheral venous monitoring with acute blood
Volume alteration: cuff-occluded rate of rise of peripheral
venous pressure. Crit Care Med 1990; 18: 1142-5.3.

[0061] The relationship between peripheral venous pres-
sure and the differential diagnosis and clinical management
of heart disease was studied in 1945 by Winsor et al. The
authors demonstrated increased venous pressures in the
median basilica vein in patients with heart failure. FIG. 3 is
reproduced from the publication and shows the significant
increase in peripheral venous pressure in subjects with Class
11T and 1V heart disease. The measurements presented were
made by a phlebomanometer, an invasive venous catheter
with a pressure measurement system. The invention also
recognizes that CVP significantly drops when patients with
intravascular volume depletion or heart failure sit up, also
shown in FIG. 3. Winsor, Travis, and George E. Burch. “Use
of the phlebomanometer: Normal venous pressure values
and a study of certain clinical aspects of venous hyperten-
sion in man.” American heart journal 31.4 (1946): 387-406.

Vein Hemodynamics
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Venous Distention Curve

[0062] Peripheral venules and veins are thin-walled, volu-
minous vessels, and contain roughly two-thirds of the cir-
culating blood. The venous system acts as a variable reser-
voir of blood for the thoracic compartment and influences
cardiac filling pressure. The effect of pressure on venous
volume is particularly steep between zero and 10 mmHg
because the thin-walled vein deforms easily, as shown in
FIG. 4. Below zero transmural pressure, the vein collapses
into a dumbbell shape and any flow is confined to the
marginal channels. At a transmural pressure of 1 mmHg, the
vein is almost collapsed and has a narrow elliptical profile.
As pressure rises towards 10 mmHg, the elliptical profile
becomes progressively rounder, enabling the vein to accom-
modate large volume changes with just a few mmHg of
pressure change. Above 10-15 mmHg the profile is fully
circular and since the stretched collagen in the wall is
relatively inextensible the volume is less sensitive to pres-
sures over 15 mmHg. The maximum distensibility (change
in volume/change in pressure), occurs at approximately 4
mmHg. For the venous system distensibility is estimated to
be approximately 100 ml/mmHg, over 50 times greater than
the arterial system.

[0063] Within the intact vascular system, blood enters
from the capillaries into the venules at a pressure of approxi-
mately 12-20 mmHg. By the time it reaches larger, named
veins such as the brachial vein, pressure has fallen to
approximately 8-10 mmHg. The subsequent venous resis-
tance is very small (except in collapsed vessels) thus the
8-10 mmHg pressure head is sufficient to drive the cardiac
output from the periphery into the central veins and right
ventricle, where the diastolic pressure is 0-6 mmHg.

[0064] Relationship between Venous Collapse and CVP

[0065] For clarity, the distensibility curve of FIG. 4 has
been replotted in FIG. 5 and pressure is now expressed as the
transmural pressure, with positive transmural pressure on
the left side of the abscissa. Full venous collapse occurs
when the transmural pressure is zero or less than zero. Thus,
FIG. 5 shows the transmural pressure change due to arm
movement on the x-axis and decreasing volume is on the
y-axis.

[0066] FIG. 6 is an illustration of the changes in transmu-
ral pressure and venous volume as the arm undergoes
movement from a downward to upward position. An optical
monitoring device is located for illustration purposes on the
patient’s wrist. When the arm is down (Position 1), the
transmural pressure is quite high due to hydrostatic pressure
created by the venous blood column. The veins are filled,
with a circular profile, as demonstrated above the graph. At
this position, venous volume is relatively insensitive to
small changes in pressure due to positioning on the flatter
portion of the distensibility curve. When the arm is moved
close to more horizontal level (Position 2), the transmural
pressure decreases due to the decrease in hydrostatic pres-
sure. The vein size and venous volume decrease accordingly.

[0067] At Position 3, the optical sensing location on the
arm has reached a height such that the transmural pressure
is close to zero, and thus the veins will collapse. The
peripheral venous pressure, and by continuity the CVP, is
equal to the pressure at the point of collapse plus the
pressure exerted by the vertical column of blood between
this point and the right atrium. For example, if the point of
collapse (zero transmural pressure) occurs 7 ¢cm above the
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right atrial midpoint, then the CVPis 7 cm of blood (7.4 cm
H20). This vertical height is shown in the figure as the CVP
pressure line.

[0068] As the arm is raised higher, for example to Position
4 1n FIG. 6, the venous volume varies little because the veins
are already in the collapsed state.

[0069]

[0070] The above illustration presents a simplified and
idealistic case for CVP determination. In reality, there are
several nuances of human physiology and the measurement
process that embodiments of the present invention mitigate
for the accurate determination of CVP. These physiological
complications and methodological challenges are described
below.

[0071]

[0072] Blood flow from the heart into the arm occurs in all
arm positions. Since the system is a closed system, the
amount of arterial blood into the arm must equal the amount
of venous blood exiting the arm except for any changes in
vascular size or change in volume. If one were to assume
rigid tubing, the circulation through the limb in fact
resembles flow through a u-tube siphon and flow through a
rigid siphon is the same whether it is vertical, horizontal or
upside down. If blood vessels were completely rigid, gravity
would have no overall effect on the circulation. However,
the system is not composed of rigid vessels and the auto-
nomic system is actively involved in regulating flow through
the arm. The vascular changes as well as autonomic changes
have been characterized by Hickey et al. Hickey, M., Phil-
lips, J. P., & Kyriacou, P. A. (2015). Investigation of periph-
eral photoplethysmographic morphology changes induced
during a hand-elevation study. Journal of Clinical Monitor-
ing and Computing. When the arm is down, capillary
pressure is controlled by vasoconstriction resulting in
increased pre-capillary resistance. The veins, however, are
extended due to increased hydrostatic pressure. Addition-
ally, in the end of the finger, there are numerous arterio-
venous anastomoses that facilitate general blood flow
through the arm and are directly involved in thermoregula-
tion. FIG. 7, reproduced from Hickey et al., illustrates these
changes in physiology. With the arm in the down position,
vasoconstriction at the precapillary arterioles occurs to
effectively reroute blood into the venous system through the
arteriovenous anastomoses. In summary, when the arm is
below CVP level, capillary flow is restricted, arteriovenous
anastomoses flow is high and the veins are dilated. If a
photoplethysmogram (PPG) is used to make optical mea-
surements of the tissue, the AC (pulsatile) component of the
signal will be small due to smaller arterial pulsations, while
the DC (mean) absorbance of the signal will be increased
due to the overall increase in blood volume in the tissue. As
the arm is elevated, the autonomic nervous system seeks to
maintain capillary flow and vasodilation occurs at the pre-
capillary level. Flow through the arteriovenous anastomoses
decreases. This physiological change occurs as the veins
begin to collapse due to atmospheric pressure being greater
than venous pressure resulting in a transmural pressure of
zero. This collapse increases the systemic vascular resis-
tance by decreasing the post capillary resistance. Thus, when
the arm is above CVP level, capillary flow is increased, and
the veins are collapsed. The AC component of the optical
PPG signal will be larger while the DC absorbance compo-
nent of the PPG signal will be decreased.

Physiological Realities

Arterial Flow and Autonomic Changes
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[0073] This complex array of physiological changes in the
finger capillary bed creates a complex measurement envi-
ronment for the determination of central venous pressure. If
the PPG signal is obtained from the distal finger, as is the
common location for pulse oximeters, the optical signal will
be influenced by capillaries, the large number of arterio-
venous anastomoses, and the veins. As photons travel in the
tissue in a semi-chaotic manner due to scatteting, they are
not specific for any individual vascular compartment and a
typical PPG measurement lacks any type of spatial resolu-
tion. This lack of defined spatial resolution limits the ability
to isolate the vascular compartments. Thus, the distal finger
is not a preferred measurement location for assessment of
venous collapse.

[0074] The influence of autonomic changes due to arm
elevation can be mitigated through selection of tissue loca-
tions where the number of arteriovenous anastomoses is
reduced relative to the terminal tip of the finger and will
facilitate measurement accuracy. Such locations include the
base of the finger, back of the hand, and wrist.

[0075] Alternatively, the influence of autonomic changes
due to arm elevation can be mitigated using optical mea-
surement methods that have increased sensitivity for venous
blood. These systems can include the incorporation of a
spatially enhanced optical system, which is broadly defined
as an optical system that improves specificity for venous
blood volume changes. An example of such a system is the
use of a reflectance PPG system that is placed directly over
a vein. The resulting placement of the sensor improves the
systems specificity for venous changes. Another example
includes a low spatial resolution system containing, for
example, multiple detectors that are located on the back of
the wrist. Due to spatial differences in the wrist tissue, each
detector will be sensitive to different contributions from
arterial and venous sources. Based upon measured changes
in the AC and DC signals or response profile to elevation
changes, the detector with greatest specificity for venous
volume can be selected. Alternatively, the signals from the
multiple detectors can be used in combination and subjected
to a blind source separation technique, such as independent
component analysis, such that the venous signal source can
be separated from the optical signals. Further spatial capa-
bility can be achieved by utilizing an imaging system that
enables direct identification of veins. Such a system can
process the images with vein identification and segmentation
methods to isolate the signal to the venous compartments.
[0076] In addition to spatial capabilities, spectroscopic
principles based upon the fact that deoxygenated hemoglo-
bin and oxygenated hemoglobin absorbed differently can be
used to facilitate blood compartment isolation. Pulse oxim-
etry leverages these absorbance differences as well as the
pulse or AC signal for determination of oxygen saturation.
This general process can be effectively reversed for the
isolation of the non-pulsatile venous component of the
signal. The use of spatial techniques as well as vascular
compartment techniques can be used to minimize physi-
ological noise factors for the procurement of an accurate
central venous pressure measurement.

[0077] Temporal Response Delay

[0078] A second physiological reality that embodiments of
the present invention mitigate or compensate for is the fact
that the vascular system does not have an instantaneous
response to changes in transmural pressure, including hydro-
static pressure changes. If the arm is moved from a down-

Nov. 7,2019

ward position to an upward position, the veins do not
instantaneously collapse at a location above central venous
pressure, as it takes time for the blood to move into the
draining veins. The venous system is composed of varying
diameter vessels with venous valves that prevent retrograde
flow. These valves have an opening pressure as well as
differences in compliance due to subject-to-subject physi-
ological differences. The anatomical construct of the venous
system results in a damped or delayed response that must be
mitigated or compensated for such that an accurate mea-
surement is obtained. Methods to minimize this influence
will be discussed below.

[0079] Asymmetry Between Venous Emptying and Filling
[0080] An asymmetry between venous emptying and fill-
ing is an important element in the determination of CVP.
Because venous valves prevent retrograde flow, veins must
be re-filled from arterial flow, thus filling times will typically
exceed emptying times. For example, as the arm moves from
a lower position to an upper position, hydrostatic pressure
changes are the dominant influence associated with venous
collapse and emptying takes place over several seconds.
However, if the arm is moved from an elevated position to
a downward position, the veins do not become instanta-
neously distended because the venous capacity of the arm
must be effectively refilled by arterial inflow. Upon moving
the arm from a position to a down position, the time to fully
refill the venous compartment in the arm can be on the order
of 30 seconds, but will vary in accordance with vascular
morphology and the current cardiac output. Therefore, when
changing venous volume via transmural pressure changes,
the directionality of volume change, emptying or filling,
must be appropriately considered.

[0081] Influence of Contact Pressure

[0082] Most optical tissue measurements are performed
by placing the optical measurement system on the tissue.
The fact that the venous system is remarkably low-pressure,
typically below 10 cm H20 (0.14 psi), requires careful
attention that the optical system is not influencing the
transmural pressure. If the optical system is placed in contact
with the tissue, any impact on the venous transmural pres-
sure must be effectively incorporated in the measurement
methodology. The impact of localized transmural pressure
changes can be minimized by utilizing a noncontact optical
system. Such a system is designed to minimize any influence
on transmural pressure and effectively determines venous
volume in a noninvasive and nonintrusive manner.

[0083] Determination of Anatomical References

[0084] As noted previously, the ability to utilize jugular
venous pressure as a method for central venous pressure
determination is limited due to inter-operator variability
largely associated with repeatable identification of anatomi-
cal landmarks as well as subject position. The accurate and
repeatable determination of central venous pressure in a
noninvasive and self-administered fashion requires the sys-
tem to perform an assessment of anatomical landmarks,
ensure appropriate positioning of the subject, or a combi-
nation thereof. If the central venous pressure measurement
system is utilized for repeat measurements on a given
subject, the system can use simple changes in the determined
height level as the basis for comparison. In such a case, the
repeatable positioning of the subject becomes an important
parameter to control. If the system is to be utilized in a clinic
setting with multiple patients, the system must determine
anatomical dimensions in conjunction with determining the
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patient’s body position. Systems and methods for addressing
these issues are disclosed below.

[0085] Demonstration of Measurement Challenges
[0086] The following examples illustrate the challenges
associated with accurate CVP determination. In each
example, PPG sensors were located on the wrist, and in
some cases, the fingertip. For the wrist location, a light-
weight PPG sensor was attached directly over a superficial
vein using adhesive to minimize contact pressure. Transmu-
ral pressure change was achieved by raising the arm. FIG.
8A shows an example of PPG wrist data during slow arm
raising. Initially, the change in optical absorbance is rela-
tively flat with raising, however at roughly 0 cm H2O,
relative to the suprasternal notch, the absorbance signal
begins falls rapidly, marking venous collapse. The derivative
of absorbance with respect to height is shown in FIG. 8B.
The prominent negative peak in the derivative, denoted by
the dashed line, marks the center of the transition from full
to collapsed veins. The height at which the transition occurs
will be related to peripheral venous pressure, and hence
central venous pressure.

[0087] Terminal Finger Capillary Bed Difficulties

[0088] FIG. 9 shows the complexity of using the terminal
capillary of the finger as a sensor location. Optical absor-
bance signals at the terminal finger and at the wrist are
shown as the arm is rotated from 0 degrees (straight down)
to 180 degrees (up). The wrist shows the expected response
with arm elevation: a decrease in absorbance that reaches a
steady state once the veins have collapsed fully. In contrast,
the fingertip location shows more complex patterns. There is
an initial drop on absorbance due to increase in arm eleva-
tion, however a steady state is not reached due to the large
influence of autonomic arterial vasodilation which is appar-
ent from the increased AC (pulsatile) component of the
signal. The overall blood signal reaches a nadir at roughly 22
seconds, but then undergoes fluctuations due to the opposing
responses of venous and arterial systems.

[0089] External Pressure Sensitivity

[0090] FIG. 10 shows the substantial impact of contact
pressure on the determination of peripheral venous pressure
during an arm elevation experiment. When very light contact
compression was added around the PPG sensor, the pressure
of venous collapse was decreased by more than 10 cm H20
due to the decrease in transmural pressure. Tightening the
band on the PPG sensor decreased the point of venous
collapse further.

[0091] Rate of Height Change Sensitivity

[0092] Venous emptying and collapse are not instanta-
neous processes, hence the rate of arm movement or the
speed of transmural pressure change is a variable that must
be compensated for or otherwise controlled. FIG. 11 shows
that the detected height of transition is dependent on the rate
of arm movement. Because of the time required for venous
collapse, faster movements will result in less accurate CVP
determinations.

[0093]

[0094] The volume in the venous system does not respond
symmetrically to arm raise and arm lowering, as can be seen
in FIG. 9. For both the wrist and fingertip, the change in
absorbance upon raising the arm is fast. However, the
response to arm lowering is much slower, as the venous
compartment must be refilled. At the wrist location, the
absorbance signal does not return to baseline values until

Venous Response is Not Symmetric
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more than 20 seconds after the arm has return to the
downward (0 degrees) position.

[0095] General Measurement Methods
[0096] Optical Measurement System
[0097] The optical measurement system can take many

forms, from a single source and detector configuration to a
multiple wavelength/multiple sensor configuration. For pur-
poses of illustration, four measurement systems will be
described.

[0098] One system for determining venous volume
involves positioning several optical sensors beneath a wrist-
based device. The sensing system can be attached to the
wrist in a manner that the area beneath the sensors is not in
physical contact with the device. Measurement algorithms
can then be used to determine which sensor or combination
of sensors provides the best information associated with
venous volume change. FIG. 12 is an illustration of such a
system.

[0099] A second measurement system includes a bracelet
that contains LED-detectors around the entire circumference
of the device. At any point in time, some of the sensors will
be in contact with the tissue thus procuring a traditional PPG
signal. The remaining sensors will be close to the tissue but
not in contact and can be used for determination of venous
volume. The combination of concurrent PPG information
with venous volume information at one or more wavelengths
creates a system that enables arterial influence compensa-
tion. FIG. 13 is an illustration of such a system, where circles
denote LEDs and squares denote photo-detectors.

[0100] A third measurement system is ring based for use
at the base of the finger. Such a system can include a singular
source and detector relationship, or can include many
sources and detectors located around the circumference of
the ring. Such a system can acquire data from multiple
source detector configurations for the procurement of both
arterial and venous signal information. FIG. 14 is an illus-
tration of such a system. The figure shows a possible use
scenario where the ring is located on the ring finger for
general cardiovascular monitoring while CVP measurement
can occur by placing the ring on a small ringer with the
sensors not in contact with the tissue. This is effectively a
non-contact PPG system.

[0101] A fourth measurement system can comprise a cani-
era for doing direct vein imaging. Such a vein imaging
system can be configured to include an LED ring composed
of infrared light emitting diodes that have some specificity
for venous blood. One such wavelength can be 850 nm.
Imaging can use reflectance illumination, which will weight
the optical signal toward superficial veins; trans-illumina-
tion, which passes light through the entire finger or hand; or
a combination of reflectance and trans-illumination. When
used in reflectance mode, the illumination can be polarized
with subsequent cross polarization prior to optical signal
detection to remove specular or front surface reflections. The
camera can be sensitive to the infrared light and can contain
additional filters or processing algorithms to effectively
remove ambient light conditions. Such a system can be
modified to enable operation as a polarization difference
imaging system. FIG. 15 is an illustration of such a system.
[0102] Alternatively, changes in venous volume can be
measured with a multispectral imaging system that provides
greater specificity for venous blood. Such an imaging sys-
tem uses narrow-band illumination at multiple wavebands
and a camera capable of acquiring multi-spectral images. A
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suitable imaging system can include illumination with nar-
row-band LEDs centered at red (660 nm), green (550 nm)
and blue (450 nm) wavelengths, combined with a commer-
cial RGB camera that can simultaneously acquire three
images with differential specificity for red (R), green (G),
and blue (B) illumination. Illumination can utilize orthogo-
nally oriented polarizers to reduce specular reflections. Such
a system has been demonstrated by Jakovels and Spigulis to
measure changes in venous volume. Jakovels, D., & Spigu-
lis, J. (2012). RGB imaging device for mapping and moni-
toring of hemoglobin distribution in skin. Lithuanian Journal
of Physics, 52(1).

[0103] The actual measurement of venous volume as
observed by the optical system can take a variety of forms.
The determination of venous volume can be made using
standard absorbance spectroscopy measurements where the
absorbance of the blood is proportional to the path length.
Additional methodologies can be based upon the width of
the vessel or the height of the vessel.

[0104] Intravascular Changes in Transmural Pressure
[0105] Intravascular pressure changes can be accom-
plished by multiple methods. Hydrostatic pressure changes
can be created by multiple means including arm elevation
changes. Elevating the arm reduces the pressure by approxi-
mately 0.77 mmHg cm™" of vertical displacement from the
heart (Gavish and Gavish 2011), while lowering the hand
increases the local arterial pressure by the same factor.
[0106] Intravascular venous pressure can also be altered
by modifications made at more proximal locations, i.e.,
closer to the heart. FIG. 16 is an illustration of such a system
in use. In the example, the patient has a CVP of 7 cm H20.
The sensor is located at a height of 12 cm above the right
atrium. In the left most figure, the external cuff is inflated to
20 cm of H2O. In this condition, the transmural pressure has
been increased such that the location of venous collapse (0
transmural pressure) is at 20 em H20, which is above the
senor location. The vein at the sensor site is fully filled as
depicted in the figure. At a second point in time, the cuff
pressure is decreased to 15 cm H20. The location of venous
collapse has decreased to 15 cm H2O, but this remains
above the sensor height at 12 cm H20. As the pressure in the
cuff is decreased, the height associated with transmural
pressure of zero will decrease until venous collapse occurs
below the optical system. In the illustration, this occurs at a
pressure of 5 cm H20. Cuff pressure decreases below 5 cm
H20 would show little changes due to the fact that the vein
is largely collapsed. An important element of this measure-
ment protocol is that the pressure in the cuff is not reduced
until the venous volume has equilibrated. The method
described does not require arm movement and creates a
method for systematically and easily determining central
venous pressure.

[0107] An additional method for varying transmural pres-
sure is to use intrathoracic pressure variance to create
transmural pressure changes. However, the need to breath at
a reasonable rate necessitates that these changes in intratho-
racic pressure be time varying. The use of time varying
signals has benefits due to the ability to isolate the signal in
the frequency domain. Venous return to the heart can be
systematically altered by changing intrathoracic pressures.
Guyton venous return curves demonstrate this physiological
relationship well. The use of a resistance breathing protocol
creates negative and positive intrathoracic pressure changes.
FIG. 17 and FIG. 18 illustrate the use of this concept for
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CVP determination. In FIG. 17A, the arm is elevated to a
level such that changes in intrathoracic pressure have little
influence on venous volume. As illustrated, only the maxi-
mal intrathoracic pressure resulting in maximal transmural
pressure initiates filling of the vein. 1701 illustrates a point
of maximal intrathoracic pressure. Maximal intrathoracic
pressure, results in maximal transmural pressure thus result-
ing in partial venous filling. As illustrated, the overall optical
signal variance will be quite small.

[0108] As shown in FIG. 17B, the overall height of the
arm is decreased such that the sensor is now located at
central venous pressure. The same degree of intrathoracic
pressure as noted by 1702, now results in a more complete
filling of the vein and a corresponding larger change in the
absorbance signal. As illustrated, the changes in intratho-
racic pressure now create a variance in venous filling from
a collapsed vein to a partially filled vein. The resulting
optical variance is therefore increased.

[0109] FIG. 18A illustrates a further reduction in arm
height such that the sensor is now located at a height slightly
below central venous pressure. Changes in intrathoracic
pressure due to resistance breathing create negative and
positive changes in intrathoracic pressure around the normal
intrathoracic pressure. The resulting excursions in intratho-
racic pressure create additional transmural pressure vari-
ances that result in a maximum level of blood volume
change with the transmural pressure is approximately zero.
Specifically, the vein transitions from a collapsed state due
to negative intrathoracic pressures due to inhalation, and a
filled condition due to positive pressure exhalation. FIG.
18B illustrates an additional lowering the arm such that the
changes in intrathoracic pressure do not result in venous
collapse. The resulting optical signal has decreased variance
as the vein under examination remains nominally filled.
[0110] One of ordinary skill in the art will appreciate that
transient changes in intrathoracic pressure due to resistance
breathing, mechanical ventilation, Valsalva maneuvers,
Mueller maneuvers, and other perturbations that change
venous return to the heart can be utilized to create variances
such that central venous pressure can be determined.
[0111] Extravascular Changes in Transmural Pressure
[0112] Changes in the transmural pressure across the vein
can be achieved by changes in the external pressure. An
example of such an external pressure change is the place-
ment of the arm in a water bath, static pressure or physical
compression of the vein by a physical object. These types of
external pressure application are consistent with physical
tonometry. Given the very low pressure resident in the
venous system, conventional physical tonometry does not
lend itself well to self-administration due to the very high
level of precision that is required. An important element of
some embodiments directed toward this application is the
use of noncontact tonometry. In noncontact tonometry, the
force used to create transmural pressure changes is dynamic
(velocity) pressure, static pressure, or a combination.
[0113] Dynamic pressure is the result of changes in direc-
tion and velocity of air flow. In a dynamic pressure system,
the velocity and the resulting force (pressure) can be con-
trolled to increase the pressure on the skin surface, which
contains superficial veins. At the point of venous flattening,
the pressure exerted by the air column at that moment is
recorded and converted into mmHg. This pressure repre-
sents a point where the transmural pressure is zero. Based
upon subject anatomical measurements in conjunction the
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height of the heart relative to the sampling location, a central
venous pressure can be determined. In practice, the air
column utilized for generating the applanation force is large
enough to exert pressure on multiple veins within a defined
area. The area of constant force can be effectively imaged for
the determination of venous volume changes.

[0114] Changes in transmural pressure can be achieved by
using static pressure changes. Static pressure is the measure
of the potential energy of a unit of air. For example, air
pressure on a duct wall is considered static. Imagine a fan
blowing into a completely closed duct; it will create only
static pressure because there is no air flow through the duct.
A balloon blown up with air is a similar case in which there
is only static pressure. The described system uses mostly
static air pressure, as there may be some air loss. If the hand
or skin location is subjected to changes in the external or
surrounding air pressure, the result is a change in transmural
pressure. In practice, changes in external or surrounding air
pressure can be created by placing the hand in an enclosure
with some degree of air flow restriction. If the volume of air
entering the chamber exceeds the volume existing, then the
pressure increases. This process can be used to create a
controlled pressure environment that is insensitive to the
subjects hand size and other anatomical differences.

[0115] For both dynamic and static pressure systems, a
variety of pressure profiles may be implemented that yield
determination of the peripheral venous pressure, and hence
central venous pressure. These include, but are not limited
to, any combination of ramps, steps, or periodic modulations
in pressure. FIG. 19 shows examples of pressure profiles that
can be used to change transmural pressure. In one use
scenario, the pressure can be linearly ramped from low to
high values and the collapse pressure is determined as the
pressure point where the venous volume underwent the
largest change (i.e., minimal temporal derivative). Alterna-
tively, the pressure can be increased in discrete steps, where
the duration at each step is sufficiently long to ensure that the
venous volume has stabilized to a steady-state value. In this
case, the collapse pressure can be determined as the mid-
point pressure between steps that creates the largest decre-
ment in venous volume. To avoid discretized values limited
by the pressure step size, parametric or non-parametric curve
fitting tools can be used to interpolate the relationship
between mid-point pressure and venous volume, resulting in
a refined estimate of the collapse pressure. Note that ramps
or steps can also descend from high to lower pressure,
however due to the temporal asymmetry between venous
emptying and filling, it can be preferable to increase pressure
and empty veins rather than to decrease pressure and wait for
venous filling.

[0116] Periodic modulations, for example sinusoidal or
square wave patterns, can also be used to determine periph-
eral venous pressure. Periodic modulations can offer an
advantage because they isolate the signal of interest to a
specific frequency band. This is important, because venous
volume can undergo significant changes related to breathing
and vasomotor tone (i.e., vasoconstriction and vasodilation)
mediated by sympathetic innervation and local physiology.
By modulating pressure at a specific frequency and using
Fourier-based or other analysis methods intended to enhance
or isolate signals within specific frequency bands, the sen-
sitivity to these confounding noise sources can be decreased.
In a typical use scenario, relatively small pressure modula-
tions (AC component) are used in combination with slow
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pressure ramps or steps (DC components) to create an
effective pressure profile, shown in FIG. 20A. When the DC
pressure component is low and below the peripheral venous
pressure, the AC pressure change will produce relatively
small changes in venous volume. When DC pressure reaches
the peripheral venous pressure, the transmural pressure will
become zero, and the AC modulation will produce large
changes in venous volume. When the DC pressure is above
peripheral venous pressure, the AC component in venous
volume will again be small as the veins are collapsed. These
effects are illustrated in FIG. 20B, which shows the changes
in venous absorbance due to pressure modulations. Thus,
peripheral venous pressure can be identified as the DC
pressure value where AC pressure modulations produce the
largest changes in venous volume.

[0117] The depth of the veins relative to the surface of the
tissue as well as skin elastic properties can create measure-
ment variances. If an objective of the system is to measure
venous pressure and not skin elasticity, variances in skin
elasticity can be considered a noise source. Such variances
in the skin elasticity can be effectively compensated for
utilizing leveraging techniques used in the intraocular pres-
sure measurement arena. Specifically, differences in corneal
thickness are unknown source of intraocular pressure vari-
ance. Differences in corneal thickness have been effectively
compensated for by using hysteresis calculations or ocular
response analysis. The ocular measurement system uses a
column of air of increasing intensity as the applanating
force. The ocular response analyzer notes the moment of
applanation, but the air column continues to emit with
increasing intensity until the cornea is indented. The force of
the air column then decreases until the cornea is once again
at a point of applanation. The difference in the pressures at
the two applanation points is a measure of the corneal
elasticity (hysteresis). Mathematical equations can be used
to “correct” the applanation point for high or low elasticity.
This “corrected” intraocular pressure is less dependent on
corneal thickness. Although intraocular pressure measure-
ments utilize a reflectance angle and thus are significantly
different than the current system, the inventors have discov-
ered that using the underlying concept of utilizing increasing
and decreasing pressures can be used to improve the accu-
racy of venous pressure determination. For the purposes of
venous pressure determination, the method works by creat-
ing a force on the object until a defined compression of the
vessel has occurred. The application of air pressure is
continued beyond this point and slowly withdrawn until a
similar observation is obtained. The difference in the two
pressures (forces) at the two defined measurement points is
a measure of skin elasticity (hysteresis). This information
enables the use of mathematical calculations to correct for
the influence of the skin.

[0118]

[0119] The determination of anatomical measurements by
a clinician or other care provider has been historically
error-prone due to differences in measurement technique. To
alleviate these measurement technique differences, embodi-
ments of the invention use optical recognition techniques for
the determination of critical anatomical measurements. Ana-
tomical measurements can be performed by optical systems
using structured light or 3-D camera systems. Multiple
substantiations of such systems exist; currently available
systems include the Microsoft Kinect, Orbbec Astra, Intel
Realsense, and Stereolabs Zeb stereo camera. These systems

Anatomical Measurements
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operate by different principles but are able to make mea-
surements in 3-dimensional space. Multiple systems are
capable of skeletal tracking that captures the “skeletal”
location of the subject including hands and fingers. Han et
al. present a comprehensive survey of existing space-time
representations of people based on 3D skeletal data, and
provides an informative categorization and analysis of these
methods from the perspective of information modality, rep-
resentation encoding, structure and transition, and feature
engineering. Han, Fei, et al. “space-time representation of
people based on 3d skeletal data: a review.” arXiv preprint
arXiv:1601.01006 (2016).

[0120] The image capture system allows appropriate loca-
tion of joints and measures distances between them and can
be used for determining the position of the subject in a
specific plane. In practice, the system maps the environment
where the evaluation takes place, tracks the position of the
subject in this environment, and maps the subject’s joints for
the construction of a skeleton. The resulting skeleton can be
used for determination of anatomical measurements as well
as determining the three-dimensional position of the body.
Such information can be augmented by face detection to
include the exact location of the subject’s eyes. Eye location
in combination with overall body position creates a powerful
tool for ensuring that the subject is appropriately positioned
for determination of CVP.

[0121] Sensor Height Measurement

[0122] In several example embodiments, it can be desir-
able to determine the location of the sensor relative to the
ground, heart or other defined reference point. The process
of determining sensor location can be done via a measure-
ment system that is attached to the subject (discussed below)
or by observing the subject. The structured light or 3-D
camera system described above for the determination of
anatomical dimensions can also be used for the determina-
tion of sensor location. Additional methods include the use
of motion capture systems involving an external camera for
scene capture and markers placed on the subject. Optical-
passive techniques use retroreflective markers on the vein
sensor can be tracked by the camera. Optical-active tech-
niques use LED markers. Both methods can be easily
implemented by including markers or light emitting diodes,
etc. onto the venous sensing system.

[0123] Attached Height Position Systems

[0124] The ability to determine the location of an object
on the finger, hand or wrist can be enabled via an inertial
measurement unit (IMU) system. A typical IMU system
containing accelerometers and gyroscopes can measure the
angular positioning of an object in 3D space, which can be
used to estimate the position of the object under conditions
of controlled movement, such as an arm swing. Additional
accuracy can be achieved by using an IMU in combination
with a camera. Several variances exist on this approach, but
the best known is Tango (formerly named Project Tango in
testing). Tango is a technology platform developed and
authored by Google that uses computer vision to enable
mobile devices, such as smartphones, tablets and watches to
detect their position relative to the world around them
without using GPS or other external signals. Project Tango
is able to determine a device’s position and orientation
within the environment. The software works by integrating
three types of functionality: (1) motion-tracking: using
visual features of the environment, in combination with
accelerometer and gyroscope data, to closely track the
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device’s movements in space, (2) area learning: storing
environment data in a map that can be re-used later, shared
with other Project Tango devices, and enhanced with meta-
data such as notes, instructions, or points of interest and (3)
depth perception: detecting distances, sizes, and surfaces in
the environment. Together, these generate data about the
device in “six degrees of freedom” (3 axes of orientation
plus 3 axes of motion) and enable the position of the device
to be known in absolute coordinate space.

[0125] Note that if only relative position, rather than
absolute position, is necessary, accelerometer and gyroscope
data from an inertial measurement unit (IMU) can be used
to approximate the angular movement and displacement of
the system.

[0126] Additional height sensing systems can include the
use of Lidar. Many implementations are possible; one
example system has the lidar system mounted in a gimbal,
so it is focused on the ground, whereas another example has
the lidar system effectively spinning in the vertical plane so
it could determine the distance between the floor and ceiling.
Additional distance detecting systems, including ultrasonic
systems, infrared systems and time-of-flight measurement
systems can also be suitable.

[0127] Determination of Height Difference Between the
Heart and Peripheral Vein

[0128] For the measurement of CVP using a peripheral
vein location, the height relationship between the measure-
ment location and the right atrium relevant landmark must
be determined. The location of the right atrium within the
thoracic cavity is difficult to determine due to size differ-
ences between people, and the lack of visible landmarks. As
measured today, a trained medical professional determines
the location of the heart by palpating for anatomical land-
marks. The phlebostatic axis is the approximate location of
the right atrium, and is found at the intersection of the
midaxillary and a line drawn from the fourth intercostal
space at the right side of the sternum, as shown in FIG. 21.
Historically, the determination of right atrial location has
been error prone due to anatomical variation, palpation
errors, and differences in measurement techniques.

[0129] Embodiments of the invention provide a simpler
method for heart location determination using imaging and
modeling techniques that do not require medical training or
direct palpation. The subject’s anatomical measurements are
obtained by having the subject stand near the instrument.
Images of the subject are acquired and image processing and
skeletonization procedures enable determination of key ana-
tomical measurements such as but not limited to torso
length, limb length and neck length, as shown in FIG. 22.
Established ratios are used to define the relationship between
limb length, torso length and right atrial location. Data
sources that can be used to define these ratios include
information sources that include externally observable limb
information with corresponding heart location information,
for example MRI, CT scans, and X-rays. Segmentation of
data sources by subject characteristics, such as gender,
ethnicity, and gender, can further refine ratios to improve the
estimate of right atrial location. The result is an estimated
heart location relative to visible landmarks and skeletal
features as the person stands in front of the camera. The
determination can be made with a conventional camera or a
3-D camera.

[0130] To obtain a CVP measurement, the subject sits at
the table, as shown in FIG. 23. Thus, the heart location
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obtained via optical assessment can be translated or main-
tained as the subject moves to the seated position. The
camera located on the device is used to assess the heart
location as the subject moves into the seated position. The
system can use visible landmarks such as the sub-sternal
notch, joint locations, or physical objects such as head and
shoulder to determine the location of the heart. With iden-
tification of the heart location on the subject, the system can
determine the height between the measurement location and
the heart. This method can be used in the ambulatory clinic
setting or the home setting for the determination of central
venous pressure. This method can be augmented by pro-
cesses defined for repeatable positioning of the heart.
[0131] Determination of Relative Heart Position for
Repeated Measurements

[0132] For repeat measurements, it is desirable to repro-
duce the height relationship between the measurement loca-
tion and the heart, or determine changes from previous
measurements with an accuracy of 1-2 cm. Given the
number of articulated joints in the human body, such a
repositioning task has many nuances and appreciable com-
plexity. For example, consider the following scenario. The
subject uses the same rigid chair and the same table for
testing, but the subject is leaning forward. The angular
displacement of the torso creates a lower heart height
relative to a previous measurement when the subject was
sitting in a vertical position. Similarly, leaning to the side or
simply slumping in the chair can cause the heart location to
move by several centimeters. The process of accurately
repositioning the height of the heart or determining the
extent to which the heart has moved is further complicated
by the fact that the heart is not located on an externally
visible surface but rather exists within the variably sized
thoracic cavities.

[0133] Heart repositioning can be achieved by having the
body occupy the same volumetric space as an initial or prior
measurement. If the body is in the same volumetric space,
then the heart is effectively in the same exact location and
repeatability of heart height has been obtained. Optical
measurement systems with depth capabilities can be used to
ensure volumetric space alignment of the torso or upper
body. Multiple baseline measurements can be made with the
body in various positions. If a subsequent measurement
satisfies the volume match requirements a measurement can
be made. Volumetric matches can be determined based on
joint locations, body edges, or alignment of other physical
objects.

[0134] The volumetric matching process can be affected
by differences in external clothing, which can place restric-
tions on the type and amount of clothing used by the subject.
To alleviate possible clothing restrictions, the system can use
the position of the head as a location tool. The method can
be based upon modeling the seated subject as a series of
linked objects with ball socket connection points. The first
link is the attachment to the chair with subsequent linkages
extending upward. As shown in FIG. 24, the system is
modeled as two major linkages above the chair, back and
neck, with the head attached to the top linkage. In such a
model, the non-vertical alignment of any linkage results in
a decrease in height of the head position. Thus, relocation of
the head in a maximal position requires that the linkages be
vertical. Thus, the obtainment of a repeatable head position
can be used to create a repeatable heart height location.
However, the determination of head position is difficult
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because the head has multiple degrees of freedom. Addi-
tionally, the face of the subject is anterior to the axis of the
spine and neck. This asymmetry is noted and addressed in
the solution provided.

[0135] FIG. 25A illustrates the subject in a vertical posi-
tion and defines a 3-axis coordinate system using the pupil
level, a vertical axis on the face and a horizontal axis. Many
coordinate systems can be defined, and the following is used
for illustration purposes. In FIG. 25B, as the subject bends
forward while maintaining back-neck-head alignment, the
coordinate system rotates forward, and the intersection point
defined by the coordinate system moves to a lower height.
FIG. 25C shows a situation where the subject bends forward
but has the neck and head vertically aligned. In this case the
axis system is not rotated but the intersection point is at a
lower height. FIG. 25D shows a situation where the heart is
at a maximum height, but the head axis has rotated, and the
intersection has decreased. Such a scenario defines a situa-
tion where the subject position is different, but heart height
has been maintained. In practice, the subject can raise their
head and straighten their neck such that full alignment is
achieved. FIG. 26 illustrates that the method maintains
functionality in the presence of lateral or tilt movements of
the body.

[0136] As illustrated in the prior figures, head position can
provide a key element for obtaining a repeatable body
position since it represents the end of the linkages and is
typically not covered with clothing. The orientation of the
head as defined by roll, pitch and yaw, plus the height of the
head or the height of a defined axis intersection can be the
basis for head position determination. A single axis or single
reference point determination can result in inaccuracies. For
example, use of a pupil location can result in height deter-
mination errors since pitching the head back raises the eye
location and could compensate for a non-alignment of the
back. The result would be a lower heart height but no
indication that the subject was in the wrong location.
[0137] The head position determination system uses a
camera with 3-D capabilities such that head roll, pitch, and
yaw are determined. FIG. 27 shows these elements as
calculated for a depth camera. Note, a non-depth camera can
be used but overall accuracy of the system can be better
using a depth camera. The camera is located so as to capture
the face of the subject as well as the upper torso. The camera
provides the head position information and can provide
additional information regarding neck, chest and shoulder
position.

[0138] In use, the subject can define a maximum head
position that is comfortable and sustainable for the measure-
ment duration. This head position becomes the datum upon
which other measurements are compared. For future mea-
surements, the subject places their arm in the enclosure and
sits on the same chair. Using visual feedback tools, the
subject is instructed to reposition their head in a manner
consistent with the prior datum. The result is a repeatable
heart height.

[0139] In practice, some subjects might have difficulty
satisfying the position repeatability criteria due to small
change in body position of head alignment. This can be
addressed by obtaining multiple measurements within a
brief period of time to map out these possible variances in
position. The method can also use additional information to
facilitate the repositioning of the subject. For example, the
relationship between the neck and torso can also be deter-
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mined and used to facilitate repositioning. This method has
similarities to the volume assessment approach but is based
upon alignment angles, which are less sensitive to clothing
differences.

[0140] Some subjects (typically older subjects) have sig-
nificant kyphosis, also known as roundback or hunchback.
In the presence of such a condition, both methods continue
to create a repeatable positioning mechanism for central
venous pressure measurements.

[0141] Other optical methods can include the use of one or
more (e.g., three) optical markers such as IR reflectors on the
body. The optical markers can be configured in one device
such that the position relative to the camera can be deter-
mined as can the angle of the reflector on the chest.
Additional approaches can include the placement of markers
on the upper body other areas to include the head.

[0142] Non-optical systems can include the use of a
manometer and inertial measurement unit (IMU). A flexible
U-shaped manometer provides the relative height between
the two ends of the tube due to the difference in hydrostatic
pressure between the ends. One end of the manometer is
attached to the body using an external landmark, (e.g. sternal
notch) and the other end is vertically aligned with the
location of the peripheral vein. The manometer measures the
vertical distance between peripheral vein location and the
reference point. Since heart is inside the chest, it is important
to consider the angle of the upper body. The IMU can be
used to determine the angle of the torso. The resulting
information can be used to generate a repeatable body
position, or to compensate for a change in body position
relative to prior measurements.

[0143] A combination system using a camera and IMU
attached to an external landmark can also be used to deter-
mine heart height. The resulting information from both the
camera and IMU can be combined to measure position and
orientation.

Example Embodiments

[0144] Vein Imaging with Controlled Arm Raise

[0145] A system and method utilizing a controlled arm
raise can be implemented in various ways, the following is
an illustration of one example embodiment. FIG. 28 shows
the combined use of a venous imaging system and a 3-di-
mensional imaging system for making anatomical measure-
ments. As the subject approaches the system and sits down
in FIG. 28A, a forward-facing camera 1201 is used to
capture the anatomical dimensions and landmarks of the
subject. The optical system 1202 images the tissue in a
manner that enables venous volume determination. The
system can then acquire images while raising the arm in a
defined and controlled manner. FIG. 28B shows the arm
being raised to the point above central venous pressure.
[0146] The use of a controlled arm motion helps to miti-
gate the impact of physiological delays in the response of the
system. In one use scenario, the system can raise the arm in
a series of small discrete steps, waiting for equilibration of
the optical response before proceeding to the next position.
FIG. 29 illustrates such an arm raise protocol. Beyond the
point where transmural pressure is zero, additional height
increases can result in minimal additional venous volume
changes. The equilibration of venous volume prior to move-
ment is important since it allows one to remove the influence
of response delays. The increment of height change can be
constant, or can vary to optimize sampling of the pressure-
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volume curve, with more samples in regions of large change.
Thus, the height increment can be dependent on the response
characteristics to the prior position change. If the previous
response change is large, the height increment can be
reduced, and if it is small, the height increment can be
increased. FIG. 29 is an illustrative example of the above
method. As a hydrostatic pressure approaches central venous
pressure 1401, the overall time of equilibration increases
1402. At the height where hydrostatic pressure equals cen-
tral venous pressure, 1403, no additional venous compres-
sion will transpire with additional arm elevation. This type
of systematic approach minimizes the impact of system
delays in the determination of an accurate central venous
pressure.

[0147] FIG. 30 shows example data from a vein imaging
system embodiment during a controlled arm raise. Images of
the dorsal hand veins were acquired using an infrared
camera and illumination at 805 nm. In the images, veins
appear as darker regions because the blood is a large
absorber of infrared light. FIG. 30A shows a sequence of
images taken at successively higher hand heights. The
absorbance difference due to vein collapse is apparent: the
dark vein regions nearly disappear at the higher positions.
FIG. 30B shows the time course of the hand height and
image intensity over the controlled arm raise. The intensity
is determined from within the “venous mask” which is
created using a binary segmentation of the initial image.
During the experiment, the arm was raised using a rotational
stage, as illustrated in FIG. 28. The arm was raised in
constant increments only after the intensity signal had
equilibrated to the last height change. Examination of the
plot shows that around -5 c¢m (relative to the suprasternal
notch), height changes caused large changes in the optical
signal due venous collapse. The steady-state (after equili-
bration) values of intensity are shown as a function of height
in FIG. 30C. Based on the change in optical signal as a
function of height, it is apparent that venous collapse has
occurred by 3 cm.

[0148] As one of skill in the art can appreciate, there are
many alternative methods that can be used to analyze to vein
imaging data, including decomposition methods, measure-
ment of vein width, and region-of-interest approaches.
[0149] Wrist-Based Device with Controlled Arm Raise

[0150] A controlled arm raise can also be implemented
with subject-initiated movement. In one scenario, a wrist-
based optical assessment system, e.g., a watch band as
described previously, can be combined with a remote pro-
jection system that displays the positions to which the user
must move their hand. Such a system is illustrated in FIG.
31. The subject can be informed to raise their hand to the
next displayed target only after receiving a visual or auditory
cue. The projection system can use a camera to determine
the distance to the wall (or other projection surface) and to
ensure that the subject has moved appropriately. Alterna-
tively, photo-detectors on the watch band can be used to
determine that the subject had raised their hand to the
appropriate location. Visual feedback as well as audio feed-
back can be provided to the subject to indicate appropriate
movement and positioning. The wrist system can commu-
nicate with the projection system through wireless or Blu-
etooth connectivity.

[0151] FIG. 32 is an example of data collected from a PPG
wrist-based sensor during user-initiated arm movement.
Visual targets were displayed at even height increments, and



US 2019/0336017 A1l

the user was cued to move only after the PPG signal had
reached a roughly steady-state value. The time courses of
optical absorbance and wrist height are shown in F1G. 324,
while the steady-state absorbance as a function of height is
shown in FIG. 32B. Inspection of the graph shows venous
collapse prior to 5 cm above the suprasternal notch.
[0152] Noncontact Dynamic Pressure Tonometer

[0153] FIG. 33A is an illustration of a central venous
pressure measurement system embodiment that utilizes
dynamic (velocity) pressure for the determination of venous
collapse. Dynamic pressure is the result of changes in
direction and velocity of air flow. The system does not
require the subject to move their hand, but rather changes the
external force on the tissue in a manner that results in a
systematic change in transmural pressure. In operation, the
system can use a vein imaging system for isolation of a one
or more measurement sites within the area affected by the
controlled airstream. Such a methodology minimizes the
impact of autonomic changes resulting from arm elevation.
The noncontact tonometer system can include a 3D camera
to evaluate the subject’s heart height relative to the system.
The actual measurement of venous volume can be deter-
mined by examination of absorbance changes as measured
from the vessel, height changes if the optical system is
aligned to the side for vein height determination, and vessel
dimension changes. To facilitate repeatable measurements,
the system can include a finger alignment system in the form
of alignment pegs, as shown in FIG. 33B. The device for
illumination, image capture and air management is illus-
trated in FIG. 33C. Illumination of the hand is done by
optical sources 2601 with air directed by 2602. The system
can also enable transmission illumination by placement of
light sources below the hand.

[0154] FIG. 34 demonstrates changes in venous volume
achieved by modulations in applied air pressure. During this
example measurement, infrared images of the dorsal hand
veins were acquired while air flow was directed onto the
surface of the hand. Air flow velocity was modulated in a
binary fashion between low and high states with a period of
approximately 20 seconds. FIG. 34A shows image frames
from the example measurement at times of minimal and
maximal flow. Examination of the sequence of images
shows repeatable changes in venous volume as a function of
the air flow. Veins are wider and darker during minimal air
flow periods than during maximal air flow periods. FIG. 34B
shows the average optical signal intensity inside a venous
mask, created using binary segmentation of the initial image.
The time course of venous collapse induced by the air
pressure is plainly visible. The frames displayed in FIG. 34A
are denoted with circles for minimal flow and squares for
maximal flow. FIG. 34C displays the average pixel intensi-
ties for a cross-section through the image at times of
maximal and minimal flow. The cross-section is indicated in
the first panel of FIG. 34A. The width of the primary vein
(centered roughly at pixel 70) can be seen to shrink consid-
erably when maximal flow is applied. Thus, noncontact
pressure modulations with air flow result in substantial
optical signal changes that can be analyzed both in terms of
changes in intensity magnitude and changes in spatial and
morphological properties.

[0155] Noncontact Static Pressure Tonometer

[0156] The system can use a static or mostly static pres-
sure mechanism for changing transmural pressure. The
system operates by having the user place their hand into an
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enclosure through an entry port or aperture. The box has an
entrance port that is sized to allow the hand to enter the box,
but concurrently minimizes residual space around the wrist.
FIG. 35 Error! Reference source not found. illustrates such
a design. In some embodiments, the space around the wrist
can be minimized by multiple mechanisms including as an
example an iris diaphragms. Iris diaphragms are commonly
used in optical system to close a circular opening in a
systematic manner. The mechanism used for creating a seal
around the wrist should not impede venous flow from the
hand in a manner that creates CVP measurement error.
Suitable mechanisms are described in PCT patent applica-
tion PCT/US17/62356, filed 17 Nov. 2017, which is incor-
porated by reference. Measurement error can be reduced by
using a system that does not contact the wrist, contacts only
non-venous tissues in the wrist, or contacts the wrist with a
pressure that is below typical venous pressures. FIG. 35
illustrates that the subjects wrist can rest on a table or other
surface as it enters the enclosure. In the distal forearm, the
primary superficial conduits for venous flow are the basilic
and cephalic vein, which follow the medial and lateral
aspects of the forearm, respectively. Thus, the volar surface
of the distal forearm is free of major veins and contact
pressures can be applied to this surface without affecting the
CVP measurement.

[0157] Central Venous Pressure can be determined by
altering the pressure in the box such that transmural pressure
is changed in a measurable manner. If the volume of air
being pushed into the box exceeds the volume exiting the
box, then the pressure in the box will increase, decreasing
the transmural pressure across the venous compartment.
During operation, the subject is not required to move their
hand; all changes in transmural pressure are mediated by
changes in air pressure. In one embodiment, the system can
use a vein imaging system for isolation of a one or more
measurement sites within the area imaged by the system. To
ensure accurate measurements, the external part of the
system can include a 3D camera or simple U-tube manom-
eter to evaluate the subject’s heart height relative to the
system. The actual measurement of venous volume can be
determined by examination of absorbance changes as mea-
sured from the vessel, height changes if the optical system
is aligned to the side for vein height determination, and
vessel dimension changes. To facilitate repeatable measure-
ments, the system can include a finger or hand alignment
system. Note that the system can also create a below
atmospheric pressure, thus facilitating venous pooling in the
site. Such a capability might be of value for defining a
standardized initial conditions for the test. In practice, a
decrease in pressure below atmospheric pressure can be used
and a stable venous volume signal determined before start-
ing the test. Alternatively, a high pressure condition can be
used as an initial condition to ensure minimal venous
volume. In another approach, starting conditions can utilize
periodic pressure modulations to exhaust venous stretch
receptors and precondition the veins for further perturba-
tions. Such defined initial conditions can be used to improve
measurement accuracy.

[0158] FIG. 36 shows an example of a central venous
pressure measurement system using static air pressure to
change transmural pressure and a camera to detect changes
in venous volume. The hand is placed in a box through an
aperture, 3601, sized to the subject’s wrist and a flexible
silicone sleeve (not shown). The sleeve enables creation of
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a pressure seal that does not create contact pressures exceed-
ing the pressure in the box. The air pressure inside the box
can be changed by using a centrifugal blower at an air inlet
(not shown) and a butterfly valve at the outlet (not shown).
Rotation of butterfly valve permits or restricts the air flow.
The desired box pressure can be set via custom software and
a pressure sensor recording pressure inside the box can be
coupled with a PID controller to adjust the position of the
butterfly valve to reach the target pressure. The hand is
rested on a palm rest, 3604, which provides static friction
opposing the force of the enclosure pressure. The hand is
illuminated from above by a ring of LEDs, 3602, with a
center wavelength of 850 nm. An infrared-sensitive mono-
chrome camera, 3603, captures digital images of the dorsal
surface of the hand. Reflectance illumination enhances
specificity to dorsal hand veins and minimizes contributions
of deeper veins and arterial sources to the optical signal.
Orthogonally oriented linear polarizers, 3605, are placed
below the LEDs and in front of the camera lens and are used
to reduce specular reflections. A manometer (not shown) is
used to determine the vertical distance between the right
atrium and the dorsal hand. One end of the manometer is
attached to the phlebostatic axis (located at the fourth
intercostal space at the mid-anterior-posterior diameter of
the chest wall) and the other end is attached to the box at the
location of the hand. This measurement is used to account
for the effect of hydrostatic pressure.

[0159] FIG. 37 demonstrates a method by which central
venous pressure can be determined using the system FIG.
36. Images of the dorsal hand veins are captured with the
infrared camera, as shown in FIG. 37A. As shown in FIG.
37B, a pressure profile combining a linear ramp with square
modulations is used to change the transmural pressure. The
modulation amplitude is kept relatively small (4 cmH20) to
avoid protracted venous filling times. Images undergo
frame-by-frame registration to accommodate movements or
distortion introduced by the subject or induced by the
pressure change. Image analysis identifies venous clusters,
3701, shown in FIG. 37C based on variance associated with
the pressure profile and local neighborhood statistics. The
intensity signals from venous pixels are transformed to
relative absorbances and undergo temporal high pass filter-
ing to remove low frequency noise sources. A Savitzky-
Golay filter is also applied to remove the influence of heart
rate without overly blurring temporal features. FIG. 37D
shows the processed mean venous signal. The period over
which transmural pressure traverses zero can easily be
identified as that causing the largest modulation in the
venous absorbance. A pressure vs. modulation relationship
can be constructed by considering the average pressure over
a window and calculating the associated change in absor-
bance. Curves for each venous cluster, determined using a
local smoothing algorithm, are shown in FIG. 37E. The
curves can be compared to confirm relative spatial homo-
geneity across different venous segments. If this condition is
met, the peripheral venous collapse pressure can be esti-
mated from the peak of the pressure vs. modulation curve,
3702, as shown in FIG. 37F. In this example, the peripheral
pressure is identified as 21.3 cmH2O. The vertical distance
between the dorsal hand and the phlebostatic axis added 17.2
cmH20 of hydrostatic pressure, as determined with the
manometer. The CVP was thus determined as 4.1 ¢mH20,
after subtracting the hydrostatic pressure from the peripheral
venous pressure. These analysis steps represent only one
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example of how central venous pressure can be determined,
and that many alternative approaches to image and signal
processing can be used to extract similar information.

[0160] FIG. 38 demonstrates sensitivity of the method to
changes in peripheral venous pressure. In a set of experi-
ments performed on a single subject, the peripheral venous
pressure was manipulated by changing the height of the
hand relative to the heart and therefore changing the hydro-
static pressure in the hand veins. FIG. 38A shows the
pressure vs. modulation curve for the starting location of the
hand, while FIG. 38B shows the curve when the hand is
lowered. Lowering the hand increases the hydrostatic pres-
sure in the veins and shifts the collapse point (zero trans-
mural pressure) to the right. As shown in FIG. 38C, repeat-
ing the experiment over several hand positions demonstrates
that the peripheral venous pressure (PVP) has a consistent
and highly reproducible relationship with the hydrostatic
pressure (HSP). Thus, the central venous pressure can be
determined as CVP=PVP-HSP regardless of the hand

height.
[0161] Air Pressure Cuff

[0162] Another example embodiment of a static and
dynamic pressure system uses air pressure to create an air
cuff at the wrist. The ability to systematically change the
transmural pressure at a location between the capillary and
the heart creates several measurement options. Specifically,
the ability to create a controlled venous return mechanism
enables manipulation of intravascular pressures for the mea-
surement of central venous pressure.

[0163] As one of skill in the art can appreciate, many
alternative embodiments exist for using air flows, air pres-
sure, or combinations of the two to create extravascular and
intravascular transmural pressure changes for the determi-
nation of CVP.

[0164]

[0165] An optical tonometer example embodiment is
based upon the use of one or more optical fibers that can be
placed in contact with the tissue. The optical fiber can
interact with the tissue in a predefined manner such that
different levels of force can be applied to the tissue. The
mechanism of force application to the tissue is via the optical
fiber, which also represents the measurement modality. The
optical fiber can measure the absorbance change with
increasing pressure due to the pressure exerted by the fiber.
The pressure point where no additional change in absor-
bance has occurred or a maximum transition has occurred,
enables determination of venous collapse and zero transmu-
ral pressure. The resulting force needed to obtain the zero-
transmural pressure point in combination with the height of
the hand relative to the heart enables central venous pressure
determination. For the purposes of creating a self-adminis-
tered test, a distributed array of optical fibers can be utilized
much like the child’s toy that utilizes multiple pins to
effectively conform to the surface of the hand. The resulting
array of fiber optics can be transmitted back to an imaging
spectrometer for evaluation. FIG. 39 is an illustration of the
optical tonometer example embodiment.

[0166] The present invention has been described in con-
nection with various example embodiments. [t will be under-
stood that the above description is merely illustrative of the
applications of the principles of the present invention, the
scope of which is to be determined by the claims viewed in

Optical Tonometer
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light of the specification. Other variants and modifications of
the invention will be apparent to those skilled in the art.

1. An apparatus for determining central venous pressure
of an individual comprising:

(a) a pressure mechanism to vary transmural pressure in

the veins of a limb of the individual;

(b) an optical measurement system responsive to blood
presence in a measurement region of the limb and
configured to determine a measure of blood volume at
each of a plurality of transmural pressures;

(c) a height determination device that determines the
height of the measurement region relative to an ana-
tomical reference point;

(d) an analysis system configured to determine central
venous pressure from the determined height and from
the relationship between transmural pressure and blood
volume.

2. An apparatus as in claim 1, wherein the analysis system
is configured to determine central venous pressure from the
determined height and from the transmural pressure at which
the determined measure of blood volume indicates transmu-
ral pressure has reached zero.

3. An apparatus as in claim 1, wherein the pressure
mechanism comprises a mechanism to vary the external
pressure on the veins.

4. An apparatus as in claim 3 wherein the pressure
mechanism comprises

(a) a pressurizable enclosure, having a sealing mechanism
and configured to apply a pressure greater than ambient
to the veins;

(b) a control mechanism configured to apply a plurality of
pressures to the veins.

5. An apparatus as in claim 4, wherein the sealing mecha-
nism comprises a seal that engages using the applied pres-
sure.

6. An apparatus as in claim 5, wherein the control system
applies a plurality of pressures to the veins by varying the
rate of flow air exiting the enclosure.

7. An apparatus as in claim 1, wherein the optical mea-
surement system comprises:

(2) an illumination system configured to direct light to the
veins, where the light includes one or more wave-
lengths that are absorbed by deoxygenated hemoglo-
bin,

(b) an optical sensing device that is sensitive to the one or
more wavelengths.

8. An apparatus as in claim 7, wherein the one or more

wavelengths comprise a wavelength longer than 530 nm.

9. An apparatus as in claim 7, wherein the optical sensing
device is configured to collect light reflected from the tissue
in the limb.

10. An apparatus as in claim 9, further comprising first
and second polarizers configured to discourage spectrally
reflected light from reaching the optical sensing device.

11. An apparatus as in claim 7, wherein the optical sensing
device is configured to collect light transmitted through the
tissue in the limb.

12. An apparatus as in claim 9, wherein the optical sensing
device is further configured to collect light transmitted
through the tissue in the limb.

13. An apparatus as in claim 1, wherein the optical
measurement system captures an image of the veins.

14. An apparatus as in claim 1, wherein the height
determination device comprises a manometer.
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15. An apparatus as in claim 14, wherein the height
determination device comprises a physical object configured
to attach to the body, and wherein the manometer is attached
to the physical object.

16. An apparatus as in claim 14, wherein the manometer
is attached to the body at a location determined by visual
inspection, palpation, or a combination thereof.

17. An apparatus as in claim 1, wherein the height
determination device comprises an imaging system, separate
from the optical measurement system.

18. An apparatus as in claim 17, wherein the imaging
system is configured to determine anatomical dimensions of
the individual.

19. An apparatus as in claim 17, wherein the imaging
system is configured to determine the location of a volume
of the individual’s body in space.

20. An apparatus as in claim 17, wherein the imaging
system is configured to determine the position of the indi-
vidual’s head.

21. A noninvasive method for determining central venous
pressure in an individual, comprising:

(a) subjecting a measurement region of a limb of the
individual to a plurality of transmural pressures by
subjecting the limb to varying external pressure using
a pressure management system or by placing the limb
in a plurality of configurations such that the height of
a measurement site relative to the individual’s heart
varies or by resistance breathing, or a combination
thereof;,

(b) using a light source and a light-sensitive detector to
optically determine collapse of veins in a measurement
region of the limb, and the transmural pressure at which
venous collapse occurs;

(c) determining a vertical separation between the right
atrium of the individual’s heart and the measurement
region;

(d) determining the central venous pressure from the
external pressure at which venous collapse occurs and
from the vertical separation.

22. A method of determining central venous pressure in an

individual comprising:

(a) providing a pressurizable enclosure, and placing the
limb in the enclosure and providing a seal around the
limb;

(b) determine determining the height of a measurement
region of the limb relative to an anatomical reference;

(c) using the pressurizable enclosure to subject the limb to
a plurality of external pressures;

(d) providing an optical measurement system responsive
to blood presence in a measurement region of the limb,
and use the optical measurement system to determine a
measure of blood volume in the measurement region;

(e) determining the central venous pressure from the
relationship of the measure of blood volume and cor-
responding external pressure, and from the determined
height.

23. A method as in claim 22, wherein using the pressur-
izable enclosure to subject the limb to a plurality of external
pressures comprises subjecting the limb to a plurality of
pressures that increase over time.

24. A method as in claim 22, wherein using the pressur-
izable enclosure to subject the limb to a plurality of external
pressures comprises subjecting the limb to a modulated
pressure.



US 2019/0336017 A1l
15

25. A method as in claim 24, wherein the modulated
pressure has a frequency between 1 Hz and 0.05 Hz.

26. A method as in claim 24, wherein the modulated
pressure has a modulation amplitude less than 10 cmH20O.

27. A method as in claim 22, wherein using the pressur-
izable enclosure to subject the limb to a plurality of external
pressures comprises subjecting the limb to a plurality of
pressures that change in discrete increments over time.

28. A method as in claim 22, wherein using the pressur-
izable enclosure to subject the limb to a plurality of external
pressures comprises subjecting the limb to a plurality of
pressures that change linearly over time.

29. An apparatus as in claim 13, wherein the analysis
system is configured to determine from an image of the veins
the size, volume, or blood content of the veins.

30. A method as in claim 21, wherein the plurality of
transmural pressures are obtained by one or more of:

(a) placing the limb in a plurality of configurations such
that the height of a measurement site relative to the
individual’s heart varies

(b) causing the individual to position the measurement
region to a plurality of positions relative to the heart,
where at least some positions are at different vertical
displacements relative to the heart;

(¢) causing the individual to move an arm, finger, or leg
containing the measurement region through a defined
rotation in a vertical plane;

(d) causing the individual to move an arm, finger, or leg
containing the measurement region to a plurality of
defined positions indicated by fixed references or by
references communicated to the individual;

(e) causing the individual to move an arm, finger, or leg
containing the measurement region to a plurality of
defined positions indicated by fixed references or by
references communicated to the individual, and con-
firming using sensors that the movement has been
completed,
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() causing the individual to position the measurement
region to a plurality of positions relative to the heart,
where at least some positions are at different vertical
displacements relative to the heart, and wherein each
movement is prompted after an optical measurement at
the current location has stabilized.

31. A method as in claim 21, wherein the plurality of
transmural pressures are obtained by using a motion guid-
ance apparatus that restricts motion of a limb containing the
measurement site, and causing the individual to move the
measurement region to a plurality of positions defined by the
motion guidance apparatus.

32. A method as in claim 21, wherein the plurality of
transmural pressures are obtained by projecting light on a
surface, where the pattern of light projected defines a
plurality of positions of the measurement site, and prompt-
ing the individual to move the measurement site to each of
the plurality of positions.

33. A method as in claim 21, wherein the plurality of
transmural pressures are obtained by:

(a) subjecting the limb to varying external pressure using

a pressure management system;

(b) subjecting the measurement region to a plurality of
external pressures;

(c) subjecting the measurement region to a plurality of air
pressures;

(d) subjecting the measurement region to a plurality of
physical pressures.

34. A method as in claim 21, wherein the plurality of
transmural pressures are obtained by using an enclosure
configured to accept the individual’s hand, and a gas supply
in communication with the container, and controlling the gas
supply such that the gas pressure on the individual’s hand in
the container can be varied to provide a plurality of trans-
mural pressures.
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