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FIG. 11 
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METHOD AND APPARATUS FOR COUPLNG 
A SAMPLE PROBE WITHA SAMPLE SITE 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

0001. This application: 
0002 is a continuation-in-part of U.S. patent application 
Ser. No. 11/031,103, filed Jan. 6, 2005, which claims priority 
from U.S. provisional patent application ser. No. 60/536,197, 
filed Jan. 12, 2004; U.S. provisional patent application ser. 
No. 60/534,834, filed Jan. 6, 2004; and U.S. provisional 
patent application ser. No. 60/566,568, filed Apr. 28, 2004; 
0003) is a continuation-in-part of U.S. patent application 
Ser. No. 1 1/335,773, filed Jan. 18, 2006, which is a continu 
ation of U.S. patent application Ser. No. 10/472.856, filed 
Mar. 7, 2003, which claims priority from PCT application no. 
PCT/US03/07065, filed Mar. 7, 2003, which claims benefit of 
U.S. provisional patent application ser. No. 60/362,885, filed 
Mar. 8, 2002; and 
0004 claims benefit of U.S. provisional patent application 
No. 61/032,859, filed Feb. 29, 2008, 
0005 all of which are incorporated herein in their entirety 
by this reference thereto. 

BACKGROUND OF THE INVENTION 

0006 1. Field of the Invention 
0007. This invention relates generally to the noninvasive 
measurement of biological parameters through near-infrared 
spectroscopy. More particularly, a method and apparatus are 
disclosed for fluid delivery between an analyzer and a tissue 
sample to aid in parameter stability during optical sampling. 
0008 2. Discussion of the Prior Art 
0009 Technical Background 
0010 In-vivo measurement of tissue properties or analyte 
concentration using optical based analyzers require that a 
tissue measurement region be positioned and coupled with 
respect to an optical interface or probe, such as a tip of a 
sampling module. The requirements of a sampling interface 
system for probe placement and coupling depends upon the 
nature of the tissue properties and analytes under consider 
ation, the optical technology being applied, and the variability 
of the tissue sample site. Demanding in-vivo applications 
require a high degree of Sampling reproducibility. In one 
example, a relatively unskilled operator or user must perform 
the optical measurement. One exemplary application is the 
noninvasive estimation of glucose concentration through 
near-infrared spectroscopy in a variety of environments. This 
problem is further considered through a discussion of the 
target application and the structure, variability, and dynamic 
properties of live tissue. 

Diabetes 

0.011 Diabetes is a chronic disease that results in abnor 
mal production and use of insulin, a hormone that facilitates 
glucose uptake into cells. Diabetics have increased risk in 
three broad categories: cardiovascular heart disease, retin 
opathy, and neuropathy. The estimated total cost to the United 
States economy alone exceeds S90 billion per year. Diabetes 
Statistics, National Institutes of Health, Publication No. 
98-3926, Bethesda, Md. (November 1997). Long-term clini 
cal studies show that the onset of diabetes related complica 
tions are significantly reduced through proper control of 
blood glucose concentrations The Diabetes Control and 
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Complications Trial Research Group. The effect of intensive 
treatment of diabetes on the development and progression of 
long-term complications in insulin-dependent diabetes mel 
litus, N Eng J of Med 1993; 329:977-86. A vital element of 
diabetes management is the self-monitoring of blood glucose 
concentration by diabetics in the home environment. How 
ever, current monitoring techniques discourage regular use 
due to the inconvenient and painful nature of drawing blood 
through the skin prior to analysis. 

Noninvasive Glucose Concentration Estimation 

0012. There exist a number of noninvasive approaches for 
glucose concentration estimation. These approaches vary 
widely, but have at least two common steps. First, an appara 
tus is used to acquire a reading from the body without obtain 
ing a biological sample for every glucose concentration esti 
mation. Second, an algorithm is used to convert the 
noninvasive reading into a glucose concentration estimation 
or determination. 

Technologies 
0013. A number of previously reported technologies for 
estimating glucose concentration noninvasively exist that 
involve the measurement of a tissue related variable. One 
species of noninvasive glucose concentration analyzer uses 
spectroscopy to acquire a signal or spectrum from the body. 
Examples include far-infrared absorbance spectroscopy, tis 
Sue impedance, Raman, and fluorescence, as well as tech 
niques using light from the ultraviolet through the infrared 
ultraviolet (200 to 400 nm), visible (400 to 700 nm), near 
infrared (700 to 2500 nm or 14,286 to 4000 cm), and mid 
infrared (2500 to 14.285 nm or 4000 to 700 cm). Notably, 
noninvasive techniques do not have to be based upon spec 
troscopy. For example, a bioimpedence meterisanoninvasive 
device. In this document, any device that reads glucose con 
centration from the body without penetrating the skin or 
collecting a biological sample with each sample is referred to 
as a noninvasive glucose concentration analyzer. For the pur 
poses of this document, X-rays and magnetic resonance 
imagers (MRIs) are not considered to be defined in the realm 
of noninvasive technologies. It is noted that noninvasive tech 
niques are distinct from invasive techniques in that the sample 
analyzed is a portion of the human body in-situ, not a bio 
logical sample acquired from the human body. The actual 
tissue Volume that is sampled is the portion of irradiated tissue 
from which light is diffusely reflected, transflected, or dif 
fusely transmitted to the spectrometer detection system. 

Instrumentation 

0014) A number of spectrometer configurations are 
reported for collecting noninvasive spectra of regions of the 
body. Typically a spectrometer has one or more beam paths 
from a source to a detector. Optional light sources include a 
blackbody source, a tungsten-halogen Source, one or more 
light emitting diodes, or one or more laser diodes. For multi 
wavelength spectrometers a wavelength selection device is 
optionally used or a series of optical filters are optionally used 
for wavelength selection. Wavelength selection devices 
include dispersive elements, such as one or more plane, con 
cave, ruled, or holographic grating. 
Sampling 
0015 Light is directed from a glucose concentration ana 
lyZer to a tissue sample site by optical methods, such as 
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through a light pipe, fiber-optics, a lens system, free space 
optics, and/or a light directing mirror system. Typically, one 
or more of three modes are used to collect noninvasive scans: 
transmittance, transflectance, and/or diffuse reflectance. Col 
lected signal is converted to a Voltage and sampled through an 
analog-to-digital converter for analysis on a microprocessor 
based system and the result displayed. 

Human Tissue/Light Interaction 

0016. When incident light is directed onto the skin surface, 
a part of it is reflected while the remaining part penetrates the 
skin Surface. The proportion of reflected light energy is 
strongly dependent on the angle of incidence. At nearly per 
pendicular incidence, about four percent of the incident beam 
is reflected due to the change in refractive index between air 
(m. 1.0) and dry stratum corneum (m. 1.55). For normally 
incident radiation, this specular reflectance component is as 
high as seven percent, because the very rigid and irregular 
Surface of the stratum corneum produces off-normal angles of 
incidence. Regardless of skin color, specular reflectance of a 
nearly perpendicular beam from normal skin ranges between 
four and seven percent over the entire spectrum from 250 to 
3000 nm. The air-stratum corneum border gives rise to a 
regular reflection. Results indicate that the indices of refrac 
tion of most soft tissue (skin, liver, heart, etc) lie within the 
1.38-1.41 range with the exception of adipose tissue, which 
has a refractive index of approximately 1.46. The 93 to 96 
percent of the incident beam that enters the skin is attenuated 
due to absorption and/or scattering within any of the layers of 
the skin. These two processes taken together essentially deter 
mine the penetration of light into skin, as well as remittance of 
scattered light from the skin. 

Noninvasive Glucose Concentration Determination 

0017. There are a number of reports of noninvasive glu 
cose technologies. Some of these relate to general instrumen 
tation configurations required for noninvasive glucose con 
centration estimation while others refer to sampling 
technologies. Those related to the present invention are 
briefly reviewed, infra. 

Specular Reflectance 

0018. R. Messerschmidt, D. Sting, Blocker device for 
eliminating specular reflectance from a diffuse reflectance 
spectrum, U.S. Pat. No. 4,661,706 (Apr. 28, 1987) describe a 
reduction of specular reflectance by a mechanical device. A 
blade-like device “skims' the specular light before it 
impinges on the detector. This system leaves alignment con 
cerns and improvement in efficiency of collecting diffusely 
reflected light is needed. 
0019 R. Messerschmidt, M. Robinson, Diffuse reflec 
tance monitoring apparatus, U.S. Pat. No. 5,636,633 (Jun. 10, 
1997) describe a specular control device for diffuse reflec 
tance spectroscopy using a group of reflecting and open sec 
tions. 

0020 R. Messerschmidt, M. Robinson, Diffuse reflec 
tance monitoring apparatus, U.S. Pat. No. 5,935,062 (Aug. 
10, 1999) and R. Messerschmidt, M. Robinson, Diffuse 
reflectance monitoring apparatus, U.S. Pat. No. 6,230,034 
(May 8, 2001) describe a diffuse reflectance control device 
that discriminates between diffusely reflected light that is 
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reflected from selected depths. This control device addition 
ally acts as a blocker to prevent specularly reflected light from 
reaching the detector. 
0021 S. Malin, G. Khalil, Method and apparatus for multi 
spectral analysis of organic blood analytes in noninvasive 
infrared spectroscopy, U.S. Pat. No. 6,040,578 (Mar. 21, 
2000) describe the use of specularly-reflected light in regions 
of highwater absorbance, such as 1450 and 1900 nm, to mark 
the presence of outlier spectra wherein the specularly 
reflected light is not sufficiently reduced. 
0022. K. Hazen, G. Acosta, A. Abul-Haj. R. Abul-Haj. 
Apparatus and method for reproducibly modifying localized 
absorption and scattering coefficients at a tissue measurement 
site during optical sampling, U.S. Pat. No. 6,534,012 (Mar. 
18, 2003) describe a mechanical device for applying suffi 
cient and reproducible contact of the apparatus to the sample 
medium to minimize specular reflectance. Further, the appa 
ratus allows for reproducible applied pressure to the sample 
site and reproducible temperature at the sample site. 

Coupling Fluid 

0023. A number of sources describe coupling fluids as a 
consideration in noninvasive sampling methods and appara 
tus. Coupling fluids have been long known and understood in 
the field of optics. Some coupling fluids are used to fill optical 
irregularities. Others are used for refractive index matching. 
Some, Such as glycerol when used in conjunction with near 
infrared light, absorb in the wavelength region of interest. 
Several reports of optical coupling fluids and a report of a 
coupling fluid are described, infra. 
0024 R. Messerschmidt, Method for non-Invasive blood 
analyte measurement with improved optical interface, U.S. 
Pat. No. 5,655.530, Aug. 12, 1997 and R. Messerschmidt, 
Method for non-invasive blood analyte measurement with 
improved optical interface, U.S. Pat. No. 5,823,951, (Oct. 20, 
1998) describe an index-matching medium to improve the 
interface between a sensor probe and a skin Surface during 
spectrographic analysis. These patents teach an optical cou 
pling medium containing both perfluorocarbons and chlorof 
luorocarbons that have minimal absorbance in the near-infra 
red. Since they are known carcinogens, chlorofluorocarbons 
(CFCs) are unsuitable for use in preparations to be used on 
living tissue. Furthermore, use of CFCs poses a well-known 
environmental risk. Additionally, Messerschmidt’s interface 
medium is formulated with substances that are likely to leave 
artifacts in spectroscopic measurements. 
0025. M. Robinson, R. Messerschmidt, Method for non 
invasive blood analyte measurement with improved optical 
interface, U.S. Pat. No. 6,152,876 (Nov. 28, 2000) and M. 
Rohrscheib, C. Gardner, M. Robinson, Method and apparatus 
for non-invasive blood analyte measurement with fluid com 
partment equilibration, U.S. Pat. No. 6,240,306 (May 29, 
2001) describe an index-matching optical coupling fluid used 
to improve the interface between the sensor probe and skin 
Surface during spectroscopic analysis. The index-matching 
medium is preferably a composition containing chlorofluo 
rocarbons in combination with optionally added perfluoro 
carbons. 

0026. T. Blank, G. Acosta, M. Mattu, S. Monfre, Fiber 
optic probe guide placement guide, U.S. Pat. No. 6,415, 167 
(Jul. 2, 2002) describe a coupling fluid of one or more fluo 
rocarbons where a quantity of the coupling fluid is placed at 
an interface of the tip of an optical probe of a sample module 
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and a measurement site. Advantageously, perfluoro com 
pounds and fluorocarbons lack the toxicity associated with 
chlorofluorocarbons. 

Pressure 

0027 E. Chan, B. Sorg, D. Protsenko, M. O’Neil, M. 
Motamedi, A. Welch, Effects of compression on soft tissue 
optical properties, IEEE Journal of Selected Topics in Quan 
tum Electronics, Vol. 2, no. 4,943-950 (1996) describe the 
effect of pressure on absorption and reduced scattering coef 
ficients from 400 to 1800 nm. Most specimens show an 
increase in the scattering coefficient with compression. 
0028 K. Hazen, G. Acosta, A. Abul-Haj. R. Abul-Haj. 
Apparatus and method for reproducibly modifying localized 
absorption and scattering coefficients at a tissue measurement 
site during optical sampling, U.S. Pat. No. 6,534,012 (Mar. 
18, 2003) describe in a first embodiment a noninvasive glu 
cose concentration estimation apparatus for either varying the 
pressure applied to a sample site or maintaining a constant 
pressure on a sample site in a controlled and reproducible 
manner by moving a sample probe along the Z-axis perpen 
dicular to the sample site surface. In an additional described 
embodiment, the arm sample site platform is moved along the 
Z-axis that is perpendicular to the plane defined by the sample 
Surface by raising or lowering the sample holder platform 
relative to the analyzer probe tip. The 012 patent further 
teaches proper contact between the probe tip and the sample 
site to be that point at which specularly-reflected light is 
substantially zero at the water bands at 1950 and 2500 nm. 
0029 M. Makarewicz, M. Mattu, T. Blank, G. Acosta, E. 
Handy, W. Hay, T. Stippick, B. Richie, Method and apparatus 
for minimizing spectral interference due to within and 
between sample variations during in-situ spectral sampling of 
tissue, U.S. patent application Ser. No. 09/954,856 (filed Sep. 
17, 2001) describe a temperature and pressure controlled 
sample interface. The means of pressure control is a set of 
Supports for the sample that control the natural position of the 
sample probe relative to the sample. 

Data Processing 

0030 Several approaches exist that use diverse prepro 
cessing and post processing methods to remove spectral 
variation related to the sample and instrument variation: 
These include: normalization, Smoothing, derivatives, multi 
plicative signal correction, piecewise multiplicative scatter 
correction, extended multiplicative signal correction, path 
length correction with chemical modeling and optimized 
Scaling, and finite impulse response filtering. A goal of these 
techniques is to attenuate the noise and instrument variation 
while maximizing the signal of interest. 

Problem 

0031. It is desirable to provide a means of assuring that the 
same tissue sample Volume is repeatably sampled, thus mini 
mizing sampling errors due to mechanical tissue distortion, 
specular reflectance, and probe placement. It would also be 
highly advantageous to provide a coupling medium to pro 
vide a constant interface between an optical probe and the 
skin at a tissue measurement site. Still further, it would be 
advantageous to provide complete and uniform coverage of a 
sample site with the coupling fluid in an automated fashion. 
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SUMMARY OF THE INVENTION 

0032. The invention comprises a fluid delivery method 
and apparatus between a sample probe and a sample. 

DESCRIPTION OF THE FIGURES 

0033 FIGS. 1A and 1B illustrate an analyzer comprising a 
sample module, a base module, and a fluid delivery module: 
0034 FIG. 2 illustrates an exemplary sample module: 
0035 FIG. 3 illustrates and exemplary sample module 
probe tip; 
0036 FIG. 4 illustrates a moat; 
0037 FIG. 5 illustrates a manifold/channel combination; 
0038 FIG. 6 illustrates coupling fluid delivery to a mani 
fold and channel; 
0039 FIG. 7 illustrates coupling fluid delivery from a 
channel to grooves; 
0040 FIG. 8 illustrates distribution of coupling fluid via 
grooves on a sample probe tip; 
0041 FIG. 9 illustrates coupling fluid being held in 
grooves; 

0042 FIG. 10 illustrates coupling fluid flowing from 
grooves to a sample site; and 
0043 
tures. 

FIG. 11 illustrates grooves having induced frac 

DETAILED DESCRIPTION OF THE INVENTION 

0044) The invention comprises a fluid delivery method 
and apparatus between a sample probe and a sample. 
0045. In one embodiment, a fluid delivery system includes 
use of: a fluid reservoir, a delivery channel, a manifold or 
plenum, a channel or moat, a groove, and/or a dendritic path 
way to deliver a fluid to a sample probe head and/or a sample. 
For example, the fluid delivery system is used to place the 
fluid in a uniform manner Substantially or completely cover 
ing a sample site, thus minimizing sampling errors due to 
mechanical tissue distortion, specular reflectance, probe 
placement, and/or mechanically induced sample site stress/ 
strain is concurrent or Subsequent optical sampling of the 
sample. 
0046 For example, a fluid or coupling fluid is delivered to 
a sample using the fluid delivery system. The fluid placed on 
the Surface of tissue at a tissue measurement site. Such as a 
coupling medium or alternatively an optical coupling fluid, is 
used to enhance performance of an optical analyzer coupled 
to the tissue measurement site. The system is optionally auto 
mated. 

0047 Sampling is controlled to enhance analyte concen 
tration estimation derived from noninvasive sampling. More 
particularly, sampling is enhanced using controlled fluid 
delivery to a region between a tip of a sample probe and a 
tissue measurement site. The controlled fluid delivery 
enhances coverage of a skin sample site with the thin layer of 
fluid. Means for controlling the fluid delivery, coverage, and 
thickness are described, infra. 
0048. Herein, examples of coupling of a sample probe tip 
of a noninvasive glucose concentration analyzer to a skin 
sample site are used. However, the invention is generally used 
in coupling of an optical sampling device to a sampled 
medium, Such as skin. 
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Analyzer 

0049 Referring now to FIG. 1A, an illustrative represen 
tation of a spectroscopic analyzer 10 is presented. Compo 
nents of the analyzer 10 preferably include: a sample module 
11, a detection module 12, and a coupling fluid delivery 
module 13. The sample module 11 preferably includes: a 
Source, at least one light delivery optic, a coupling fluid 
delivery path, a sample probe tip/interface, and at least a 
portion of a light collection optic, such as a fiber optic. The 
detection module 12 preferably includes: at least a portion of 
the light collection optic from the sample module, a light 
controlling optic, and a detector. The analyzer 10 preferably 
includes: a data analysis algorithm and a display module. The 
coupling fluid delivery module 13 preferably includes: a cou 
pling fluid reservoir and coupling fluid delivery means, such 
as tubing and a pump or drive system. The coupling fluid 
module 13 is either integrated and moves with the sample 
module or is connected to the sample module via a delivery 
tube 14. 
0050 Referring now to FIGS. 1A and 1B, the analyzer 
couples dynamically with a sample site 15 of skin tissue. For 
example, as illustrated a tip of the sample probe is brought 
into proximate contact with a portion of a forearm. As illus 
trated in FIG. 1A, a sample probe tip 16 of a sample probe in 
the sample module, at a first point in time, located a distance 
away from the sample site 15. FIG. 1B illustrates the sample 
probe tip 16, at a second point of time, located in proximate 
contact with the sample site 15. Preferably, as the sample 
probe tip 16 is moved from a distance remote from the sample 
site 15 to proximate contact with the sample site 15, such as 
about less than 1, 2, 5, or 10 millimeters from a stationary 
analyzer. Preferably, the entire optic train of the analyzer is 
moved together or the optical train of the analyzer from a 
detection fiber to the detector is move together. Synchronous 
movement of all optical components within the optical train 
of the analyzer 10 and particularly within the sample module 
11 and detection module 12 minimize or eliminate relative 
movements of optical components. Synchronous movement 
refers to: occurring at the same time, simultaneous move 
ment, movement of the optics at the same rate and exactly 
together, where exactly is known to those skilled in the art to 
not account for variations due to movement from thermal 
effects, slippage of mechanical parts, or tolerance precision of 
movement of a moving mechanical system. The controlled 
relative orientation of all of the optical components mini 
mizes or eliminates relative alignments of optical compo 
nents. A particular example is movement of any fiber optic, 
Such as a collection fiber optic running from the sample site 
through the sample module into a detection module where it 
is optically coupled to a detector. Any movement of the fiber 
optic interms of changes in bend radius at any point along the 
fiber optic results in noise. Particularly, a change in the shape 
of a fiber optic, brought about by change in its position or 
radius of curvature, causes different amounts of light to be 
coupled between the fiber core and the fiber cladding result 
ing in changes in light signal levels, which results in observed 
spectral noise. By moving the entire optical train together, the 
relative orientation or movement of all parts of the fiber optic 
is reduced to a minimal amount or eliminated. The controlled 
movement of the optics results in enhanced precision of col 
lected spectra. The collected spectra having enhanced preci 
sion then propagates through the data analysis algorithm to 
yield predictions of analyte values with enhanced precision 
and/or lower error. Optionally, the coupling fluid delivery 
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module is integrated into components of the analyzer that 
move synchronously. However, preferably the coupling fluid 
delivery module is a separate component within the analyzer 
and is coupled to the sample probe tip via a delivery tube 14. 

Noninvasive Glucose Concentration Determination 

0051. In a particular embodiment, light is delivered to the 
sample site 15 from the sample modules 11. Diffusely 
reflected and collected light is directed to the detection mod 
ule 12 and detected as a function of wavelength. The data 
analysis algorithm converts the observed spectral signals into 
an analyte concentration of the skin/blood tissue at or about 
the sample site 15. For instance, the data analysis algorithm 
converts the observed spectra into one or more glucose con 
centrations representative of the body. 

Coupling Fluid Delivery 

0.052 Context of the coupling fluid delivery system is 
provided. Details of particular exemplary embodiments of 
movement of coupling fluid from the coupling fluid module 
13 through the sample module 11, through the sample probe 
tip 16, and to the sample site 15 are described, infra. 
0053 Referring now to FIG. 2, a cross section of an exem 
plary sample module 11 is illustrated. This particular sample 
module includes: a source 20 having a filament 21, a backre 
flector 22, power Supply lines 23, and/or a heat sink 24 having 
a plurality of heat dissipating fins. Light from the filament 
reflects off of the backreflector and travels through a first optic 
24 and through a second optic 25. The first optic, preferably of 
silicon material, preferably absorbs at least ninety-five per 
cent of light at wavelength in the region of about 200 to about 
1100 nm and removes unwanted photonic energy from the 
optical path prior to the incident photons from the source 
penetrating into tissue at the sample site 15. The first optic 24 
is not in contact with the sample site 15. The second optic 25 
has a first and second Surface where the second Surface is part 
of the sample probe tip 16. During sampling, the second 
surface is in proximate contact with the sample site 15. The 
second optic preferably holds an end of a collection optic, 
such as a fiber optic 26. Preferably, the fiber optic penetrates 
at least partially through the second optic 25 and the second 
optic helps to mechanically hold and constrain movement of 
the fiber optic 26. Also illustrated is additional detail on the 
delivery tube 14 delivering fluid from the coupling fluid mod 
ule 13. The delivery tube 14 penetrates into and optionally 
through the sample module to deliver fluid at or near the 
sample site 15, such as within about three millimeters of a 
center of a sample probe face. The delivery tube preferably 
terminates in a manifold 27 from which the coupling fluid is 
delivered at or near the sample site through one or more 
channels 28. Details of the coupling fluid delivery are pro 
vided, infra, in FIG.3 and FIGS. 5-9. 
0054 Referring now to FIG. 3, the sample module 11 
illustrated in FIGS. 1 and 2 is expanded and re-orientated to 
emphasize optical elements of the delivery tube 14, a mani 
fold 27, and a channel 28. FIG. 3 illustrates a cross section of 
the tip of the delivery tube 14 terminating in a manifold 27. 
The manifold is used to hold a volume of coupling fluid and 
is used to break, or dissipate, the kinetic energy or momentum 
of fluid delivery from the coupling fluid module 13, as 
described infra. Fluid then moves from the manifold 27 to the 
tissue sample via a one or more channels 28. To illustrate the 
benefits of the manifold/channel combination, FIG. 4 illus 



US 2014/0316228A1 

trates an example where no manifold is used and FIG. 5 
illustrates an example where a manifold is used. These two 
cases are described, infra. 

0055 Referring now to FIG. 4, a first embodiment of 
delivery of coupling fluid from the coupling fluid module 13 
via a delivery tube 14 to a moat 41 is presented where fluid 
flows from the moat to the sample site 15. FIG. 4 is again a 
cross sectional view of the apparatus in proximate contact 
with the sample site 15. Two cases are presented. In the first 
case, the fluid is delivered against gravity from the bottom up 
to the sample site and in the second case the fluid flows with 
gravity down to the sample site. In the first case, where fluid 
is being delivered from the bottom to the moat and the tip of 
the sample probe is brought up to a bottom of a sample site, 
then the fluid completely fills the moat before it leaves the 
moat to wet the sample. In the second case, when the fluid is 
delivered in the top-down orientation illustrated in FIG.4, the 
fluid does not fill the moat. Instead, the fluid flows directly 
from the delivery tube to the sample. While usable, this sec 
ond case is not a preferred embodiment for at least two rea 
sons. First, the momentum of the flow of the coupling fluid 
from the delivery tube 14 creates a fluid jet that impacts the 
sample site 15. The implact on the tissue at the sample site 
creates localized stresses and strains on the sample site, which 
leads to a degradation in precision of collected spectra and 
hence leads to decreases precision and accuracy in corre 
sponding analyte concentration predictions arising from 
analysis of the collected optical spectra by the data analysis 
algorithm. Second, computational fluid dynamics calcula 
tions show that only part of the sample site is covered, or 
wetted, by the coupling fluid using a moat. Particularly, the 
wetted surface is nearest to the delivery tube. For ease in 
presentation, fish are illustrated in the fluid to show direction 
of movement aligned with the orientation of the fish and rate 
offlow of the fluid is indicated by the relative size and density 
of the fish. The shaded fluid coverage, direction of the fish, 
and magnitude of the fish reveals that, with a top-down cou 
pling fluid delivery system using a moat, not all of the sample 
site 15, which includes the area inside moat, is covered by the 
delivered coupling fluid. This results in collected spectra hav 
ing: Some spectrally reflected light, a decrease in observed 
spectral intensity, and decreased precision and accuracy of 
resulting analyte concentration predictions from the collected 
spectra. 

0056 Referring now to FIG. 5, an alternative embodiment 
of a top-down coupling fluid delivery design is presented. 
FIG. 5 is an expansion and reorientation of FIGS. 2 and 3. 
FIG. 5 is still a cross-sectional view of the apparatus in proxi 
mate contact with the sample site 15. Coupling fluid is deliv 
ered through a delivery tube 14 to a manifold 27 also referred 
to as a plenum. The plenum collects coupling fluid from the 
delivery tube 14 and then distributes the coupling fluid, as a 
manifold would, to the entire sample area via one or more 
channels 28. Stated in more detail, fluid from the delivery 
tube 14 hits an edge, wall, barrier, or baffle of a manifold. For 
example, a bottom wall 29 of the manifold 27 prevents the 
momentum of the delivered coupling fluid from Striking tis 
sue at the sample site 15 directly. The wall acts as a barrier that 
absorbs the delivery force of the coupling fluid. After striking 
the baffle, the coupling fluid fills or partially fills the mani 
fold. In FIG. 5, it is observed from the shaded fluid and fish, 
described infra, that after a short period of time approxi 
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mately one-fourth of the manifold is filled by the coupling 
fluid while fluid has not penetrated down the channel 28 to the 
sample site. 
0057 Referring now to FIG. 6, the apparatus of FIG. 5 is 
illustrated at a later time period when the coupling fluid has 
filled approximately eighty percent of the manifold. Compu 
tational fluid dynamics calculations, represented by the 
shaded coupling fluid and fish, show that while the manifold 
27 is nearly filled with coupling fluid, that the coupling fluid 
is only beginning to penetrate into the narrower channel 28. 
Thus, the manifold acts like a plenum, an open Volume for 
fluid collection. The manifold also serves to distribute the 
coupling fluid circumferentially around the sample site 15 
and to provide input coupling fluid to all channel inputs about 
the sample site 15. FIGS. 5 and 6 demonstrate that the cou 
pling fluid partially or preferably substantially fills the mani 
fold 27 before the coupling fluid significantly dispenses from 
the channel 28 to the sample site 15. 
0058. The provided example illustrates a single manifold 
27 and a single channel 28 design. However, many geometries 
of manifolds and channels are optionally used to achieve the 
desired outcome of uniform coupling fluid delivery at and/or 
about the sample site. For example, in the provided example, 
a bottom wall 29 of the manifold 27 is used to force the 
coupling fluid to fill the manifold before the coupling fluid 
exits the channel. However, the coupling fluid is optionally 
delivered to the manifold at other angles thereby using 
another wall of the manifold to act as a barrier against the 
delivery force/momentum of the delivered coupling fluid. 
Similarly, baffles are optionally used in the channel to reduce 
flow rates in the channel relative to within the plenum. Still 
further, the channel illustrated in the above example is a 
cylinder of an annulus and is joined to the manifold all along 
one edge. In one alternative design, the annular channel is 
replaced by a series of discrete conduits, cylindrical conduits, 
or tubes. These tubes act the same as the annular channel in 
that they carry the coupling fluid from the manifold to desired 
locations on the sample module face as the manifold is filled. 
In another alternative design, the fluid is delivered from one or 
more sources through a dendritic distribution network, akinto 
that of a river delta. More generally the channel is optionally 
one or more lines or delivery ports that distribute fluid from 
one or more manifolds to one or more regions at and/or about 
the sample site. Ideally, the channels are uniformly filled and 
uniformly deliver the coupling fluid through all exits to a 
delivery region, such as about the sample site 15. Generally, 
the flow rate of the coupling fluid is faster in the plenum than 
in the delivery channels allowing the plenum or multiple 
plenums to hold an effective delivery volume fill before sig 
nificant delivery of fluid through the channels to the sample 
site. 

0059. The relative size of the manifold 27 and channels 28 
is used to affect uniform coupling fluid delivery to the sample 
site 15. The open, large plenum-like volume of the manifold 
27 provides a region in which the coupling fluid slows down 
from the higher speed of the delivery tube 14. The momentum 
of the fluid from the delivery tube 14 is dissipated in the 
manifold. The fluid rapidly fills the manifold and begins to 
enter the narrow channel, drawn into the channel by capillary 
action. The fluid adheres to the solid walls of the channel 
more readily than it forms a Surface across the channel. This 
is a balance of interfacial Surface energy and cohesive Surface 
energy. The cross-sectional length or width of the channel, 
preferably about 0.001 to 0.1 inch and more preferably about 
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0.003 inch or about 75 microns, is engineered to enhance the 
capillary action of the aparticular coupling fluid, FC-40, for 
the metals of brass or aluminum used in the construction of 
the sample module. For delivery of other coupling fluids 
along other material, the channel geometry is appropriately 
adjusted. 
0060 Referring now to FIG. 7, FIGS. 2, 3, 5, and 6 are 
further expanded and re-orientated to show fluid moving from 
the manifold 27 through the channel 28 to a series of grooves 
71. Fluid advances through the channel 28 and then along the 
outer surface of the sample module in all directions. When the 
coupling fluid reaches the grooves 71, capillary action draws 
the coupling fluid into and along the network of grooves 71. 
The capillary action rapidly draws the coupling fluid out to 
Substantially fill one or more grooves. The dimensions and 
shape of the grooves are engineered to favor the capillary 
action. Preferably, the grooves have a cross-sectional dimen 
sion, or rectangular cross-section, of about 0.001 to 0.01 
inches and more preferably about 0.004 inches or about 100 
micrometers wide by about 0.001 to 0.01 inches and more 
preferably about 0.004 inches deep. These dimension are 
optimized for the coupling fluid of a fluorocarbon, such as 
FC-40, delivered in plastic grooves. The network of grooves 
is designed and located to distribute the fluid where the 
sample will be wetted, such as at and/or about the sample site 
15. Another function of the network of grooves is to hold the 
fluid in these distributed locations until the sample is close 
enough to receive it. The capillary action, groove dimensions, 
and groove shapes are engineered to hold the fluid regardless 
of instrument orientation so that the sample probe is option 
ally brought to the sample site 15 from the bottom moving up, 
from the top moving down, or along a non-vertically aligned 
sample probe movementangle. FIG. 8 illustrates the progres 
sion of the coupling fluid at a later point in time from that of 
FIG. 7. 

0061 Referring now to FIG.9, FIG. 7 is further expanded 
and re-orientated to show two grooves of the plurality of 
grooves. FIG.9 shows that the fluid is substantially held in the 
grooves, by property adhesion properties, until the sample 
probe tip 16 approaches the sample at the sample site 15. The 
inventors have determined that when the sample probe tip is 
about 50 microns (about 0.002 inches) or less from the 
sample, the fluid is drawn out of the grooves and onto the 
tissue sample by capillary action, as illustrated in FIG. 10. 
Thus, fluid is preferably delivered from the coupling fluid 
module 13 through the delivery tube 14, through the sample 
module 11, into the manifold 27, through the channels 28 and 
into the grooves 71 when the tip of the sample probe 16 is 
within about fifty micrometers from the tissue sample site, 
Such as the outer layer of skin tissue. Less preferably, the 
coupling fluid is delivered from the coupling fluid module 13 
to the sample site 15 when the tip of the sample probe 16 is 
within about one hundred micrometers. The inventors have 
determined through experiment and from computational fluid 
dynamic calculations that delivering the fluid when the dis 
tance between the sample probe tip 16 and the sample site 15 
is about fifty micrometers or less results in substantial surface 
coverage of the sample site 15 by the coupling fluid. As 
described, Supra and infra, even and total coverage of the 
sample site by the coupling fluid prior to optical sampling 
yields Superior accuracy and precision of resulting analyte 
concentration determinations. 

0062. The inventors have determined that the optimal 
groove shape is rectangular with approximately the dimen 
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sions described, infra. The rectangular groove shapeshold the 
fluid in the grooves until the tip of the sample probe is in 
proximate contact about fifty microns or less from the sample 
site. Delivery at this close distance results in complete or 
nearly complete coverage of a sample site with the coupling 
fluid. Groove shapes, such as triangular, semi-circular, and 
rectangular with a larger width to depth ratio, are less prefer 
able as they tend to leak fluid out of the grooves at larger 
distances between the tip of the sample probe and the sample 
site resulting inless complete coverage of the sample site with 
the coupling fluid. However, any groove shape is applicable to 
the invention as described herein. 
0063 Referring now to FIG. 11, FIG. 9 is illustratively 
expanded to show optional branches emanating from the 
grooves. Herein, the term dendritic is used to describe the 
pattern formed by the multiple branches of the grooves in the 
sample probe face. Here, the grooves branch into multiple 
smaller dendritic branches that fill out the pattern on the 
sample probe face where the sample is to be wetted. The fluid 
flows from the channel to the first set of grooves, and then by 
capillary action, the fluid is rapidly drawn into the network of 
branching, dendritic channels. 
0064. As an example, the dendritic pattern of groove for 
mation is achieved by dragging a pointed, hardened tool 
through a relatively brittle material. For example, an engraver 
tip, made from tool steel or made with a diamond tip, is driven 
slightly into a brittle material. Such as a cured epoxy material, 
and dragged along the Surface as if it were engraving a pathin 
the epoxy surface. In this example, the engraved path is the 
groove 71. Since the epoxy material is brittle, its surface 
fractures forming dendritic cracks, the dendritic channels 72, 
emanate outwardly and/or perpendicularly from the path of 
the tool along the groove. The engraver tip optionally spins as 
it translates through the material. In contrast, if the material 
being engraved is soft, ductile, or malleable, the tool would 
leave a smooth single groove along the path. In this case, the 
tool plows through the Surface forming a trough with raised 
berms on either side. Examples of materials that would yield 
a Smooth groove are polycarbonate, acetals, and most metals. 
Thus, the sample probe tip preferably has grooves and option 
ally is manufactured with or without dendritic channels ema 
nating from the grooves. Parameters effecting or related to the 
above described invention are described, infra. 

Coordinate System 
0065 Herein, an x, y, and Z-coordinate system relative to a 
given body part is defined. An X.y.z-coordinate system is used 
to define the sample site, movement of objects about the 
sample site, changes in the sample site, and physical interac 
tions with the sample site. The X-axis is defined along the 
length of a body part and the y-axis is defined across the body 
part. As an illustrative example using a sample site on the 
forearm, the X-axis runs between the elbow and the wrist and 
the y-axis runs across the axis of the forearm. Similarly, for a 
sample site on a digit of the hand, the X-axis runs between the 
base and tip of the digit and the y-axis runs across the digit. 
Together, the x,y-plane tangentially touches the skin Surface, 
Such as at a sample site. The Z-axis is defined as orthogonal to 
the plane defined by the X- and y-axes. For example, a sample 
site on the forearm is defined by an x,y-planetangential to the 
sample site. An object, Such as a sample probe, moving along 
an axis perpendicular to the X,y-plane is moving along the 
Z-axis. Rotation or tilt of an object about one or a combination 
of axis is further used to define the orientation of an object, 



US 2014/0316228A1 

such as a sample probe, relative to the sample site. Tilt refers 
to an off Z-axis alignment of the longitudinal orientation of 
the sample probe where the longitudinal axis extends from the 
sample probe tip interfacing with a sample site to the opposite 
end of the sample probe. A sample probe moving perpendicu 
lar to the sample site may move along the Z-axis; however, if 
the local geometry of the skin of the sample site is tilted, then 
perpendicular movement of a sample probe refers to the 
sample probe moving normal to the skin Surface, which may 
be on an axis that is not the Z-axis. 

Tissue Stress/Strain 

0066 Preferably, a controller moves a sample targeting 
probe and/or a sample probe so as to make minimal and/or 
controlled contact with a sample tissue to control stress and/ 
or strain on the tissue, which is often detrimental to a nonin 
vasive analyte property estimation. Strain is the elongation of 
material under load. Stress is a force that produces strain on a 
physical body. Strain is the deformation of a physical body 
under the action of applied force. In order for an elongated 
material to have strain there must be resistance to stretching. 
For example, an elongated spring has strain characterized by 
percent elongation, such as percent increase in length. 
0067. Skin contains constituents, such as collagen, that 
have partially elastic spring-like properties. That is, elonga 
tion causes an increase in potential energy of the skin. Strain 
induced stress changes optical properties of skin, such as 
absorbance and scattering. Therefore, it is not desirable to 
make optical spectroscopy measurements on skin with vary 
ing stress states. Stressed skin also causes fluid movements 
that are not reversible on a short timescale. The most precise 
and repeatable optical measurements are therefore conducted 
on skin in the natural strain state. Such as minimally or non 
stretched stretched skin. Skin is stretched or elongated by 
applying loads to skin along any of the x-, y-, and Z-axes. 
Controlled contact reduces stress and strain on the sample. 
Reducing stress and strain on the sample results in more 
precise sampling and more accurate and precise glucose con 
centration determinations. 

Effect of Displacement on Tissue Spectra 
0068. The displacement of a tissue sample by a sample 
probe results in compression of the sample site. The displace 
ment results in a number of changes including at least one of 

0069 a change in the localized water concentration as 
fluid is displaced; 

0070 a change in the localized concentration of chemi 
cals that are not displaced Such as collagen; and 

0071 a correlated change in the localized scattering 
concentration. 

0072. In addition, physical features of the sample site are 
changed. These changes include at least one of 

0073 compression of the epidermal ridge: 
0074 compression of the dermal papilla; 
0075 compression of blood capillaries; 
0076 deformation of a skin layer; 
0077 deformation of skin collagen; and 
0078 relative movement of components embedded in 
skin. 

0079 Chemical and physical changes are observed with 
displacement of the sample probe into the tissue sample. The 
displacement of tissue is observed in spectra over a wide 
range of wavelengths from about 1100 to 1930 nm. The 
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displacement of tissue also effects a number of additional skin 
chemical, physical, and structural features as observed opti 
cally. 
0080. An example of using light to measure a physical 
property, Such as contact, stress, and/or strain, in tissue is 
provided. Incident photons are directed at a sample and a 
portion of the photons returning from the sample are collected 
and detected. The detected photons are detected at various 
times, such as when no stress is applied to the tissue and when 
stress is applied to the tissue. For instance, measurements are 
made when a sample probe is not yet in contact with the tissue 
and at various times when the sample probe is in contact with 
the tissue. Such as immediately upon contact and/or with 
varying displacement of the sample probe into the tissue. The 
displacement into the tissue is optionally at a controlled or 
variable rate. The collected light is used to determine prop 
erties. One exemplary property is establishing contact of the 
sample probe with the tissue. A second exemplary property is 
strain. The inventors determined that different frequencies of 
light are indicative of different forms of stress/strain. For 
example, in regions of high water absorbance. Such as about 
1450 nm, the absorbance is indicative of water movement. 
Additional regions, such as those about 1290 nm, are indica 
tive of a dermal stretch. The time constant of the response for 
water movement versus dermal stretch is not the same. The 
fluid water movement occurs approximately twenty percent 
faster than the dermal stretch. The two time constants allow 
interpretation of the tissue state from the resultant signal. For 
instance, the interior or subsurface hydration state is inferred 
from the signal. For instance, a ratio of responses at high 
absorbance regions and low absorbance regions, such as at 
about 1450 and about 1290 nm, is made at one or more times 
during a measurement period. Changes in the ratio are indica 
tive of hydration. Optionally, data collection routines are 
varied depending upon: 

0081 the determined state of the tissue; and/or 
0082 an observed tissue transient. 

I0083. For example, the probing tissue displacement is var 
ied with change in hydration or determined thickness of a skin 
layer, Such as the dermal layer. The strain measurement is 
optionally made with a sample state probing system, a target 
ing system, or an optical measurement system. Tissue state 
probes describe herein are optionally used in conjunction 
with a dynamic probe, described infra. 
I0084. A fluid, such as a coupling fluid, is preferably 
applied between the tip of the sample probe and the tissue 
sample site. It is determined that a highly viscous coupling 
fluid degrades the noninvasive analyte determination system. 
A highly viscous coupling fluid requires increased pressure 
from movement of a sample probe tip to a tissue sample site 
in order to displace the viscous coupling fluid. 
I0085 For example, Fluorolube is a viscous paste that is 
not readily displaced. The pressure required for the tip of the 
sample probe to displace the Fluorolube results in tissue 
stress and strain that degrades the analytical quality of the 
noninvasive signal. Therefore, less viscous coupling fluids 
are required, such as FC-70 or FC-40 manufactured by 3M 
Corporation, (St. Paul, Minn.). The viscosity of the coupling 
fluid should not exceed that of FC-70 and preferably the 
viscosity of the coupling fluid should not exceed that of 
FC-40. 
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Coupling Medium 
I0086. The interface between an optical probe and a skin 
Surface at the tissue measurement site is potentially a signifi 
cant source of sampling error. There are a number of distinct, 
but interrelating, sampling issues including: 

0087 induced tissue stress/strain observed in collected 
optical signal; 

I0088 skin surface irregularity; 
I0089 air gaps; and 
0090 refractive index mismatch. 

0091 Fluid use between a sample site and an interfacing 
sample probe surface is useful for a number of reasons. First, 
fluid allows for optical contact between a sample probe tip 
Surface and a sample site with reduced pressure or displace 
ment of the tissue by the probe tip. This results in reduced 
stress/strain. Second, coupling fluid aids in reduction of Sur 
face reflection due to optical aberrations in Surface coupling 
and stretching of the Surface tissue due to sample probe con 
tact. Third, coupling fluid use aids in stabilizing hydration of 
Surface tissue. Fourth, a refractive index matching coupling 
fluid enhances light throughput into the tissue and light col 
lection from the tissue. 

Stress/Strain 

0092 Sampling induced stress/strain is described, supra. 

Skin Surface Irregularity 

0093 Skin surface irregularity results in an increase in the 
surface reflection of incident light. Basically, incident light 
normal to the Surface penetrates into the skin sample based 
upon the difference in refractive index according to Snell's 
Law. For the refractive index of skin, approximately 1.38, and 
the refractive index of air, approximately 1.0, approximately 
4% of the light will be reflected and 96% of the light will 
penetrate into the skin. The Surface irregularities of skin mean 
that the incident light is not normal to the surface. This results 
in more reflected light, and less penetrating light. 

Tissue Hydration 
0094 Air gaps near the skin surface complicate near infra 
red spectra interpretation. Some light penetrating into an out 
ermost layer of skin hits an air pocket. Some light is reflected 
off of each surface of the airpocket. Many air pockets or poor 
hydration leads to a significant reduction in the percentage of 
incident photons that penetrate through the outermost skin 
layers, such as the stratum corneum, to the inner skin layer. 

Refractive Index 

0095. The refractive index mismatch and Snell's Law 
explain part of the effects described for the skin surface 
irregularities and air gaps. However, the inventors have deter 
mined that a coupling fluid need not be a refractive index 
matching fluid, also known as an optical coupling fluid, in 
order to increase usable light throughput. For example, in the 
case of a high refractive index material. Such as a lens, coming 
into contact with skin via a coupling fluid, the coupling fluid 
need not have a refractive index between that of skin and the 
optic in order to be beneficial. For example, the percentage of 
incident photons passing through a silicon lens or optic into 
skin is increased even with use of a coupling fluid that does 
not have a refractive index between that of silicon and skin. 
For example, a fluorocarbon, such as FC-40 manufactured by 
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3M Corporation, (St. Paul, Minn.) has an index of refraction 
of 1.290 that is not between that of skin, 1.38, and silicon, 
approximately 2. However, the FC-40 still increases incident 
photon penetration by displacement of air. Specifically, for 
coupling silicon and skin FC-40 is not an “index-matching 
medium”, “optical coupling fluid', or “refractive-index 
matching coupling fluid': however, it still aids in light cou 
pling by displacing the lower refractive index air. Alterna 
tively, a coupling fluid. Such as a chlorofluorocarbon with a 
higher index of refraction, is called an index-matching 
medium. A chlorofluorocarbon with an index of refraction 
between that of the coupling medium and the skin will 
increase the number of penetrating photons due to both index 
of refraction matching and displacement of the air that results 
in a smoother surface. 

0096 Table 1 provides index of refractions for a series of 
chlorohydrocarbons where it is observed that as the number 
of chlorine atoms increases, the refractive index increases. 
Longer chain chlorocarbons have higher refractive indices. 
Table 2 demonstrates that as the substituted halide atom 
increases in atomic number, the refractive index increases. 
Combining the information from Tables 1 and 2, it is observed 
that the minimum refractive index for a chlorohydrocarbon is 
1.3712 and that the minimum refractive index for a non fluo 
rohydrocarbon is 1.3712. Herein, a preferred coupling fluid 
comprises a fluorocarbon or a fluid with a refractive index of 
less than about 1.37 and preferably with a refractive index of 
less than about 1.32. 

TABLE 1 

Chlorocarbons and chlorohydrocarbons 

Refractive 
Molecule Index 

CHCI 1.3712 
CH2Cl2 1.4244 
CHCI 14476 
CCl 14607 

TABLE 2 

Halohydrocarbons 

Refractive 
Molecule Index 

CH2Cl2 1.4244 
CHBr, 15419 
CH2I 1.7425 

Viscosity 

0097. A fluid between a sample probe tip surface and a 
tissue sample beneficially has a kinematic viscosity that 
allows rapid movement of the fluid from between the sample 
probe tip and the sample site when the tip is brought into 
proximate contact or contact with the tissue sample. Fluoro 
carbons have kinematic viscosities fulfilling the requirement. 
In particular, FC-40 has a kinematic viscosity of 2.2 centis 
tokes (cs). Longer chain fluorocarbons, such as FC-70 with a 
viscosity of 12 cs is borderline acceptable. Generally, the 
fluorocarbon should have a viscosity of less than about 12 cs 
and preferably less than about 5 cs. 
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Reflection 

0098 Coupling the relatively smooth surface of an optical 
probe with the irregular skin Surface leads to air gaps between 
the two surfaces. The air gaps create an interface between the 
two surfaces that adversely affects the measurement during 
sampling of tissue due to refractive index considerations as 
described, infra. A coupling medium is used to fill these air 
gaps. Preferably, for an application, Such as noninvasive glu 
cose concentration estimation, the coupling fluid: 

(0099 is spectrally inactive: 
0100 is non-irritating 
0101 is nontoxic; 
0102 has low viscosity for good surface coverage prop 
erties; 

0103 has poor solvent properties with respect to leach 
ing fatty acids and oils from the skin upon repeated 
application; and 

0104 is thermally compatible with the measurement 
system. 

0105. It is possible to achieve these desirable characteris 
tics by selecting the active components of the coupling fluid 
from the classes of compounds called fluorocarbons, perfluo 
rocarbons, or those molecules containing only carbon and 
fluorine atoms. Nominally limiting chain length to less than 
20 carbons provides for a molecule having the requisite vis 
cosity characteristics. Generally, Smaller chain lengths are 
less viscous and thus flow over the sample surface more 
readily. Longer chains are more viscous and tend to coat the 
sample surface with a thicker layer and run off of the sample 
site over a longer period of time. The molecular species 
contained in the perfluorocarbon coupling fluid optionally 
contain branched, straight chain, or a mixture of both struc 
tures. A mixture of Small perfluorocarbon molecules con 
tained in the coupling fluid as polydisperse perfluorocarbons 
provides the required characteristics while keeping manufac 
turing costs low. Additives are optionally added to the fluid. 
0106. In one embodiment, the coupling fluid is a perfluoro 
compound, such as those known as FC-40 and FC-70, manu 
factured by 3M Corporation (St. Paul, Minn.). This class of 
compounds is spectrally inactive in the near-infrared region, 
rendering them particularly well Suited for Sampling proce 
dures employing near-infrared spectra. Additionally, they 
have the advantage of being non-toxic and non-irritating, thus 
they can come into direct contact with living tissue, even for 
extended periods of time, without posing a significant health 
risk to living Subjects. Furthermore, perfluoro compounds of 
this type are hydrophobic and are poor solvents; therefore 
they are unlikely to absorb water or other contaminants that 
will adversely affect the resulting optical sample. It is pref 
erable that the sampling fluid beformulated without the addi 
tion of other substances, such as alcohols or detergents, which 
may introduce artifacts into the optical sample. Finally, the 
exceptional stability of perfluoro compounds eliminates the 
environmental hazard and toxicity commonly associated with 
chlorofluorocarbons. 

0107. Other fluid compositions containing both perfluo 
rocarbons and chlorofluorocarbons are also Suitable as cou 
pling fluids: for example a blend of 90% polymeric chlorot 
rifluoroethylene and 10% other fluorocarbons have the 
desired optical characteristics. Chlorotrifluoroethene is 
optionally used. While these compositions containing both 
fluorocarbons and chlorofluorocarbons have the desired opti 
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cal characteristics, their toxicity profiles and their solvent 
characteristics render them less desirable than the previously 
described fluorocarbons. 
0108. Additionally, other fluid media are suitable for cou 
pling of an optical probe to a tissue measurement site, for 
example, skin toner Solutions or alpha hydroxy-acid solu 
tions. 

Operation 

0109 During use, a quantity of sampling fluid is placed at 
the interface of the tissue measurement site and the fiber optic 
probe so that the tissue measurement site and the fiber optic 
probe are coupled leaving no or minimal air spaces between 
the two surfaces. Several methods of delivery sequence are 
described, infra. 
0110. In one method of coupling the interface of a tissue 
measurement site and a tip of a sample probe, a small amount 
of coupling fluid is placed on the skin Surface prior to placing 
the fiber optic probe in close proximity or in contact with the 
sample site. 
0111. Another method of coupling the interface of a tissue 
measurement site and a tip of a sample probe is to place 
coupling fluid on the tip of the sample probe and bringing the 
sample probe into contact with a Surface proximate the skin 
sample site. 
0112 Yet another method of coupling a tissue measure 
ment site to an analyzer is to spray the tissue sample site with 
the coupling fluid and/or to spray the tip of the sample module 
and/or bundle prior to bring the sample into contact or close 
proximity with the analyzer. 
0113. An additional method of coupling a measurement 
site to a tip of a sample module is to deliver the coupling fluid 
while the tip of the sample module is in motion. For example, 
coupling fluid is delivered through small tubes that terminate 
at the tip of the sample module near the area of photon 
delivery and/or near the area of photon collection. For 
example, a fluorocarbon is dropped onto the tissue sample site 
through tubes terminating next to a central collection fiber. 
0114. In still yet another method of coupling a tissue mea 
Surement site and a tip of a sample probe, channels or ridges 
are provided that allow excess coupling fluid to be pushed out 
of the way or to drain off through gravity. A primary intent of 
this embodiment is to prevent applying undue pressure to the 
sample site when the tip of the sample probe is brought into 
close proximity and/or contact with the sample site. Pooling 
of excess coupling fluid is prevented by these channels. For 
example, a hydraulic effect created by the sample module 
pressing on coupling fluid on its way to the sample site is 
relieved by having channels through which excess coupling 
fluid freely flows when pressurized. 
0.115. Another method of coupling the interface between 
the tissue measurement site and the tip of a sample probe is to 
first bring the tip of the sample probe into contact with the 
sample site, remove the sample probe from the sample site, 
deliver the coupling fluid, and then again bring the sample 
probe into close proximity with the sample site. This method 
eases locating the skin when a movable sample probe is used 
as described in U.S. patent application Ser. No. 1 1/117,104, 
filed Apr. 27, 2005, which is incorporated herein in its entirety 
by this reference thereto. In addition, the elapsed period of 
time between coupling fluid delivery and optical sampling, 
also known as the measurement, is minimized thus reducing 
the risk of evaporation of the coupling fluid prior to sampling. 
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0116 Still another method is to pull apartial vacuum on or 
about a tissue sample site. For example, the tip of an optical 
probe is pulled away from the sample site after making con 
tact. In a second example, the tip of tubing filled with a 
coupling fluid is in contact with a sample site and fluid is 
withdrawn from the tubing or is backed off from the tip of the 
tubing. This movement of the coupling fluid creates a partial 
vacuum. Creating a partial vacuum creates a small convex 
tissue meniscus. Fluid, such as interstitial fluid, flows into the 
meniscus. This results in increased concentration of the ana 
lytical target of interest in the sampled optical tissue. Alter 
natively, applying a small negative pressure reduces a nega 
tive meniscus making the sample more readily sampled with 
a flat optical Surface. 
0117. Yet another method of applying coupling fluid to a 
tissue site is to warm the coupling fluid to a target temperature 
prior to application. Examples of target temperatures include 
about 88,90, 92, 94, 96, and 98 degrees Fahrenheit. Option 
ally, the tip of the sample probe and/or surface of the sample 
site are adjusted to or toward this first target temperature or to 
their own target temperature. Preferably, the two target tem 
peratures are the same in order to reduce sampling variations 
resulting from temperature variation. A variation is to inde 
pendently control or not control the sample site, coupling 
optic, and coupling fluid temperature. 
0118 Still yet another method of applying coupling fluid 
includes a step of removing coupling fluid from the sample 
site. Methods of removal include: waiting for a period of time 
to allow evaporation, allowing gravity induced run off of the 
fluid, and/or wiping off with a material. Such as an absorbent 
cloth or wipe. 
0119) An additional method of providing a coupling fluid 
between a tissue site and an optical probe is to apply coupling 
fluid multiple times. For example, about one to ten microliters 
of coupling fluid is applied two or more times, preferably with 
the coupling fluid being delivered through the sample probe 
contacting face. 
0120 Optionally, coupling fluid is used to clean a sample 

site. For example, coupling fluid is applied to the sample site 
and removed as above in order to remove sample debris. 
0121. Yet another method of providing coupling fluid 
between a tip or an end of a sample probe and a tissue site or 
sample site is to determine contact of a Z-axis movable sample 
probe tip from a response signal. Such as a pressure sensor or 
a force pressure sensor, a response from a broadband source, 
or from a response to a photons emitted from a light emitting 
diode. For example, a light emitting diode is optionally used 
outside of the range detected by detectors coupled to a broad 
band Source element in a sample module. For instance, the 
light emitting diode wavelength is centered at a spectral fea 
ture, Such as due to water, fat, or protein, or within an optical 
window such as in the 'H', X, or K band regions of the 
electromagnetic spectrum. An additional detector element is 
optically associated with the light emitting diode. For 
instance, a broadband Source is used in conjunction with a 
grating from about 1100 to 1800 nm. A light emitting diode 
and its associated detector are used outside of the detected 
broadband source region to detect, through intensity change, 
contact of a sample probe, analyzer, or sample probe tip with 
a tissue sample. Particular water absorbance features that are 
optionally used occur at about 1900, 2000, or 2500 nm. 
0122. In still yet another embodiment of the invention, 
fluid is delivered from a reservoir to a manifold where the 
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fluid is delivered to a channel. From the channel, the fluid 
enters one or more grooves that optionally have fractures. 
I0123. Furthermore, certain non-fluid media having the 
requisite optical characteristic of being near-infrared neutral 
are also suitable as a coupling medium, for example, a 
GORE-TEX membrane interposed between the probe and the 
Surface of the measurement site, particularly when used in 
conjunction with one of the fluid media previously described. 

Localized Delivery 

0.124 Preferably, coupling fluid covers the entire sample 
site prior to sampling. Volume requirements for the various 
modes of delivery for a sample are Small. Such as less than 
about fifty microliters. Preferably about five to thirty micro 
liters of coupling fluid are applied to the sample site. For a 
sample site of about two to six millimeters in diameter, eight 
plus or minus one to two microliters is typically sufficient. 
Precision and/or accuracy of volume of delivery is important 
in order to avoid excess waste, Sufficient coverage, and/or 
undue pooling. Excess fluid results in optically observed 
stress/strain, which degrades analyte measurement, when the 
fluid is displaced by bringing a sample probe head into con 
tact with a sample site through displacement of the fluid. The 
target Volume of delivery is dependent upon the sample probe 
geometry and size. 
0.125. In one embodiment, a driving force is applied to a 
fluid. Such as a coupling fluid or optionally an optical cou 
pling fluid. The driving force delivers the fluid delivers fluid at 
and/or near the sample site. As described herein, a number of 
driving force methods of delivery exist including: via spray 
ing, dribbling, misting, through a gravity feed system, via 
capillary action, via a peristaltic pump, or driven by a motor 
or a piston. Preferably, the fluid is delivered at the sample site 
in a controlled manner. 

Microfluidic Channel 

0.126 Preferably, one or more microfluidic channels or 
lumens are localized about a central optic in a sample probe or 
sample probe face. The microfluidic channel is a tube or 
tubular opening, canal, duct, or cavity. The lumens or microf 
luidic channels are optionally of any geometric shape, such as 
a circle, oval, triangle, square, or other polygonal shape. The 
lumens are either in contact with the central optic, are embed 
ded in a coating material, or are located in close proximity to 
the coating material. Preferably, the lumens are extruded or 
co-extruded for ease of manufacture. An example of a central 
optic is a core, cladding, and optional buffer of a fiber optic. 
The microfluidic channel allows passage of a fluid through 
the sample probe tip to the sample site. Preferably, the fluid is 
delivered at a multitude of sites circumferentially distributed 
about a central sample site area, Such as about a central 
collection fiber optic. Circumferential delivery of fluid 
enhances surface coverage of the sample site by the fluid. For 
example, a dense fluid. Such as a fluorocarbon, travels with 
gravity. On a slanted Surface, Such as a skin sample site, 
delivery of the fluorocarbon on only one side of the sample 
site results in poor or no coverage of the sample site when 
gravity pulls the fluid downhill away from the sample site. 
Delivery of the fluid at multiple points around the sample site 
allows coverage of the sample site for any non-level orienta 
tion of the sample site. The number of lumens in this example 
is optionally one or more. For example, two, four, or six 
lumens are used to deliver a coupling fluid to the sample site. 
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The use of a larger number of lumens helps to insure coverage 
of the sample site by the coupling fluid. 

Fluid Delivery Channel 

0127 Channels are used as a low resistance flow conduit 
for a fluid, such as a coupling fluid. The channels enhance 
delivery of the fluid across the sample probe tip about a 
sample interface sampling site. The fluid readily travels 
through one or more channels about the sample probe Surface. 
The channels provide a pathway for rapid delivery of the fluid 
with minimal applied pressure from the fluid movement being 
delivered to the skin surface. Capillary action then distributes 
the fluid from the channel to the remaining surface of the 
sample probe tip to Substantially cover the optically sampled 
region. 
0128. There exist a number of benefits of a channel. A 
channel scavenges excess fluid during the measurement pro 
cess. Extra fluid on the sample site has at least two negative 
impacts. First, too much fluid on the sample site allows inci 
dent light to reflect between the skin and the sample probe 
head surface to a detection optic resulting in light, having 
properties not unlike specularly reflected light, that has not 
entered into the skin sample site with corresponding interac 
tion with the analyte of interest. This light degrades analyte 
measurement. Second, excess fluid on the sample site is dis 
placed as the sample probe Surface is brought into proximate 
contact with the sample site. Since fluid has a resistance, the 
displacement of the fluid results in stress/strain on the sample 
site. Thus, a channel for removal of excess fluid results in a 
higher signal due to a higher percentage of detected photons 
having interacted with the analyte of interest and a reduced 
noise due to the reduction of stress/strain induced spectral 
signals. A channel is filled or partially filled actively, such as 
with a pump, or passively, such as through a gravity flow. 
0129. A channel is optionally filled or partially filled with 
a fluid through: 

0.130 an internal hole after contact of the sample probe 
head with the skin; 

I0131 through application of fluid to the sample probe 
head Surface with Subsequent contact with skin; 

I0132 through application of fluid to the sample site 
with Subsequent contact with the sample probe head; 

0.133 from capillary action of fluid after the sample 
probe head is already in contact with the sample site; or 

I0134) any combination of the above. 

Radial Channel 

0135 Radial distribution of coupling fluid via channels 
has several benefits. First, the radial distribution of channels 
enhances fluid delivery over and around the optically sampled 
skin tissue. Second, the distance of required capillary action 
of the fluid between the sample probe tip and the sample site 
is minimized. This enhances complete coverage of the sample 
site with the fluid and minimizes time requirements for cap 
illary action coverage of the sample site. Third, one or more of 
the radially extending channels allow an escape path for 
excess fluid. The escape path reduces optically observed 
stress/strain tissue site stress strain as reduced pressure is 
applied to the sample site when: 

0.136 fluid is forced through a delivery hole, excess 
pressure of fluid delivery is relieved through the escape 
channel; and/or 
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0.137 force is applied to the fluid as a result of bringing 
into proximate contact the sample probe head surface 
and the skin Sample site, excess pressure is relieved 
through the escape channel. 

0.138. In yet another embodiment of the invention, a 
sample probe head includes a combination of channel types. 
Preferably, the axis of extending channels is along along axis 
of the sample site body part, such as along an X-axis Substan 
tially defined by an elbow and wrist of an arm. The gently 
sloping skin along an X-axis of an arm will inherently stay in 
contact longer with the channel as opposed to the curved 
shape of the arm along a y-axis across the arm. The combi 
nation of channel types allows: 

0.139 distribution of fluid about a sample site: 
0140 a pressure relief channel; and 
0.141 flow of fluid between interconnecting channels. 

0.142 Generally, any number of channels and any geomet 
ric shape or distribution of channels on the sample probe head 
may be used depending upon the specific fluid distribution 
patterns and/or timing of fluid delivery requirements. 
0143. In yet another example, fluid is delivered to the 
sample site when there exists a thin spatial air gap between the 
sample probe tip surface and the sample site. For instance, a 
fluid is delivered in close proximity to a collection optic. The 
fluid contacting both the sample probe tip surface and skin 
will radiate outward as a result of capillary action. The radial 
movement of the fluid results in a negative pressure relative to 
standard atmospheric pressure. The negative pressure pulls 
the skin into proximate contact with the sample probe tip 
Surface through a thin layer of the fluid. The minimal change 
in pressure delivers enough negative force to the skin to pull 
the skin into contact with the sample probe tip in an elastic 
process. The elastic nature of the force results in replicate 
measurement lacking an optically observed historesis effect 
due to being in a linear range of the Visco-elastic tissue 
response. For example, fluid is delivered when a distance 
between the sample probe head Surface and skin Surface is: 

0.144 less than a drop diameter size of the fluid; 
0145 at a distance of less than about 0.25 mm; 
0146 at a distance of less than about 0.15 mm; and/or 
0147 at a distance that creates an effective diameter, 
Such that the resultant negative pressure is sufficient to 
draw into proximate contact the sample probe head Sur 
face and skin Surface. 

0148 Hence, a method offluid delivery is presented where 
the step of fluid delivery itself to the gap between a sample 
probe tip surface and skin sample site results in movement of 
the skin into proximate contact with the probe tip. 

Automated Delivery 
0149. An automated coupling fluid delivery system is used 
to deliver coupling fluid to a sample site with minimal human 
interaction. An automated coupling fluid delivery system pro 
vides many benefits including: 

0150 accurate fluid delivery volume: 
0151 precise fluid delivery volume: 
0152 accurate fluid delivery location; 
0.153 precise fluid delivery location; 
0154) software controlled delivery: 
0.155 delivery with minimal user input; and/or 
0156 ease of use. 

0157 Delivery of coupling fluid to a sample site is prefer 
ably performed by a lay user in a convenient manner. Auto 
mated control of one or more of the delivery steps is therefore 
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preferential as the task is simplified for the user and controls 
to the delivery are established by the apparatus. 
0158 For example, fluid is delivered from a reservoir to a 
sample site via delivery means. The fluid is forced through the 
delivery path via driving means. Examples of these elements 
are provided, infra. 

Reservoir 

0159. A reservoir or container of coupling fluid is main 
tained so that a Supply of coupling fluid is available for use 
with sampling. Maintaining a reservoir with the analyzer or 
having a reservoir integrated into the analyzer reduces the 
number of items that are independently handled by a user. 
This reduces the complexity of a noninvasive measurement 
and results in overall better performance in terms of accuracy 
and precision. Examples of reservoirs or containers include 
containers of various sizes, a Syringe, a cartridge, a single use 
packet, a blister pack, a multiuse container, or a large auxil 
iary container. The reservoir is optionally a disposable or 
reusable. For instance, a small refillable reservoir is main 
tained within a sample module or within an analyzer. This 
allows, for example, the analyzer to be portable. In another 
instance, an external reservoir is coupled to the analyzer in 
either a permanent or removable fashion. Larger reservoirs 
are useful due to less frequent refilling requirements. Smaller 
reservoirs, such as a reservoir of less than one or two millili 
ters are still useful for multiple measurements as a preferred 
coupling fluid delivery volume is less than fifty microliters 
per use. 

Delivery Means 
0160 Coupling fluid is moved from the reservoir to a 
sample site through delivery means, such as tubing, flexible 
tubing, or channels. The delivery means optionally include a 
gate or a variable resistance flow section, especially when the 
housed reservoir is in close proximity to the sampling site. 
The coupling fluid is optionally routed through or integrated 
into a sample probe module. Optional routing through the 
sample module allows for delivery within close proximity to 
the sample site. Such as within one inch. Delivery in an 
accurate area about a sample results inadequate coverage of 
the sample site while requiring less coupling fluid Volume. 
For example, delivery near the sample site center allows about 
5, 8, 10, 20, 30, or 40 microliters of coupling fluid to 
adequately cover the sample site. In addition, routing through 
the sample module allows movement of the sample module 
by a user to also control routing of the integrated delivery 
means without an additional action. In addition, the dual 
movement maintains tight control of the coupling fluid deliv 
ery to the sample site in terms or precision and accuracy of 
position of delivery. Precision and accuracy is further 
enhanced by the use of a guide coupling the sample module to 
the sample site. In an additional embodiment, the delivery 
channels or tubes run by thermal control means, such as a heat 
element, described infra. In still yet another embodiment, the 
delivery means are thermally insulated. 

Driving Means 

0161 Means are used to deliver coupling fluid to a sample 
site. Driving means are available in a number of forms, such 
as via a motor, a Solenoid, a gear, a piston, a peristaltic pump, 
gravity feed, capillary action, or a magnetic drive. Power 
Supplying the driving means include potential energy, elec 
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trical sources, manual force, gravity, and magnetic fields. 
Driving means optionally push or pull the fluid. Further, 
driving means are optionally connected to the reservoir or to 
the delivery means. 
0162 Combinations and permutations of the coupling 
fluid delivery methods described herein are also usable with 
out diverting from the scope of the invention. 
(0163 While the invention is described in terms of nonin 
vasive glucose concentration estimation, the methods and 
apparatus described herein also apply to estimation of addi 
tional blood tissue analytes. 
0164. Those skilled in the art will recognize that the 
present invention may be manifested in a variety of forms 
other than the specific embodiments described and contem 
plated herein. Departures in form and detail may be made 
without departing from the spirit and scope of the present 
invention. Accordingly, the invention should only be limited 
by the Claims included below. 

1-20. (canceled) 
21. A sample probe configured to communicate with a 

patient monitor to determine one or more physiological con 
ditions of a patient, the sample probe comprising: 

a manifold terminating proximate a probe tip and config 
ured to receive a coupling fluid from a fluid reservoir, the 
manifold including a fluid redirecting Surface config 
ured to dissipate kinetic energy of the coupling fluid as 
the coupling fluid is received from the fluid reservoir; 
and 

at least one channel extending from the manifold to a 
Surface of the probe tip, the at least one channel config 
ured to distribute the coupling fluid by capillary action 
from the manifold to the surface of the probe tip, the 
Surface of the probe tip formingapathway for dispersion 
of the coupling fluid; 

a light transmitter configured to transmit light to a sample 
site of a patient being monitored; and 

a light receiver configured to receive the light for process 
ing by a patient monitor after the light is influenced by 
the sample site, the received light responsive to one or 
more physiological conditions of the patient. 

22. The sample probe of claim 21, wherein the manifold is 
configured so that the coupling fluid moves at a greater flow 
rate in the manifold than in the at least one channel. 

23. The sample probe of claim 21, wherein the manifold is 
configured to at least partially fill with the coupling fluid 
before the coupling fluid distributes from the at least one 
channel to the surface of the probe tip. 

24. The sample probe of claim 21, wherein the light trans 
mitter is configured to transmit the light to the sample site 
from the probe tip. 

25. The sample probe of claim 24, wherein the light 
receiver is configured to receive the light at the probe tip. 

26. The sample probe of claim 21, wherein the at least one 
channel is configured to circumferentially distribute the cou 
pling fluid about a center of the probe tip. 

27. The sample probe of claim 21, wherein the manifold 
comprises an annular channel extending around a center of 
the probe tip, the annular channel configured to circumferen 
tially distribute the coupling fluid about the center of the 
probe tip. 

28. The sample probe of claim 21, further comprising at 
least one groove in the Surface of the probe tip forming part of 
the pathway for dispersion of the coupling fluid. 
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29. The sample probe of claim 28, wherein the at least one 
groove is configured so that the coupling fluid flows by cap 
illary action into the at least one groove. 

30. The sample probe of claim 21, wherein the manifold 
extends parallel to the surface of the probe tip. 

31. A method of operating a sample probe configured to 
communicate with a patient monitor to determine one or more 
physiological conditions of a patient, the method comprising: 

delivering a coupling fluid from a fluid reservoir to a mani 
fold within a sample probe, the manifold terminating 
proximate a sample probe tip of the sample probe and 
comprising a fluid redirecting Surface, the fluid redirect 
ing Surface configured to dissipate kinetic energy of the 
coupling fluid as the coupling fluid is received from the 
fluid reservoir; 

delivering the coupling fluid by capillary action from the 
manifold to a Surface of the sample probe tip through at 
least one channel extending from the manifold and to the 
surface of the sample probe tip, the surface of the sample 
probe tip forming a pathway for dispersion of the cou 
pling fluid; 

transmitting light, using the sample probe, to a sample site 
of a patient being monitored; and 

receiving the light, using the sample probe, for processing 
by a patient monitor after the light is influenced by the 
sample site, the received light responsive to one or more 
physiological conditions of the patient. 
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32. The method of claim 31, further comprising moving the 
coupling fluid at a greater flow rate in the manifold than in the 
at least one channel. 

33. The method of claim 31, further comprising at least 
partially filling the manifold with the coupling fluid before 
distributing the coupling fluid from the at least one channel to 
the surface of the sample probe tip. 

34. The method of claim 31, wherein said transmitting 
comprises transmitting the light to the sample site from the 
sample probe tip. 

35. The method of claim 34, wherein said receiving com 
prises receiving the light using the sample probe tip. 

36. The method of claim 31, further comprising circumfer 
entially distributing the coupling fluid about a center of the 
sample probe tip via the at least one channel. 

37. The method of claim 31, further comprising circumfer 
entially distributing the coupling fluid about the center of the 
sample probe tip via an annular channel extending around a 
center of the sample probe tip, the at least one channel com 
prising the annular channel. 

38. The method of claim 31, further comprising delivering 
the coupling fluid across the Surface of the sample probe tip 
via at least one groove in the Surface of the sample probe tip. 

39. The method of claim 38, further comprising delivering 
the coupling fluid by capillary action into the at least one 
groove. 

40. The method of claim 31, wherein the manifold extends 
parallel to the surface of the sample probe tip. 
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