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Abstract. We determine temperature effect on the absorption and re-
duced scattering coefficients (u, and u.) of human forearm skin.
Optical and thermal simulation data suggest that ., and w; are de-
termined within a temperature-controlled depth of ~2 mm. Cutane-
ous . change linearly with temperature. Change in p, was complex
and irreversible above body normal temperatures. Light penetration
depth () in skin increased on cooling, with considerable person-to-
person variations. We attribute the effect of temperature on u. to
change in refractive index mismatch, and its effect on u, to perfusion
changes. The reversible temperature effect on . was maintained dur-

E-mail: omar.khalil@abbott.com ing more than 90 min. contact between skin and the measuring probe,

johannes S. Kanger where temperature was modulated between 38 and 22 °C for multiple

Rene A. Bolt cycles While temperature modulated ! instantaneously and revers-
Frits F .de Mul ibly, u, exhibited slower response time and consistent drift. There was
Univers-ity of Twente a statistically significant upward drift in u, and a mostly downward
Department of Applied Physics drift in u. over the contact period. The drift in temperature-induced
':1(8-7583 /%\1E7E e fractional change in w! was less statistically significant than the drift
The Nethe”anréssc ede in u.. Aup. values determined under temperature modulation condi-
tions may have less nonspecific drift than w," which may have signifi-
cance for noninvasive determination of analytes in human tissue.
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1 Introduction A reversible temperature effect on near-infraf€®0 to
) . : ;
Localized reflectance measurements have been used to deter050 nm Ms of ex-\{lvo.human dermis and subdermis, and

andu.) of tissues and turbid media. Light intensity as a func- nonreproducible temperature effect qnd random distribution
tion of distance, diffusion theory approximation, or statistical Of #a values was observed when tissue temperature was
Monte Carlo simulations are usually utilized to estimate changed between 25 and 40%; o
a, ., the effective attenuation coefficiefyer), and light .We discuss the effect of heating an,d cooling mrta.\ct human
penetration depttid) of the tissue or the turbid mediutn? skin on the values of cutaneops, andus . u, andug in the
We constructed a localized reflectance optical probe that hadWavelength range 550 to 980 nm increased on heating and
the ability to control and vary temperature within a small decreased on cooling. The linear relationship betwegand
depth in the tissue. The probe had source-detector distancedemperature was confirmed. As by and u¢ of skin de-
that ranged between 0.4 and 1.9 mm, which are close to thosecreased by lowering the temperature, the calculated light pen-
used by Bevilacqua et alWe report the design and perfor- €tration depth() increased as temperature was lowered, in-
mance of this probe and results of the effect of temperature dicating cooling-induced transparency of human skin. We
changes onu, and . of intact human skin between 590 and studied the optical effects of prolonged probe-skin interaction
980 nm. Several aspects of the apparatus used in this studyand the resultant signal drift. We performed single-person and
were reported® interperson measurements. We determined the fractional
Effects of temperature on the optical properties of tissue, change inu, and ug, as temperature was modulated over
thermal effects of laser excitation, and photocoagulation have 90-min contact time between skin and the optical probe. The
been of interest in the past few yea?s!® Transmittance in- observations are interpreted based on the dependence of blood
creased and diffuse reflectance signal decreased when the suerfusion and refractive index mismatch on temperature.
face temperature oéx-vivo skin or aortic specimens were .
elevated to 70 °C by laser excitation. The changes were pri-2 Instrumentation
marily reversible until photocoagulation occurred. Tempera- The apparatus used in this study comprises a light source
ture effect on the birefringence ek-vivorat-tail tendon was module, a tissue interface module, and a signal detection
reported and attributed to change in collagen
conformation*-16 1083-3668/2003/$15.00 © 2003 SPIE
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Fig. 1 Layout of the optical system.

module as shown schematically in Fig. 1. These three mod- to select a filter. A series of optical measurements were per-
ules were interconnected through a branched optical fiber formed while selecting a different source-detector distance by
bundle. Light from a 5-W incandescent lani@ilway Tech- rotating the shutter. Light intensity versus source-detector dis-
nical Lamps, Woburn, Massachusef®wered by a constant  tance was determined at the selected wavelength, and the pro-
voltage source was modulated at 150 Hz by an optical chop- cess was repeated at the other wavelengths.
per coupled to a lock-in amplifie(Stanford Research Sys-
tems, Sunnyvale, CaliforniaThe light beam was then passed 3 Calibration and Data Reduction
through one of six 10-nm bandpass filters assembled in a filter
wheel. A portion of the filtered light was diverted by a beam-
splitter and focused onto a silicon photodiode to generate aLight throughput of each fibel f;, was determined by illu-
reference signal, which was used to correct for long-term drift minating the common tip of the fiber bundle and measuring
in lamp intensity. The rest of the filtered light beam was fo- the intensity of light transmitted of each fiber. The 5-W source
cused onto one end of the illuminating fiber housed at the lamp and room light were turned off. A Lieca spotting tung-
source tip of the fiber bundle. Several filters were used sten lamp was mounted on a lamp stand 2-m away from the
throughout the course of the study, including filters with cen- probe head, and was aligned to uniformly illuminate the probe
tral wavelengths at 550, 560, 590, 660, 750, 800, 900, 950, and surrounding aluminum disk. Light throughput for fibers 1
and 980 nm. During any one experiment one to six filters through 6 was determined by switching the shutter position
were used. through a LabView® routine. The procedure was repeated
The probe tip contained one light introduction fiber and six three times with the spotting tungsten lamp being slightly
light collection fibers that were mounted in a 3-mm outer- moved every time. At each spotting lamp position, signal for
diameter stainless steel tube, which was situated at the centeevery fiber was divided by signal for fiber 1. Then such ratios
of a 2-cm-diam, 6.25-mm-thick, aluminum disk shown in Fig. were averaged for three lamp positions to give a throughput
1. A thermoelectric element was mounted on the backside of factor for each fiber. Typical source-detector distances were:
the disk and connected to a temperature contrglieth from r1=0.44,r,=0.78,r3=0.92, r;,=1.22, r5=1.40, and r
Marlow Industries, Dallas, TexasA thermocouple(Omega =1.84 mm. Typical ratios of light throughputT f;, for dif-
Engineering, Stanford, Connectituémbedded in the disk ferent fibers were: 1.00, 0.948, 0.961, 0.969, 0.993, and 0.943,

was used to deliver a feedback signal to the temperature con-respectively, with=2% variation.

3.1  Measurement of the Optical Fibers Throughput

troller. . . . .
The optical probe tip, with source fiber and the six light 3-2 Light Source Calibration and Data Reduction
collection fibers(400-um low-OH silica, Fiberguide Indus-  In addition to the use of a reference detector, we performed

tries, Stirling, New Jersgyand the aluminum disk were com-  direct measurement of the illuminating intensity at all wave-
ponents of the temperature-controlled probe or the tissue in-lengths before or after each reflectance measurement and des-
terface module. The other ends of the light collection fibers ignated this measurement as a “control run.” A photodiode
were arranged in a circular pattern in the detector tip, in the mounted in a fixture was placed in touch with the probe tip of
detection module. The output of each of the six fibers was the fiber bundle and connected to a wide dynamic range am-
sequentially focused on a silicon photodiode using a stepper-plifier (Melles Griot, Boulder, Colorado The lamp intensity
motor-controlled rotating shutter. The filter wheel was rotated at each wavelength defined 86c); was measured at the exit
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of the source fiber as the signal from the amplifier at wave-
length \;. The reference detector signal w&c); at the
same)\; . This setup was used to detect long-term change in
the output of the tungsten lamp. The lamp was replaced when
its outputS(c); decreased by more than 20%. The values of
S(c); andR(c); were used in the data reduction step.

Two data files were generated for each measurement, one for

a sample run(sample, and the other for a lamp intensity
(contro) run. Both files had two columns of data: the signal
detector intensity and the reference detector intensity. The
output of each measurement w&s);; signal for filteri and
aperturgj for the sampleR(s);; the reference signal for filter

i and aperture combination,S(c); signal for filteri control

run, R(c); the reference signal for filtércontrol run, andr f;

the throughput factor for fibgr, determined in Sec. 3.1. The
corrected localized reflectance of the sample for wavelength
(filter) i and source-detector distan@gperture j is:

R(ri, Nj)={[S(s)ij /R(s);i]-[R(c); /S(c);]}/TH;. (1)

Dark current measurements were performed for both the
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Fig. 2 Monte Carlo generated grid and superimposed experimental
data points. The lines are calculated grid line. The numbers are the u,
and u, values. The symbols at the bottom of the grid are the data

sample and the reference detectors before each run and wergoints for hemoglobin in 0.65% lipid suspension measured at six

found to be too small to correct.

3.3 Optical Calibration Using Tissue-Simulating
Phantoms

Reflectance data for several solid and liquid phantoms were
collected for all sampling distances and wavelengths. Scatter-
ing liquid phantoms had different concentrations of a lipid
emulsion (10% Intralipid suspensiSh Pharmacia Incorpo-
rated, Clayton, North Carolina Liquid tissue-simulating
phantoms had similar composition to those used in previous
studies’® Absorbing tissue-simulating phantoms contained
0.0 to 5.0 g/dL hemoglobin and 0.65% lipid solution. Tissue-
simulating solution phantoms were placed in a 50-mL centri-
fuge vial covered with a polyethylene filtd5-um-thick com-
mercial Clingwraf§ brand, Dow Chemical Company,
Midland, Michigan and secured around the mouth of the vial
using a rubber band. The vial was inverted on top of the

wavelengths. The circles and diamonds on the right-hand corner are
for lipid suspensions at six wavelengths. The (x) symbols in the upper
right-hand corner of the grid are for solid plastic phantoms containing
titanium dioxide. The (x) symbols on the left center of the grid are for
opal glass. The squares are for an orange/red plastic phantom that
contained titanium dioxide and a red pigment. Triangles are data
points for human skin.

tion fibers was calculated for a matrix of a numbenadfand

Ma COmbinations. The resultalig, R, versusoge(R /R,) was
plotted as a grid for each wavelength. Here, Ry is a sim-
plified expression oR(r;,\;) of Eq. (1), which represents the
corrected reflectance at a distangeand R, represents the
corrected reflectance at a distangefrom the source. The
constantu, and u{ points were connected to form grid lines

in thelog. R, versuslog.(R /R, space. Reflectance signals at
each source-detector distance were determined for a set of

optical probe and reflectance measurements were performedipid suspensions of different concentrations: hemoglobin so-

at each source-detector distance. Opal g{&bknund Scien-
tific, Barrington, New Jersgyplastic rods loaded with tita-

lution in lipid suspension, opal glass disks, and plastic rods
polymerized to incorporate different levels of the scattering

nium dioxide and a pigment to generate white, and different and absorbing pigment. Using the optical probe geometry de-
levels of red colors of different absorption and scattering scribed in Sec. 2, the Monte Carlo grid generated by the cal-
properties, were used as solid phantoms. The liquid phantomsculations and by graphinigg, R; versusloge(Rs/R;) is shown
were used for calibration and solid phantoms were repeatedlyin Fig. 2. R, was the diffuse reflectance signal measured at
run to check measurement reproducibility. fiber 1 andRg was the diffuse reflectance signal measured at
fiber 6.

The experimental values were overlapped on the Monte-
Carlo-generated grid, and, and u; of the reference solu-
tions were determined by the use of tables generated from the
grid as shown in Fig. 2, where the lines are calculated grid

4 Simulation Studies

4.1 Monte Carlo Simulation of Photon Trajectories in
Dermal Tissue

We performed Monte Carlo simulation studies using a pro-
gram provided by JacquésThe calculations are similar to
what we reported in previous communicatién8 Simulations

lines and the numbers are tjpg and . values. The symbols
at the bottom of the grid are the data points for hemoglobin in
0.65% lipid suspension measured at six wavelengths. The

were performed according to probe geometry and the follow- circles and diamonds on the right-hand corner are for lipid
ing inputs. A 400um pencil beam was injected in the tissue suspensions at six wavelengths. Tkesymbols in the upper
model, and the number of photons injected was 200,000 perright-hand corner of the grid are for solid plastic phantoms
run. Light was assumed to propagate from fifes 1.5) into containing titanium dioxide. Thé&) symbols on the left cen-
tissue(n=1.4). Thickness of the tissue layer was set from 5 ter of the grid are for opal glass. The squares are for an
to 25 mm. Light emitted at each of the 4@@n light collec- orange/red plastic phantom that contained titanium dioxide
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and a red pigment. Triangles are data points for human skin. candbe
De_termination ofu, andp values fro_m spa_tially re_solved Probe tip 10 mm
(localized reflectance measurement using a fiber optics probe of the fiber s

with a small source detector distance was previously 15
discussed:®®

Aluminum 6 mm
Disc
Skin Surface

€1
F—F+ —1mm Epidermis/Dermis | | 2mm
T depth  Agipose Tissue 3mm

4.2 Modeling of Thermal Response of Human Skin

A model was developed to simulate the temperature response
of human skin on contact with the probe disk. The model was
constructed in finite-element formalism using the FIDAP soft-
ware packagéFluid Dynamics Analysis Program, Fluent In-
corporated, Lebanon, New Hampshiréhe generalized heat
diffusion equations were solved for a cylindrical geometry
comprising the 2-cm-diam aluminum disk and a 6-cm-diam
section of human tissue that was assumed to be 3 cm deep.
The top surface of the disk was maintained at a set tempera-
ture value between 44 and 20 °C. The initial skin surface tem-
perature was calculated to be approximately 32.2°C by the  Fig. 3 Overlap of the thermal and optical limits of the models.
model. Initial tissue temperature was calculated to be 32.7 and

33.0°C at a depth of 1 and 2 mm below the skin surface,

respectively. The initial temperatures corresponded to steady- Q=WCy[ Teore Ttissud = W Cy[ 37— Tiissud, 2
state conditions assumed for a resting human forearm, ex-
posed to a room environment at 22 °C.

e

S
5mm

Muscle Structure 25 mm

37°C 3

[ 30 mm radius of tissue |

[ {

whereW is the local blood perfusion rate from TableQ, is
the specific heat value of blod®840 J/kg °Q and T sg e iS
) ) the local tissue temperature. Perfusion units in Table 1 incor-
4.2.1 Data input and assumptions for the thermal porate a mass flowkg/s of blood, which was obtained by
model of human skin multiplying the volumetric units given in published data by
The equations governing the thermal model required input of the blood mass densil060 kg/nd).
thermal properties of the disk material and the adjoining tis-  Thermal calculations of tissue temperature demonstrate
sue, as well as thermal boundary conditions surrounding thethat the skin surface rapidly reaches the temperature of the
system geometry. The 3-cm-deep tissue section was dividedhighly conductive aluminum disk surrounding the optical
into three discrete layers, each having a unique set of thermalprobe. The rapid change creates large temperature gradients in
properties. The top, or “skin” layer, was assumed to be 2 mm the dermal layer, causing heat conduction to locally dominate
thick and comprised mainly of dermal tissue. The middle other sources of energy such as that resulting from blood per-
layer was assumed to be 3 mm thick and comprised mainly of fusion and cellular metabolism. Thermal conductivity was,
adipose tissue. The bottom 25-mm layer was assumed totherefore, the dominant property governing the skin tempera-
consist mainly of muscle tissue having a fixed body core ture distribution near the probe. Thermal conductivity values
temperature of 37 °C along its lower boundary. Actual thick- within hydrated tissueéskin, muscle, et¢.generally vary by
ness of each layer may vary from person to person. Thin small amounts, as main component of these tissues is water.
sublayers such as the epiderr@approximately 10Qum thick) Therefore, only minor inaccuracies are expected in the model
were not individually defined within the main layers. This was by assuming the sublayers had conductivity values identical to
primarily because we considered that their impact on the over-the main layers. Values for the tissue-specific heat were less
all tissue temperature calculations would have been negli- certain but were not expected to compromise accuracy of the
gible, and partly because thermal property data for these sub-thermal modeling results after the initial 30 s of contact with
dermal layers are not available in the literature. The physical the probe. Within the first 30 s, the rate of tissue temperature
relationship between the tissue boundaries used, the thermathange is greatest and therefore the specific heat values can
calculation, and the geometry of the optical system is shown substantially impact the relationship between temperature and
in Fig. 3. time. Thin sectiongsublayer$ of tissue, however, have insig-

Inputs of the thermal model are listed in Table 1. Literature nificant mass and subsequently any differences between actual
data for human tissues were used when available. Specificand assumed specific heat values were assumed to have neg-
heat values were not found for human skin or adipose tissue.ligible effect on the calculated temperature values.
Data from similar animal tissues were substituted in the cal- A complete set of thermal boundary conditions was ap-
culation as an approximation. Metabolic heat values also were plied to the model cylindrical geometry. The lower boundary
not found for skin or adipose tissue. We assumed that the of the muscle laye(3 cm below the skin surfagevas held at
metabolic heat values to have relatively small contribution of 37 °C to represent body core temperature. The radial surfaces
heat produced in the skin. of the tissue cylindet6 cm diam and the aluminum disk2

Heat associated with local blood perfusion was incorpo- cm diam) were assumed to be adiabatic. The top surface of
rated in the model by assuming the blood entered the tissue athe disk was held at one of the specified control temperatures.
37°C and exited at the calculated tissue temperature level. The entire disk material was considered to have the same
The corresponding quantity of heat transferred to the tissue bytemperature prior to contact with the skin. A heat transfer
the blood was expressed as: coefficient of 20 W/Mi°C was applied to the exposed skin
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Table 1 Input values for the thermal model. 1. F. P. In
Transfer, p. 763, Wiley and Sons, New York (1981). 2. F.

Temperature Modulation of the Visible and Near Infrared . . .

cropera and D. P. DeWitt, Fundamentals of Heat
A. Duck, Physical Properties of Tissue, p. 1415,

Academic Press, New York (1990). 3. Reference 2, p. 138-139. 4. Reference 2, specific heat data for pig
dermis, p. 28. 5. No metabolic heat data found. 6. Reference 2, p. 32. 7. Reference 2, specific heat data
for pig fat, p. 28. 8. Reference 2, specific heat data for human cardiac muscle, p. 28. 9. M. B. Ducharme

and P. Tikuisis, “Role of blood as heat source or sink in
J. Appl. Physiol. 76, 2086 (1994).

human limbs during local cooling and heating,”

Thermal Mass Specific Metabolic Blood
Model component conductivity density heat heat perfusion
(thickness) (W/m°C) (Kg/m3) (/kg °C) (W/md) (Kg/s-m®)
Disk-Aluminum 17000 2780t 880l N/A N/A
(6 mm)
Skin layer 0.39@ 11168 3200% ol 2.4
(2 mm)
Adipose layer 0.252 9168 25007 ol 0.450
(3 mm)
Muscle layer 0.50% 10400 37200 6730 0.70

(25 mm)

surface to account for gray-body radiation exchange plus a
minor amount of ambient air convectigan the order 1 mjs

at an environmental temperature of 22 °C. The effects on heat
transfer caused by sweat effusion and evaporation were not|
accounted for in the model.

4.2.2
skin
Using the boundary conditions and the thermal properties in
Table 1, the model calculated an initial tissue temperature
distribution with 32.2°C on the skin surface. Initial tissue
temperatures were expected to represent a resting human fore
arm that is subjected to 22 °C noncirculating room air. On
contact with the disk, the model simulated skin temperature
versus timg(starting with the initial tissue temperature distri-
bution), as plotted in Figs. 4—6.

During the period following contact between the disk and
the skin surface, the model calculated the rate at which heat
was transferred by conduction between the aluminum disk
and the skin. The heat conduction caused a continuous tem-
perature change in the tissue during a 240-s contact period,
during which the disk temperature remained essentially uni-
form and constant. At 240 s from the onset of interaction
between the aluminum disk and the skin, the tissue ap-
proached thermal equilibrium with the disk and surrounding
environment, making longer contact periods unnecessary for
the model simulation. Figures 4—6 plot the calculated tem-
perature history of the skin tissue corresponding to each case
of disk temperature. Results are plotted for three tissue depths
(including the skin surface, 1 and 2 mm depdiong the disk
centerline location and at a radial distance of 5 mm from the
disk centerline. The centerline and the 5-mm radial locations
differed from each other by a maximum of 0.2 °C during the
contact period.

Figure 4 illustrates the results when the temperature of the
disk was set at 34 °C, which is close to the temperature of the
skin surfacg32 to 33 °Q. The dermis temperature at 1 and 2

Output of the thermal model of human

value close to the surface temperature. The equilibrium tem-
peratures were calculated to be very close at the two depths.
Figure 5 illustrates the simulation results when the tem-
perature of the disk was set at 38 °C. The skin surface tem-
perature was at the disk temperat(®8 °C). The dermis tem-
perature, initially at=33°C at both 1 and 2 mm depth
“warmed up” to the surface temperature, approaching 38 °C
and equilibrating after approximately 120 s. The calculated
equilibrium temperature at a depth of 1 mm differed from its
value calculated at a depth of 2 mm in the tissue. At a disk

40

34°C Disc

Depth In Skin

g

2mm
1mm
0mm

Tissue Temperature (C)

Along Disc Centerline
5 mm From Centerline

T T
120 180 240

Contact Time (sec)

0 300

Fig. 4 Model results of the dependence of cutaneous temperature on
contact time with a disk at a constant temperature of 38 °C. The solid

ines are for the depth along the centerline, the dotted lines are for the

mm reached equilibrium quickly and remained constant at a depth along 5 mm from the center.
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Fig. 5 Model results of the dependence of cutaneous temperature on Fig. 6 Model results of the dependence of cutaneous temperature on
contact time with a disk at a constant temperature of 34 °C. The solid contact time with a disk at a constant temperature of 20 °C. The solid
lines are for the depth along the centerline, the dotted lines are for the lines are for the depth along the centerline, the dotted lines are for the
depth along 5 mm from the center. depth along 5 mm from the center.

temperature much lower than the skin temperature, i.e., 20 °C,tissue temperature was controlledal mmdepth with an
the dermal layer “cooled down” to approach the skin surface offset of +3 °C after 60 s of contact time with the disk. The
temperature as shown in Fig. 6. It reached as asymptotic valueoffset approached-2°C after 240 s of contact. At 2 mm
after approximately 120 s from the interaction between the depth the offset was-5.3 °C at 60 s and decreased+@.8 °C
probe and the skin, with a larger constant difference betweenat 240 s. At 44 °C tissue temperature was controltsal Bmm
the asymptotic value and the skin surface temperature. depth with an offset of-1.9 °C after 60 s of contact time with
In all three plots in Figs. 4, 5, and 6, the solid lines are for the disk. At 40 °C, the offset approached..1°C after 240 s
the depth along the centerline. The dotted lines are for the of contact. At 2 mm depth, the offset wast.5°C at 60 s and
depth along 5 mm from the center. There was no significant decreased to-2.1°C after 240 s of contact with the probe.
difference between the calculated temperature values alongThermal modeling suggests that dermal temperature can be
the centerline of the diskprobe and at 5 mm away from the  controlled within a depth of 2 mm into the skin and at a radial
center of the disk, which covered twice the area under the distance up to 5 mm from the center of the digptical
optical fibers where the optical measurements are performed.probe. Equilibrium between the temperature controlled probe
The small difference in calculated temperature at the center-and the skin is reached after 60 to 240 s depending on the
line and at 5 mm away from center can be explained by the difference in their starting temperatures.
ratio of the diameter of the temperature-controlled disk to this
5-mm distance. The diameter of the disk was 20 mm and may g5
be able to overcome skin temperature differences and create . .
temperature equilibrium conditions up to 5 mm away from the °+1 Experiments on Human Subjects
center of the disk. Reducing the diameter of the temperature-We performed four sets of experiments on human subjects
controlled disk to 10 mm had no effect on the calculated using test protocols and informed consent forms approved by
temperatures. A disk diameter 68 mm showed a difference  the Institution Review Board. All subjects were healthy vol-
between the temperatures at the two points. unteers from the research laboratories at Abbott Park, lllinois.
The results of the thermal simulations over multiple tem- In the first set of experiments, localized reflectance of the
peratures are summarized in Figga)7and 7b) for 1 and 2 skin of 29 volunteers was measured at six wavelengths rang-
mm depth in the tissue. Thermal simulations show that it is ing between 550 and 900 nm, and at a constant probe tem-
possible to control tissue temperature at these depths in theperature of 34 °C, which is close to the average skin tempera-
tissue. However, there is an offset between the probe andture. The data were used to calculate and u., for a limited
tissue temperatures. The magnitude of the offset depends ormpopulation. The data are presented and discussed in Sec. 5.2.
the initial probe temperature. The offset between probe and In the second experiment, localized reflectance of the skin
tissue temperatures decreased as the contact time between thef five volunteers was measured at 590 nm while the probe
probe and skin increased. At a probe temperature of 20 °C,temperature was varied between 22 and 41 °C. The limits of

Experimental Results and Discussion
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Fig. 7 Plot of the calculated time dependence of cutaneous tempera-
ture at (@) 1 mm depth and (b) 2 mm depth along the probe/disk
centerline starting at different disk temperatures.
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core temperature of 37 °C. The data were used to determine
the effect of person-to-person variability on the temperature
dependence oft,, ps, and § at three wavelengths. These
data are discussed in Sec. 5.4.

In the fourth experiment, we investigated the effect of
long-term interaction between the probe and the skin on the
values ofu, and & . Localized reflectance of the skin of
three volunteers was continuously measured for 90 min, while
the probe temperature was repetitively stepped between 22
and 38 °C for 15 temperature cycles. These data are presented
and discussed in Sec. 5.5.

5.2 Determination of m, and p. of Human Skin at a
Constant Temperature

In this experiment, reflectance measurements were performed
on the dorsal forearms of 29 subjediacluding four with
dark skin. u. and u, were calculated from the reflectance
data and the calibrated grid ifog.Rs/R; versuslogeR;
shown in Fig. 2. The average values pf and u, for all
individuals at each wavelength were used to calculate photon-
reduced mean free pafMFP’ = 1/(u,+ 12)] and light pen-
etration depth( 6= Uper=11[3pa(tat 1))

The calculatedVIFP’ (mm) for the 29 subjects at 34 °C
was 0.62 mm at 550 nm, 0.72 mm at 590 nm, 0.88 mm at 650
nm, 1.03 mm at 750 nm, 1.1 mm at 800 nm, and 1.23 mm at
900 nm. ThusMFP’ has the same magnitude as the source-
detector distances, indicating a limited number of multiple
scattering events per photdiThe value ofs was 0.72 mm at
550 nm, 0.92 mm at 590 nm, 1.42 mm at 650 nm, 1.67 mm at
750 nm, 1.92 mm at 800 nm, and 2.04 mm at 900 nm. Thus
is within 2 mm, where the thermal model predicts temperature
control of the tissue and also where cutaneous microcircula-
tion is reported to occuf

5.3 Temperature Dependence of m, and u. of
Individual’s Skin

In the second experiment, localized reflectance of the skin of
five light-skin subjects was measured at 590 nm with the dor-
sal side of the forearm in constant contact with the
temperature-controlled probe. Temperature was switched back
and forth among three values between 25 and 41 °C. Plots of
the regression lines fop. versus probe temperature are
shown in Fig. 8.

Plots of u. versus temperature show no hysteresis in its
thermal response, and the data fit straight lines. Data are la-
beled by subjects A through F. Subjects A, B, D, and F were
Caucasian, Mediterranean, or Oriental, ranging in age be-
tween 35 and 58 years. Plots A and C are for the same sub-
jects tested at two different times. The fitted sldpg../dT)
for individual subjects wa®.053+0.0094 cmY/°C. The in-
tercept and the slope of the regression linesugf versus

this temperature range were selected to vary between roomprobe temperature plots varied from subject to subject. There
temperature and a maximum temperature tolerated by all vol- is also difference in intercept for different measurements on
unteers. The data were used to calculate the effect of temperathe same subject, which is probably due to differences in re-

ture onu, and . and is presented in Sec. 5.3.

positioning the probe on skin. The dependenpgeon tem-

In the third experiment, localized reflectance was mea- perature for the intact human skin is similar to that reported
sured for seven volunteers, while probe temperature wasfor ex-vivoskin!® The behavior ofu, of intact human skin as
stepped between 22 and 38 °C. The lower limit was close to a function of temperature is different from that of tjg .
room temperature and the upper limit was just above the body Figure 9 shows a plot of., at different temperatures, deter-
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Scattering coefficient v.s. temperature Ma. For the case of subject B, starting at 34 °C and raising the
125 L N N N R temperature to 41 °Cy, increasegas shown by the arrow
by ~33%. Subsequent cooling to 25 °C results in a smaller
__________ increase inu,. Heating again to 34°C and then to 41°C
------ e resulted in a further increase jr, . One more cooling stem to
25°C resulted in further increase jn,. Returning back to
the starting temperature of 34 °C resulted in a net increase in
| Ma- The same behavior can be seen in the connected data
D, 0.0405 /enyC...---@ points of subject D. Temperature cycling for subject C was
_______________ 3"" o performed between 25 and 34 °C and shows similar behavior
g a LezzzEEE 0 except for a much limited increase p,, and an actual de-
crease on first cooling from 34 to 25 °C. Still, the final value
915__g:="t','o.ossalcnvc of u, on going back to 34 °C was higher than its starting
value.
s ; : : . . . . s Dependence oft, data of intact human skin in Fig. 9 first
# B & 8 = & 5 = @ & shows the short-term irreversibility f, values on heating to
Temperature, °C or above 38 °C. Thug, generally increased on heating and
decreased on cooling. Second, the values of consecutively de-
terminedu, zigzagged upward. There is a cumulative effect
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Fig. 8 Relation between u. and probe temperature for several light-
skin subjects at 590 nm. Probe temperature was raised stepwise in the

range from 25 to 41 °C, and then returned back in the same manner. of multiple times of heating and cooling. The value @f

The lines are the linear least square fitting of the experimental data, depends on the thermal history of the skin. The upward zig-
with their slopes labeled beside an individual’s line. The letters A zagging drift ofu, can be explained by the pooling of blood
through F refer to the different subjects. Tissue temperature deviates in the cutaneous capillaries as temperature was changed.

from the probe temperature at the upper and lower limits. Laser Doppler flowmetryLDF) measurements indicated

enormous variation in the red blood cells flux from compa-

mined at 590 nm and using the same temperature controllingable sites in the same individual and even for the same site at
steps used to generate the data in Fig. 8. Measurements aréifferent times™#* Correlation between LDF patterns and
designated A through F in both Figs. 8 and 9. Data used for Morphology of the underlying vasculature identified 1 fnm
plots A and C were from measurements performed on the areas of vascular “territories” surrounded in part by relatively
same subject. avascular areaS:** The temperature-controlled probe used in
On a first glance the, data points look randomly distrib- ~ this study covers a wide area of the vasculature that is greater
uted in a manner similar to what was observed darvivo ~ than the area probed by the fibers, which are 40@ diam-
human skin'® However, connecting the data points in the se- €ter and any of them can be located on the top of these iden-
quence at which the temperature was changed and using arlified heterogeneous vascular structures or a void area in-
rows to indicate the direction of time sequences reveals anPetween. Thus, while each of the fibers collected a localized
interesting trend shown in Fig. 9. Data points for subjects C, Signal, blood perfusion is affected by the response of the

B, and D are connected to show the direction of change in N€ighboring vascular structures to temperature changes.
We now attempt to interpret the results of the second ex-

periment on temperature dependence:.ofof the skin of the
Absorption Coefficient v.s. Temperature five subjects shown in Fig. 8. Scattering of a biological tissue
‘ ' ' ' ' ' containing spherical scattering centers is approximated by
Graaff et al. and simplified by Chance et al**&8

5 T

»
3]
T

M= 3-28773-29-(2773-- nmediumn\)o'ST( m-— 1)2'091 (3

wherea is the average radius of scattering particless the
number concentration of particleByegium IS the refractive
index of the medium)\ is the wavelength of light, andh

= Ngcatteref Nm 1S the mismatch of the refractive index. Equa-
] tion (3) can be expressed in terms of the volume fraction of
the scatterer in the tissue #s:

A, W B
Lo~

o

W
T

Absorption coef, /cm

251
pe=2.48 ¢la)(2ma. Npegun/ M) *¥(M—1)2% (4)

24 26 28 30 82 34 3 3 40 42 where ¢ (=1.33 7wa%p) is the volume fraction of scattering
Temperature, °C centers in tissue. It is possible to use E4).to attempt inter-

pretation of the temperature dependence.pf Temperature

Fig. 9 Plot of the absorption coefficient as a function of temperature ' ;
n aff han in one of the ter rm.
for the same subjects in Fig. 7. Data points for subjects B, C, and D can affectus by changes in one of the ternasp, 0

were connected to show the time sequence of temperature effect on ) One pOSSIbIe_ mte_rpretatlon of th_e temperatu_re _effequ@n
M- Arrows indicate the direction of time sequences. Wavelength of is that scatter size is changed, while the densiyis unaf-

measurement is 590 nm. fected. This interpretation is based on the assumption of re-
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versible swelling of collagen fibers as a result of temperature & T

change, which was suggested for the case of birefringence s 232}23; N, 71 97 ngs%y,(

changes in rat-tail tendon arek-vivohuman skin scattering oo | it S

changes with temperatut&!®8|n this case a 3% change in

leads to 7.5% increase i, , and a 10% increase mleads to /
a

o

a 22.5% increase ipg . However, this assumption of increas-
ing scatterer size while the density remains the same only
holds if scatterers are sparsely distributed and their volume
fraction is low, which is unlikely the case of packed skin
structure, thus rendering this interpretation implausible. N &
A second possible interpretation based on K. is a 5 /.A,/(
change in the dimension of the scatteaeas tissue thermally /
expands, while the volume fraction of scatterers in tissue re- 3
mains unaffected. In this case 3% increaseaifeads to a % 25 30 35 40 45
1.8% decrease ip., and 10% increase ia leads to a 5.8% Temperature, C
decrease Imé Thus the Incree}se in the size of scattering Fig. 10 Calculated percent change in the u; as a function of tempera-
particles while the volume fraction stays the same leads t0 atyre under various refractive index mismatch conditions. The solid
decrease imé, which is contrary to the observed data. This lines are the simulation results. The symbols are the experimental
interpretation is also based on the assumption of reversibleresults for three subjects.
swelling of collagen fibers as a result of temperature change,
as was suggested for the rat-tail tendon axevivo human

skin 141518 opening and closing the arterio-venus shunts, thus affecting

A third possible interpretation is a changegdron heating w, Of the cutaneous tissue.
or C(:-)Olingf which leads to phySICa”y unattair_Iable reSUltS, as We interpret the temperature dependencﬁ&)as resumng
heating will decrease due to tissue expansion, and hence from the physiological response of the vascular bed surround-

% W’ change

*

o
(o]

o

N, oo 1-40 vs 3.5% serum

will lead to a decrease ip¢ as temperature is raised. Ag ing the optical measurement areas. We interpret the observed
values increase with temperature, this interpretation is also temperature dependence of as a physical phenomenon re-
implausible. lating to temperature effect on the refractive index mismatch

We offer an interpretation that was presented in a prelimi- petween the cutaneous fluid medium and cutaneous scattering
nary report, and is based on the effect of temperature on re-centers.
fractive index mismatcim, and henceu .2 Nyater determined
at 589 nm decreases nonlinearly with increasing
temperaturé® Since the interstitial fluidISF) contents are
more than 90% water, it can be assumed that similar to water, ‘ .
nisr decreases by 0.25% when the temperature rises from 207 roperties of Human Skin
to 45°C. We simulated the changeu.% as a function of ~ We performed optical measurements on seven Caucasian and
temperature under different refractive index mismatch Oriental subjects at two set temperatures. The skin was al-
= Necatteref Nise) cONditions. We assumed that the protein con- lowed to equilibrate for 3 min at 38 °C and the optical signal
tent of ISF is equivalent to that of 3.5% serum, and thus Was recorded. The probe temperature was lowered to 22°C
nise=1.3351at 20 °C. We applied a 0.25% decreasenjg- over a 1-min period, and allowed to equilibrate for two min.
between 20 and 45 °C. We assumed that the valug,Qfierer Then another set of measurements was performed at 22 °C.
was independent of temperature between 20 and 45°C. WeThe ua andug values were determined for each temperature
used two limits fome.aeres 1.37 and 1.4, which are close to  and wavelength and were used to calculatg and hences
the reported average value of refractive index of éxevivo andMFP'. As shown in Fig. 11, al, and u increased and
dermis ofn=1.4 and the value oh=1.43+0.2 reported for all §values decreased as temperature was elevated from 22 to
the upper dermis human arm sktt’A plot of the calculated ~ 38°C.
Apl% based on the aforementioned assumptions is shown in ~ AS shown in Fig. 11,Au,=[pa(38°C)—pa(22°CQ)]
Fig. 10. The calculated values Afu. increase as temperature >0, Au=[ug(38°Q—pug(22°Q]>0, while A§
increases. The data points fall within the lines determined by =[3(38°CQ) —4&(22°Q)] is negative for each of the seven
the boundary values ofn, indicating that the assumptions Subjects. Statistical analysis of the mean valueg.of wug,
used in this calculation closely describe temperature depen-and é is given in Table 2. The student t-test on the sample
dence of Au. of cutaneous tissue. The depth in cutaneous distributions at the two temperatures indicates that the rela-
tissue where temperature is controlled and varieg-2smm, tionship u4(38 °C)> u,(22 °C) holds across all individuals
and the light penetration depth in tissdés estimated to vary ~ With greater than 99% confidence, while the relationship
in the range 0.72 at 550 nm to 2.04 mm at 900 nm. This 2 mm #4(38 °Q > u¢(22 °C) holds with less confidence. Structural
depth encompasses the blood capillaries, upper plexus, lowerdifferences between individual's skin and positioning of the
plexus, and the interconnecting arterio-venus anastomosiserobe on the skin may have greater effect on the signal than
(shuntg, which take part in the body temperature regulafion.  the temperature-induced changeuf. The resultant effect of
Changing the temperature of this cutaneous region by heatingtemperature on botfx, and n¢ at the three wavelengths is
and cooling will change blood flow into the capillaries by that§(22°C)> 6(38 °C), with greater than 95% confidence.

5.4 Effect of Interperson Variations on the
Temperature Dependence of the Mean of Optical
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07 min at a probe temperature of 22 °C, temperature was raised
= 0671 ' ' N to 38 °C over the course of 1 min, and maintained for 2 min,
;gi D then lowered to 22 °C over a 1-min period. At each tempera-
Y1 ture limit (during the 2-min window four optical data pack-
€ 02 ] ets were collected and values @f and u. were determined.

S 01 Three light-skin volunteers were tested after 12 h of fasting
0 and their glucose levels were determined before and after
each experiment and were close to 90 mg/dL. Prior to each

0.7 experiment, the subject washed his arm with warm water and
e g::: B s dried it by blotting with a paper towel. A coupling fluigili-
Foad N cone oi) was applied to the surface of the probe and on the
B o3l 2 arm. Plots are shown in Figs. 12, 13, and 14 for these sub-
E,' 02 jects.

G: 101 4 Plots of the time course of temperature modulation reveal
0 T 2 3 a4 5 & 7 several interesting features. First, the fast reversible step
change inu, and u., for repeated heating and cooling cycles.

0.0 . . .

_ Second, the step function is more prominent fgrthan u .

£ 01 Third, theu, and u{ plots over time are independent of each
§'°'2’ other. While u, generally increases in timey. either de-
§'°-3' creases or stays the same. Finally, the time course of the
S 041 590-nmu 4 varied from subject to subject.

-05 . - - : : " Since we have suggested that the temperature effeat,on
and u. are due to different phenomerigec. 5.3, the simi-
larity of these plots raises the possibility of incomplete sepa-
ration betweeru, andu. . We studied the effect of tempera-
Fig. 11 Change in u,, w., and & as a result of temperature change ture modulation onu, and s of Skln-.SImmatmg. phamom%'
from 22 to 38 °C at wavelengths of 590, 750, and 950 nm. We us'ed a 5.'mm ?t_aCk qf commercial ham slices as'a phan-
tom with no interstitial fluid, no blood, and no blood circula-
tion. There was no temperature modulationuif values. The

Subject ID

| —+—590 nm —0—750 nm —4—950 nm I

The mean free pathFP’ (22 °C)>MFP' (38 °C) at 590 nm, temperature response pf, and u, of ham slices was similar
but with much less confidence at 750 and 950 nm. to that of opal glass and other solid phantoms. We used a
Increase in light penetration depth in tissi& on cooling 1.4-cm-thick skin section of freshly euthanized pig as a phan-

is of particular interest, as it may allow mapping lower dermal
layers (=200 um deeper by lowering probe temperature. It
can also be u_sed to Iim_it optical_measurer_nents to the UPPET 1 in were 0.8 to 1.5 ciit. The change\ 1, between 22 and
layers by heating the skin and using an optical probe of small i leading t fractional ch
source detector distances. Temperature dependence of Iigh?’8 C was 0.0 to Q'l cm, fea mg 0 Ei ractional change
20 1
penetration depth in skin makes it necessary to perform mea-A'“a/'ua of _apprOX|mater(_).5>< 1077°C™ The range of
surement of skin optical properties at a constant temperature.ValUes for nine human subjects was 2 to 3 Crat 590 nm.
This will minimize errors due to temperature dependence of Aa (38 to 22°G was 0.4x0.12cm*, leading to
light penetration in tissue. Controlling skin temperature is (Apa/pa) of ~1x10°2°C~1 The change inu; was dif-
necessary to defining the depth from which reemitted light is ferent. Theu. values determined at several sites of the pig
being collected. skin was 10 to 14 cm'. The changeAu, between 22 and
38°C was 0.9 to 1.0 cit, leading to a fractional change for
pig skin (Aul/ul) of ~0.5x10 2°C . The range of val-
ues for nine human subjects was 9 to 11 ¢mt 590 nm and
Apl (38 to 22 was0.68+0.20 cn'!, leading toA ul/u. of
5.5.1 Time-behavior of thermal modulation plots ~0.46x107? °C". The pig skin showed the same change in

, . .
Studies of probe-skin contact over a long period of time are ’;]LS and ?('sm_?rl]lerd(':hqn.gﬁ Ig’fj‘[ compatred o that of mé?d
relevant to tracking of glucose change during a meal tolerancehumanl_S n. df iminis ek' empera urg res_ponSﬁﬁp

test or glucose clamp studies. Increase in glucose concentral'@m slices ancex-vivopig skin compared to intact human
tion decreases tissyg. . Glucose-independent decreasgih skin may be due to the absence of blood circulation. The
was also reportedt-33We collected reflectance data continu- different response of skin-simulating phantoms to temperature
ously over 90 min of probe-skin contact and determiped modulation from that of intact human skin suggests that there
and . as temperature was repetitively stepped between 22is sufficient separation betwegn, and u¢ . This is further

and 38 °C for 15 temperature modulation cycles. Each cycle confirmed by the response of the two coefficients when the
comprised the following steps: skin was equilibrated for 2 skin is heated above 41°C and cooled. Temperature steps

tom with interstitial fluid, stationary blood, and no blood cir-
culation. The values of., determined at several sites of the

5.5 Temperature Modulation of m, and p. of Skin
Over Prolonged Interaction Between the Optical
Probe and Skin
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Table 2 Effect of temperature on the mean values of optical properties of intact light skin. 1. p is the probability that the values at 22 and 38 °C
likely have come from the same two underlying populations that have the same mean. 2. p value indicates separation of mean optical parameters
at 22 and 38 °C. 3. p value indicates some overlap between optical parameters at 22 and 38 °C.

Wavelength

Optical property or probability of overlap 590 nm 750 nm 950 nm
g [em™) at 22 °C 2.372+(0.282) 0.966+(0.110) 0.981+(0.073)
g [cm™) at 38 °C 2.869+(0.289) 1.157+(0.106) 1.135+(0.123)
pl(1q(38°C) = pn,(22°0)]"2 0.0034 0.0032 0.0085
wl (em™') at 22°C 9.191+(0.931) 7.34+(0.901) 6.067+(0.847)
w! (cm™') at 38°C 9.613+(0.894) 7.649+(0.971) 6.234+0.928
pl(1!(38°C)=wu/(22°0)]"3 0.2019 0.2748 0.3656
AS (um)=[8(22°C)—48(38°C)] 139.86(+32.58) 232.4(+98.62) 194.3(+58.92)
pl(8(22)=8(38°C)]'2 0.0040 0.0122 0.0422
AMFP’ (um) =[MFP’(22 °C) —MFP’ (38 °C)] 65(=16) 68(=15) 60(=28)
pL(MFP’(22 °C)=MFP'(38°C)]"® 0.0431 0.1461 0.2402
were applied. While u. showed a reversible response, data of the first two subjects using temperature modulation
showed a consistent increase, the two optical parameters wereycles 1 through 5 and 11 through 15. We used cycles 3
independent. through 6 and 11 through 14 for the third subject. We calcu-

) o . lated long-term effects of skin-probe interaction as front-to-
5.5.2 Calculation of the drift in optical end drift in 5, and inu. . Comparisons were made among
parameters on probe-skin contact ta and uf (at 22 and 38 °Ccalculated for the first 30 min

The first two subjects had similar profiles that slightly differed and the last 30 min from the start of probe-skin contact. The
from that of the third. We performed a student t-test on the time lapse between the mean of the early five cycles and the

- 35 :
£
o
£ 30 WWWW/V\/

F{ 12 - - - ~—
£
1.1 —
(c)
1.0
o 10 20 30 40 50 60 70 80 20 100
Time, min Time, min
Fig. 12 Effect of temperature modulation on u,, u. of subject 1: (a) Fig. 13 Effect of temperature modulation on u, and u, of subject 2:
modulation of w. at the 590 nm (top), 800 nm (center), and 950 nm (@) modulation of u, at the 590 nm (top), 800 nm (center), and 950
(bottom); (b) modulation of w, at 590 nm; and (c) modulation of u, at nm (bottom); (b) modulation of wx, at 590 nm; and (c) modulation of
800 nm (V¥) and at 950 nm (@). M, at 800 nm (V) and at 950 nm (@).
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pa, €m”?

60
Time, min

Fig. 14 Effect of temperature modulation on u, and u/ of subject 3:
(@) modulation of w; at the 590 nm (top), 800 nm (center), and 950
nm (bottom); (b) modulation of x, at 590 nm; and (c) modulation of
M, at 800 nm (V) and at 950 nm (@). The irregularity in the overall
modulation pattern (the peak around the 50-min contact time) is ob-
vious in u, at 590 nm (b) and to a smaller extent in x, at 800 and 950
nm (c). The temperature modulation pattern of w; is similar to that of
subjects 1 and 2.

late five cycles was 1 h. In all temperature-modulation cycles,
a andu, at 38 °C were larger thap, and ug at 22 °C.

The drift in the absorption and scattering coefficients was
calculated for subjects 1 and 2 as:%Drift
=100 u(11-19-x(1-5)]/u(1-5). The quantityu is ei-

late within-cycle fractional changegAu,/u,]lr and
[Awi/ pnilr, and the drift in these fractional change values.
Within-cycle fractional changesA w,/ualr and[Apd/ pwils
were calculated as:

[Apalpalr=[(1a(T1°C) — pa(T2°C) /[ a(Ty °C)AT(]5,)

[Ape pelr=[(1e(T1°C) = ug(T2° O N[ pg(Ty °C)AT(25,)

where the temperaturg; was 38 °C andl', was 22 °C. The
fractional change in thg is related to the temperature effect
on the refractive index by a model similar to that used for
calculating the data points in Fig. 10.

5.5.3 Drift in w, and in u. and in [Aw,/
palrand [Apg/pily

The front-to-back drift inw, and inu, values on prolonged
skin-probe contact is summarized in Table 3. The meamn_of
over five temperature modulation cycles drifts upward by
+0.79% to +25.5% (+0.79<10 2 to +25.5X10 ) over

the 1-h mean time between the first and last cycles. This in-
crease inu, on prolonged contact with the probe can be ex-
plained by blood pooling in the region of contact between the
skin and probe. The drift i, over the same contact period
is much smaller, ranging betweer0.5% and —3.25%
(+0.5x10 2 and —3.25x 10" ?) and is mostly negative.

We examined the statistical significance of the drift using
the student t-test. The calculated probability that the mean
values for the first five cycles and the last five cyd#$ to
15) are from the same population indicates no ovefiag.,
statistically significant drift between front to back values of

ther of u, or g, and the numbers in parentheses indicate the n. andu, for subject 1 at both temperatures limits. This also

range of the temperature modulation cycles on which the co-

efficients were averaged. The mean valueg gfind u. over

five temperature modulation cycles were also used to calcu-

applies for subject 2 at 38 °C for all wavelengths and for the
case of subject 2 at 22 °C at 800 and 950 nm. Data for subject
3 showed overlagi.e., no statistically significant driftbe-

Table 3 Driftin 4, and «! as a result of continuous probe-skin contact. 1. Drift is statistically significant. The probability that the mean values for
the first five cycles and the last five cycles (11 to 15) are from the same population, p[(x«(1-5)=u(11-15)] ranges from 0.0000 to 0.0052. 2. Drift
is statistically significant, p[(u(1—5)=pu(11-15)] ranges between 0.000 and 0.0004 except for u  at 590 nm, where p was 0.127 and 0.025 for
22 and 38°C, respectively. Drift is calculated as =100[ u(11-14)— u(3-6)]/u(3-6). Drift is less statistically significant, p[(u(3-6)

=u(11-14)]<0.036, except u, at 590 nm and 38 °C, where p=0.323.

%Drift in g, values

%Drift in w. values

590 nm 800 nm 950 nm 590 nm 800 nm 950 nm

Subject 1: At 22 °C! +7.6 +5.0 +7.8 -2.6 -1.1 -0.5
Subject 1: At 38 °C! +10.0 +6.0 +4.4 -2.3 -1.1 -1.3
Subject 2: At 22 °C? +22.1 +4.3 +8.4 +0.3 -2.5 -2.0
Subject 2: At 38 °C! +25.5 +10.0 +11.0 +0.5 -1.2 -1.4
Subject 3: At 22 °C3 +6.3 +2.16 +0.79 -0.96 -2.58 -3.25
Subject 3: At 38 °C3 +8.32 +3.68 +1.14 +0.22 -0.65 -1.99
202 Journal of Biomedical Optics ¢ April 2003 * Vol. 8 No. 2
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Table 4 Variation and drift in mean fractional change [Au,/u,]r and [Au!/ul]; as a result of 90 min probe-skin contact.

Mean fractional change Mean fractional change

[Apqg/palpx< 10° (°C7) [Ap;/pi]p<10° (°C7)
Subjects, temperature modulation
Cycles and probability of overlap 590 nm 800 nm 950 nm 590 nm 800 nm 950 nm
Subject 1: Cycles (1-5) 2.79 2.19 2.69 3.71 3.40 3.30
Subject 1: Cycles (11-15) 3.56 2.51 1.49 3.83 3.44 3.01
Drift (subject 1)=[Au(11-15) = Au(1-5)] 0.77 0.32 -0.80 0.12 0.04 -0.19
Subject 1: p[Au(1-5)=Au(11-15)] 0.0000 0.0663 0.0000 0.4131 0.4282 0.0144
Subject 2: Cycles (1-5) 3.24 3.13 4.30 3.75 3.57 3.53
Subject 2: Cycles (11-15) 4.22 5.00 5.16 3.83 4.03 3.75
Drift (subject 2)=[Au(11=15) = Au(1-5)] 0.98 1.87 0.86 0.08 0.46 0.22
Subject 2: p[Au(1—5)=An(11-15)] 0.000 0.000 0.0001 0.2763 0.0002 0.0128
Subject 3: Cycles (3-¢) 5.30 7.04 8.55 4.19 5.91 6.05
Subject 3: Cycles (11-14) 6.37 7.85 8.73 4.88 7.01 6.79
Drift (subject 3)=[Au(11-14)— A(3-6)] 1.07 0.81 0.18 0.69 1.1 0.74
Subject 3: p[Au(3-6)=Au(11-14)] 0.0148 0.0115 0.1960 0.0104 0.0000 0.0112

tween the initial and final values @f, and inx, . The mag-
nitude of the drift and the statistical significance of it varied

from person to person.

The calculated A pa/pglt and[Aul/ ]y for the three
subjects are given in Table 4 forM&T of 16 °C.[ A,/ malT
values varied in the range-1.49<10 3°C™ ! to +8.73
X107 3°C™? for the three subjects. The calculated drift in
[Ama/ gl was statistically significant for subjects 1 and 2
(no overlap between initial and final valyesnd less signifi-
cant (some overlap for subject 3. Except for the 950-nm
wavelength for subject 1, the front-to-back drift in
[Auwa/pa]r ranged between—0.18<10°% to +1.87

X 10 3.

The drift in [Auw,/una]t over time is generally positive.

Since u, increases as a function of probe-skin contact, this

fractional value should decrease. Thus an increasa jin
overwhelms the possible decrease in the fractional value due
to increase inu,. It is noticeable from Figs. 12, 13, and 14
that A u, increases as a function of contact time, suggesting 6 Conclusions
strong dependence @f, on the thermal history of the sample.
[Aullulls varied in the range+3.1x10 % to +7.01
X103 (°C™%). The front-to-back drift if A ./ ul]; ranged
between+1.1x10 2 to —0.19x10 2 per hour. Similar to
the case of A pa/palt, [Apdl ni]t also increases as a func-
tion of time (positive driff). Sinceu. decreases as a function

of probe-skin contact, this fractional value should increase

!

unlessA . values decrease faster thari. The fractional
change[ A s/ né]t drifts in an opposite direction to that of

!
M -

We now discuss the significance of the dfift conversely
the overlap of initial and final valug®f these calculated pa-
rameters for prolonged time on the noninvasive determination perature cycles.

of analytes in the human body. Glucose indubes10 * to

1.0x 10 2 per mmol/L fractional decrease . for deep hu-
man tissue between 500 and 900 #i#> Monte Carlo simu-
lation on phantoms suggests that the calculated effect of 1
mmol glucose or 0.1°C op, (i.e., Aul) is —1x10 33

The present study suggests that a 1°C change in cutaneous
temperature induces a fractional changeuin, [Aul/ps]y,
equivalent to 5.8 to 11.6 mmol/L of gluco$&04 to 209 mg/
dL). Additionally, [ A wg/ 7 varies according to the lengths

of probe-skin contact time. Front-to-back drift ir| of cuta-
neous tissue is large compared to the reported glucose-
induced change in thg. .*~*The statistical significance of
the drift as gauged by the values varied by subject and by
wavelength. The magnitude of nonspecific drift due to the
probe-skin interaction will hamper attempts for noninvasive
measurements of analytes by tracking changes_ivalues.

The temperature-controlled probe detects photons that are re-
mitted from different depths in the tissue downza® mm.
Thermal modeling suggests that temperature of the tissue vol-
ume that is optically sampled can be controlled at a probe
temperature up to 44 °C and down to 20 °C.

For a given subjecty; is linearly dependent on tempera-
ture. Between-persom, is distinguishably larger at 38 than at
22°C at the wavelengths we studied. Between-per8ds
distinguishably higher at 22 than at 38 °C. The major contri-
bution to differentiation in the near-IR light penetration depth
din tissue is the change in bloqgd, . In general,é increased
on cooling and was modulated over a large number of tem-
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We studied the thermal aspects of probe-skin interaction.
We attempted to separate the short-term temperature effect
from the long-term effect of the probe-skin interaction. We
interpret the short-term reversible changeugnto blood per-

fusion. We attribute the long-term upward drift o, to in- 8.

creased blood pooling in the dermis.
We attribute the short-term change jrf to the effect of

temperature om;ge. We attribute the long-term decrease in 9.

s during skin-probe contact to structural factors in the skin.
Hydration of the protein fibers may cause a slow and consis- ;
tent decrease ip. due to change dimensions of the scattering
centers at constant volume fraction.

We recognize three effects of probe-skin interaction. First, 11-

there is a short-term reversible within-temperature-
modulation cycle ofu, and u.. Second, superimposed on
this is a long-term drift inu, andw . Third, there is a change
in [Awa/palt and[Aupl/ ]t on prolonged probe-skin in-
teraction that varies for each individual and wavelength.
The instantaneous and reversible temperature dependence
of u{ over a number of cycles suggests that it is a physical
phenomenon related to the effect of temperature on the refrac-
tive index mismatch between cutaneous scattering centers and
surrounding medium. Temperature dependencg pfesults
from physiological response of the vascular bed and surround-

ing areas. 16.

We compared the effect of temperature change and probe-
skin interaction on the measured and calculated effect of glu-

cose on cutaneous scattering coefficients. The effect of glu-17-

cose concentration is within the range of change b
induced by 1 °C-temperature change and natural drift at a con-
stant temperature.
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