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Description

BACKGROUND OF THE INVENTION

FIELD OF THE INVENTION

[0001] The invention relates to the field of noninvasive
tissue constituent analysis. More particularly, the inven-
tion relates to a method and apparatus for minimizing
spectral effects in NIR spectral measurements for non-
invasive blood analyte determination attributable to tis-
sue state variations.

DESCRIPTION OF RELATED ART

[0002] Near infrared (NIR) tissue spectroscopy is a
promising noninvasive technology that bases measure-
ments on the irradiation of a tissue site with NIR energy
in the 700-2500 nanometer wavelength range. The en-
ergy is focused onto an area of the skin and propagates
according to the scattering and absorption properties of
the skin tissue. Therefore, the reflected or transmitted
energy that escapes and is detected provides information
about the tissue volume that is encountered. Specifically,
the attenuation of the light energy at each wavelength is
a function of the structural properties and chemical com-
position of the tissue. Tissue layers, each containing a
unique heterogeneous particulate distribution, affect light
absorbance through scattering. Chemical components
such as water, protein, fat and blood analytes absorb
light proportionally to their concentration through unique
absorption profiles or signatures. The measurement of
tissue properties, characteristics or composition is based
on detecting the magnitude of light attenuation resulting
from its respective scattering and/or absorption proper-
ties.
[0003] While noninvasive prediction of blood analytes,
such as blood glucose concentration, has been pursued
through NIR spectroscopy, fluctuations in tissue state,
such as skin temperature, lead to increased spectral var-
iance that can lead to a reduction of the net analyte signal,
thus rendering it difficult to extract valuable analyte infor-
mation.
[0004] Human tissue can consist of as much as 80%
water, which has a known peak shift that is a function of
temperature, in the NIR absorbance spectrum. As tem-
perature increases, the water band shifts to shorter wave-
lengths as a result of a decrease in hydrogen bonding.
As light irradiates the tissue and travels through the layers
of the skin, it is scattered and absorbed by the constitu-
ents of the skin before exiting the skin, where it is detected
by a spectrometer. Skin temperature variation is intro-
duced into the spectral measurement in two ways. First,
the resulting signal contains spectral information from
the tissue volume it has traversed, including contributions
from the natural temperature gradients present in the op-
tical sampling path of human tissue. Second, human skin
and sub dermal tissue undergo temperature variations,

as a result of environmental and physiological factors, to
maintain a uniform core body temperature. During the
course of a day, skin temperatures have been observed
to fluctuate by as much as 3°C (5° F) in healthy individ-
uals. These factors result in temperature variations be-
tween the measurements comprising a data set. There-
fore, water band shifts within a measurement and be-
tween measurements are present in the data set. The
data set is used to estimate the analyte of interest through
the development of a multivariate mathematical calibra-
tion model.
[0005] Within and between measurement temperature
variations add a level of complexity to the multivariate
analysis, making it more difficult to extract valuable an-
alyte information. Large variations in temperature lead
to increased spectral variance that can lead to a reduction
of the net analyte signal. In addition, uncontrolled skin
temperature variations have a higher probability of cor-
relating with analytes of interest. Such chance correla-
tions can lead to false calibrations, which may or may
not be discernible.
[0006] Various spectroscopic methods and apparatus-
es that aim to monitor or alter sample temperature in
some way are described in the prior art. For example, J.
Braig, D. Goldberger, B. Sterling, Self-emission nonin-
vasive infrared spectrophotometer with body tempera-
ture compensation, U.S. Patent No. 5,615,672 (April 1,
1997) describe a "self-emission" glucose monitor that
noninvasively measures glucose concentration in a sub-
ject’s blood by monitoring the infrared emission of glu-
cose in the blood at long infrared wavelengths near 10
microns. The described device utilizes the infrared ener-
gy emitted by the person’s blood and/or surrounding tis-
sue to perform the absorption analysis. A temperature-
sensing device for measuring the person’s internal tem-
perature at the arm is also used to adjust the constituent
concentration measurement for temperature dependent
effects. While the use of the person’s own infrared ener-
gy, emitted as body heat, for an infrared source elimi-
nates the necessity of providing an energy source, the
described device and the attendant method require a de-
termination of the individual’s internal temperature; how-
ever, the sensor measures temperature at the skin sur-
face. Therefore, the calculated compensation for internal
body temperature to be applied to the measured spectral
signal introduces a significant source of error in the an-
alyte concentration estimate. Additionally, the sensor’s
thermal time constant introduces an undesirable latency
into the measurement, possibly as long as 1 1/2 minutes.
Furthermore, the described device merely calculates a
correction to be made to the spectral signal that compen-
sates for the effect of the subject’s body temperature. No
provision is made for control of temperature within a tar-
get range in order to provide an optimal sample temper-
ature, at which temperature-related spectral effects are
minimized. Additionally, the Braig, et al. teachings are
concerned with the mid- and far regions of the IR spec-
trum.
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[0007] M. Block, Non-invasive IR transmission meas-
urement of analyte in the tympanic membrane, U.S. Pat-
ent No. 6,002,953 (December 14, 1999) describes non-
invasive methods and apparatuses for measurement of
concentrations of selected blood constituent in which an
optical device is inserted into the external ear canal to
direct a portion of the electromagnetic radiation onto an
IR detection and analysis device. The tympanic mem-
brane is cooled to create a temperature differential with
the inner ear, thus facilitating the emission of thermal
radiation across the tympanic membrane. The insertion
of an optical instrument deep into the ear canal and chill-
ing of the tympanic membrane are by no means invasive,
although they may be seen to be minimally invasive com-
pared to more traumatic methods of sampling, such as
venipuncture. The Block teachings make no provision for
spectroscopy-based measurement of temperature at the
measurement site. The cooling of the tympanic mem-
brane is not done to minimize spectral effects of tissue
state fluctuation, but to facilitate thermal transfer. With
the exception of cooling the tympanic membrane in a
stereotypical fashion, the Block device is incapable of
controlling temperature at the measurement site. The
Block device further provides no closed loop in which
spectroscopic temperature determinations provide the
feedback required for control of site temperature.
[0008] J. Braig, C.Kramer, B. Sterling, D. Goldberger,
P. Zheng, A. Shulenberger, R. Trebino, R. King, C.
Barnes, Method for determining analyte concentration
using periodic temperature modulation and phase de-
tection, U.S. Patent No. 6,161,028 (December 12, 2000)
describe a method of determining the analyte concentra-
tion of a test sample that employs a rationale similar to
that of Block. A temperature gradient is introduced in the
test sample and infrared radiation detectors measure ra-
diation at selected analyte absorbance peak and refer-
ence wavelengths. The Braig, et al. teachings employ
gradient spectroscopy, in which a temperature gradient
is produced in the sample to facilitate thermal transfer,
thereby delivering more thermal radiation to the radiation
detectors. The method described does not address the
problem of spectral effects related to fluctuations in tissue
state at the measurement site and their confounding ef-
fect on the net analyte signal. With the exception of in-
ducing a temperature gradient in the sample, the de-
scribed method provides no way of controlling sample
temperature within a target range that minimizes the
spectral effects caused by fluctuations in sample tem-
perature.
[0009] In view of the problems left unsolved by the prior
art, there exists a need for a way to control spectral effects
attributable to tissue state variations, such as skin tem-
perature, during NIR-based, non-invasive blood analyte
determination, by monitoring the selected tissue state
parameter and maintaining it within a predetermined tar-
get range of values at which such spectral effects are
minimized. It would be a significant technological ad-
vance to monitor the tissue state parameter spectroscop-

ically, in which a calibration model calculates measured
values by correlating shifts in the selected tissue state
parameter with shifts in observed spectral effects, thus
eliminating the time constants imposed by conventional
sensor devices. It would be desirable to provide a means
of controlling the selected tissue state parameter, driven
by a closed loop, in which the calculated values provided
the feedback for determining the degree of control to be
applied.
[0010] WO 93/07801 A discloses a method and appa-
ratus for determining noninvasively the presence and/or
concentration of blood analytes, according to the pre-
characterizing sections of claims 1 and 20.

SUMMARY OF THE INVENTION

[0011] The invention provides a method and apparatus
for minimizing confounding effects in a noninvasive in-
vivo spectral measurement caused by fluctuations in skin
temperature, as defined in claim 1 and claim 20, respec-
tively.
[0012] A selected tissue state parameter is spectro-
scopically monitored through the application of a multi-
variate calibration model that correlates spectroscopic
changes with fluctuations in the selected tissue state pa-
rameter, providing near-instantaneous measurements,
without the imposition of any significant time constants.
A target range of values for the selected parameter is
empirically determined from an experimental data set by
observing the spectra of the data set to determine a range
of values at which spectral effects due attributable to the
changes in the selected parameter are minimized. During
measurement, the selected parameter is continuously
monitored. The calculated values provide feedback in a
closed loop that drives a device for maintaining the se-
lected tissue state parameter within the target range.
Means for both active and passive control of the tissue
state parameter are included in the invention as preferred
ambodiments.
[0013] Skin temperature at the measurement site is
spectroscopically monitored by calculating temperature
values through the application of a multivariate calibra-
tion model that correlates spectroscopic changes with
shifts in skin temperature. Thermal time constants im-
posed by conventional temperature sensing devices are
eliminated, providing near-instantaneous temperature
readings. Active and passive control means are provided.
Passive control is achieved through the selective appli-
cation and removal of an occlusive thermal wrap. Active
control is provided by a thermistor applied to the skin in
the vicinity of the measurement site. Active and passive
control may be applied in complementary fashion or they
may be used separately. In a particularly preferred em-
bodiment of the invention, the control means is incorpo-
rated into the measurement instrument, wherein the cal-
culated skin temperature values provide the feedback in
a closed loop that drives the control device. In an alter-
nate embodiment of the invention, the temperature val-
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ues are supplied to an operator, who then applies active
and/or passive control to achieve and maintain a skin
temperature within the target range. By monitoring skin
temperature spectroscopically and employing methods
of passive and/or active control it is possible to reduce
the effects of skin temperature variation on the NIR meas-
urement. The invention finds particular application in the
noninvasive measurement of blood glucose concentra-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014]

Figure 1 provides absorbance spectra, showing a
water absorbance peak, measured at two different
temperatures;

Figures 2 and 3 provide absorbance spectra, show-
ing a water absorbance peak, of two different sub-
jects measured on a spectrometer instrument having
a fiber optic subject interface;

Figures 4 and 5 provide absorbance spectra of the
subjects of Figures 2 and 3, measured on a spec-
trometer instrument having a subject interface con-
structed from lenses;

Figure 6 shows difference spectra for the absorb-
ance spectra of Figures 2 and 3;

Figure 7 shows difference spectra for the absorb-
ance spectra of Figures 4 and 5;

Figure 8 presents a plot of spectral variance versus
wavelength for a diabetic test subject;

Figures 9a through 11a provide plots of spectral var-
iance versus wavelength for three healthy subjects;

Figures 9b through 11b provide plots of minimized
and large temperature variation for the three subjects
of Figures 9a - 11a;

Figures 12 and 13 provide bar graphs of between
sample variation relative to two different LED detec-
tors for the three subjects of Figures 9-11;

Figure 14 provides a block diagram of a method for
measuring and controlling skin temperature at a tis-
sue measurement site; and

Figure 15 provides a block diagram of a spectrom-
eter instrument for measuring and controlling skin
temperature at a tissue measurement site.

DETAILED DESCRIPTION

Skin Temperature Measurement and Control Using 
NIR Spectroscopy

[0015] Near Infrared measurements of skin combined
with associated skin temperature reference measure-
ments are used to develop NIR temperature calibrations
that require only NIR tissue scans to predict skin surface
temperature. Methods of developing calibrations for
spectral analysis may employ a variety of multivariate
analytical techniques that are well known to those skilled
in the art. NIR skin temperature calibration is made pos-
sible by the known shifting of the 1450 nm water band
with variations in skin temperature. The calibration model
incorporates the shift information implicitly in the multi-
variate regression coefficients. Temperature measure-
ment and control of human tissue is important in nonin-
vasive NIR measurement because it provides a means
of simplifying the complex overlapping spectral effects
that inhibit extraction of the analyte signal. The extra tem-
perature measurement hardware and the associated
cost and complexity are avoided by using NIR tempera-
ture measurement.
[0016] An advantage of the NIR measurement over
the primary thermistor measurement lies in the absence
of thermal time constant inherent in conventional sensing
hardware. Measured skin thermistor response frequently
requires as much as 1 1/2 minutes to reflect 95% of the
sample temperature change under a step change of 5°C
(10° F). Eliminating the time constant in the temperature
measurement provides significant advantages in the im-
plementation of active closed-loop temperature control
of the skin by providing near-immediate skin temperature
feedback unimpeded by the time constant inherent in pri-
mary measurement methods.
[0017] Skin temperature calibrations for multiple indi-
viduals have been established using the calibration data
from a single subject. This result foretells the feasibility
of general skin temperature calibrations that can be es-
tablished on site prior to the shipment of the instrument.
[0018] Procedures for active and passive control of
skin temperature are provided below. Near infrared (NIR)
tissue spectroscopy is utilized to irradiate the skin and
estimate biological analytes of human subjects. Skin tem-
perature variation is destructive to the NIR measurement
in two ways: First, false calibrations can occur if skin tem-
perature correlates to analytes of interest, and second,
large skin temperature fluctuations decrease the net an-
alyte signal. An apparatus and procedure to passively
and actively control skin temperature to prevent decreas-
ing the net analyte signal and spurious correlations is
described. The procedure for controlling skin tempera-
ture involves determining the target skin temperature,
monitoring the actual skin temperature, and applying
passive and/or active control methods to attain the target
temperature.
[0019] Experiments were conducted to:
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• Characterize the effects of skin temperature varia-
tion on the NIR spectrum - see Experiments I and II,
below.

• Characterize skin temperature profiles over the
course of a day and between days, and to determine
target temperatures - see Experiment II and III, be-
low.

• Test methods of controlling skin temperature to with-
in � 0.6°C (� 1° F) - see Experiment III, below.

Methods of Skin Temperature Control

[0020] One of the primary functions of the skin is to
maintain a constant body temperature. Physiological re-
sponses to external and internal stimuli can limit skin tem-
perature control. Periodic monitoring is a critical step in
achieving good temperature control. Using the invention,
the skilled practitioner is enabled to discern trends in skin
temperature and implement passive and/or active control
as compensation, thus maintaining a stabilized skin tem-
perature at the spectral measurement site.
[0021] Skin temperature is monitored using a temper-
ature probe attached to the skin within 5 mm of the spec-
tral measurement site. As the discussion of Experiment
II, below shows, daily skin temperature profiles have
shown that temperatures are generally lower in the morn-
ing and gradually increase throughout the day, resulting
in a profile with a gentle positive slope that stabilizes with
time. As indicated in the discussion of Experiment III,
below, healthy and diabetic skin temperature profiles
have resulted in an initial target skin temperature range
of 32.2-33.3°C (90-92° F), representative of tempera-
tures observed in the mid- to late afternoon. Target rang-
es may vary depending on the individual. The following
methods are utilized to achieve and maintain the target
range:

PASSIVE CONTROL

[0022] Passive control, by means of a thermal wrap
placed around the subject’s forearm, can be implement-
ed to quickly drive the skin temperature to the target tem-
perature in the morning. This results in a profile with a
steep positive slope during the first hour, followed by
more uniform skin temperatures during the rest of the
day. The wrap covers the forearm from the wrist to elbow
and, therefore raises the temperature of the entire fore-
arm. The wrap can be adjusted loosely or snuggly around
the subjects arm, or removed, as needed to maintain the
skin temperature within the target range.

ACTIVE CONTROL

[0023] Active control utilizes a temperature-controlled
copper heat sink to rapidly change the temperature of
the skin. The set point of the heat sink can be adjusted
to warm or cool the skin. Active control is localized to the
skin that comes into contact with the heat sink, which has

the same dimensions as the subject-spectrometer inter-
face. If the skin temperature is significantly outside of the
target range just prior to the spectral measurement, the
arm is placed on the heat sink for 1-2 minutes before the
measurement.
[0024] The methods presented above can be used in
a complementary fashion to maintain skin temperature
within the target range. The method chosen is a function
of the time available before the spectral measurement
and observed skin temperature. The decision to imple-
ment active or passive control is made each time the skin
temperature is monitored based upon the time available
before the spectral measurement and the difference be-
tween the actual and target temperatures. Passive con-
trol is best suited for time periods greater than 1-2 min-
utes, whereas active control is advantageous if rapid tem-
perature increases or decreases are required. A flow di-
agram of a general procedure to control skin temperature
is presented in Figure 14. As described herein, a target
temperature is established 140 empirically by observing
spectral measurements and establishing a target range
at which spectral variation is kept to a minimum. NIR
spectral measurements are collected 141, and skin tem-
perature is monitored 142 spectroscopically by the ap-
plication of a multivariate calibration to the spectral meas-
urement that correlates spectral effects with skin temper-
ature. The temperature reading is evaluated 143. If skin
temperature is within the target range, no control is im-
plemented. If the skin temperature is outside of the target
range, either passive 144 or active 145 control, or a com-
bination of both, are implemented to bring temperature
back into the target range. It can be seen from Figure 14
and 15 that the system of the current invention represents
a closed loop, in which the control devices are driven by
the feedback supplied by the spectroscopic temperature
determinations.
[0025] A spectrometer instrument for implementing the
invented method is shown in Figure 15. A subject inter-
face module 152 is coupled with a tissue measurement
site on the skin of the subject 151. A thermistor 159
mounted within the subject interface module has a set
point within the target range. In order to maintain its set
point, the thermistor either heats or cools the skin surface.
In a preferred embodiment of the invention, the subject
interface module comprises a fiber optic probe. The sub-
ject interface module directs light emitted from the light
source 160 toward the tissue measurement site. Light
that is back diffused form the tissue measurement site is
directed toward one or more photo detectors 154 by de-
tector optics 153, in this case, a fiber optic. Analog elec-
tronics convert the detected light to a voltage, which is
subsequently converted to a digital value by an analog-
to-digital converter (ADC) 155. From these digital values,
an absorbance spectrum is calculated 156. The absorb-
ance spectrum may be subjected to one or more of the
pre-processing techniques 157 previously described.
Subsequently, a temperature value is calculated 158
from the absorbance spectrum through the application
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of the calibration model previously described. Finally, the
calculated temperature value is routed to a controller (not
shown) that interfaces with the thermistor 159, to provide
temperature feedback.

EXPERIMENT I: Impact of Skin Temperature on NIR 
Spectra

SUMMARY

[0026] A preliminary study was conducted in order to
determine if the optical configuration of the FOCSI (fiber
optic coupled scanning instrument) spectrometer instru-
ment, supplied by Instrumentation Metrics, Inc., Tempe
AZ, was superior to the optical configuration of the DRA-
CO spectrometer instrument, also supplied by Instru-
mentation Metrics, Inc. with respect to the information
content contained in the water band of the NIR spectrum.
The water band at 1450 nm is known to shift with sample
temperature, rendering the modeling of glucose in water
and tissue more difficult over samples that are taken at
widely varying temperatures. Therefore, a blood glucose
prediction algorithm must incorporate a calibration strat-
egy that utilizes the shift in the water band to simplify the
modeling challenges. Thus, an optical design that per-
mits evaluation of tissue temperature information is an
important design criterion for a noninvasive glucose mon-
itor. In this study, it was observed that noninvasive meas-
urements taken at different temperatures on the FOCSI
instrument were substantially more consistent with the
expected spectral behavior than those taken on the DRA-
CO. It is suspected that the highly variable sample path-
length inherent in the noninvasive DRACO measurement
confounds the interpretation of temperature effects.

INTRODUCTION

[0027] Water, comprising as much as 80% of human
tissue, has a known peak shift in the NIR absorbance
spectrum with increasing sample temperature. The shift
of the water band to shorter wavelength arises as a result
of the increased solution pH and a concomitant decrease
in hydrogen bonding with increasing temperature. In Fig-
ure 1, the transmission spectrum of the first-overtone
band of water is plotted at 33 (11) and 41 (10) degrees
centigrade. An in vivo measurement peak can be expect-
ed to contain spectral contributions from a distribution of
temperature states due to a natural temperature gradient
present in the optical sampling path of human tissue.
Modeling glucose in this thermally complex sample ma-
trix is one of the more significant challenges of in vivo
measurement using NIR spectroscopy. Accurate com-
pensation for tissue temperature is best approached by
inference from the spectral measurement because prob-
ing tissue with near infrared light is likely to lead to local-
ized effects on the surface and in the tissue. A temper-
ature probe cannot be inserted into the light path of the
spectrometer without disturbing the measurement and a

non-invasive temperature probe will not account for tem-
perature gradients in tissue. The most effective means
of compensating for tissue temperature variation re-
quires that the measured spectrum contain substantive
information about the position and shape of the water
band. The shape of the water band is also influenced by
tissue optics, making the acquisition of highly informative
spectral scans even more important. In light of these con-
siderations, instrumental or sampling artifacts that distort
the shape of the water band are highly undesirable and
should strongly influence the design of non-invasive glu-
cose instrumentation based on NIR spectroscopy.

EXPERIMENTAL

[0028] Six subjects were scanned on both the FOCSI
and DRACO scanning spectrometers. Two sets of ex-
periments were conducted on each subject. In the first
experiment, the subject was scanned at normal ambient
skin temperature, while the second experiment was con-
ducted after preheating subjects’ skin temperature to
1.6-2.7°C (3-5° F) above the normal skin temperature.
Measurements taken prior to the study led to the estab-
lishment of the following protocols for spectrum meas-
urement: Rapid temperature and physiological changes
were reduced by allowing 3 minutes of arm contact with
the instrument subject interface module prior to the ac-
quisition of spectra. A YSI 4000 skin temperature sensor,
supplied by YSI, Inc., Yellow Springs OH, with a readout
to �0.03°C (�0.05° F) was placed about 5mm from the
measurement site during the course of the experiments.
Temperature was recorded every 30 seconds and scans
were conducted over a period of two minutes. Reference
spectra using an 80% reflectance standard were ac-
quired directly before and after the in vivo measurement.

RESULTS AND DISCUSSION

[0029] Scans taken on each spectrometer instrument
were examined for temperature related effects for each
of the six subjects. Temperature related effects that are
consistent with a change in the temperature distribution
of sample tissue were noted in three of the four remaining
patients scanned on the FOCSI, but temperature related
effects were not as obvious in the scans taken on the
DRACO. In Figures 2 and 3, the scans taken on the FOC-
SI from two individuals at two temperature levels are plot-
ted. One set of spectra were taken at skin temperatures
2.7°C (5° F) (21, 30) higher than the other (21, 31). It is
evident that the higher temperature scans had greater
difference in intensity between the 1450 nm maximum
and the minimum absorbance at 1650-1700 nm. The
edge of the high temperature spectrum peak is also on
the inside of the low temperature spectrum on the long
wavelength side of the 1450 nm water band. These spec-
tral differences are consistent with the existence of a
more narrow range of water temperatures in the heated
tissue, giving rise to a sharper peak. According to scat-
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tering theory, the scattering of tissue increases with tem-
perature. The spectral region with the most dominant
scattering effects is in the short wavelength region
around the second-overtone band at 1100-1300 nm.
Scattering is believed to diminish rapidly after the second
overtone region. Suppression in the sample absorbance
with increasing temperature is consistent with the expect-
ed optical behavior of tissue. The absorbance decrease
from increased scattering with temperature is pro-
nounced at the second overtone, but it may also be sig-
nificant at the first overtone on highly absorbed spectral
features like the maximum of the water band.
[0030] The corresponding scans 40, 50 and 41, 51 tak-
en on the DRACO are plotted in Figures 4 and 5. As
previously mentioned, temperature effects are not nearly
as noticeable as they are in the spectra of Figures 2 and
3. Difference spectra calculated using the individual sub-
ject spectra taken at cool and warm skin temperatures
should contain spectral information related to tempera-
ture changes in the tissue. A consistent measurement
should yield difference spectra of similar shape for each
of the individual test subjects. The spectra acquired for
each subject at cool and warm skin temperature were
subtracted and the resulting difference spectra for the
DRACO spectrometer are plotted in Figure 6 and those
for the FOCSI instrument are plotted in Figure 7. Clearly
the difference spectra (Cold minus hot) are more con-
sistent in shape for the FOCSI experiments than for the
measurements taken with the DRACO. The temperature-
induced scattering effects around the second-overtone
region are consistent with scattering research for the
FOCSI in that the cold minus the hot spectrum consist-
ently yielded the positive residual expected from in-
creased scattering by tissue at elevated temperature. It
is obvious from Figures 6 and 7 that interpretations of
measurements on tissue at normal and warmed temper-
ature states using the DRACO optical system were not
as simple as the corresponding measurements taken on
the FOCSI. The DRACO optical system may be more
susceptible to variations in tissue sampling and surface
reflection that may arise due to sensor positioning and
pressure.

Conclusions

[0031] The temperature studies conducted here can
be used to confirm that the FOCSI subject interface mod-
ule was more effective than the DRACO subject interface
module for collection and identification of temperature-
related variation present in in vivo spectral measure-
ments. Differences in the spectra of normal and heated
tissue were on the order of several hundredths of an ab-
sorbance unit, making the noise disadvantage of the
DRACO detectors a non-issue in these comparisons.
The greatest remaining difference between the units was
in the optical sampling systems: The DRACO with a con-
ventional lens system and the FOCSI with a fiber optic
light transport system running from the monochromator

to the sample and back to the detectors. The presence
of a significant level of variable skin surface reflectance
and a wider optical path distribution inherent to the DRA-
CO measurements was expected to lead to broadening
and shape uncertainty in the water band at 1450 nm. See
J.D. Hardy, H.T. Hammel, D. Murgatroyd, J Appl. Phys-
iol., 9:257(1956). Alternately, the FOCSI system was ex-
pected to have a negligible surface reflectance compo-
nent and a more narrow distribution of sample path-
lengths for photons that reach the instrument detectors.
These optical differences between the DRACO and the
FOCSI were expected to contribute to lower information
content in the water band measured by the DRACO. Ad-
ditionally, other, less obvious factors would significantly
limit or enhance the interpretation of temperature related
spectral variation.
[0032] It was encouraging that temperature related
spectral variation of scans taken on the FOCSI was con-
sistent with the expected spectral shift and optical scat-
tering properties of water and human tissue. Significantly,
experiments on the DRACO were not as successful at
producing systematic spectral variation with skin temper-
ature. The most likely source of the measurement incon-
sistency of scans taken on the DRACO is the sample-to-
sample variation in skin surface reflectance. Unfortunate-
ly, even modest changes in surface reflectance between
different measurements of the same subject can lead to
changes in the amplitude and shape of the water band,
which in turn make the interpretation of temperature-re-
lated spectral variation difficult or impossible. In vivo sam-
ple scattering and the related changes in mean optical
path can vary with changes in temperature, pressure,
physiological response, and sampling location. Compen-
sation for temperature requires that temperature-related
variation could be largely separated from these other ef-
fects. Resolution of skin temperature states is made sub-
stantially more challenging on the DRACO instrument
because the spectral variation due to factors other than
temperature is larger than for the FOCSI instrument. The
consistency of the measurements taken in this experi-
ment and the resulting information content lead to the
conclusion that a fiber-based instrument is preferred for
use in compensation of temperature-related spectral var-
iation.

EXPERIMENT II: Skin Temperature Profiles

SUMMARY

[0033] The objective of the current study was to char-
acterize skin temperature profiles, both uncontrolled and
with passive skin temperature control. Both uncontrolled
and passively controlled skin temperatures were found
to be lowest early in the day, with a tendency to stabilize
as the day progressed. The passively controlled and the
uncontrolled profiles tended to track each other, although
passively controlled skin temperature were less suscep-
tible to sudden changes.
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EXPERIMENTAL

[0034] Eight subjects were divided into two groups,
each group including three males and one female. Both
uncontrolled and passively controlled skin temperature
profiles were collected on an hourly basis between 9AM
and 6PM for three days. For group one, skin temperature
was passively controlled by occluding a measurement
site on the forearm with a THERMAX wrap. For group
two, passive control was by means of the THERMAX
wrap on day one. On days two and three, control was by
means of a fleece arm sleeve that covered the entire
forearm. For both groups, the uncontrolled temperature
measurements were collected on the subjects’ other fore-
arms, which were left unoccluded. Skin temperature de-
terminations were made using a YSI 4000 temperature
sensor.

RESULTS AND DISCUSSION

[0035] It was observed that initial temperature was de-
pendent on subjects’ clothing: subjects wearing long
sleeves had higher initial temperatures. All eight subjects
were right-handed, and it was observed that right arm
temperatures were generally higher. Subjects’ arm tem-
peratures did not necessarily correlate with room tem-
perature; typically arm temperature rose steeply in the
morning, then it either stabilized and eventually dropped,
or continued to rise in a more gradual fashion than the
initial steep rise. The day-to-day highest temperature in
the passive controls occurred in a relatively narrow range
of 32.8-33.9°C (91-93° F) for seven of the eight subjects.
Day-to-day lowest temperature was highly variable and
may have been affected by ingestion of stimulant bever-
ages such as coffee and soft drinks. Passively controlled
skin temperatures were generally less susceptible to sud-
den changes in temperature of the external environment,
such as when the subject went outside. After the initial
AM rapid temperature increase, the controlled and the
uncontrolled profiles tended to track each other, with the
spread between uncontrolled and controlled tempera-
tures remaining fairly constant. This may have been a
result of a sympathetic response that tended to stabilize
temperatures between the uncontrolled arm and the con-
trolled arm. Finally, it was observed that skin temperature
could by increased approximately 37.8-41.7°C (2-9° F)
by covering the entire forearm with the fleece arm sleeve.

CONCLUSIONS

[0036] Skin temperature is subject to a number of en-
vironmental and physiologic influences. The use of var-
ious passive control strategies can minimize skin tem-
perature fluctuations to such a degree that a range of �
0.6°C (� 1° F) may be maintained. Application of passive
temperature controls can precipitate rapid increases in
skin temperatures.

EXPERIMENT III: Preliminary effects of skin temper-
ature on sample repeatability

SUMMARY

[0037] The current studies focus on the relationship
between skin temperatures and noninvasive spectra, in
particular, how,large skin temperature excursions impact
sampling precision. A study was conducted in which non-
invasive spectra were collected over a large range of skin
temperatures as well as over a controlled range of skin
temperatures for each of three subjects. Preliminary re-
sults indicate that minimal skin temperature variation
leads to a reduction of the spectral variance in the
1500-1600 nm wavelength region.

INTRODUCTION

[0038] Skin temperature data from a first pool of dia-
betic test subjects undergoing repeated oral glucose tol-
erance tests over several visits show that any given sub-
ject may exhibit large skin temperature variations be-
tween visits as well as over the course of a single visit of
four hours’ duration. These variations may result from
several factors, including environmental and physiolog-
ical conditions. It is necessary to understand the impact
of large temperature variations on between sample sta-
bility. Monitoring skin temperature in a second pool of
healthy individuals revealed that temperatures vary as
much as 2.7°C (5° F) in the course of a typical workday.
A study was conducted to generate two sets of data for
each of three participants. The first data set contained
noninvasive samples with large skin temperature excur-
sions of up to approximately 4.4°C (8° F) between sam-
ples, while the second data set consisted of samples that
were controlled within a 1.1°C (2° F) range.

EXPERIMENTAL PROCEDURE

[0039] Three subjects, 2 males and 1 female, partici-
pated in the second study. Prior to measurement, the
measurement site was occluded with a plug of RTV (room
temperature vulcanizing) silicone rubber for forty-five
minutes. A FOCSI 9 (fiber optic coupled scanning instru-
ment) spectrometer instrument, manufactured by Instru-
mentation Metrics, Inc. of Tempe AZ was employed to
collect all data. An optical coupling fluid, FLUORINERT
FC-40, supplied by 3M Corporation, St. Paul MN, was
employed to enhance coupling between the measure-
ment site and the fiber optic probe of the spectrometer.
A reference scan (80% reflectance standard) and a pol-
ystyrene scan were collected with each sample. YSI tem-
perature probes, supplied by YSI, Inc. of Yellow Springs
OH were used to record skin temperature measurements
near the spectral measurement site.
[0040] Five to eight samples were collected for both
large and minimized skin temperature variation. Mini-
mized skin temperature variation, herein referred to as
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controlled samples, was achieved by passively warming
the measurement arm to approximately 32.8°C (91° F)
with a small blanket. Uncontrolled samples, having large
temperature variations, consisted of samples with skin
temperatures varying from approximately 30.0-33.9°C
(86° to 93° F).

DATA ANALYSIS

[0041] Preprocessing steps, including baseline cor-
rection, x-axis standardization, outlier detection, and
conversion to absorbance were applied to the data set
prior to analysis. Each sample, consisting of 16 raster
scans was ensemble averaged. First derivative spectra
were obtained using a thirty-five point first order Savitsky-
Golay filter. The square of the standard deviation of each
set of samples was calculated and is referred to as the
spectral variance. The smaller the spectral variance, the
simpler the matrix is for PLS (partial least squares) mod-
eling.
[0042] In addition, RMSE (root mean square error) val-
ues were calculated to assess the sampling repeatability
for controlled and uncontrolled samples. The entire us-
able wavelength regions for each detector (1100-1700
nm and 1400-2400 nm for the 1.9 Pm and 2.6 Pm detec-
tors, respectively) were used to determine these values.

RESULTS

[0043] Figure 8 presents the spectral variance versus
wavelength for clinic data for an exemplary subject from
the first subject pool. The data includes samples from
two separate clinic visits. Samples were separated ac-
cording to skin temperature. The standard deviations of
the skin temperatures were 0.21°C (0.38° F) (80) and
1.5°C (2.73° F) (81). When the skin temperature varia-
tions are small, spectral variance in the 1500-1600 nm
spectral region is observed to be noticeably reduced.
[0044] The study involving the second subject pool al-
so indicates that minimization of skin temperature varia-
tion leads to reduced spectral variance. Figures 9 -11
through present the spectral variance for the 1.9 Pm de-
tector versus wavelength for subjects 1 through 3. Fig-
ures 9a -11a provide plots of spectral variance for stand-
ard deviation of skin temperatures equal to 1.5°C (2.73°
F) (90, 100, 110) and 0.21°C (0.38° F) (91, 101, 111)
respectively, along with corresponding controlled and un-
controlled temperature profiles in Figure 9b-11 b. Results
are similar for the 1500-1600 nm region of the 2.6-Pm
detector. RMSE values are given in Figures 12 and 13,
which indicate between sample repeatability of the data.
Between-sample variation was moderately reduced on
the 1.9-Pm detector for subjects 1 and 2 and greatly re-
duced on the 2.6-Pm detector for subjects 2 and 3 when
temperature variation was controlled.
[0045] Both studies presented above suggest that
samples with smaller variations in skin temperature result
in reduced spectral variance in the wavelength region of

interest.
[0046] In addition to skin temperature varying over time
in a single individual, skin temperature ranges vary be-
tween individuals. For example, ambient temperature,
time of day, physiological response to contact with the
subject interface module of the instrument, the type of
clothing and activity level all impact a person’s skin tem-
perature. Due to the large number of parameters in-
volved, it is not feasible to define a single skin tempera-
ture at which noninvasive spectra should be collected.
However, it is clear, that a method of minimizing skin
temperature variation within a subject be reduces spec-
tral variation within the wavelength region of interest. To
minimize spectral variation, skin temperatures may be
maintained at approximately 31.7-32.8°C (89-91° F).
Wrapping the forearm with a blanket or other thermal
wrapping is an effective method of raising the skin tem-
perature prior to scanning and does not introduce large
temperature transients during scanning. Another possi-
ble method of controlling skin temperature involves plac-
ing the arm on a While the invention has been described
herein with respect to control of skin temperature, the
invention may also be applied to other tissue state pa-
rameters such as hydration or surface pH. Additionally,
while the invention finds particular application in nonin-
vasive blood glucose determination, the invention also
is applicable to the measurement of other constituents
of blood and tissue; for example, cholesterol, other lipids,
BUN, and protein. Furthermore, the invention would be
suitable for the detection of foreign substances in the
blood such as ethanol and various other drugs and toxins.
[0047] Although the invention has been described
herein with reference to certain preferred embodiments,
one skilled in the art will readily appreciate that other
applications may be substituted without departing from
the scope of the present invention. Accordingly, the in-
vention should only be limited by the Claims included
below.

Claims

1. A method for reducing spectral effects attributable
to skin temperature variations during near-infrared-
based, non-invasive blood analyte determination,
comprising the steps of:

determining a target range (140) of values for
the skin temperature, in the vicinity of a tissue
measurement site on a body part of a live subject
(151);
providing means for modifying said skin temper-
ature;
providing a calibration model that correlates
spectral effects comprising shifts in a peak water
absorbance band in a near-infrared spectrum to
variations in the skin temperature, wherein said
peak water absorbance band shifts to shorter
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wavelengths as skin temperature increases and
wherein said peak water absorbance band shifts
to longer wavelengths as skin temperature de-
creases, and said shifts attenuate a net analyte
signal;
monitoring said skin temperature (142) by
measuring a near-infrared spectrum and calcu-
lating values for said temperature from said
spectrum according to said calibration model;
and
if said calculated value is outside of said target
range, modifying said temperature until a meas-
ured value for said temperature is within said
target range,
characterized in that:

said target range comprises a range of skin
temperatures wherein said shifts are mini-
mized, so that said attenuation of said net
analyte signal is minimized.

2. The method of claim 1, wherein said peak water ab-
sorbance band occurs in a wavelength region at ap-
proximately 1450 nm.

3. The method of claim 1, wherein said target range is
approximately 31.7 to 32.8 °C (eight-nine to ninety
one degrees Fahrenheit).

4. The method of claim 1, wherein said step of deter-
mining a target range comprises:

empirically determining said target range by ex-
amining spectra from a calibration data set to
determine a temperature range in which said
shifts are minimized.

5. The method of claim 1, wherein said means for mod-
ifying a tissue state parameter comprises one or both
of:

means for actively controlling (145) said skin
temperature; and
means for passively controlling (144) said skin
temperature.

6. The method of claim 5, wherein said active means
(145) and said passive means (144) are employed
in complementary fashion to maintain skin within
said target range.

7. The method of claim 6, wherein said active means
(145) of control is employed to induce rapid changes
in skin temperature.

8. The method of claim 5, wherein said passive means
(144) of control is employed for relatively longer time
periods.

9. The method of claim 5, wherein said means for pas-
sively controlling (144) said skin temperature com-
prises a thermal wrap applied to said body part,
wherein initial application of said thermal wrap caus-
es a rise in skin temperature.

10. The method of claim 9, wherein skin temperature is
maintained within said target range by one of loos-
ening, tightening and removing said thermal wrap.

11. The method of claim 5, wherein said means for ac-
tively controlling (145) said skin temperature com-
prises a temperature-controlled heat sink.

12. The method of claim 11, wherein said heat sink has
a set point within said target range, and wherein said
heat sink cools or warms said skin to maintain skin
temperature within said target range.

13. The method of claim 11, wherein active control (145)
is localized to skin that comes into contact with said
heat sink.

14. The method of claim 1, wherein said step of providing
said calibration model comprises developing said
calibration model using a calibration data set that
includes spectral measurements on a group of ex-
emplary subjects combined with associated skin
temperature reference measurements.

15. The method of claim 14, wherein said reference
measurements span a range approximately equal to
or greater than said target range.

16. The method of claim 14, wherein said reference
measurements are made using a noninvasive tem-
perature sensor placed in the immediate vicinity of
the tissue measurement site.

17. The method of claim 14, wherein said calibration is
developed using multivariate analytical techniques,
and wherein said model implicitly incorporates said
shift information in multivariate regression coeffi-
cients.

18. The method of claim 17, wherein said step of mon-
itoring (142) said tissue state parameter comprises
the steps of:

calculating an absorbance spectrum (156) from
said near-infrared spectrum;
optionally, pre-processing (157) said absorb-
ance spectrum; and
calculating a skin temperature (158) value by
applying said multivariate calibration model.

19. The method of claim 18, wherein said step of mod-
ifying (142) said tissue state parameter comprises
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applying said means of control so that skin temper-
ature is restored to said target range.

20. An apparatus for reducing spectral effects attributa-
ble to skin temperature variations during NIR-based,
non-invasive blood analyte determination, compris-
ing:

means for modifying the skin temperature;
means for measuring a near-infrared spectrum
at a tissue measurement site;
a calibration model that correlates spectral ef-
fects comprising shifts in a peak water absorb-
ance band in a near-infrared spectrum to varia-
tions in the skin temperature, wherein said peak
water absorbance band shifts to shorter wave-
lengths as skin temperature increases and said
peak water absorbance band shifts to longer
wavelengths as skin temperature decreases,
and said shifts attenuate a net analyte signal;
means for monitoring the skin temperature by
measuring a near-infrared spectrum and calcu-
lating values for the skin temperature from said
spectrum according to said calibration model;
wherein the skin temperature is modified by said
modifying means if said calculated value is out-
side of a target range until the skin temperature
is within said target range,
characterized in that:

said target range comprises a range of skin
temperatures wherein said shifts are mini-
mized, so that said attenuation of said net
analyte signal is minimized.

21. The apparatus of claim 20, wherein said peak water
absorbance band occurs in a wavelength region at
approximately 1450 nm.

22. The apparatus of claim 20, wherein said target range
is approximately 31.7 to 32.8°C (eight-nine to ninety
one degrees Fahrenheit).

23. The apparatus of claim 20, wherein target range is
empirically determined by examining spectra from a
calibration data set to determine a temperature
range in which said shifts are minimized.

24. The apparatus of claim 20, wherein said means for
modifying a tissue state parameter comprises one
or both of:

means for actively controlling (145) said skin
temperature; and
means for passively controlling (144) said skin
temperature.

25. The apparatus of claim 24, wherein said active

means (145) and said passive means (144) are em-
ployed in complementary fashion to maintain skin
within said target range.

26. The apparatus of claim 24, wherein said means for
passively controlling (144) said skin temperature
comprises a thermal wrap applied to said body part.

27. The apparatus of claim 26, wherein skin temperature
is maintained within said target range by one of loos-
ening, tightening and removing said thermal wrap.

28. The apparatus of claim 24, wherein said means for
measuring a near-infrared spectrum comprises a
near-infrared spectrometer instrument, wherein said
spectrometer instrument includes a subject interface
module (152).

29. The apparatus of claim 28, wherein said means for
actively controlling (145) said skin temperature com-
prises a temperature-controlled heat sink.

30. The apparatus of claim 28, wherein said heat sink is
incorporated into said subject interface module (152)
so that said heat sink is in contact with said tissue
measurement site during use.

31. The apparatus of claim 29, wherein said heat sink
has a set point within said target range and wherein
said heat sink is configured to cool or warm said skin
to maintain skin temperature within said target range.

32. The apparatus of claim 20, wherein said calibration
model comprises a calibration data set that includes
spectral measurements on a group of exemplary
subjects combined with associated skin temperature
reference measurements.

33. The apparatus of claim 32, wherein said reference
measurements span a range approximately equal to
or greater than said target range.

34. The apparatus of claim 32, wherein said means for
monitoring comprises a noninvasive temperature
sensor placed in the immediate vicinity of the tissue
measurement site.

35. The apparatus of claim 32, wherein said calibration
model comprises a model implicitly incorporating
said shift information in multivariate regression co-
efficients.

Patentansprüche

1. Verfahren zum Reduzieren von spektralen Effekten,
die Hauttemperaturschwankungen zuzuschreiben
sind, bei der Bestimmung von Blutanalyten auf nicht-
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invasiver NIR-Basis, das folgende Schritte umfasst:

• Bestimmen eines Zielbereichs (140) von Wer-
ten für die Hauttemperatur in der Nähe einer Ge-
webemessstelle an einem Körperteil eines le-
benden Subjekts (151);
• Bereitstellen von Einrichtungen zum Modifizie-
ren der Hauttemperatur;
• Bereitstellen eines Kalibrierungsmodells, das
spektrale Effekte, die Verschiebungen in einem
Spitzen-Wasserabsorptionsband in einem NIR-
Spektrum umfassen, mit Schwankungen der
Hauttemperatur in Wechselbeziehung bringt,
wobei sich das Spitzen-Wasserabsorptions-
band mit Erhöhung der Hauttemperatur zu kür-
zeren Wellenlängen verschiebt und wobei sich
das Spitzen-Wasserabsorptionsband mit Ver-
ringerung der Hauttemperatur zu längeren Wel-
lenlängen verschiebt, und wobei diese Ver-
schiebungen ein Netto-Analytsignal dämpfen;
• Überwachen der Hauttemperatur (142), indem
ein NIR-Spektrum gemessen wird und Werte für
die Temperatur von dem Spektrum gemäß dem
Kalibrierungsmodell berechnet werden; und,
• wenn sich der berechnete Wert außerhalb des
Zielbereichs befindet, Modifizieren der Tempe-
ratur, bis sich ein gemessener Wert für die Tem-
peratur innerhalb des Zielbereichs befindet,

dadurch gekennzeichnet, dass:

- der Zielbereich einen Bereich von Hauttempe-
raturen umfasst, in dem die Verschiebungen mi-
nimiert sind, so dass die Dämpfung des Netto-
Analytsignals minimiert ist.

2. Verfahren nach Anspruch 1, wobei das Spitzen-
Wasserabsorptionsband in einem Wellenlängenbe-
reich bei annähernd 1450nm erscheint.

3. Verfahren nach Anspruch 1, wobei der Zielbereich
annähernd 31,7 bis 32,8°C (89 bis 91°F) beträgt.

4. Verfahren nach Anspruch 1, wobei der Schritt des
Bestimmens eines Zielbereichs umfasst:

• empirisches Bestimmen des Zielbereichs, in-
dem Spektren von einem Kalibrierungsdaten-
satz untersucht werden, um einen Temperatur-
bereich bestimmen zu können, in dem die Ver-
schiebungen minimiert sind.

5. Verfahren nach Anspruch 1, wobei die Einrichtung
zum Modifizieren eines Gewebezustandsparame-
ters eines der folgenden oder beide umfasst:

• Einrichtungen zum aktiven Regeln (145) der
Hauttemperatur; und

• Einrichtungen zum passiven Regeln (144) der
Hauttemperatur.

6. Verfahren nach Anspruch 5, wobei die aktive Ein-
richtung (145) und die passive Einrichtung (144) auf
komplementäre Weise eingesetzt werden, um die
Haut innerhalb des Zielbereichs zu halten.

7. Verfahren nach Anspruch 6, wobei die aktive Rege-
leinrichtung (145) eingesetzt wird, um schnelle Än-
derungen der Hauttemperatur zu induzieren.

8. Verfahren nach Anspruch 5, wobei die passive Re-
geleinrichtung (144) für relativ längere Zeitperioden
eingesetzt wird.

9. Verfahren nach Anspruch 5, wobei die Einrichtung
zur passiven Regelung (144) der Hauttemperatur ei-
ne auf den Körperteil aufgebrachte thermische Um-
hüllung umfasst, wobei das erste Anlegen der ther-
mischen Umhüllung einen Anstieg der Hauttempe-
ratur bewirkt.

10. Verfahren nach Anspruch 9, wobei die Hauttempe-
ratur innerhalb des Zielbereichs gehalten wird, in-
dem die thermische Umhüllung entweder gelockert,
festgezogen oder entfernt wird.

11. Verfahren nach Anspruch 5, wobei die Einrichtung
zum aktiven Regeln (145) der Hauttemperatur eine
temperaturgesteuerte Wärmesenke umfasst.

12. Verfahren nach Anspruch 11, wobei die Wärmesen-
ke einen Einstellpunkt innerhalb des Zielbereichs
aufweist, und wobei die Wärmesenke die Haut ab-
kühlt oder erwärmt, um die Hauttemperatur inner-
halb des Zielbereichs zu halten.

13. Verfahren nach Anspruch 11, wobei die aktive Re-
gelung (145) an Haut angeordnet ist, die mit der Wär-
mesenke in Kontakt gerät.

14. Verfahren nach Anspruch 1, wobei der Schritt des
Bereitstellens des Kalibrierungsmodells die Ent-
wicklung des Kalibrierungsmodells unter Verwen-
dung eines Kalibrierungsdatensatzes umfasst, der
Spektralmessungen einer Gruppe von Versuchsper-
sonen enthält, kombiniert mit begleitenden Hauttem-
peratur-Referenzmessungen.

15. Verfahren nach Anspruch 14, wobei sich die Refe-
renzmessungen über einen Bereich erstrecken, der
dem Zielbereich annähernd gleich oder größer als
dieser ist.

16. Verfahren nach Anspruch 14, wobei die Referenz-
messungen unter Verwendung eines nichtinvasiven
Temperatursensors erstellt werden, der in unmittel-
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barer Nähe zur Gewebemessstelle angeordnet ist.

17. Verfahren nach Anspruch 14, wobei die Kalibrierung
unter Verwendung von multivariaten Analyseverfah-
ren entwickelt wird, und wobei dieses Modell die Ver-
schiebungsinformationen in multivariaten Regressi-
onskoeffizienten implizit beinhalten.

18. Verfahren nach Anspruch 17, wobei der Schritt des
Überwachens (142) des Gewebezustandsparame-
ters folgende Schritte umfasst:

• Berechnen eines Absorptionsspektrums (156)
aus dem NIR-Spektrum;
• optional: Vorverarbeiten (157) des Absorpti-
onsspektrums; und
• Berechnen eines Hauttemperaturwerts (158)
durch Anwenden des multivariaten Kalibrie-
rungsmodells.

19. Verfahren nach Anspruch 18, wobei der Schritt des
Modifizierens (142) des Gewebezustandsparame-
ters das Anwenden der Regeleinrichtung umfasst,
so dass die Hauttemperatur wieder in den Zielbe-
reich gebracht wird.

20. Vorrichtung zum Reduzieren von spektralen Effek-
ten, die Hauttemperaturschwankungen zuzuschrei-
ben sind, bei der Bestimmung von Blutanalyten auf
nichtinvasiver NIR-Basis, mit:

• Einrichtungen zum Modifizieren der Hauttem-
peratur;
• Einrichtungen zum Messen eines NIR-Spek-
trums bei einer Gewebemessstelle;
• ein Kalibrierungsmodell, das spektrale Effekte,
die Verschiebungen in einem Spitzen-Wasser-
absorptionsband in einem NIR-Spektrum um-
fassen, mit Schwankungen der Hauttemperatur
in Wechselbeziehung bringt, wobei sich das
Spitzen-Wasserabsorptionsband mit Erhöhung
der Hauttemperatur zu kürzeren Wellenlängen
verschiebt und wobei sich das Spitzen-Wasser-
absorptionsband mit Verringerung der Hauttem-
peratur zu längeren Wellenlängen verschiebt,
und wobei diese Verschiebungen ein Netto-
Analytsignal dämpfen;
• Einrichtungen zum Überwachen der Hauttem-
peratur, indem ein NIR-Spektrum gemessen
wird und Werte für die Hauttemperatur von dem
Spektrum gemäß dem Kalibrierungsmodell be-
rechnet werden;
• wobei die Hauttemperatur durch die Einrich-
tung zum Modifizieren modifiziert wird, wenn
sich der berechnete Wert außerhalb eines Ziel-
bereichs befindet, bis sich die Hauttemperatur
innerhalb des Zielbereichs befindet,

dadurch gekennzeichnet, dass:

der Zielbereich einen Bereich von Hauttempe-
raturen umfasst, in dem die Verschiebungen mi-
nimiert sind, so dass die Dämpfung des Netto-
Analytsignals minimiert ist.

21. Vorrichtung nach Anspruch 20, wobei das Spitzen-
Wasserabsorptions-band in einem Wellenlängenbe-
reich bei annähernd 1450nm erscheint.

22. Vorrichtung nach Anspruch 20, wobei der Zielbe-
reich annähernd 31,7 bis 32,8°C (89 bis 91°F) be-
trägt.

23. Vorrichtung nach Anspruch 20, wobei der Zielbe-
reich empirisch bestimmt wird, indem Spektren von
einem Kalibrierungsdatensatz untersucht werden,
um einen Temperaturbereich bestimmen zu können,
in dem die Verschiebungen minimiert sind.

24. Vorrichtung nach Anspruch 20, wobei die Einrich-
tung zum Modifizieren eines Gewebezustandspara-
meters eines der folgenden oder beide umfasst:

• Einrichtungen zum aktiven Regeln (145) der
Hauttemperatur; und
• Einrichtungen zum passiven Regeln (144) der
Hauttemperatur.

25. Vorrichtung nach Anspruch 24, wobei die aktive Ein-
richtung (145) und die passive Einrichtung (144) auf
komplementäre Weise eingesetzt werden, um die
Haut innerhalb des Zielbereichs zu halten.

26. Vorrichtung nach Anspruch 24, wobei die Einrich-
tung zur passiven Regelung (144) der Hauttempe-
ratur eine auf den Körperteil aufgebrachte thermi-
sche Umhüllung umfasst.

27. Vorrichtung nach Anspruch 26, wobei die Hauttem-
peratur innerhalb des Zielbereichs gehalten wird, in-
dem die thermische Umhüllung entweder gelockert,
festgezogen oder entfernt wird.

28. Vorrichtung nach Anspruch 24, wobei die Einrich-
tung zum Messen eines NIR-Spektrums ein NIR-
Spektrometer umfasst, wobei das NIR-Spektrome-
ter ein Subjekt-Schnittstellenmodul (152) enthält.

29. Vorrichtung nach Anspruch 28, wobei die Einrich-
tung zum aktiven Regeln (145) der Hauttemperatur
eine temperaturgesteuerte Wärmesenke umfasst.

30. Vorrichtung nach Anspruch 28, wobei die Wärme-
senke so in das Subjekt-Schnittstellenmodul (152)
eingebaut ist, dass die Wärmesenke während der
Benutzung mit der Gewebemessstelle in Kontakt
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steht.

31. Vorrichtung nach Anspruch 29, wobei die Wärme-
senke einen Einstellpunkt innerhalb des Zielbe-
reichs aufweist, und wobei die Wärmesenke so kon-
figuriert ist, dass sie die Haut abkühlt oder erwärmt,
um die Hauttemperatur innerhalb des Zielbereichs
zu halten.

32. Vorrichtung nach Anspruch 20, wobei das Kalibrie-
rungsmodell einen Kalibrierungsdatensatz umfasst,
der Spektralmessungen einer Gruppe von Ver-
suchspersonen enthält, kombiniert mit begleitenden
Hauttemperatur-Referenzmessungen.

33. Vorrichtung nach Anspruch 32, wobei sich die Re-
ferenzmessungen über einen Bereich erstrecken,
der dem Zielbereich annähernd gleich oder größer
als dieser ist.

34. Vorrichtung nach Anspruch 32, wobei die Überwa-
chungseinrichtung einen nichtinvasiven Tempera-
tursensor umfasst, der in unmittelbarer Nähe zur Ge-
webemessstelle angeordnet ist.

35. Vorrichtung nach Anspruch 32, wobei das Kalibrie-
rungsmodell die Verschiebungsinformationen in
multivariaten Regressionskoeffizienten implizit be-
inhaltet.

Revendications

1. Procédé pour réduire les effets spectraux imputa-
bles aux variations de température de la peau au
cours d’une détermination d’analytes sanguins non
invasive basée sur le proche infrarouge, comprenant
les étapes dans lesquelles :

on détermine une plage cible (140) de valeurs
pour la température de la peau, au voisinage
d’un site de mesure de tissu sur une partie du
corps d’un sujet vivant (151) ;
on prend un moyen permettant de modifier ladite
température de la peau ;
on prend un modèle d’étalonnage qui corrèle les
effets spectraux, y compris les déplacements de
la bande d’absorption maximale de l’eau dans
un spectre proche infrarouge, aux variations de
la température de la peau, dans lequel ladite
bande d’absorption maximale de l’eau se dépla-
ce vers les longueurs d’onde courtes lorsque la
température de la peau augmente et dans lequel
ladite bande d’absorption maximale de l’eau se
déplace vers les grandes longueurs d’onde lors-
que la température de la peau diminue, et lesdits
déplacements atténuent un signal d’analyte
résultant ;

on surveille ladite température de la peau (142)
en mesurant un spectre proche infrarouge et en
calculant des valeurs pour ladite température à
partir dudit spectre selon ledit modèle
d’étalonnage ; et
si ladite valeur calculée se trouve en dehors de
ladite plage cible, on modifie ladite température
jusqu’à ce qu’une valeur mesurée pour ladite
température se trouve dans ladite plage cible,
caractérisé en ce que ladite plage cible com-
prend une plage de températures de la peau
dans laquelle lesdits déplacements sont minimi-
sés, de sorte que ladite atténuation du signal
d’analyte résultant est minimisée.

2. Procédé selon la revendication 1, dans lequel ladite
bande d’absorption maximale de l’eau se produit
dans une région de longueur d’onde de 1450 nm
environ.

3. Procédé selon la revendication 1, dans lequel ladite
plage cible vaut environ de 31,7 à 32,8 °C (quatre-
vingt-neuf à quatre-vingt-onze degrés Fahrenheit).

4. Procédé selon la revendication 1, dans lequel ladite
étape de détermination d’une plage cible comprend
la détermination empirique de ladite plage cible en
examinant les spectres provenant d’un ensemble de
données d’étalonnage pour déterminer une plage de
température dans laquelle lesdits déplacements
sont minimisés.

5. Procédé selon la revendication 1, dans lequel ledit
moyen pour modifier un paramètre d’état de tissu
comprend l’un ou les deux des moyens suivants :

un moyen pour commander activement (145) la-
dite température de la peau ; et
un moyen pour commander passivement (144)
ladite température de la peau.

6. Procédé selon la revendication 5, dans lequel ledit
moyen actif (145) et ledit moyen passif (144) sont
employés de façon complémentaire pour maintenir
la peau dans les limites de ladite plage cible.

7. Procédé selon la revendication 6, dans lequel ledit
moyen actif (145) de commande est employé pour
induire des changements rapides de la température
de la peau.

8. Procédé selon la revendication 5, dans lequel ledit
moyen passif (144) de commande est employé pour
des intervalles de temps relativement longs.

9. Procédé selon la revendication 5, dans lequel ledit
moyen pour commander passivement (144) ladite
température de la peau comprend un manteau ther-
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mique appliqué sur ladite partie du corps, l’applica-
tion initiale dudit manteau thermique provoquant une
montée de la température de la peau.

10. Procédé selon la revendication 9, dans lequel la tem-
pérature de la peau est maintenue dans les limites
de ladite plage cible par une opération parmi un des-
serrement, un resserrement et un retrait dudit man-
teau thermique.

11. Procédé selon la revendication 5, dans lequel ledit
moyen pour commander activement (145) ladite
température de la peau comprend un dissipateur
thermique commandé en température.

12. Procédé selon la revendication 11, dans lequel ledit
dissipateur thermique a une valeur de consigne dans
ladite plage cible, et dans lequel ledit dissipateur
thermique refroidit ou réchauffe ladite peau pour
maintenir la température de la peau dans les limites
de ladite plage cible.

13. Procédé selon la revendication 11, dans lequel la
commande active (145) est localisée sur la peau qui
est en contact avec ledit dissipateur thermique.

14. Procédé selon la revendication 1, dans lequel ladite
étape consistant à prendre ledit modèle d’étalonna-
ge comprend le développement dudit modèle d’éta-
lonnage en utilisant un ensemble de données d’éta-
lonnage qui comprend des mesures spectrales sur
un groupe de sujets exemplaires combinées à des
mesures de référence de température de peau as-
sociées.

15. Procédé selon la revendication 14, dans lequel les-
dites mesures de référence couvrent une plage à
peu près égale ou supérieure à ladite plage cible.

16. Procédé selon la revendication 14, dans lequel les-
dites mesures de référence sont faites en utilisant
un capteur de température non invasif placé au voi-
sinage immédiat du site de mesure de tissu.

17. Procédé selon la revendication 14, dans lequel ledit
étalonnage est développé en utilisant des techni-
ques analytiques à plusieurs variables, et dans le-
quel ledit modèle incorpore implicitement lesdites in-
formations de déplacement dans des coefficients de
régression à plusieurs variables.

18. Procédé selon la revendication 17, dans lequel ladite
étape de surveillance (142) ledit paramètre d’état de
tissu comprend les étapes dans lesquelles :

on calcule un spectre d’absorption (156) à partir
dudit spectre proche infrarouge ;
en option, on effectue un prétraitement (157) du-

dit spectre d’absorption ; et
on calcule une valeur de température de peau
(158) en appliquant ledit modèle d’étalonnage
à plusieurs variables.

19. Procédé selon la revendication 18, dans lequel ladite
étape de modification (142) dudit paramètre d’état
de tissu comprend le fait d’appliquer ledit moyen de
commande de telle manière que la température de
la peau revient dans ladite plage cible.

20. Appareil permettant de réduire les effets spectraux
imputables aux variations de température de la peau
au cours d’une détermination d’analytes sanguins
non invasive basée sur le proche infrarouge,
comprenant :

un moyen permettant de modifier la température
de la peau ;
un moyen permettant de mesurer un spectre
proche infrarouge au niveau d’un site de mesure
de tissu ;
un modèle d’étalonnage qui corrèle les effets
spectraux, y compris les déplacements de la
bande d’absorption maximale de l’eau dans un
spectre proche infrarouge, aux variations de la
température de la peau, dans lequel ladite ban-
de d’absorption maximale de l’eau se déplace
vers les longueurs d’onde courtes lorsque la
température de la peau augmente et dans lequel
ladite bande d’absorption maximale de l’eau se
déplace vers les grandes longueurs d’onde lors-
que la température de la peau diminue, et lesdits
déplacements atténuent un signal d’analyte
résultant ;
un moyen pour surveiller la température de la
peau en mesurant un spectre proche infrarouge
et en calculant des valeurs pour la température
de la peau à partir dudit spectre selon ledit mo-
dèle d’étalonnage ;
dans lequel la température de la peau est mo-
difiée par ledit moyen de modification si ladite
valeur calculée se trouve en dehors d’une plage
cible, jusqu’à ce que la température de la peau
se trouve dans ladite plage cible,
caractérisé en ce que ladite plage cible com-
prend une plage de températures de la peau
dans laquelle lesdits déplacements sont minimi-
sés, de sorte que ladite atténuation du signal
d’analyte résultant est minimisée.

21. Appareil selon la revendication 20, dans lequel ladite
bande d’absorption maximale de l’eau se produit
dans une région de longueur d’onde de 1450 nm
environ.

22. Appareil selon la revendication 20, dans lequel ladite
plage cible vaut environ de 31,7 à 32,8 °C (quatre-
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vingt-neuf à quatre-vingt-onze degrés Fahrenheit).

23. Appareil selon la revendication 20, dans lequel la
plage cible est déterminée empiriquement en exa-
minant les spectres provenant d’un ensemble de
données d’étalonnage pour déterminer une plage de
température dans laquelle lesdits déplacements
sont minimisés.

24. Appareil selon la revendication 20, dans lequel ledit
moyen permettant de modifier un paramètre d’état
de tissu comprend l’un ou les deux des moyens
suivants :

un moyen pour commander activement (145) la-
dite température de la peau ; et
un moyen pour commander passivement (144)
ladite température de la peau.

25. Appareil selon la revendication 24, dans lequel ledit
moyen actif (145) et ledit moyen passif (144) sont
employés de façon complémentaire pour maintenir
la peau dans les limites de ladite plage cible.

26. Appareil selon la revendication 24, dans lequel ledit
moyen pour commander passivement (144) ladite
température de la peau comprend un manteau ther-
mique appliqué sur ladite partie du corps.

27. Appareil selon la revendication 26, dans lequel la
température de la peau est maintenue dans les limi-
tes de ladite plage cible par une opération parmi un
desserrement, un resserrement et un retrait dudit
manteau thermique.

28. Appareil selon la revendication 24, dans lequel ledit
moyen pour mesurer un spectre proche infrarouge
comprend un instrument formant spectromètre pro-
che infrarouge, ledit instrument formant spectromè-
tre comprenant un module d’interface de sujet (152).

29. Appareil selon la revendication 28, dans lequel ledit
moyen pour commander activement (145) ladite
température de la peau comprend un dissipateur
thermique commandé en température.

30. Appareil selon la revendication 28, dans lequel ledit
dissipateur thermique est incorporé audit module
d’interface de sujet (152) de telle manière que ledit
dissipateur thermique est en contact avec ledit site
de mesure de tissu pendant l’utilisation.

31. Appareil selon la revendication 29, dans lequel ledit
dissipateur thermique a une valeur de consigne dans
ladite plage cible, et dans lequel ledit dissipateur
thermique est configuré pour refroidir ou réchauffer
ladite peau pour maintenir la température de la peau
dans les limites de ladite plage cible.

32. Appareil selon la revendication 20, dans lequel ledit
modèle d’étalonnage comprend un ensemble de
données d’étalonnage qui comprend des mesures
spectrales sur un groupe de sujets exemplaires com-
binées à des mesures de référence de température
de peau associées.

33. Appareil selon la revendication 32, dans lequel les-
dites mesures de référence couvrent une plage à
peu près égale ou supérieure à ladite plage cible.

34. Appareil selon la revendication 32, dans lequel ledit
moyen de surveillance comprend un capteur de tem-
pérature non invasif placé au voisinage immédiat du
site de mesure de tissu.

35. Appareil selon la revendication 32, dans lequel ledit
modèle d’étalonnage comprend un modèle qui in-
corpore implicitement lesdites informations de dé-
placement dans des coefficients de régression à plu-
sieurs variables.
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