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Description
FIELD OF THE INVENTION

[0001] The present invention relates to a method and
device of non-invasively determining oxygen saturation
of blood within deep vascular structures, and in particular,
but not exclusively, to a method of determining oxygen
saturation of central venous, mixed venous and central
arterial blood within structures such as the internal jugular
vein, superior vena cava, right atrium, right ventricle, pul-
monary artery, left atrium, left ventricle, carotid artery and
aorta. The invention also relates to devices for use in
non-invasively determining oxygen saturation of blood
within deep vascular structures.

BACKGROUND OF THE INVENTION

[0002] Incritically ill and unstable patients assessment
of oxygen delivery to the tissues is of vital importance. If
inadequate, early interventions to optimise oxygen deliv-
ery may prevent multiple organ failure and death. These
interventions include administration of intravenous fluids,
inotropes (that stimulate heart contraction) and support
of ventilation to improve oxygenation of blood.

[0003] Central venous or mixed venous blood oxygen
saturations reflect the adequacy of oxygen delivery to
the parts of the body from which the blood has drained.
Mixed venous blood (blood in the right ventricle and cen-
tral and peripheral parts of the pulmonary arteries) offers
the best assessment of the adequacy of oxygen delivery
to the whole body. However, central venous blood (blood
in the internal jugular, subclavian, femoral and brachio-
cephalic veins, the inferior and superior vena cava and
the right atrium) can be used as a surrogate of the ade-
quacy of oxygen delivery to the whole body. 2

[0004] Currently, assessment of oxygen delivery by
venous saturation measurementis generally undertaken
by placing a catheter in a central vein or pulmonary artery
from which blood is withdrawn. Oxygen saturation of the
withdrawn blood is then measured by a blood gas ma-
chine. Alternatively, a fibre-optic catheter can be placed
in the central vein or pulmonary artery and the oxygen
saturation can then be directly measured by optical meth-
ods. An approach such as this involving the insertion of
an intravenous fibre-optic catheter and direct measure-
ment of oxygen saturation by oximetry is discussed in
US patent no. 5,673,694 to Rivers.

[0005] Both of these approaches involve significant
limitations as they require a skilled doctor to insert the
catheter, they involve the expense of the blood gas ma-
chine or fibre-optic catheter, there is significant risk of
adverse events associated with catheter insertion (pneu-
mothorax, infection, bleeding, arrhythmia and tampon-
ade) and finally, there is a delay in obtaining the venous
blood saturation while the catheter is inserted.

[0006] The present inventor proposes a non-invasive
method to directly measure blood oxygen saturation
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(such as central venous and mixed venous blood oxygen
saturation) by placing a light oximeter device on the skin
over deep vascular structures. Pulse oximetry, using red
and infrared light sources, is an established technique to
measure haemoglobin oxygen saturation of blood ves-
sels in the skin. The sensors are commonly placed on
fingers, ears, nose and forehead. Pulse oximetry is rou-
tinely used in patients to determine whether oxygenation
of the blood by the lungs is adequate. Standard pulse
oximetry techniques do not provide information about ad-
equacy of oxygen delivery.

[0007] Two wavelengths of light are generally used in
pulse oximetry one in the red band (between about
620nm and about 750nm, but usually in the range of
about 640nm - 680nm, most usually about 660nm) and
the infrared band (between about 750nm and about
1mm, but usually between about 900nm and 960nm, but
often 905nm, 910nm or 940nm). The light is absorbed
by haemoglobin in the blood. Deoxyhaemoglobin (Hb)
absorbs more of the red band while oxyhaemoglobin ab-
sorbs more of the infra-red band. In pulse oximetry light
is first transmitted through the tissues and the intensity
of the transmitted or reflected light is then measured by
the photo-detector. The pulse oximiter determines the
AC (pulsatile) component of the absorbance at each
wavelength and the amount of the red and infrared AC
components is determined, which is indicative of the con-
centration of oxyhaemoglobin and deoxyhaemoglobin
molecules in the blood. The ratio of these molecules in-
dicates the overall haemoglobin oxygen saturation.
[0008] The potential of non-invasive trans-cutaneous
pulse oximetry to measure the haemoglobin oxygen sat-
uration of blood in deep vascular structures, for example
that carry central venous and mixed venous blood, has
not previously been recognised. However, a recent pat-
ent (US 7,047,055, to Boas and Zourabian 3) has sug-
gested thatlight oximetry of deep tissue structures is pos-
sible. This work demonstrated a light oximetric technique
to measure arterial saturation in the head of a fetus in
utero.

[0009] Othertechniques have been proposed to meas-
ure mixed venous oxygen saturation using pulse oxime-
try. These techniques are, however, invasive and require
insertion of an endotracheal tube (US 6,961,600, Kohl)
4 or a transoesophageal echocardiographic probe 5. Ve-
nous saturation of peripheral tissues may also be meas-
ured using oximetric techniques. These measurements
are, however, of limited clinical utility as they only reflect
the extent of oxygen delivery to the peripheral tissue as-
sessed, such as the index finger (US 2005/0256386,
Chan) or thenar eminence (US 7,072,701, Chen) (US
6,985,763 Boas).

[0010] US patent publication no. 2006/0253007 to
Cheng et al describes a light oximetric technique to meas-
ure cardiac output, by determining venous blood oxygen
saturation in a few deep vascular structures. Cheng et al
suggests the concurrent use of ultrasound to assist the
correct location of emitter and receiver probes, as well
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as requiring oximetry measurements be taken simulta-
neously attwo separate locations to distinguish the signal
arising from the deep vascular structure from that of sur-
rounding tissue. The present inventor has demonstrated
that by utilising the pulsatile nature of the deep vascular
structures to generate a plethysmographic trace it is pos-
sible to accurately locate the emitter and receiver ele-
ments to optimise the signal detected and to thereby do
away with the need for concurrent ultrasonography and
measurements from more than one location. The individ-
uality of the plethysmography in the present technique
is used to identify that the signal is arising from the vas-
cular structure of interest and to filter out signals arising
from other interfering chromophores, such as small blood
vessels and surrounding tissues.

[0011] US 5,111,817 discloses a method and device
for non-invasively determining arterial blood oxygenation
and, simultaneously, blood pressure.

[0012] WO 01/17421 relates to a method and related
apparatus for determining oxygen concentration in blood.
It suggests the application of sensors to the wrist, fingers,
toes or arm.

[0013] It is a preferred object of the present invention
to overcome or at least ameliorate to some extent prob-
lems associated with prior art methods of determining
oxygen saturation in deep vascular structures. Other ob-
jects of the present invention will become apparent from
the following detailed description thereof.

SUMMARY OF THE INVENTION

[0014] According to the present invention there is pro-
vided a method for non-invasive determination of oxygen
saturation of blood within a deep vascular structure of a
human patient comprising locating on skin of the patient
in a vicinity of the deep vascular structure of interest emit-
ter and receiver elements of a light oximeter device,
wherein optimal location of said elements is achieved
through matching of a plethysmography trace obtained
to known plethysmography characteristics of the deep
vascular structure of interest, and wherein oxygen satu-
ration is determined from a ratio of light absorbed at dif-
ferent wavelengths by haemoglobin in the blood within
the vascular structure of interest.

[0015] In the invention the deep vascular structure of
interest is selected from the internal jugular vein, subcla-
vian vein, femoral vein, brachiocephalic vein, inferior ve-
na cava, superior vena cava, right atrium, right ventricle,
pulmonary artery (including both peripheral and central
parts), left atrium, left ventricle, carotid artery, vertebral
artery, subclavian artery, brachiocephalic artery, femoral
artery and aorta.

[0016] In one embodiment the method is for non-inva-
sive determination of central venous blood oxygen sat-
uration. In this case the deep vascular structure of interest
is preferably selected from the internal jugular vein, sub-
clavian vein, femoral vein, brachiocephalic vein, inferior
vena cava, superior vena cava and right atrium.
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[0017] Inanother preferred embodiment the method is
for non-invasive determination of mixed venous blood
oxygen saturation. In this case the deep vascular struc-
ture of interest is preferably selected from the right ven-
tricle and pulmonary artery.

[0018] Inanother preferred embodiment the method is
for non-invasive determination of central arterial oxygen
saturation. In this case the deep vascular structure of
interest is preferably selected from the left atrium, left
ventricle, carotid artery, vertebral artery, subclavian ar-
tery, brachiocephalic artery, femoral artery and aorta.
[0019] Preferably the emitter element emits light in
both red and infra-red wavelengths. Preferably the red
light has a wavelength of between about 620nm and
about 750nm, more preferably between about 640nm
and about 680nm and most preferably the red light has
a wavelength of about 660nm.

[0020] Preferably the infra-red light has a wavelength
of between about 750nm and about 1mm. More prefer-
ably the infra-red light has a wavelength of between about
900nm and about 960nm and most preferably the infra-
red light has a wavelength of about 905nm, 910nm or
940nm.

[0021] According to another embodiment of the
present invention there is provided an oximetry device
for use in the method as outlined above.

[0022] According to the present invention there is pro-
vided an oximetry device according to claim 1.

[0023] Preferably the plethysmography characteristics
of the deep vascular structure of interest can also be
made available on the display.

[0024] The workable connection can be either physical
or wireless.
[0025] Preferably the red light has a wavelength of be-

tween about 620nm and about 750nm, more preferably
between about 640nm and about 680nm and most pref-
erably the red light has a wavelength of about 660nm.
[0026] Preferably the infra-red light has a wavelength
of between about 750nm and about 1mm. More prefer-
ably the infra-red light has a wavelength of between about
900nm and about 960nm and most preferably the infra-
red light has a wavelength of about 905nm, 910nm or
940nm.

BRIEF DESCRIPTION OF THE FIGURES

[0027] The invention will be further described with ref-
erence to the figures, wherein:

Fig. 1 is a schematic diagram of the device of the
invention.

Fig. 2 is a schematic diagram of the light emitter and
receiver elements of the device of the invention when
in position on the skin of a patient in the vicinity of a
deep vascular structure of interest.

Fig. 3 shows a scan of relative light absorbance
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against time for oximetry of the right ventricle, dem-
onstrating in (a) the phases of right ventricle empty-
ing (systole) and filling (diastole) and the peak in rel-
ative absorbance during diastole. In (b) the higher
relative absorbance of red light is shown in the case
where the blood has a lower oxygen saturation level
and in (c) the lower relative absorbance of infra-red
light is shown in the case where the blood has a
lower oxygen saturation level.

Fig. 4 is a CT scan demonstrating the distance be-
tween the skin and the internal jugular veins and ca-
rotid arteries (where "RIJ" is the right internal jugular
vein and "LIJ" is the left internal jugular vein),

Fig. 5 is a CT scan demonstrating the distance be-
tween the skin and the brachiocephalic veins (where
"LBCV" is the left brachiocephalic vein and "RBCV"
is the right brachiocephalic vein).

Fig. 6 is a CT scan demonstrating the distance be-
tween the skin and the aorta and superior vena cava
(where "SVC" is the superior vena cava).

Fig. 7 is a CT scan demonstrating the distance be-
tween the skin and the pulmonary artery (where "PA"
is the pulmonary artery).

Fig. 8 is a CT scan demonstrating the distance be-
tween the skin and the right and left ventricles (where
"RV" is the right ventricle and "LV" is the left ventri-
cle).

Fig. 9 shows (from top to bottom) the electrocardio-
gram (ECQ), arterial blood pressure, central venous
pressure, right internal jugular vein and finger
plethysmography traces from one of the patients in
the clinical study.

Fig. 10 shows a regression plot of internal jugular
vein pulse oximetry determined oxygen saturation
against superior vena cava blood gas determined
oxygen saturation.

Fig. 11 shows (from top to bottom) the ECG, arterial
blood pressure and finger and right ventricular
plethysmography traces from one of the patients in
the clinical study.

Fig. 12 shows (from top to bottom) the ECG, arterial
blood pressure, central venous pressure and pulmo-
nary artery and finger plethysmography traces from
one of the patients in the clinical study

Fig. 13 shows (from top to bottom) the ECG, arterial
blood pressure, aortic plethysmography trace, cen-
tral venous pressure and pulmonary artery and fore-
head plethysmography trace from one of the patients

10

15

20

25

30

35

40

45

50

55

in the clinical study
DETAILED DESCRIPTION OF THE INVENTION

[0028] Throughout this specification and the claims
which follow, unless the context requires otherwise, the
word "comprise", and variations such as "comprises" and
"comprising", will be understood to imply the inclusion of
a stated integer or step or group of integers or steps but
not the exclusion of any other integer or step or group of
integers or steps.

[0029] The reference to any prior art in this specifica-
tion is not, and should not be taken as, an acknowledg-
ment or any form of suggestion that that prior art forms
part of the common general knowledge in Australia.
[0030] Toassistinunderstanding of this documentdef-
initions of a few important terms are provided below:
Central venous blood is (relatively de-oxygenated) blood
located within centrally (rather than peripherally) located
veins. It includes blood within the internal jugular, sub-
clavian, femoral and brachiocephalic veins, the inferior
and superior vena cava and the right atrium.

[0031] Mixed venous blood is (relatively de-oxygenat-
ed blood) located within the right ventricle and central
and peripheral parts of the pulmonary arteries, which is
being returned to the lungs for re-oxygenation. Monitor-
ing of oxygen saturation in mixed venous blood provides
the best assessment of the adequacy oxygen delivery.
[0032] Central arterial blood is oxygenated blood with-
in centrally (ratherthan peripherally) located arteries, oth-
er than the pulmonary artery (which carries de-oxygen-
ated blood). It includes blood within the left atrium, left
ventricle and carotid, vertebral, subclavian, brachio-
cephalic, femoral and aortic arteries.

[0033] Deep vascular structures are major blood ves-
sels (including the chambers of the heart) which are not
superficially located. That is, they are generally at least
1cm, usually at least 2cm and most usually at least 3cm
to 5¢cm, and up to about 10cm beneath the skin of normal
patients, depending upon the size and anatomy of the
patient concerned. Deep vascular structures include the
internal jugular, subclavian, femoral and brachiocephalic
veins and the inferior and superior vena cava, the right
atrium, right ventricle and central and peripheral parts of
the pulmonary arteries, the left atrium, left ventricle and
carotid, vertebral, subclavian, brachiocephalic, femoral
and aortic arteries.

[0034] A Plethysmography trace is the pulsatile signal
arising from blood vessels and other blood containing
structures, obtained by traditional pulse oximetry meth-
ods. The plethysmography trace reflects changes in
blood volume and red blood cell orientation through the
pulsatile cycle as well as other physical characteristics
of the blood vessel or blood containing structure. These
factors influence the extent of absorption of oximetry
light. The nature of the plethysmography trace for a par-
ticular pulsatile vascular structure is therefore a distin-
guishing feature of that structure.
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[0035] Thepresentinvention relates generally to meth-
ods and devices for determining blood oxygen saturation
in deep vascular structures, which do not require the use
of ultrasound to locate the vascular structure of interest
and also do not require the taking of oximetry measure-
ments at multiple locations. This is achieved by exploiting
traditional oximetry techniques and devices, but in con-
junction with using the plethysmography trace obtained
to optimally locate the emitter and receiver elements of
the device on the skin in the vicinity of the structure of
interest. By using this approach itis also possible to filter
out signals obtained from other chromophores such as
those located in surrounding tissues or smaller vessels.
[0036] The methods and device of the invention are
useful in a number of clinical settings. Firstly, to measure
the central venous blood and mixed venous blood oxygen
saturations. This allows the adequacy of oxygen delivery
to the tissues throughout the body to be assessed non-
invasively. Secondly, to measure the oxygen saturation
of blood draining from a particular part of the body, such
as the brain, by monitoring blood saturations of the inter-
nal jugular veins. This allows the adequacy of oxygen
delivery to that region of the body to be assessed non-
invasively. A further application is to measure the central
arterial blood oxygen saturation. This allows arterial ox-
ygen saturations to be monitored in conditions in which
blood flow to superficial tissues, such as the skin, may
be poor such that no reliable signal can be obtained by
traditional pulse oximetry methods.

[0037] It is therefore possible using the methods and
devices of the invention to assess the adequacy of oxy-
gen delivery to the whole body of a human or animal
patient, which will be of importance for example in mon-
itoring critically ill or potentially unstable patients, moni-
toring before, during and after surgical procedures, mon-
itoring during and after cardiac arrest, monitoring during
exercise or in cardiac stress testing to detect cardiac or
respiratory dysfunction, in exercise testing in humans or
animals to document the workload at which the anaerobic
threshold is reached and in self monitoring of cardiac
function by athletes and high altitude climbers, pilots of
non-pressurised aircraft and others exposed to low oxy-
gen environments.

[0038] Theinvention also allows an assessment of the
adequacy of oxygen delivery to the brain, through mon-
itoring of oxygen saturation in one or both of the internal
jugular veins. This application is indicated in patients in
which blood flow to the brain may be inadequate, such
as any form of acute brain injury, following neurosurgical
procedures, following operations or procedures on blood
vessels supplying the brain, such as the aorta, carotid,
vertebral, cerebella and cerebral arteries.

[0039] In addition to measurement of central venous
and mixed venous blood oxygen saturation, this trans-
cutaneous technique can be used to measure central
arterial blood oxygen saturation. In some clinical situa-
tions it is difficult to obtain a superficial pulse oximetry
trace due to poor blood flow to the peripheral tissues®.
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These situations include low cardiac output (such as in
cardiac arrest, shock), sepsis (resulting in peripheral shut
down of blood flow), peripheral vascular disease and ex-
posure to a cold environment. In such situations meas-
urement of central arterial blood oxygen saturation using
the present invention will offer a valuable aid to patient
management. This technique allows measurement of
blood oxygen saturation in central deep vascular struc-
tures containing arterial blood, such as the left atrium,
left ventricle and carotid, vertebral, subclavian, brachio-
cephalic, femoral and aortic arteries.

[0040] An important feature of the present invention
relates to reliance on the plethsymographic character of
the vascular structure of interest detected by the oximetry
technique. The pulsatile signal (or plethysmograph trace)
of a vascular structure reflects the temporal changes in
blood flow through the deep vascular structure of interest.
As the blood flow through the deep vascular structures
has characteristic features, the plethysmograph trace al-
so reflects these characteristic features and can there-
fore be used to identify that the signal is arising from the
particular deep vascular structure of interest. The char-
acteristic features of a plethysmography trace from a par-
ticular deep vascular structure can therefore also be used
to filter out other pulsatile signals arising from other in-
terfering chromophores, such as small blood vessels in
surrounding tissues. These contribution of these other
interfering pulsatile signals can also be assessed through
conventional pulse oximetry.

[0041] Another aspect of the invention that enables ox-
imetry to be used to monitor blood oxygen saturation in
deep vascular structures, where this had not been con-
sidered possible in the past, relates to the relative high
volume of blood in deep large blood vessels that results
inrelatively high absorption of light compared to the blood
volume in small blood vessels of the skin and surrounding
tissues. This difference in blood volume provides a fur-
ther means of effectively filtering out signals arising from
interfering chromophores, such as small blood vessels
in surrounding tissues.

[0042] The presentinvention allows for the determina-
tion of blood oxygen saturation in deep vascular struc-
tures in a non-invasive manner. By this it is meant that
there is no need for direct sampling of blood and nor is
it necessary for any form of central line or other probe to
be inserted within the patient, either within or adjacent to
vascular structures (such as within the gastrointestinal
tract in the vicinity of a vascular structure). Indeed, the
presentinvention can conveniently be conducted by plac-
ing the emitter and receiver elements of a light oximeter
device on the skin of the patient over deep vascular struc-
ture of interest. Deep vascular structures within which
blood oxygen saturation can be determined include those
containing central venous blood, such as the internal jug-
ular vein, subclavian vein, femoral vein, brachiocephalic
vein, inferior vena cava, superior vena cava and right
atrium, those containing mixed venous blood, such as
the right ventricle and pulmonary artery (central and pe-
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ripheral regions) and those containing central arterial
blood, such as the left atrium, left ventricle, carotid artery,
vertebral artery, subclavian artery, brachiocephalic ar-
tery, femoral artery and aorta.

[0043] The right ventricle has a number of character-
istics that make it well suited for monitoring. Firstly, it is
a pulsatile chamber of the heart; hence the light absorb-
ance will vary with the cardiac cycle. Peak absorbance
occursduring diastole (the pointin the cardiac cycle when
the right ventricle fills with blood). This characteristic pro-
vides a method to filter out absorbance by arterial and
venous blood in superficial tissues and by non-pulsatile
chromophores such as the skin and muscle. Secondly,
the right ventricle at the end of diastole is a significant
absorber of light - at this point in the cardiac cycle it con-
tains around 100-200 ml of blood. This exceeds the vol-
ume of blood in the overlying tissues (through which the
light also passes) by at least a factor of 10. The ratio of
relative absorbance of the two wavelengths of light during
right ventricular diastole, can then be used to derive the
oxygen saturation of blood in the right ventricle.

[0044] In conducting the methods of the presentinven-
tion it is possible to utilise modified conventional pulse
oximetry devices, such as for example those described
in the book Pulse Oximetry by John TB Moyle’. To work
optimally a number of modifications are preferred. Mod-
ifications that can optimise the signal include utilisation
of lasers rather than light emitting diodes to provide the
light sources, increasing the distance between the light
emitter and light receiving sensors, utilising the plethys-
mograph trace to identify the signal is arising from the
deep vascular structure of interest, utilising the plethys-
mography trace to filter out signals arising from other
interfering chromophores, utilising the signal arising from
the relatively high volume of blood in the deep vascular
structures (in relation to small blood vessels in superficial
tissues) to filter out signals arising from small superficial
blood vessels that may act as interfering chromophores,
re-calibration of the absorption signals to improve accu-
racy of oximetry of de-oxygenated rather than traditional
oxygenated blood and modification of the formula used
to estimate the photon path length to reflect the photon
path length required to reach deep vascular structures.
[0045] AsshowninFig. 1devices (1) specifically useful
in the present invention have a number of basic compo-
nents, such as a central processing unit (2), a display (5)
(for in some manner reporting plethysmographic and/or
oxygen saturation information) and emitter (3) and re-
ceiver (4) elements that respectively emit and sense red
and infra-red light. The display (5) may for example take
the form of a printer that produces a paper scan of oxygen
saturation and plethysmographic trace, a video type
screen (such as cathode ray, plasma, liquid crystal) or
even a device that produces an audible output of the
necessary information. Naturally, in use the various com-
ponents of the device (1) are connected either physically
such as by wires (6) or fibre-optic cable or using conven-
tional wireless technologies. The central processing unit
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(2) receives from the emitter (3) and receiver (4) elements
information regarding the emitted and received light, from
which it is able to match the plethysmographic character
of the body being monitored with the known plethysmo-
graphic character of the deep vascular structure of inter-
est, and is able to compute oxygen saturation from the
information on emitted and received light transmitted to
it, for example by utilising a clinically derived relationship
for oxygen saturation in the particular structure of interest
for a particular class or group of patients, as referred to
further below. By matching the plethysmographic char-
acter against an ideal and giving an operator feedback
via the display (5) on this the operator is able to ensure
the optimal location of the emitter (3) and receiver (4)
elements in the vicinity of the structure of interest (that
is on the skin in the region of the structure that allows
penetration of light between the emitter/ receiver element
and the blood within the structure of interest), as sche-
matically depicted in Fig. 2.

[0046] In one embodiment an optical fibre is used to
deliver a probe light beam (the emitter) combined from
a pair of remote sources to a fitting placed in contact with
the skin above, for example, the right ventricle of the pa-
tient. The fitting also contains a second optical fibre that
is used to collect reflected light (the detector) from the
internal tissues and blood. The optical fibres are provided
with suitable collimation optics to direct the delivered
beam and selectively collect the reflected light along pre-
ferred directions. The optical fibers will preferably have
an adjustable mount so that the delivery and sampling
directions can be modified to match different patient mor-
phologies, to thereby meet the requirements of different
patient chest size, shape, bone structure, muscle and fat
content. The reflected light is spectrally analysed and
converted to an electrical signal by a photodetector. Op-
timal light delivery and collection geometries, light sourc-
es and photodetector types can be adjusted to give op-
timal results. Signals from sources other than the vascu-
lar structure of interest are removed by a combination of
spatial filtering, mathematical processing and computer
analysis algorithms.

[0047] Two wavelengths of light are generally used in
pulse oximetry one in the red band (between about
620nm and about 750nm, but usually in the range of
about 640nm - 680nm, most usually about 660nm) and
one in the infrared band (between about 750nm and
about 1mm, but usually between about 900nm and
960nm, but often 905nm, 910nm or 940nm). The light is
absorbed by haemoglobin in the blood. Deoxyhaemo-
globin (Hb) absorbs more of the red band while oxyhae-
moglobin absorbs more of the infra-red band. In pulse
oximetry light is first transmitted through the tissues and
the intensity of the transmitted (reflected) light is then
measured by the photo-detector. The pulse oximiter de-
termines the AC (pulsatile) component of the absorbance
at each wavelength and the amount of the red and infra-
red AC components is determined, which is indicative of
the concentration of oxyhaemoglobin and deoxyhaemo-
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globin molecules in the blood. The ratio of these mole-
cules indicates the overall haemoglobin oxygen satura-
tion.

[0048] The principle of operation of the present meth-
ods are graphically represented in Fig. 3. As can be seen
in Fig. 3(a) relative light absorbance in the vascular struc-
ture (in this case the right ventricle) increases as the right
ventricle fills with blood during diastole. Fig 3(b) shows
that relative absorbance of red light is higher when the
blood in the vascular structure has lower oxygen satura-
tion and Fig 3(c) shows that relative absorbance of infra-
red light is lower when the blood in the vascular structure
has lower oxygen saturation. The ratio of absorbance of
two or more wavelengths of light, particularly in the case
of the right ventricle during diastole, is used to derive the
oxygen saturation of the blood within the vascular struc-
ture. Fig. 3 also demonstrates the plethysmographic
characterthatis particular to the right ventricle, and which
is used to discriminate between the signal derived from
the right ventricle and from other vascular structures to
thereby optimally position the emitter and detector ele-
ments.

[0049] In the case of the use of pulse oximetry in the
methods of the present invention to determine blood ox-
ygen saturation levels within deep vascular structures
clinical studies can be conducted on a patient population
to determine the relationship between the apparent ox-
ygen saturation determined by pulse oximetry for the
deep vascular structure and the actual oxygen saturation
in the vessel as determined by an analytical method (e.g.
by use of a blood oxygen analyser). In view of this knowl-
edge the device can be calibrated and accurate quanti-
fication of the oxygen saturation in a particular deep ves-
selfora particular patient can be obtained non-invasively.
In determining the appropriate calibration it is be useful
to take into account not only the deep vascular structure
ofinterest, butalso the age, height, weightand/or general
medical condition of the patient. In this way the relation-
ship relied upon can be specific for the structure of inter-
est in patients of similar stature and condition.

[0050] The presentinvention will now be described fur-
ther with reference to the following nonlimiting examples.

EXAMPLE 1

Determination of blood oxygen saturation in deep
vascular structures of human patients

[0051] A non-invasive method to assess oxygen satu-
ration of blood in central veins and mixed venous blood
in the right ventricle or pulmonary artery could have great
clinical utility in documenting the adequacy of oxygen
delivery in potentially unstable and critically ill patients.
[0052] Previous studies have shown light can pene-
trate a number of centimetres into body tissues3. There
has, however, been no previous demonstration that ox-
imetry techniques can be used to reliably obtain oxygen
saturation readings from blood in deep vascular struc-
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tures. The present inventor investigated a novel non-in-
vasive transcutaneous method to measure central ve-
nous, mixed venous and central arterial blood oxygen
saturations by placing a light oximeter device on the skin
over large blood vessels and cardiac chambers carrying
these types of blood.

Methods

[0053] The distance in centimetres between the skin
and deep vascular structures on a series of computed
tomography (CT) scans of 6 supine patients was as-

sessed.

Results

[0054] The following average distances (cm) between
the skin surface and underlying deep vascular structures
were determined from analysis of the CT scans;

- Pulmonary artery 4.3 = 1.0 (mean and standard de-
viation)

- Right ventricle 3.5 £ 0.8

- Left ventricle 4.0 = 1.3

- Rightatrium 5.9 £ 1.5

- Left brachiocephalic vein 4.0 = 1.0

- Superiorvenacava 6.2 = 1.5

- Right brachiocephalic vein 4.5 = 1.6

- Right brachiocephalic artery 4.8 =2.1

- The carotid arteries and internal jugular veins were
always less than 3 cm from the skin surface.

[0055] Example CT scans are shown in Figs. 4 to 8.
Discussion
[0056] It was demonstrated that deep vascular struc-

tures in the neck and the chest lie less than 7 cm from
the skin surface.

EXAMPLE 2

Character of plethysmography trace and blood oxygen
saturation level.

Methods

[0057] A clinical study was undertaken in 8 critically ill
ventilated patients. All patients had a central line placed
in the superior vena cava. Transcutaneous pulse oxime-
try according to the invention was used to assess the
oxygen saturation of venous blood passing through deep
vascular structures including the internal jugular vein, the
right ventricle and pulmonary artery. The saturation of
blood in central arterial vascular structures including the
aorta and left ventricle was also assessed.

[0058] The light emitter and light receiver elements of
a pulse oximeter device (OxiMax adult oxygen sensor by
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Nellcor attached to a pulse oximiter module of a Hewlett
Packard Critical Care Monitor) were placed 2 to 8 cm
apart on the skin over the vascular structure of interest.
[0059] The inventor also investigated whether the
plethysmography trace obtained was consistent with the
signal arising from the deep vascular structure of interest.
The pulsatile nature of blood flow through each of the
deep vascular structures has certain characteristics pe-
culiar to each. The inventor hypothesised that the
plethysmography trace would reflect these characteris-
tics.

[0060] The plethysmography trace and blood oxygen
saturation were documented. In patients in whom a rea-
sonable plethysmography trace was obtained superior
vena cava blood was analysed in a blood gas machine
to determine the oxygen saturation In such patients ex-
ample plethysmography traces were also obtained.

Results

[0061] In the internal jugular vein the inventor deter-
mined the plethysmograph trace to be consistent with
the expected signal arising from the internal jugular vein
in 5 of the 8 patients studied. The plethysmograph trace
from these 5 patients demonstrated the characteristic "a"
and "v" waves of the central venous pressure trace (Fig
9). The oxygen saturation level was low and was con-
sistent with the level expected from blood in a central
vein.

[0062] For the 5 patients in whom a reliable internal
jugular vein plethysmograph trace was obtained blood
was aspirated from the central line in the superior vena
cava and blood gas saturations were measured. A linear
relationship between the pulse oximeter and blood gas
determined oxygen saturations (Fig. 10) was identified.
The correlation coefficient (R2) was 0.4.

[0063] The plethysmograph trace was consistent with
the signal arising from the right ventricle in 2 of the 8
patients studied. During diastole the signal increased,
this is consistent with diastolic filling of the right ventricle
with blood. During systole the signal decreased, this is
consistent with empting of the ventricle of blood (Fig. 11).
The signal was, therefore, the inverse of the finger
plethysmography trace. In addition the saturation level
was low and therefore consistent with the signal arising
from mixed venous blood (average value was 45%).
[0064] The plethysmography trace was consistent with
the signal arising from blood in the pulmonary artery in
2 of the 8 patients studied. The systolic wave preceded
the finger systolic wave (consistent with a central vascu-
lar source of the signal). In addition a dicrotic notch was
evident (Fig. 12). Finally, the oxygen saturation level was
low and therefore consistent with the signal arising from
mixed venous blood (55%)

[0065] The plethysmography trace was consistent with
the signal arising from blood in the ascending aorta in 4
of the 8 patients studied. The systolic wave preceded the
forehead systolic wave (consistent with a central arterial
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source of the signal). In addition the waveform was nar-
rower (Fig. 13).

Discussion

[0066] It was shown that light can reach deep vascular
structures and the returning signal can be used to obtain
ameasure of the blood oxygen saturation within the struc-
ture of interest.

[0067] Alinearrelationship was also demonstrated be-
tween the internal jugular vein pulse oximetry and supe-
rior vena cava blood gas saturation levels, indicating that
with calibration accurate quantification of oxygen satu-
ration in the deep vascular structures can be obtained.
[0068] At least in some patients the nature of the
plethysmography trace reflected the temporal changes
in blood flow through these deep vascular structures. The
character of the trace was therefore peculiar to each of
these deep vascular structures. The distinctiveness of
the plethysmography trace for each structure can there-
fore be used to identify that the signal is arsing from the
appropriate deep vascular structure (and to thereby en-
able optimal location of the emitter and receiver elements
in the vicinity of the structure of interest), and can also
be used to filter out signals arising from other interfering
chromophores, such as those in small blood vessels and
other surrounding tissues.
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Claims

An oximetry device (1) comprising a central process-
ing unit (2), a display (5) and emitter (3) and receiver
(4) elements adapted for releasable application to
human skin, all of which are workably connected in
use; the emitter elements (3) being equipped to emit
light of both red and infra-red wavelengths and the
receiver elements (4) adapted to detect said light,
with information relating to levels of emitted and re-
ceived light being transmitted to said central
processing unit (2); characterised in that said cen-
tral processing unit (2) is adapted to determine the
optimal positioning in use of the emitter (3) and re-
ceiver (4) elements on the skin in a vicinity of the
deep vascular structure of interest by matching
plethysmography characteristics derived from the in-
formation relating to levels of emitted and received
light with known plethysmography characteristics of
a deep vascular structure of interest that contains
central venous or mixed venous blood and in that
said central processing unit (2) is also capable of
deriving from the information relating to levels of
emitted and received light a measurement of blood
oxygen saturation within the deep vascular structure
of interest; and making said measurement available
on the display (5).

The oximetry device according to claim 1 configured
such that the plethysmography characteristics of the
deep vascular structure of interest can also be made
available on the display (5).

The oximetry device of claim 1 wherein the workable
connection is physical.

The oximetry device of claim 1 wherein the workable
connection is wireless.

The oximetry device of claim 1 wherein the red light
has a wavelength of between about 640nm and
about 680nm.

The oximetry device of claim 1 wherein the infra-red
light has a wavelength of between about 900nm and
about 960nm.

Use of an oximetry device according to claim 1 for
non-invasive determination of oxygen saturation of
central venous or mixed venous blood within a deep
vascular structure of a human patient that contains
central venous or mixed venous blood.
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8.

10.

1.

12.

The use of claim 7 for non-invasive determination of
central venous blood oxygen saturation.

The use of claim 8 wherein the deep vascular struc-
ture of interest is selected from the internal jugular
vein, subclavian vein, femoral vein, brachiocephalic
vein, inferior vena cava, superior vena cava and right
atrium.

The use of claim 7 for non-invasive determination of
mixed venous blood oxygen saturation.

The use of claim 10 wherein the deep vascular struc-
ture of interest is selected from the right ventricle and
pulmonary artery.

A method for non-invasive determination of oxygen
saturation of central venous or mixed venous blood
within a deep vascular structure of a human patient
that contains central venous or mixed venous blood
characterised in that the method comprises locat-
ing on skin of the patient in a vicinity of the deep
vascular structure of interest emitter (3) and receiver
(4) elements of a light oximeter device (1), wherein
optimal positioning of said elements on the skin in a
vicinity of the deep vascular structure of interest is
determined, by a central processing unit, through
matching of a plethysmography trace obtained from
the oximeter device (1) to known plethysmography
characteristics of the deep vascular structure of in-
terest, and wherein oxygen saturation is determined
by the central processing unit from a ratio of light
absorbed at different wavelengths by haemoglobin
in the blood within the vascular structure of interest.

Patentanspriiche

1.

Oximetrie-Messgerét (1), umfassend eine Zentral-
einheit (2), ein Display (5) und zur I6sbaren Applika-
tion auf menschlicher Haut ausgebildete Emitter- (3)
und Receiverelemente (4), sdmtlich im Gebrauch
wirkverbunden, wobei die Emitterelemente (3) zur
Emission sowohl roter als auch infraroter Wellenlan-
gen ausgeristet und die Receiverelemente (4) zur
Detektion besagten Lichts ausgebildet sind und In-
formationen Uber die Lichtmengen des emittierten
und des empfangenen Lichts an besagte Zentralein-
heit (2) Gbertragen werden; dadurch gekennzeich-
net, dass besagte Zentraleinheit (2) dazu ausgebil-
det ist, die optimalen Gebrauchslagen der Emitter-
(3) und Receiverelemente (4) auf der Haut in der
Nachbarschaft der interessierenden tiefen
Gefalistruktur durch Abgleichen der aus den Infor-
mationen Uber die emittierten und empfangenen
Lichtmengen gewonnenen KenngréRen mit bekann-
ten plethysmografischen KenngréRen einer interes-
sierenden tiefen, zentralvendses Blut oder gemisch-
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tes vendses Blut enthaltenden Gefalstruktur zu er-
mitteln, und dass besagte Zentraleinheit (2) auch da-
zu befahigt ist, aus den Informationen tber die emit-
tierten und empfangenen Lichtmengen eine Mes-
sung der Sauerstoffsattigung des Blutes innerhalb
derinteressierenden tiefen GefaRstruktur abzuleiten
und besagte Messung aufdem Display (5) verfligbar
zu machen.

Oximetrie-Messgerat nach Anspruch 1, so ausge-
staltet, dass die plethysmografischen Kenngréfien
der interessierenden tiefen GefaRstruktur auch auf
dem Display (5) verfugbar sind.

Oximetrie-Messgerat nach Anspruch 1, wobei die
Wirkverbindung kérperlich ist.

Oximetrie-Messgerat nach Anspruch 1, wobei die
Wirkverbindung drahtlos ist.

Oximetrie-Messgerat nach Anspruch 1, wobei das
rote Licht eine Wellenlange zwischen ca. 640 nm
und ca. 680 nm aufweist.

Oximetrie-Messgerat nach Anspruch 1, wobei das
infrarote Licht eine Wellenldnge zwischen ca. 900
nm und ca. 960 nm aufweist.

Verwendung eines Oximetrie-Messgerats nach An-
spruch 1 zur nichtinvasiven Ermittlung der Sauer-
stoffsattigung zentralvendsen oder gemischt vend-
sen Blutes in einer tiefen, zentralvendses oder ge-
mischt vendses Blut enthaltenden Gefal-struktur ei-
nes menschlichen Patienten.

Anwendung von Anspruch 7 zur nichtinvasiven Er-
mittlung der Sauerstoffsattigung zentralvendsen
Blutes.

Anwendung von Anspruch 8, wobei die interessie-
rende tiefe Gefal3struktur nach Wahl die Vena jugu-
laris interna, die Vena subclavia, die Vena femoralis,
die Vena brachiocephalica, die Vena cava inferior,
die Vena cava superior oder der rechte Vorhof sein
kann.

Anwendung von Anspruch 7 zur nichtinvasiven Er-
mittlung der Sauerstoffsattigung gemischten veno-
sen Blutes.

Anwendung von Anspruch 10, wobei die interessie-
rende tiefe Gefalistruktur nach Wahl die rechte Herz-
kammer oder die Arteria pulmonalis sein kann.

Verfahren zur nicht-invasiven Ermittlung der Sauer-
stoffsattigung zentralvendsen oder gemischt vend-
sen Blutes in einer tiefen, zentralvendses oder ge-
mischt vendses Blut enthaltenden Gefalstruktur ei-
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nes menschlichen Patienten, dadurch gekenn-
zeichnet, dass das Verfahren die Positionierung
von Emitter- (3) und Receiverelementen (4) eines
Licht-Oximetrie-Messgerats (1) auf der Hautdes Pa-
tienten in der Nachbarschaft der interessierenden
tiefen Gefalstruktur umfasst, wobei die optimale Po-
sitionierung der Elemente auf der Haut in der Nach-
barschaft der interessierenden tiefen GefaRstruktur
von einer Zentraleinheit durch Abgleichen einer
durch das Oximetrie-Messgerat (1) gewonnenen
plethysmo-grafischen Kurve mit bekannten plethys-
mografischen Kenngréen der interessierenden tie-
fen Gefal3-struktur ermittelt wird, und wobei die Sau-
erstoff-sattigung durch die Zentraleinheit ermittelt
wird aus einem Verhaltnis des Lichts, das bei unter-
schiedlichen Wellenldngen innerhalb der interessie-
renden Gefafstruktur durch das im Blut befindliche
Hamoglobin absorbiert wird.

Revendications

Dispositif d’'oxymétrie (1) comprenant une unité cen-
trale (2), un écran (5) et des éléments émetteurs (3)
et récepteurs (4) adaptés pour étre appliqués de fa-
con détachable a une peau humaine, tous étant con-
nectés de fagon opérationnelle a l'usage ; les élé-
ments émetteurs (3) étant équipés pour émettre de
lalumiére de longueurs d’onde a la fois dans le rouge
etlinfrarouge et les éléments récepteurs (4) adaptés
pour détecter ladite lumiére, des informations con-
cernant des niveaux de lumiére émise et regue étant
transmises a ladite unité centrale (2) ;

caractérisé en ce que ladite unité centrale (2) est
adaptée pour déterminer le positionnement optimal
a l'usage des éléments émetteurs (3) et récepteurs
(4) sur la peau a proximité d’'une structure vasculaire
profonde d’intérét en associant des caractéristiques
de pléthysmographie dérivées des informations con-
cernant des niveaux de lumiére émise et regue avec
des caractéristiques de pléthysmographie connues
d’une structure vasculaire profonde d’intérét qui con-
tient du sang veineux central ou veineux mélé et en
ce que ladite unité centrale (2) peut également dé-
duire des informations concernant des niveaux de
lumiére émise et regue une mesure de saturation en
oxygéne du sang a l'intérieur de la structure vascu-
laire profonde d’intérét ; et rendre ladite mesure dis-
ponible sur I'écran (5).

Dispositif d’'oxymétrie selon la revendication 1 con-
figuré de telle sorte que les caractéristiques de plé-
thysmographie de la structure vasculaire profonde
d’intérét peuvent également étre rendues disponi-
bles sur I'écran (5).

Dispositif d’oxymétrie de la revendication 1 dans le-
quel la connexion opérationnelle est physique.



10.

1.

12.

19 EP 2 142 097 B1

Dispositif d’'oxymétrie de la revendication 1 dans le-
quel la connexion opérationnelle est sans fil.

Dispositif d’'oxymétrie de la revendication 1 dans le-
quel la lumiere rouge a une longueur d’'onde com-
prise entre environ 640 nm et environ 680 nm.

Dispositif d’'oxymétrie de la revendication 1 dans le-
quel la lumiére infrarouge a une longueur d’onde
comprise entre environ 900 nm et environ 960 nm.

Utilisation d’un dispositif d’oxymétrie selon la reven-
dication 1 pour la détermination non invasive de la
saturation en oxygéne de sang veineux central ou
veineux mélé a l'intérieur d’'une structure vasculaire
profonde d’un patient humain qui contient du sang
veineux central ou veineux mélé.

Utilisation de larevendication 7 pour la détermination
non invasive de la saturation en oxygéne de sang
veineux central.

Utilisation de la revendication 8 dans laquelle la
structure vasculaire profonde d'intérét est choisie
parmi la veine jugulaire interne, la veine sous-cla-
viére, la veine fémorale, la veine brachiocéphalique,
la veine cave inférieure, la veine cave supérieure et
I'atrium droit.

Utilisation de larevendication 7 pour la détermination
non invasive de la saturation en oxygéne de sang
veineux mélé.

Utilisation de la revendication 10 dans laquelle la
structure vasculaire profonde d'intérét est choisie
parmi le ventricule droit et I'artére pulmonaire.

Procédé de détermination non invasive de la satu-
ration en oxygéne de sang veineux central ou vei-
neux mélé al'intérieur d’'une structure vasculaire pro-
fonde d'un patient humain qui contient du sang vei-
neux central ou veineux mélé, caractérisé en ce
que le procédé comprend le positionnement sur la
peau du patient a proximité de la structure vasculaire
profonde d’intérét d’éléments émetteurs (3) etrécep-
teurs (4) d’un dispositif d’'oxymétrie optique (1),
dans lequel un positionnement optimal desdits élé-
ments sur la peau a proximité de la structure vascu-
laire profonde d’intérét est déterminé, par une unité
centrale, par association d’'une trace de pléthysmo-
graphie obtenue a partir du dispositif d’'oxymétrie (1)
avec des caractéristiques de pléthysmographie con-
nues de la structure vasculaire profonde d’intérét, et
dans lequel la saturation en oxygéne est déterminée
par l'unité centrale a partir d’un rapport de lumiére
absorbée a différentes longueurs d’onde par ’hémo-
globine dans le sang a I'intérieur de la structure vas-
culaire d’intérét.
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Systole precedes the finger systole on the
plethysmography trace. In addition a
dicrotic notch is evident. These features
are consistent with the nature of blood
flow through the pulmonary artery.
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