7117286 A2 I 0O 00O A

.

O

W

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization { f"
International Bureau

(43) International Publication Date
2 October 2008 (02.10.2008)

) IO O T OO O

(10) International Publication Number

WO 2008/117286 A2

(51) International Patent Classification:
AG61B 5/1455 (2006.01)

(21) International Application Number:
PCT/TL.2008/000413

(22) International Filing Date: 26 March 2008 (26.03.2008)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
60/920,116 27 March 2007 (27.03.2007) US

(71) Applicant and

(72) Inventor: NAVON, Ariel [IL/IL]; 53 Mashabim Street,

45201 Hod-Hasharon (IL).

(74) Agent: ZOHAR ELIEZRI, PATENT ATTORNEYS &
LAW OFFICE; 8 Nachalat Yitzchak, 67448 Tel Aviv (IL).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,

(34)

AQ, AT, AU, AZ,BA, BB, BG, BH, BR, BW,BY, BZ, CA,
CH, CN, CO,CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,
EG, ES, F1, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,
IL, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC,
LK, LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN,
MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH,
PL, PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV,
SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
ZA, M, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB,GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,
NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG,
CIL, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Declaration under Rule 4.17:

Pub

of inventorship (Rule 4.17(iv))

lished:
without international search report and to be republished
upon receipt of that report

(54) Title: DEVICE AND METHOD FOR MONITORING BLOOD PARAMETERS

100
—~
OPERATOR 112
INTERFACE DISPLAY
128
; |
114
| PROCESSOR 108
106 | | 110
5 g
ICONTROLLER INTERFACE ]
118
| EMITTER l | DETECTORS I
126 - ¢ l 5 HOLDING
102 1040 | MEANS
BODY CONTACT 12418
116~ MEANS

N

BODY PART

FIG. 1

(57) Abstract: Device and method for measuring at least one parameter related to the blood of a subject, by emitting light with
at least one emitter at at least one wavelength within the spectral range of 380 980nm toward a body part containing at least one
wavelength, obtaining spatially resolved reflectance measurements by capturing light reflected by the body part with at least one
& reflectance detector, extracting from the measurements at least one of the absorption coefficient and the reduced scattering coefficient
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DEVICE AND METHOD FOR MONITORING BLOOD PARAMETERS

FIELD OF THE DISCLOSED TECHNIQUE
The disclosed technique relates to non-invasive methods for

continuous monitoring of the blood parameters of a subject.

BACKGROUND OF THE DISCLOSED TECHNIQUE

The term “hematocrit” (Hct) refers to the proportion of a blood
volume occupied by red blood cells (RBCs). The RBCs contain
hemoglobin (approximately 34% by volume), which enables the delivery of
oxygen from the lungs to the various tissues in the body. The normal
ranges of hematocrit for an individual varies with age and gender, but is
generally around 42-54% for adult men and 38-46% for adult women.
The hematocrit measurement of a patient is useful for various medical
diagnoses. A low hematocrit usually indicates anemia (a deficiency in
RBCs and hemoglobin). Anemia may resuit from acute blood loss (e.g.,
traumatic injury, surgery, colon cancer), nutritional deficiency (e.g., iron,
folic acid, vitamin B-12), or various other clinical factors (e.g., cancer,
medication effects, hereditary disorders, etc). An elevated hematocrit may
be due to dehydration, or may indicate other conditions, such as a
myeloproliferative disorder (type of bone marrow disorder) or chronic
obstructive pulmonary disease and other conditions associated with

hypoxia (oxygen deficiency in the body).
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The hematocrit is usually measured with invasive techniques. In
one common technique, blood is drawn from the patient, and then a high
speed centrifuge is used to separate the different blood components into
separate layers inside a capillary tube. The relative height of the RBC
layer in the tube is measured relative to the total blood volume, to provide
the hematocrit value. The drawn blood may also be analyzed by other
methods, such as by taking optical measurements of the blood. The
hematocrit value may be calculated using an automated instrument, as
part of a complefe set of blood tests.

The aforementioned invasive measurement involves
inconvenience and discomfort for the subject, and also introduces the risk
of contamination to both the subject and the medical staff performing the
measurement. Additionally, any invasive method (such as the centrifuging
technigue) entails a delay between when the blood sample is drawn and
when the hematocrit value is obtained. Moreover, the determination of
hematocrit (as well as other types of blood tests) is usually based on
individual measurements. In certain situations, it is beneficial to perform
continuous monitoring of the hematocrit of a subject, to effectively
diagnose and treat certain serious or life-threatening medical conditions
(e.g., during intensive care, or when performing surgery). However, if an
invasive measurement technigue is being used, it is not possible to obtain
immediate results, nor can continuous real-time tracking of the hematocrit

of the subject be performed.
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Pulse oximetry is a non-invasive method for measuring the level
of oxygen saturation in the hemoglobin of a patient. A hemoglobin
molecule bounded with oxygen is known as oxyhemoglobin (HbO,) and a
hemoglobin molecule without bound oxygen is known as deoxyhemoglobin
(Hb). Pulse oximetry involves emitting light at two or more separate
wavelengths (e.g., red and infrared light) across a body part, such as a
fingertip. The total attenuation of each of the two Wavelengths is
measured using sensors (i.e., based on reflectance or transmittance
measurements). Pulse oximetry utilizes the pulsing nature of the blood
vessels, in order to isolate the blood in the artery from other tissues which
the light passes through (e.g., skin, bone, muscle, fat, fingernail, etc). The
various blood vessels in the body change volume in a cyclic manner, due
to the pumping action of the heart as the blood circulates throughout the
body. The ratio between oxyhemoglobin and deoxyhemoglobin
components in the blood is determined based on the different absorption
spectra of oxyhemogliobin and deoxyhemoglobin. It is noted that pulse
oximetry only reveals the percentage of oxygen saturation in the
hemoglobin (i.e., the percentage of oxyhemoglobin relative to
deoxyhemoglobin), and provides no information regarding other blood
parameters, such as the total oxygen content in the blood, the amount of
oxygen dissolved in the blood, or the absolute hematocrit value.
Therefore, pulse oximetry cannot be used to diagnose various disorders,
such as anemia or states of elevated hematocrit (for instance, the existing

-3-
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RBCs may be fully oxygenated, but there may not be sufficient blood
cells).

Contemporary approaches for the noninvasive measurement of
blood parameters such as hematocrit are usually based on the concept
implemented in pulse oximetry of isolating the blood from the other
tissues, by analyzing the total attenuation of light passing through the body
part of the subject due to the blood in the body tissue. However, even
after isolating the blood component, the {otal light attenuation is a function
of at least two unknown parameters: the total blood volume and the
hematocrit value, which are each independent absolute values (unlike the
ratio measurement which provides the - hemogliobin oxygenation).
Therefore, an additional measurement is required in order to be able to
determine both parameters. For example, an additional measurement
relating to the total amount of blood can be carried out to extract its
relationship to the total attenuation, and thereby solve for the hematocrit
value.

Other methods that aim to isolate the blood from other tissues
are based on physiological properties of RBCs in certain conditions, such
as occlusion, in which cessation of blood flow is established at the
measurement location (e.g., by applying over-systolic pressure at a
location upstream of the measurement location with respect to the
direction of normal blood flow). Such methods are described in US Patent
No. 6,213,952 to Finarov et al, entitled “Optical device for non-invasive

4
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measurement of blood related signals using a finger holder”, and US
Patent No. 6,587,704 to Fine et al, entitled “Method for non-invasive
optical measurements of blood parameters”.

US Patent No. 6,662,031 to Khalil et al, entitled “Method and
device for the noninvasive determination of hemoglobin and hematocrit”,
discloses the determination of the hemoglobin concentration and
hematocrit value of a human tissue sample based on steady state
reflectance measurements, and the localized control of the temperature of
the tissue sample. The body part is set to a particular temperature within
a physiological temperature range (below the core temperature of the
body), and the skin surface is illuminated by light at wavelengths within the
spectral range of about 400nm fo about 900nm. Detectors positioned at
particular separation distances collect the reflect light (e.g., using spatially
resolved diffuse reflectance measurement techniques), while the
temperature is being maintained. A second set of measurements are
acquired while the body part is set to another temperature. Optical
parameters are determined at each temperature, along with the
temperature dependence of the optical parameters. The hemoglobin
concentration or the hematocrit value is determined based on a calibration
relationship that relates the optical parameters at a given temperature, and
the dependence of the optical parameters on temperature with the

hemoglobin concentration or hematocrit value.
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US Patent No. 6,671,528, and the continuation US Patent No.
6,873,865 to Steuer et al, both entitled “Method and apparatus for
non-invasive blood constituent monitoring”, describe the determination of
blood hematocrit in a living tissue based on an attenuation measurement
and an energy measurement. Radiation at a selected wavelength is
directed toward a body part, and detectors obtain transmittance or
reflectance measurements. An energy-detecting means (e.g., a pressure
transducer) measures the temporal rate of change of the fractional blood
volume (using one of several possible techniques). The hematocrit value
is calculated from the attenuation measurements (from the detectors) and
the energy measurements (from the energy-detecting means).

US Patent No. 6,681,128 to Steuer et al, entitied “System for
noninvasive hematocrit monitoring”, is directed to a method and system for
noninvasive determination of the hematocrit and other blood parameters of
a subject. The method involves passing at least two wavelengths through
a body tissue and detecting the transillumination. The selected
wavelengths are preferably at isosbestic points of reduced hemoglobin
and oxyhemoglobin, to eliminate the effects of variable blood oxygenation.
The hematocrit is calculated based on a ratio of extinction coefficients, in
terms of the pulsatile component and the steady state component for each

wavelength that is extinguished afier passing through the body tissue.
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SUMMARY OF THE DISCLOSED TECHNIQUE

In accordance with the disclosed technique, there is thus
provided a method for measuring at least one parameter related to the
blood of a subject. The method includes the procedure of emitting light
with an emitter, at at least one wavelength within the spectral range of
380-980nm, toward a body part containing at least one blood vessel. The
method further includes the procedure of obtaining spatially resolved
reflection measurements, by capturing light reflected by the body part, with
at least one reflectance detector. The method further includes the optional
procedure of obtaining diffuse transmittance measurements, by capturing
light passing through the body part, with at least one transmittance
detector. The method further includes the procedures of extracting from
the measurements at least one of: the absorption coefficient (u,) and the
reduced scattering coefficient (u’s) of the blood component of the body part
at each of the at least one wavelength, extracting the temporal derivatives

of the at least one of the absorption coefficient and the reduced scattering

a_'u_f_and%

coefficient (
ot ot

), and calculating at least one blood parameter

using the temporal derivatives. According to one embodiment of the
disclosed technique, the hematocrit value of the subject is monitored,
using light emitted at a single isosbestic wavelength for oxyhemoglobin

and deoxyhemoglobin, such as at approximately 803nm.
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In accordance with the disclosed technique, there is further

provided a device for measuring at least one parameter related to the
blood of a subject. The device includes at least one emitter, at least one
reflectance detector, and a processor. The emitter emits light at at least
one wavelength within the spectral range of 380-980nm, toward a body
part containing at least one blood vessel. The reflectance detectors obtain
spatially resolved reflectance measurements, by capturing light reflected
by the body part. The processor extracts at least one of: the absorption
coefficient (u,;) and the reduced scaitering coefficient (u’s) of the blood
component of the body part at each of the at least one wavelength,

extracts the temporal derivatives of the at least one of the absorption

coefficient and the reduced scattering coefficient (%—;i and ag; 2y, and

calculates at least one blood related parameter using the temporal
derivatives. The device may further include at least one transmittance
detector, for obtaining diffuse transmittance measurements by capturing

light passing through the body part.
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BRIEF DESCRIPTION OF THE DRAWINGS

The disclosed technique will be understood and appreciated
more fully from the following detailed description taken in conjunction with
the drawings in which:

Figure 1 is a schematic illustration of a device for monitoring the
hematocrit of a subject, constructed and operative in accordance with an
embodiment of the disclosed technique;

Figure 2 is a schematic illustration of the device of Figure 1 in
operation;

Figure 3 is a schematic illustration of a continuous reflectance
detector arrangement, constructed and operative in accordance with
another embodiment of the disclosed technique;

Figure 4 is a schematic illustration of the device of Figure 1
adapted for diffuse transmittance measurements, constructed an operative
in accordance with a further embodiment of the disclosed technique;

Figure 5 is a schematic illustration of a method for monitoring
the hematocrit of a subject, operative in accordance with an embodiment
of the disclosed technique; and

Figure 6 is a schematic illustration of a method for measuring at
least one parameter related to the blood of a subject, operative in

accordance with another embodiment of the disclosed technique.
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DETAILED DESCRIPTION OF THE EMBODIMENTS

The disclosed technique overcomes the disadvantages of the
prior art by providing a device and method for non-invasive continuous
monitoring of blood related parameters of a subject, such as the
hematocrit value (Hcf). The method is essentially analytic (i.e., does not
rely on calibration), and is based.on simple optical measurements. The
method utilizes the temporal changes in the optical properties of different
tissue components in tﬁe inspected body tissue. The method provides
hématocrit measurement using a single optical transmission at a single
wavelength, by isolating the optical parameters of the blood component
from those of other tissue components. According to one embodiment of
the disclosed technique, an emitter emits light at an isosbestic wavelength
for oxyhemoglobin and deoxyhemoglobin toward a body part, such as a
finger. Detectors acquire spatially resolved reflectance measurements,
and optical parameters of the inspected body tissue are extracted from
these measurements. Optionally, diffuse transmittance measurements
may be carried out in addition to the reflectance measurements, for further
validation and increased accuracy. The hematocrit value is calculated
based on an equation which relates the ratio of the temporal derivatives of
the inspected body part {o the hematocrit, where the equation is valid at
the isosbestic wavelength.

Biological tissue is a turbid medium, meaning that it both
scatters and absorbs light. The propagation of light through a biological

-10-
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tissue can be described by the radiative transfer equation (RTE). The
diffusion approximation to the RTE provides an expression in terms of
three optical parameters: the absorption coefficient (u;), the scattering
coefficient (Uus), and the scattering phase function. The phase function is
represented by the anisotropy parameter g=<cos6>, which is the average
cosine of the scattering angle. Using the similarity principle, the scattering
coefficient (us) and the anisotropy parameter (g) may be combined into a
single transport scattering coefficient us’ = us(1-g), herein referred to as the
“reduced scattering coefficient”. Accordingly, the propagation of light
through a biological tissue can be expressed in terms of two optical
parameters: the absorption coefficient (u,) and the reduced scattering
coefficient (us) of the tissue. Typical coefficient values for soft tissues are:
Ua=0.1-10 cm™ and ys’~ 10-100 cm™.

With regard to the Beer-Lambert Law, the total absorption of
light through a biological tissue sample may be treated as a weighted
combination of the absorption of its constituent elements. In particular, the
total absorption is equivalent to the sum of the individual absorption

coefficients of each element, weighted by their relative concentrations:
/ua = /ua,blood ' C'b + /ua,water : C'w + lua,rast : Crest (1 )
where:

Uabiood = absorption coefficient for the whole blood component in

the tissue sample;

-11-
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Ua,water = @bsorption coefficient for the water in the tissue sample
(not including the water in the blood);

Uarest = absorption coefficient for all components in the tissue
sample other than water and blood (e.g., skin, bone);

C,, = volumetric percentage of blood in the total tissue sample;

w = volumetric percentage of water in the total tissue sample
(not including the water in the blood); and

Crst = volumetric percentage of all components in the total
tissue sample other than water and blood.

The total reduced scattering coefficient of the tissue sample can
be derived in a similar manner according to the relative concentrations of
the scattering components in the tissue (the scattering due to water is
negligible):

He = Hypiooa *Co + Hyresy " Crag 2)

where:

u’s,b,ood = reduced scattering coefficient for the whole blood
component in the tissue sample; and

u’s,,est = reduced scattering coefficient for all components in the
tissue sample other than water and blood.

The absorption coefficient for the whole blood component
(Uapioog) May be expressed as a weighted combination of the individual

absorption components in the blood, as follows:

-12-
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0.34Hct

(0 SAT + (1= SAT )0 40 )+ (L = 0.34Het Yty prooma (3)

ablood =

where:

Hct = hematocrit value (volumetric percentage of RBCs in the
blood);

V = average volume of RBC,;

SAT = fraction of blood oxygen saturation (amount of
oxygenated RBCs in relation to total RBCs);

Oox = the absorption cross-section of oxygenated RBCs;

Ogeox = the absorption cross-section of deoxygenated RBCs;
and

Ua piasma = absorption coefficient for the plasma in the blood. For
simplification purposes, this parameter includes the absorption due to all
components in the blood other than the RBCs.

The absorption cross-section of the oxygenated and
deoxygenated RBCs (04 and Ogeox) 1S related to the ability of a particle to
scatter light, and is dependent on various characteristics of a single RBC
(e.g., size, shape, complex refractive index, etc). These parameters can
be calculated using Mie theory, and can be easily obtained from available
publications.

The individual absorption coefficients may generally be
expressed as: y = p'0, where p represents the number density in the
medium for that component (j.e., the component volume portion of the

whole medium volume), and o represents the absorption cross-section of
-13-
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that component. For example, the following approximate relationship is

_ 0.34Hct - SAT
.

applicable for oxygenated hemoglobin: p
The reduced scattering coefficient for the whole blood
component (u’s,b,ood) is related to the hematocrit value according to the

5 following exemplary equation (experimentally determined):

\ Hct{l — Het 1.4 — Het
lus,blood = O-SC‘af ¢ ( Vc )( ¢ ) (4)

where:
Oscat = the transport scattering cross-section of RBCs.

Differentiating equations (1) and (2), respectively, with respect to

10 time, results in:

B ac, ac, aC.,.,
4 = Sl S Wy gy et 5
a ¢ /’la,blood a ¢ Jua,wa(er a ¢ lua,/est a ; ( )
and:
ou, ac, . .ec,,
s — St S T rest. 6
a ¢ :us,blood a ¢ :us,re:t ot ( )

The temporal change of the volumetric percentage of each

15 tissue component is due to the pulsing nature of the blood flow within the
tissue. The various blood vessels in the body change volume in a cyclic
manner, due to the pumping action of the heart as the blood circulates

throughout the body. Thus, the time derivative of the volumetric
percentage of blood in the tissue sample (%) is the temporal change in
20 the relative concentration of blood due to the pulsing blood flow.

-14-
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The temporal variation of the blood component is much greater
than the temporal variation of the other tissue components (i.e.,

a;” >> a;‘” ,ag;‘”‘ ). At a spectral range where the absorption of blood is

not significantly lower than the absorption of the other tissue components
(i.e., where: Uapiood << Hawater » Harest d0€s not hold), such as within the
range of approximately 380-980nm, equation (5) can be simplified to:

alua ~ aCb
6t ~ /ua,blood 62‘

(7)

I . . . oC oC
From similar considerations, ”S””"""'_at_b» K rost * a;“’ -, and so

equation (6) can be simplified to:

oy, _ aC,
: = b 8
a t lus,blood ot ( )

At an isosbestic wavelength for oxyhemoglobin and
deoxyhemoglobin, the absorbance of  oxyhemoglobin  and
deoxyhemoglobin is equal (i.e., the absorption spectra for oxyhemoglobin
and deoxyhemoglobin intersect at an isosbestic point), so that 0,5 = 0% =
Ogeox- The wavelength of approximately 803nm is one such isosbestic
wavelength. In the spectral range of approximately 380-980nm, the light
absorption is primarily due to the hemoglobin of the RBCs, and s0: g piood
>> Uapiasma- 1herefore, at an isosbestic wavelength, equation (3) can be
simplified to:

Het
lua,bload = -7 O s (9)

-15-
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Equations (7) and (8) can be combined to yield:

1} %;_‘
lus,blood - or (1 0)
/ua,blooa‘ ggﬂ_ .
ot

Substituting equations (4) and (9) into equation (10) results in:

ou,

ot Cull—Hei{l.4—Hei)

w o (11
a

Equation (11) relates the temporal rate of change of the reduced
scattering coefficient in the blood component of the tissue sample (%’ti)

and the temporal rate of change of the absorption coefficient in the biood

component of the tissue sample (%) to the hematocrit value (Hcf) of the

tissue sample. The disclosed technique involves measuring these two
variables with simple optical measurements, and then solving for the Hct

value using equation (11). Alternatively, other equivalent equations which
relate the variables of (%’ft"—) and (%’;—S) to the hematocrit value (Hct) may

be used.

Reference is now made to Figures 1 and 2. Figure 1 is a
schematic illustration of a device, generally referenced 100, for monitoring
the hematocrit of a subject, constructed and operative in accordance with
an embodiment of the disclosed technique. Figure 2 is a schematic

illustration of the device of Figure 1 in operation. Device 100 includes an

-16-
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emitter 102, a plurality of reflectance detectors 1044...104y, a plurality of
transmittance detectors 124,...124y, a controller 106, a processor 108, an
interface 110, a display 112, an operator interface 114, a body contact
means 116 and a holding means 118. Controller 106 is coupled with
emitter 102, and with processor 108. Interface 110 is coupled with
detectors 1044...104y and detectors 124,4...124y and with processor 108.
Processor 108 is further coupled with display 112 and with operator
interface 114.

Device 100 includes a sensor module 126 coupled with a
controller module 128. Sensor module 126 includes emitter 102,
reflectance detectors 1044...104y, transmittance detectors 124,...124y,
body contact means 116, and holding means 118. Controller module 128
includes controller 106, processor 108, interface 110, display 112, and
operator interface 114. Although sensor module 126 and controller
module 128 are typically separate and distinct units (i.e., each enclosed in
separate housings), it is appreciated that this represents an exemplary
implementation of device 100, and that the various components of device
100 may be organized differently.

Emitter 102 emits radiation toward a body part 120 of the
subject. Body part 120 is depicted in Figure 2 as a finger, but it is
appreciated that the body part may be another region in the body which is
easily accessible and convenient for the medical staff to apply the emitted
light. For example, body part 120 may also be the: toe, outer ear,

-17-
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eardrum, earlobe, mouth, eye, other regions of the hand (e.g., the palm,
the webbing between the fingers), and the like. Emitter 102 may be a light
emitting diode (LED), or another type of light emitting element. Emitter
102 may direct the light to body part 120 through an optical element, such
as a waveguide or an optical fiber.

Reflectance detectors 1044...104y are arranged at varying
distances with respect to the optical axis of emitter 102. Detectors
104,...104y5 may be arranged in a radial pattern surrounding emitter 102,
and integrated a single unit together with emitter 102 (as depicted in
Figure 2). Reflectance detectors 1044...104y detect light reflected from
body part 120, in accordance with a spatially resolved reflectance
measurement technique (elaborated upon herein below). Reflectance
detectors 104,...104y and transmittance detectors 124,...124y detect light
at the operational wavelength range (i.e., between approximately
380-980nm).  Reflectance detectors 1044...104y and transmittance
detectors 124,...1245 may be operative to detect light only at the desired
wavelength (i.e., a narrow band sensor). Optionally, a bandpass filter may
be used to block light outside the desired wavelength from reaching
reflectance detectors 1044...104y or transmittance detectors 124,...124y.
Reflectance detectors 1044...104y and fransmittance detectors
124,...1245y may be photodiodes, or other types of light detection
elements. Reflectance detectors 104,...104y may be arranged as a series

of discrete light detection elements, as depicted in Figure 2, or as a

-18-



10

15

20

WO 2008/117286 PCT/IL2008/000413
continuous array of light detection elements. Reference is made to Figure
3, which is a schematic illustration of a continuous reflectance detector
arrangement, constructed and operative in accordance with another
embodiment of the disclosed technique. Reflectance detectors
2044...204y are analogous to reflectance detectors 104,...104y of Figure
2, apart from the fact that each of reflectance detectors 204,...204y is a
continuous array of light detection elements, arranged in a radial pattern
with respect to emitter 202 (analogous to emitter 102 of Figure 2).

Processor 108 obtains data from reflectance detectors
104,4...104y or from transmittance detectors 124,...124y through interface
110, and performs the necessary computations and data analysis.
Interface 110 includes any relevant components for passing data from the
detectors to processor 108, such as a driver, an amplifier, and an analog
to digital converter. Processor 108 may send data to be displayed on
display 112. Display may be, for example, a microdisplay unit embedded
within device 100, or an output device (e.g., a monitor) associated with an
external computer.

Controller 106 is an optional element, which may be used to
adjust various parameters of the emitted light, such as the intensity,
wavelength, duration, and the like. Operator interface 114 is an optional
element, which enables the person implementing the disclosed technique
(e.g. a physician, a medical aide, and the like) to select the relevant
parameters of the emitted light, in accordance with relevant criteria (e.g.,

-19-
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the type of the body part, the medical condition of the subject, and the
like).

Body contact means 116 is optionally disposed on the region of
body part 120 at which the light is emitted. Body contact means 116 is for
example a fiber optic face plate, which serves as an optical interface
between emitter 102 and detectors 104,...104y on one side and body part
120 on the other side. Body contact means 116 directs light from emitter
102 toward body part 102 in a substantially perpendicular direction, and
further directs the reflected light from body part 120 toward reflectance
detectors 1044...104y. Body contact means 116 prevents any adverse
crosstalk between emitter 102 and detectors 104,...104y. Body contact
means 116 further functions as a protective layer, protecting the body part
tissue from emitter 102 and detectors 104,...104y, as well as protecting
emitter 102 and detectors 104,...104y (especially their bonding wires) from
possible damage due to friction with body part 120. Body contact means
116 may be integrated in the housing of sensor module 126.

Holding means 118 is an optional element, which enables the
person implementing the disclosed technique to hold device 100 in a
stable manner, and to accurately and effectively direct the emitted light
onto body part 120. For example, holding means 118 may include a strap
or adhesive material for attaching to the hand. Device 100 may optionally

include a power supply (not shown), for powering the various components,
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for example via a battery or voltage mains. Device ‘100 may also

‘optionally include a separate memory (not shown) for storing data.

According to one embodiment of the disclosed technique,
operation, emitter 102 emits light ( referenced 132 in Figure 2) at the
isosbestic wavelength toward body part 120. Since biological tissue is a
turbid medium, which both scatters and absorbs light, some of the photons
will be absorbed in the tissue and some will be scattered (either
transmitted through or reflected back). The isosbestic wavelength is
preferably approximately 803nm (e.g., 803x5nm). Other possible
isosbestic wavelengths are: approximately 390nm, approximately 422nm,
approximately 452nm, approximately 500nm, approximately 529nm,
approximately 545nm, approximately 570nm and approximately 584nm.

A large portion of the emitted light is reflected diffusively toward
the surface where the light is incident on the body part tissue, due to the
high degree of scattering (biological tissue has low absorbance).
Reflectance detectors 104,...104y detect the diffuse reflectance
(referenced 134 in Figure 2), in accordance with a spatially resolved
reflectance measurement technique. The absorption coefficient and the
reduced scattering coefficient of the blood component of body part 120
(i.e., s and yg) are then extracted from the spatially resolved reflectance
measurements.

One technique for extracting the desired parameters employs a
semi-analytic model, which relates the optical parameters of the tissue to
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the diffuse reflectance measurements. An example of such a model, as

disclosed in Keinle et al., Applied Optics, Vol.35, No0.13, pp.2304-2314

(May, 1996), is as follows:

all 1 Yexpl— u,r, 1 1 \expl— w7
R(”):T[“(“”*J p( 2 1)4{ ](#ﬁ_J p( Ha 2)}
7T K ! H M+ 2z, F r

5 where;

My =+

10 /ud': \/3#0(#0-’-#;);

z, = the distance from the tissue to an extrapolated boundary at
which the fluence rate is forced to zero; and

p = the radial distance from the point at which the light is incident
on the tissue.

15 Theoretically, measuring R(p) at two points is sufficient to extract

the absorbance coefficient and the reduced scattering coefficient (u, and
H's)-

Another technique for extracting the desired parameters utilizes

an experimental based calibration model. The calibration model is created
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using a large series of experimental observations of reflectance
distributions for various optically well defined mediums, such as using
polynomial regression. An example of such a calibration model is
disclosed in Dam et al., Applied Optics, Vol.40, No.7, pp.1155-1164
(March, 2001).

Processor 108 calculates the temporal derivatives from the
extracted parameters based on a series of continuous measurements
obtained by detectors 104,...104y. [t is noted that device 100 may include
any number of detectors 1044...104y which are sufficient for obtaining
spatially resolved reflectance measurements. Alternatively, device 100
may include a plurality of emitters and a single reflectance detector for
implementing the spatially resolved reflectance measurements.

According to another embodiment of the disclosed technique,
the diffuse reflectance measurements are combined with diffuse
transmittance measurements, to provide additional validation and
increased accuracy. Reference is made to Figure 4, which is a schematic
illustration of the device of Figure 1 adapted for diffuse transmittance
measurements, constructed an operative in accordance with a further
embodiment of the disclosed technique.

The Beer-Lambert law expresses the attenuation of light
propagating through a uniformly absorbing medium. A modified form of
the Beer-Lambert law can provide a more precise model for describing the
total attenuation through biological tissue, by taking into account the
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significant contribution of the scattering phenomenon to the total

attenuation, as follows:

=F(,u,d)~e""d (12)

where:

T = the transmittance through the medium;

lout = the intensity of the light which passes through the medium:

Iin = the intensity of the incident light;

d = the distance that the light travels through the medium; and

F(u,d) = a complex function of y; and d.

Taking the logarithm of equation (12) and then differentiating
with respect to d eliminates the complex function F(u,d), resulting in:

_ alin(n)
p== (13)

Equation (13) yields the total attenuation through the medium.

Referring back to Figure 3, transmittance detectors 1244, 122,,
12253 and 124, are disposed opposite from the location of emitter 102
across body part 120 (e.g., if emitter 120 is positioned directly above body
part 120, then detectors 1244, 124,, 124,, 124, are positioned directly
below body part 120 across from emitter 102). Detectors 1244, 124,, 124,
and 124, are arranged at various distances (referenced d,, d,, ds and d,,
respectively), respective of emitter 102. Each of detectors 124,, 124,
1245, 124, detects the light passing through body part 120 along its

respective distance. The distance derivative of equation (13) is then
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calculated (by processor 108) based on the measurements obtained by
the detectors, to provide the total attenuation value (7). Subsequently, a
simple iterative regression algorithm may be applied to extract the
variables of u, and (s, by determining the values that provide an optimal fit
(minimal deviation) for the reflectance measurements and the
transmittance measurements. Other mathematical techniques known in
the art may also be used to extract the desired coefficients based on the
combination of the reflectance measurements and the transmittance

measurements. Processor 108 then computes the temporal derivatives

OH,
( ot

and %‘;—;) from these parameters. It is appreciated that four
detectors are depicted in Figure 3 for exemplary purposes only, and
device 100 may use any number of detectors 124, which are sufficient to
detect the transmittance. Generally, a single fransmittance detector is
sufficient for obtaining diffuse transmittance measurements, and additional
transmittance detectors may be utilized for validation of the measurement
results. It is further appreciated that the reflectance measurements and
transmittance measurements may be performed simultaneously (i.e.,
where reflectance detectors 104,4...104y carry out the spatially resolved
reflectance measurements, and transmittance detectors 124,...124y carry
out the diffuse transmittance measurements).

The disclosed technique enables the measurement of

hematocrit using only a single wavelength. This is advantageous, since
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emitting light at different wavelengths onto a living biological tissue may
lead to various distortions in the subsequent analysis. Each wavelength
may have a different penetration depth, resulting in inconsistent tissue
volumes being inspected. Moreover, each wavelength may have a
different dependency with respect to the various tissue components.

According to another embodiment of the disclosed technique,
the hematocrit may be measured by emitting light at two separate
wavelengths, rather than a single isosbestic wavelength. In this case, the
absorbance of oxyhemoglobin and deoxyhemoglobin are not necessarily
equal, and equation (3) cannot be reduced to equation (9). As a result,

substituting equations (3) and (4) into equation (10) produces:

ou,
o 0ol Het)1.A— He) (14
O, 0340, SAT+(1-SAT)04,,,)+ (1~ 0.34Het)t 1 )
or

Equation (14) contains two unknown variables: SAT = oxygen
saturation level, and Hcf = hematocrit value. This equation, or another
relevant equation, can then be solved at two separate wavelengths (at
least one of which is non-isosbestic) to determine both variables. For
example, light may be emitted at approximately 690nm and approximately
860nm (preferably at two wavelengths where the absorbance spectra of
oxyhemoglobin and deoxyhemoglobin are substantially far apart).
Similarly, a third wavelength may be used, in order to provide additional

validation to the measurement results.
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According to a further embodiment of the disclosed technique,
the hematocrit may be measured by emitting light at three separate
wavelengths in the operational spectral range, by solving for three
unknown variables in three separate equations. As stated earlier, in the
operational spectral range the absorption of light is primarily due to the
absorption due to the hemoglobin in the RBCs, and thus y, piooq >> Ha plasma-
Accordingly, equation (3) becomes:

0.34 Het (0,.S4T +(1-S4T)o ., ) (15)

/ua,blood =

Substituting equation (15) into equation (7) results in:

8y, _ 0.34Hct oC, _
S (0, SAT +(1-84T)o,,.) (16)

Thus, the temporal variation of the absorption coefficient in the
blood component is a function of three variables: the hematocrit value

(Hct), the oxygen saturation level (SAT), and the temporal variation of the

relative concentration of the blood (%%”—). Equation (15), or a similar

relevant equation, can be solved at three different wavelengths within the
operational spectral range, to determine these three unknown parameters.
It is noted that the wavelength dependence of the absorption coefficient of
the blood component (, piog) is included in the absorption cross-section of
the oxygenated and deoxygenated RBCs (0o, and Oye.y), Which are also
wavelength dependent (and can be calculated using Mie theory, for

example, as mentioned earlier). This approach also eliminates the use of
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the reduced scattering coefficient of the blood component (i), which may
be a less reliable measurement, in determining the hematocrit (or other
parameters).

The disclosed technique allows continuous monitoring of the
hematocrit value of the subject over a period of time, based on simple
non-invasive optical measurements. This is particularly valuable for
diagnosing or treating various medical conditions. One useful application
of continuous hematocrit monitoring is for optimizing) fluid status for a
patient undergoing hemodialysis. Hemodialysis is a medical procedure,
generally for treating patients suffering from kidney failure, in which waste
products (e.g., ureic toxins and excess water in the blood plasma) are
filtered out of the blood and the cleansed blood is restored to the body in a
continuous circuit. The plasma refill rate of the patient is the rate at which
the patient body transfers fluid back into the blood from the extravascular
space, and the rate of dialysis filtration must be adapted with this rate. By
continuously monitoring the hematocrit during the dialysis, the change in
blood volume in the intravascular space can be detected, since the RBC
count remains constant during dialysis and thus an increase in Hct
indicates a reduction in plasma volume. The rate of dialysis filtration can

then be set accordingly. A hemorrhaging patient who is receiving fluid or

undergoing blood replacement can also be monitored in a similar manner.

Hematocrit monitoring may also be used as part of other types of medical
diagnostics and treatments, such as for anemia, dehydration,
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myeloproliferative disorders, chronic obstructive pulmonary disease, and
other conditions. The hematocrit measurement may also be used as a
test for determining suitability to donate blood or plasma.

Reference is now made to Figure 5, which is a schematic
illustration of a method for monitoring the hematocrit of a subject,
operative in accordance with an embodiment of the disclosed technique.
In procedure 152, light is emitted from an emitter, at an isosbestic
wavelength for oxyhemoglobin and deoxyhemoglobin, toward a body part
containing at least one blood vessel. With reference to Figure 2, emitter
102 emits light at an isosbestic wavelength (e.g., approximately 803nm)
toward body part 120.

In procedure 154, spatially resolved reflectance measurements
are obtained, by capturing the light reflected by the body part, with a
plurality of reflectance detectors arranged at varying distances with
respect to the optical axis of the emitter. With reference to Figure 2,
reflectance detectors 1044...104y are arranged at varying distances (e.g.,
in a radial pattern) with respect to the optical axis of emitier 102.
Detectors 104...104y detect the light reflected from body part 120,
obtaining a series of spatially resolved reflectance measurements.

In an optional procedure 156, diffuse transmittance
measurements are obtained, by capturing the light passing through the
body part, with at least one transmittance detector disposed opposite the
emitter across the body part. With reference to Figure 4, transmittance
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detectors 124,, 122,, 122; and 124, are disposed underneath body part
120 (i.e., opposite from the location of emitter 102 across body part 120),
where each detector is positioned at a different distance (referenced dj,
dy, ds, d4, respectively) with respect to the optical axis of emitter 102.
Each of detectors 1244, 124,, 1245, 124, detects the light passing through
body part 120 along its respective distance, thereby obtaining a series of
diffuse transmittance measurements. The total attenuation (u) through
body part 120 is calculated based on the measurements.

In procedure 158, the absorption coefficient (u,) and the reduced
scattering coefficient (u’s) of the blood component of the body part are
extracted from the measurements. With reference to Figure 1, processor
108 calculates the absorption coefficient and the reduced scattering
coefficient of the blood component of body part 120 (u, and u’) from the
spatially resolved reflectance measurements, and optionally, from the
diffuse transmittance measurements as well. The parameters may be
extracted using a semi-analytic model or using an experimentally based

calibration model. An iterative regression algorithm may be used to

combine the reflectance measurements and the transmittance

measurements.

In procedure 160, the temporal derivatives of the absorption
coefficient (%ﬂ) and the reduced scattering coefficient (%‘f—) of the blood

component of the body part are extracted. With reference to Figure 1,
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processor 108 calculates the temporal derivatives of the absorption

coefficient and of the reduced scattering coefficient (%ﬂ— and %ﬂti).

In procedure 162, the hematocrit value of the body part is
calculated using the temporal derivatives. With reference to Figure 1,
processor 108 calculates the hematocrit based on the extracted temporal
derivatives, by solving for the Hct variable in equation (11) or another
similar relevant equation.

The disclosed technique is generally applicable to determining
other blood parameters besides the hematocrit value, such as the oxygen

saturation level, the hemoglobin concentration, the temporal variation of

blood concentration (%%—), the mean RBC size and size distribution, and

the like. Reference is now made to Figure 6, which is a schematic
illustration of a method for measuring at least one parameter related to the
blood of a subject, operative in accordance with another embodiment of
the disclosed technique.

In procedure 172, light is emitted from at least one emitter, at at
least one wavelength within the spectral range of 380-980 nm, toward a
body part containing at least one blood vessel. In procedure 174, spatially
resolved reflectance measurements are obtained, by capturing the light
reflected by the body part, with at least one reflectance detector. In an

optional procedure 1786, diffuse transmittance measurements are obtained,
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by capturing the light passing through the body part, with at least one
transmittance detector.

In procedure 178, at least one of: the absorption coefficient (u,)
and the reduced scattering coefficient (u’s) of the blood component of the
body part at the at least one wavelength, is extracted from the

measurements. In procedure 180, the temporal derivatives of the at least

one of the absorption coefficient (%’-) and the reduced scattering

coefficient (-a-ngS) of the blood component of the body part, is extracted. In

procedure 182, at least one parameter related to the blood of the body
part is calculated using the temporal derivatives.

It will be appreciated by persons skilled in the art that the
disclosed technique is not limited to what has been particularly shown and

described hereinabove.
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CLAIMS

A method for measuring at least one parameter related to the blood
of a subject, the method comprising the procedures of:

emitting light with at least one emitter, at at least one wavelength
within the spectral range of 380-980nm, toward a body part
containing at least one blood vessel;

obtaining spatially resolved reflection measurements, by
capturing light reflected by said body part, with at least one
reflectance detector;

extracting at least one of: the absorption coefficient (u,) and the
reduced scattering coefficient (u’s) of the blood component of said
body part at each of said at least one wavelength, from said
measurements;

extracting the temporal derivatives of said at least one of said
absorption coefficient and said reduced scattering coefficient (%

and Oty ); and
ot

calculating said parameter using said temporal derivatives.

The method of claim 1, wherein said parameter is the hematocrit

value (Hct) of said subject.
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3.
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The method of claim 2, wherein said procedure of emitting light
comprises emitting light at an isosbestic wavelength for

oxyhemoglobin and deoxyhemoglobin.

The method of claim 2, wherein said procedure of calculating
comprises using said temporal derivatives in accordance with the

following equation:

Ou
o, (- Het\l.4-Het) "5
O-abs - ?ﬁa_ .
ot

The method of claim 3, wherein said isosbestic wavelength is
selected from the list consisting of:

approximately 390nm;

approximately 422nm;

approximately 452nm;

approximately 500nm;

approximately 529nm;

approximately 545nm;

approximately 570nm;

approximately 584nm; and

approximately 803nm.
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The method of claim 1, further comprising the procedure of:
obtaining diffuse transmittance measurements, by capturing light
passing through said body part, with at least one transmittance

detector disposed opposite said emitter across said body part.

The method of claim 1, wherein said body part is selected from the
list consisting of:

a finger;

a foe;

an outer ear,

an eardrum;

an earlobe;

a mouth;

an eye;

a palm; and

the webbing between fingers

The method of claim 1, wherein said parameter is selected from the
list consisting of:

oxygen saturation level;

hemoglobin concentration:

temporal variation of blood concentration;

mean RBC size; and
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10.

11.

mean RBC size distribution.

The method of claim 1, wherein said procedure of emitting light
comprises emitting light at at least two wavelengths, and said
procedure of calculating comprises solving for the oxygen saturation
level and hematocrit value of said subject, at each of said at least two

wavelengths.

The method of claim 9, wherein said procedure of calculating
comprises using said temporal derivatives in accordance with the

following equation:

o/78

N Gmt(l—Hct)(l .4—Hct)

Oy 0340, SAT+(1~SAT) 4,,)+(1-034HeNl oy
ot

The method of claim 1, wherein said procedure of emitting light
comprises emitting light at at least three wavelengths, and said
procedure of calculating comprises solving for the oxygen saturation
level, the temporal variation of blood concentration, and hematocrit

value of said subject, at each of said at least three wavelengths.
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12.

13.

The method of claim 11, wherein said procedure of calculating
comprises using said temporal derivatives in accordance with the
following equation:

du, _0.34Hct oC, ©

i WSAT +(1-S4T)o .. ).

A device for measuring at least one parameter related to the blood of
a subject, the device comprising:

at least one emitter, for emitting light at at least one wavelength
within the spectral range of 380-980nm, toward a body part
containing at least one blood vessel;

at least one reflectance detector, for obtaining spatially resolved
reflection measurements, by capturing light reflected by said body
part; and

a processor, for extracting at least one of. the absorption
coefficient (u,) and the reduced scattering coefficient (u’s) of the blood
component of said body part at each of said at least one wavelength,
from said measurements, extracting the temporal derivatives of said

at least one of said absorption coefficient and said reduced scattering

ou,

5 ), and calculating said parameter using said

coefficient ( %- and

temporal derivatives.
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14. The device of claim 13, wherein said parameter is the hematocrit

value (Hct) of said subject.

15. The device of claim 13, further comprising at least one transmittance
detector disposed opposite said emitter across said body part, for
obtaining diffuse transmittance measurements, by capturing light

passing through said body part.

16. The device of claim 13, wherein said body part is selected from the
list consisting of:
a finger;
a toe;
an outer ear;
an eardrum;
an earlobe;
a mouth;
an eye;
a palm; and

the webbing between fingers.

17. The device of claim 13, wherein said parameter is selected from the
list consisting of:

oxygen saturation level;
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hemoglobin concentration;
temporal variation of blood concentration;
mean RBC size; and

mean RBC size distribution.

18. The device of claim 13, wherein said emitter emits light at an

isosbestic wavelength for oxyhemoglobin and deoxyhemoglobin.

19. The device of claim 18, wherein said isosbestic wavelength is
selected from the list consisting of:
approximately 390nm;
approximately 422nm;
approximately 452nm;
approximately 500nm;
approximately 529nm;
approximately 545nm,;
approximately 570nm;
approximately 584nm; and

approximately 803nm.

20. The device of claim 13, further comprising a controller, coupled with
said emitter and said reflectance detector, for controlling the
operation of said emitter and said reflectance detector.
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21.

22.

23.

24.

25.

26.

The device of claim 13, further comprising a display, coupled with

said processor, for displaying said calculated parameter.

The device of claim 13, further comprising body contact means,
disposed on said body part, for protecting said body part and for
directing said emitted light and said reflected light in a substantially

perpendicular direction.

The device of claim 13, further comprising holding means, for holding

said device in a stable manner, and accurately and effectively

directing said emitted light onto said body part.

The device of claim 13, wherein said emitter is a light emitting diode.

The device of claim 13, wherein said reflectance detector is a

photodiode.

The device of claim 22, wherein said body contact means is a fiber

optic face plate.
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EMITTING LIGHT WITH AN EMITTER, AT AN ISOSBESTIC . ~- 152
WAVELENGTH FOR OXYHEMOGLOBIN AND DEOXYHEMOGLOBIN,
TOWARD A BODY PART CONTAINING AT LEAST ONE BLOOD

VESSEL
154 156
s | e
OBTAINING SPATIALLY RESOLVED OPTIONALLY, OBTAINING DIFFUSE
REFLECTION MEASUREMENTS, BY TRANSMITTANCE MEASUREMENTS,

CAPTURING THE LIGHT REFLECTED BY BY CAPTURING THE LIGHT PASSING
THE BODY PART, WITH A PLURALITY OF | | THROUGH THE BODY PART, WITH AT

REFLECTANCE DETECTORS LEAST ONE TRANSMITTANCE
ARRANGED AT VARYING DISTANCES DETECTOR DISPOSED OPPOSITE
WITH RESPECT TO THE OPTICAL AXIS THE EMITTER ACROSS THE BODY
OF THE EMITTER PART

EXTRACTING THE ABSORPTION COEFFICIENT AND THE REDUCED - 158
SCATTERING COEFFICIENT OF THE BLOOD COMPONENT OF THE
BODY PART FROM THE MEASUREMENTS

EXTRACTING THE TEMPORAL DERIVATIVES OF THE ABSORPTION - 160
COEFFICIENT AND THE REDUCED SCATTERING COEFFICIENT

CALCULATING THE HEMATOCRIT VALUE OF THE BODY PART, 162
USING THE TEMPORAL DERIVATIVES

FIG. 5
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EMITTING LIGHT FROM AT LEAST ONE EMITTER, AT AT LEAST 172
ONE WAVELENGTH WITHIN THE SPECTRAL RANGE OF 380-980nm,
TOWARD A BODY PART CONTAINING AT LEAST ONE BLOOD

VESSEL
174 176
\ | q
OBTAINING SPATIALLY RESOLVED OPTIONALLY, OBTAINING DIFFUSE
TRANSMITTANCE MEASUREMENTS,
REFLECTION MEASUREMENTS, BY
BY CAPTURING THE LIGHT PASSING
CAPTURING THE LIGHT REFLECTED BY
THROUGH THE BODY PART, WITH AT
THE BODY PART, WITH AT LEAST ONE O T O ANSMITTANGE
REFLECTANCE DETECTOR el

EXTRACTING AT LEAST ONE OF: THE ABSORPTION COEFFICIENT (~-178
AND THE REDUCED SCATTERING COEFFICIENT OF THE BLOOD
COMPONENT OF THE BODY PART AT THE AT LEAST ONE
WAVELENGTH, FROM THE MEASUREMENTS

EXTRACTING THE TEMPORAL DERIVATIVES OF THE AT LEAST 180
ONE OF THE ABSORPTION COEFFICIENT AND THE REDUCED
SCATTERING COEFFICIENT

CALCULATING AT LEAST ONE PARAMETER RELATED TO THE 182
BLOOD OF THE BODY PART USING THE TEMPORAL DERIVATIVES

FIG. 6
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