Optical diffuse reflectance accéssory for
measurements of skin tlssue by near—mfrared

spectroscopy
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An optimized accessory for measuring the diffuse reflectance spectra of human skin tissue in the
near-infrared spectral range is presented. The device includes an on-axis ellipscidal collecting mirror

with efficient illumination optics for small sampling areas of bulky body specimens.

The optical design is

supperted by the results of a Monte Carlo simulation study of the reflectance characteristies of skin

tissue,

Because the results evoived from efforts to measure blood glucose noninvasively, the main -

emphasis is placed on the long-wavelength near-infrared range where sufficient penetration depth for

rediation into tissue is still available.

ments.
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1. Introduction

As a result of technical progress and increasing
demands for medical treatment and diagnostic meth-
ods that are gentle, the use of optical spectroscopy in
the field of biomedical applications has been rapidly
increasing. Different biological effects, e.g., of heat-
ing tissue by intense laser sources, are in use for a
variety of medical treatments.! Generally the wave-
lengths are chosen to be within the therapeutic
window between 600 and 1300.nm in which the
greatest penetration depth into tissue is available.?
To obtain quantitative information about various
analytes in tissue or blood, optical diagnostic tech-

- niques usually measure a broad spectral range, permit- -

ting multivariate calibration modeling, which is pre-
ferred to univariate regression because of inherently.
improved accuracy, precision, and reliability. An
important example is the noninvasive, i.e,, transcuta-
neous determination of blood oxygenation by near-
infrared (NIR) spectroscopy (see Ref. 3) currently
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_'absorptlwtles of acceptable magnitude exist.

accepted for clinical use. An even more demanding
goal is the measurement of oxygen saturation of
cerebral blood by transillumination of the heads of
newhorn infants,* an apparatus for the in vivo moni-
toring of the oxygenation of blood and brain tissue
stems from this research.

From a medical point of view, an important blood
analyte to be determined by a noninvasive technique
is blood glucose. Such a device significantly im-
proves self-monitoring, especially for insulin-depen-
dent patients suffering from diabetes mellitus. Re-

~ placing today’s invasive devices for determining blood

glucose concentration with a transeutanecusly mea-
suring apparatus would allow for more frequent
measurements, eventually providing a virtually closed-

- loop control system. ~ Unfortunately the quantitative

analysis of tissue-absorbance signals for glucose is
very demanding and ambitious, because the glucose
concentration is rather low { ~0.1% in blood) and the
absorbance signals are weak as well as being over-
lapped by a varying, dominant background signal.
Because of the promising results of calibration
experiments- for glucose in human plasma samples
measured by NIR spectroscopy,®® we investigated the
potential of this spectral range for a noninvasive
measurement, the results of which are published
elsewhere,” Our emphasis was mainly focused on
the wavelength range near 1.6 um where glucose
The
inmner lip promised the best opportunities for a trans-



ﬁf

cutaneous glucose measurement, because it isarather
homogeneous tissue rich in capillary blood vessels.
Kaiserd has proposed a noninvasive blood glucose
assay by mid-IR spectrometry, using the attenuated
" total reflection (ATR) technique. In a paper pub-
lished recently Kajiwara et al.? report on results from
analyzing the ATR spectra of oral mucosa. We also
studied this option$ but found experimental evidence
that the true correlation of blood glucose concentra-
tion to the lip spectra based on glucose absorption

near » = 9.6 wm could not be realized because of the.

minute radiation penetration depth into tissue ren-
dered by the ATR technique.
For the NIR spectral range chosen we studied the

optical behavior of skin tissueina diffuse reflectance

experiment by Monte Carlo simulations. Also of
interest to us was the tissue penetration depth achiev-
able by this technique. As a result of our investiga-
tion a throughput optimized accessory for diffuse
reflectance was designed. The requirements for our
application are as follows:

(1) In situ measurements of small spots from

- bulky body specimens with a minimum of inconve-

nience for patients.

(2) High reproducibility regarding the measure-
ment of tissue and reference standards. :

(3) Sufficient optical throughput for the optimiza-
tion of the spectral signal-to-noise ratio.
(4} Rejection of specularty (Fresnel) reflected radia-
tion. ‘

The last requirement is important, because the Fres-
nel-reflected radiation from the skin, which is mainly
directed into a distinct solid angle defined by the
macroscopic surface normal of the sample, can reach
the same order of magnitude as the diffusely reflected
fraction from the inside tissue that bears the informa-
tion necessary for anoninvasive assay. Foraperpen-
dicular incidence, for example, the reflectance at an
interface with a pair of refractive indices of n, = 1.0
and ny = 1.4 is 2.8%. The constructed accessory
makes provision for the exclusion of this part, which
renders complications for the intended quantitative
spectrometric analysis. Results from in vivo diffuse
reflectance measurements with this accessory are
reported and compared with those from Monte Carlo
simulations. :

2. Optical Design g

Diffuse reflectance spectroscopy is a widely applied
technique in the IR spectral range, so that a variety of
accessories for this purpose have been designed.
There are optical devices for the measurement of the
absolute reflectivity with integrating spheres (see, for
example, Refs. 10-12); however, for the analytical

applications, as in particular quantitative spectromet-

ric analysis of samples from the agricultural and food
industry, relative measurements suffice. There is
another category based on ellipsoidal segmented mir-
rors that are commercially available and placed con-

véntidnally in the spectrometer sample chamber.
Based on the symmetric design, half of the entire

_hemisphere above the sample is considered for illumi-

nation and the collection of the diffusely reflected
radiation, although to reject the Fresnel-reflected
radiation a smaller solid angle is available (for a
recent application see, for example, Ref. 13). Gener-
ally only small-sized samples can be investigated
except in an alternative design (an upward looking
praying mantis) by which spots on bulky samples
such as films can also be studied. The design of
several accessories was recently reviewed.™

Another category includes devices with dedicated
detectors, which are usually attached to a spectrom-
eter. For these devices the adaptation of the field of
view of commercially available detectors is a general
design problem. In particular, for liquid-nitrogen-
cooled semiconductive detectors a field of view of 60°
is standard. A possible adaptation to the limited
solid angle is offered by the design of Dunn et al}? (see
also Refs. 16 and 17), by which, however, only small-
sized samples can be studied. This hindrance does
not exist for the configuration proposed by Korte,!®
which permits bulky samples to be studied. The
realization of such a design with a so-called light pipe
for illumination has been described.!4!® Because of
the considerably low transmittance of the light pipe
chosen, only 1% of the radiation compared with the
energy in the sample chamber focus reaches the
detector when a white Lambertian scattering mate-
rial is measured.

To suppress the Fresnel-reflected radiation, it is
advantageous to irradiate the sample by a converging
beam with a half-angle oy around the macroscopic
surface normal, so that the specularly reflected radia-
tion, dependent on the sample roughness, can.
be ‘found preferably within the solid angle Qo =
2m{1 — cos o) used for illumination. The optical
conductance of such a beam that produces a circular
focus with an area of mwrg? is well approximated by
G, = mire? sin? ay. The optical conductance is an
invariant for the optical beam within a well-designed
spectrometer.. One can approximate it, taking the
integral over the actual solid angle {, by G =

A f cos o dQ, where A is, e.g., the area of any source
image, o is the angle of a given ray with respect to the
normal of that area, provided its dimensions are small
in relation to the distance from the next optical
element {(see also Ref. 18 and the literature cited
therein}. : :

The principal problem for the construction of a
diffuse reflectance accessory is that the law of invari-
ance of the optical conductance is not valid through-
out, because the reflected radiant power is distributed
over the total hemisphere above the sample. Fur-
thermore the diffusely radiating area is increased to
w(re + ry)?, where ry describes the fringing of the
illuminated spot by the photon migration within the
tissue. The optical conductance of the diffusely re-
flected beam is G = T2(ry + ry)? sin? agg with oue =
90° being significantly greater than the optical conduc-
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tance used for irradiation, which should be adapted in

an optimally constructed spectrometer to that of its -
detector with Gye = w2rae? sin? By. Aloss-free projec- -
tion of Gyg to G 1s impossible, because for collection -

of the diffusely reflected radiant power only the
annular solid angle (), = 2w — (), with exclusion of
the illumination cone, is available.

There are three different aspects to the optimiza-
tion of such an accessory: :

(1) The competition between the solid angle for ©

illumination ), and collection (), above the sample
surface must be considered. _ o '

(2) The annular solid angle (}, = 2 cos o left for
collection has to be projected onto a detector with a
standard field of view of 2B, = 60°. .

{3) The optical elements for sample irradiation
must fit into the cone with a half-angle of ag with
minimum loss caused by vignetting from the element
support.

The criteria for the selection of an optimal solid
angle for irradiation have been discussed by Korte!®
and Hirschfeld?® for mid-IR application. Because
the additive detector noise depends on the square root
of the detector area, the choice was based on a
combination of collection efficiency and the size of the

radiation focus used for detection. The optimum.

half-angle for illumination for samples with diffuse
Lambertian reflectance characteristics was found by
both authors to be ~ oy = 40°.

For the NIR spectral range the signal-to-noise ratio
of the spectra is limited by the photon shot noise of
the signal, so that an increase in detector area is not
as punishable as in the mid-IR. In principle, all
radiant power from the solid angle {, could be
focused onto a large enough detector. However, the
InSh detectors that perform well in the long-wave-
length NIR range are available only to a diameter of

~5 mm. Thus the goal is to maximize the irradi-.

ance in the focal detection plane. .

The accessory that is realized based on the recent
design by Korte and Otto!4!? is shown in Fig. 1. For
the on-axis ellipsoidal mirror M1 the lengths of the
axes of the generating ellipse were chosen to be at a
ratio of 2:1. The actual geometry was 100 mm for
the major half-axis.
angle of oy = 30° for illumination and By = 30° for half

of the detector field of view, the ellipsoid M1 can be -

cut in its equatorial plane, which aids in construction.
The distance between the equatorial and the focal
plane is 86.6 mm. Such an ellipsoid was manufac-
tured by Hanseatische Orbittechnik (Bremen, Ger-
many) with its mirror surface gold coated.

For optimization of the half-angle «, the following
presumptions are made: :

- (1) The radiant power of Py = Lyuw?ry® sin® aq is
focused onto the skin with the radiance Lq indepen-
dent of the position and incident angle. .
(2) A fraction Ry of the radiation is diffusely
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By presupposition of a cone’

: . sample.
Fig. 1. Schematic of the optical accessory layout.
are as follow: M1, on-axis ellipsoid; M2/M3, axicon pair; M4,
plane; M5, off-axis paraboloid; L1, immersion lens. -

The mirrors

reflected that possesses Lambertian characteristics
verified by Monte Carlo simulation as described be-
low; the effective magnification Vig(og) = rae/{ro + ra)
produced by the ellipsoidal mirror when a Lamber-
tian spot is imaged onto the detector can be defined,
e.g., by use of the 75% quantiles of the radial distribu-
tion of the radiant power in the detector plane (see
Appendix A). The analytical expressions for the
a-dependent magnification of an on-axis ellipsoidal
mirror were recently given by Korte.18

In these conditions the criterion for optimization of
the irradiance in the detector focus is derived from

Lgw?ry? sinz(ag)Rdiﬁ{l — sin®(ay)]
Veﬂ‘z(ao)

E =
dgt(ao g + g

N LoRyw  wry®
Ver(og) (rg + 1)

W
5 sin*ag)cosag) (mmz) .

(1)

The first factor in the upper row provides the radiant

exitance of the diffusely radiating skin spot, and the

‘numerator of the second term gives the collection

efficiency, whereas the imaging characteristics of the
ellipsoidal mirror are considered with the factor
Vaglog). If the photon migration in the tissue is
neglected {ry = 0) and the magnification is indepen-

. dent of ay, the optimization criterion yields o = 45°,
_ which is equivalent to halving the optical conduc-

tance of the hemisphere for illumination and collec-
tion. The Monte Carlo simulations in the spectral
range near 1.6 pm, which is described below, estimate
avalue of r; = 0.5 mm. The radius of the illumina-
tion focus rp can be steered by different apertures
with radius r,, chosen in the attached spectrometer,

-which influences the radiant power reaching from the

radiation source. With thef /4.5 optics of the Bruker



" IFS 66 spectrometer (half-angle s = 6.4°), for which
the accessory was intended, the parameter rq can be
given by ' '

T = ‘rap sin ap;s/sin ()'.0,.: . . (2) .

where oy results from the appropriate transfer dptics.

In Fig. 2 the dependence of the irradiance in the -

detection focus on the half-angle o, for illumination is
_exemplarily shown for different values of ryand rq, by
use of the ellipsoidal configuration as given above.
From Eg. (1) the optimum angle is found to shift.

toward a lower value than that given by Korte.!® .
The calculations show that, because of photon migra-

tion, the optimum half-angle is moved further down-
 ward the larger the relative spot magnification by

outfringing is (see Fig. 2, curves d and e; the differ-

ence in maximum position is 2.5° for the values used

in the model calculations). We slightly altered the

half-angle for illumination (o = 35.3°) because of the

optical requirements for the illumination optics that .
_is discussed below, so that a smaller solid angle for

detection resulted than is provided for by the crite-

rion of Eq. (1), which reduces the irradiance in the

detector plane theoretically by ~15%. The on-axis

rotational ellipsoid now collects the diffusely reflected

radiation with Lambertian characteristics in the range

between 90° and ay = 35.3° with an efficiency of n =

(1 — sin? ag) = 0.67. It must be remembered that

with the mirror geometry that we chose, only beam

angles with o > 30° exist for collection, because the

ellipsoidal mirror M1 extends only to its equatorial

plane.

Improvements in the illumination optics over the
design used previously!® were essential. The trans-
fer optics is sketched in Fig. 3. From the Fourier-
transform  spectrometer the collimated beam is di-
rected through the housing sidewall and is reflected
by two- plane mirrors (M6, M7) upward to a 90°

T T ¥ ™ ¥ P | T

E,, arbitrary units

Fig. 2. - Dependence of the average irradiance (in arbitrary units)
in the detector plane on the haif-open angle o defining the
illumination cone. (The effective magnification is based on the
75% quantiles of the radial distribution of the radiant power in the
detector plane.) a, rg = 0.6 mm, rop = 1.5 mm; b, ry = 0.5 mm,
rap = L.Bmmj e, ry = 0.5 mm, ryp = L2 mm; d, rg = 0.4 mm, rep =
1.5 mm; e, rg = 0.6 mm, rgp = 1.5 mm (for further details see text).

Tig. 3. Schematic of the transfer opties (for mirrors M1, M4, and
M5, see also Fig. 1). Mirrors M6 and M7 are plane. ‘ ‘

off-axis paraboloid (M5) from Bruker (Karlsruhe,
Germany) with an effective focal length f = 1562.4 mm

~and f/8.81. The paraboloidal mirror is identical to

the mirror that collimates the radiation into the
Michelson interferometer of the Bruker IFS 66 Fou-
rier-transform spectrometer. It produces an image
of the field-stop aperture of the spectrometer at a unit
magnification of ~ 19 mm below the focal plane of the
ellipsoidal mirror by means of plane mirror M4
intersecting the optical axis of the collecting ellipsoi-
dal at an angle of 22.5°. The beam is further concen-
trated by use of a Cassegrain-similar objective M2 /M3
(see Fig. 1). This pair of axicon mirrors was supplied

by Spectra-Tech (Warrington, UK) and is normally

used in the ATR-Circle cell.?! Mirror M3 was re-
duced in size to fit into the illumination cone that we
chose as discussed above. An advantage of these
optics is the possibility of adjusting the half-angle for
ilumination by shifting the paraboidal focus pro-
duced by mirror M5 along the optical axis of the
ellipsoid M1 while the Cassegrain pair is kept at a
fixed position above the sampling plane, virtually
without affecting the quality of the illumination
focus. To realize this property, one can translate
both mirrors M5 and M6 by a carriage stage parallel

" to the optical axis M4—-M5 or M6-M7, respectively.

A beam-condensing factor of ~38.7 results from the
conical mirror configuration M2,/Ma3.
A further demagnification is given by the hemi-

'spherical immersion lens (L1 in Fig. 1) made of Cal,
* with radius r;, = 10.0 mm from Porschke (Hochst/

Odw., Germany) and a refractive index of ny, = 1.426
at A = 1.6 pm. The refractive index of CaF; changes
only slightly within the NIR spectral range, e.g., n, =

1.428 at 1.25 pm and ny, = 1.422 at 2.3 um.** The .
- image reduction is given by the factor® n, "t = 0.7.
_The influence of the lens for the collection of diffusely
“reflected radiation was studied with a Monte Carlo

simulation for which the Fresnel losses at the spheri-
cal lens surface were considered. Absorption loss by
the CaF', material is negligible. The results given for
a circular, diffusely radiating spot with radius r, show
that the spot diameter could approach half of the lens
diameter, leaving the diffusely transmitted radiation
(T'= 97%) unchanged. The aplanatic approxima-
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tion providing a linear _magniﬁcé.tion of ﬁL when the

diffusely radiating spot is imaged through the lens is . o

also reasonable for a2 Lambertian source: Forr, <
0.3r; only 10% of the transmitted radiation appar-

ently starts from an annular area with r greater than

nyr,. Based on its size of 10-mm diameter, the
immersion lens possesses nearly aplanatic properties,

because for our application r, is smaller than 0.15r;.

The advantages of the lens for the transcutaneous
reflectance measurement of human skin lie in the fact
that a refractive-index matching for skin and lens
material exists (matched boundary condition), thereby
suppressing the Fresnel reflection and increasing the

diffuse reflectance of the tissue by a gain factor? of .-

~Nyisene?.  Furthermore the lens allows for a reproduc-
ible presentation of the lip tissue for measurement.
The lens is mounted in a circular holder made from
copper bronze with high thermal conductivity, which
can be screwed into a baseplate, permitting the lens

position to be aligned along the optical axis of the

ellipsoidal mirror. The baseplate itself can be ther-
mostated and carries the Cassegrainlike pair of mir-
rors M2/M3 by means of a tripod mount. = Vignett-
ing losses occur within the collecting mirror through
the tripod (9.3%), the mount of mirror M2 through
three pinholders (7.2%), and by the sidearm for the
fixing mirror M4 {2.3%). Under the assumption of
nearly perfect index matching between skin and the
CaF, lens, only Fresnel reflection losses at the hemi-

spherical lens surface of 6.2% must be taken into

account. When we consider these losses a total
collection efficiency of n.q = 0.52 is the result, which
can be realized with the InSb detector used (detector
element diameter, 4 mm) for sample spots to a
diameter of ~2 mm. :
The accessory, including the transfer optics, is
housed in a N,-purgeable box and attached sideways

to our spectrometer, so that easy access for in vivo -

tissue measurements is possible. Other standard
applications with, for example, powders or pastes are
possible by use of cups mounted in front of the lens.
The spectral range to be studied with this accessory is
naturally limited by the spectral transmittance of the
lens material. With CaF,, studies in the mid-IR can
also be undertaken, however, with a wavelength
cutoff limit of ~10 um. Extension is possible with
the choice of BaF,, for example, as the lens material.

3. Monte Carlo Simulation

Our main interest was the mucous tissue of the .

human inner lip for several reasons. Of importance
iz the missing stratum corneum with the effect that

~ the layered structure usually found for skin isless

pronounced (see Fig. 4). = Consequently the presuppo-
sition of an homogeneous structure used for the
simulation can be accepted for an approximation.

The inner lip is rich in capillary vessels in the dermis -

section, well thermostated, and hydrated. This sec-

tion of the lip can have perfect contact with the

immersion lens material used for refractive-index
‘matching to reduce Fresnel reflection while providing
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Fig. 4. Microscopic cross section of mucous lip tissue.

tolerable conditions for the patient. For insight into

~ the radiation propagation characteristics in tissue,
. sample simulation studies were carried out for some

of the spectral wavelengths of interest. Of concern
were the average penetration depths in addition to
detailed distribution functions and the spread of the
reflected radiation after its propagation in tissue.
The NIR-optical properties of the tissue are consid-
ered from the viewpoint of radiative transport theory.
The Monte Carlo simulation models the propagation
of individual photons that are randomly scattered

‘and absorbed in the tissue and provides us with a

numerical solution of the Boltzmann fransport equa-
tion {for an illustration of the random-walk process,
see Fig. 5). One can evaluate the macroscopic optical
characteristics by averaging the events of a great
number of photons (see, for example, Refs, 25 and

. 28).. The applicability of this theory for biological
. tissues in the visible and NIR spectral range is well

established.27?® Fora simulation the absorption and
scattering coefficients, ., and w,, respectively, are
necessary. Scattering in soft tissue is due mainly to

_dizcontinuities in the refractive index on the subcellu-

lar-level. Except for striated muscle fibers (see, for
example, Ref. 29) and presumably a small layer in the
epidermal oral mucosa (see Fig. 4), biological tissue is
optically isotropic, so that a single parameter 6, the
angle of photon deflection after scattering, suffices for
the description of the angular scattering intensity.
distribution S(8), which is called thé scatiering phase
function. . The important parameter of S(8) is the
anisotropy parameter g = {cos 0) ranging from -1 <
g < 1. In biological tissues, scattering is highly
forward directed (see Fig, 5C), and the unalytical
expression for S(8) is usually derived from the
Henyey-Greenstein function.30-3

The Monte Carlo simulations were carried out for
the following wavelengths: ath = 1,57 and 2.27 pum,
where absorption maxima for glhucose exist, and for
comparison also at A = 1.25 pm within the therapeu-



-phaten .. A

tic window. A problem for the simulation is the

* rather scarce data on optical parameters for the
~spectral range of interest, because most data were
published for the He—Ne laser wavelength at 633 nm.

To model the reflection at the tissue surface the

 refractive index is necessary. For different biologi-
cal tissues®* it was found to vary between 1.38 and

1.41 (for comparison at 630 nm, n = 1.33 for water®).
A consistent result is obtained with the equation n =

' 1.53—0.2w, which depends on the water mass fraction
w in tissue as proposed by Wilson and Jacques.®

The refractive index of water decreases only slowly

toward the NIR (n = 1.32 at A = 1.57 um), so for the

Fig. 5. Monte Carlo simulation of 2 diffuse reflection experiment
for skin tissue: A, random walk of a single photon with scattering
angle & and random length hetween two scattering events I; the
transparent medium above is characterized by its refractive index
n1, the optical medium below by ng, and the absorption and
scattering eoefficients by o and p,, respectively. B, probability
density function of the random length between two scattering
events; we take absorption into account by multiplying the weight -
of the photon by exp(—~pal). G, scattering phase function, ie., the
probability density function of the deflection-angle for a single
seattering event (in polar coordinates).

surface tissue a value of Rgwme = 1.37 (Water mass
fraction - assumed, w = 0.75) was accepted at the
latter wavelength. At other wavelengths the value
was adjusted according to the dispersion of water.

" For a broad spectral range, including the NIR, the
optical parameters pa, s and g were determined by
Parsa et ql.%6 for rat liver. It can be shown that the

“wavelength dependence of the scattering coefficient is

of the order of A4, which was used by us for
supporting appropriate coefficients {see below). For
human dermis tissue®! the optical parameters were
measured in vitro only at 633 nm, providing the basis-
for a better estimate for our case study. On the
grounds of the slow functional dependence, the value
found with g = 0.8 was transferred to our simulations.
The scattering coefficients chosen are shown in

“Table 1.

A rather useful relationship between the optical
parameters pg, s, and g can be derived by similarity
transformations of the Boltzmann transport equation.
With knowledge of two parameters, we can determine
the third one by measuring the diffuse reflectance of
the medium, which may be used for a validation of the
estimated values? This method was applied for
approximating the scattering coefficient; as for A =
1.57 wm, a goniometric reflectance analysis of skin is
available.? It is remarkable that the value obtained
for the scattering coefficient follows the same wave-
length dependence as that evaluated with the data
fromm rat liver,% when this value is compared with the
dermis parameter®! at 633 nm. The values at the
other wavelengths (\ = 2.27 and 1.25 pm) were
therefore interpolated and extrapolated, respectively,

Table 1. Optical Parameters and Resuits for the Monte Carlo Simulation of the Diffuse Reflectance of Mucous Lip Tissue®

. Tay Oqv Zmax,av Lav Rax

Optical Simulation Parameters? {mm) {deg) {ram) (mm) {%6)

A=1.25pm gy = 0.3 we = 7.0 ny = ng = 137 0.34 44.9 0.50 1.99 27.2
v = 8000 em—? ny = 1.0, na = 1.57 0.38 44.5 0.54 2.48 16.4
A =157 um pe = 0.9 pe = 5.0 ny =ng = 137 - 0.27 47.1 0,31 .1.06 N
# = 6350 cm ™~} ny = 1.0, n0 = 1.37 0.27 44.7 0.37 1.26 4.3
A =227 pm pe = 1.8 ne =30 - ny=ng=134 0.21. 50.3 0.19 0.60 2.5
¥ = 4400 em™! ) ny = 10,0y = 1.34 0.18 45.6 0.23 0.64 1.1

2R is the total diffuse reflectance into the hemisphere above the skin (without Fresnel reflectance that must be added in unmatched
boundary conditions); rav Oav, Zmaxav and Lgy are the mean values of the radial distance to the photon exit location, the exit deflection angle,
the maximum penetration depth, and the integral tissue path length, respectively. '

bThe tissue parameters pg and f, are natural logarithms based in units of mm-1; ny is the refractive index of the medium above the skin

and Rg = Niigaue-

For all simulations the anisotropy perameter wasg =

0.8.
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by means of the functional dependence found for the. -

" scattering coefficient. The parameters ., were cho-
sen on the grounds that within the therapeutic

window a nearly constant value can be assumed, 50
the dermis value at 633 nm was rounded for the

wavelength at A = 1.25 pm, which is in agreement
with the results from a recent study of Maitland et
al.?® For the longer NIR wavelengths, the absorp-

tion coefficients of gailbladder tissue from the latter -
publication, which are close to those of water, were
used as an approximation. The valuesin Table 1 are

estimates of the optical parameters in the NIR, and at
the moment a statement about parameter variation,
e.g., resulting from biological differences, is impossible.
However, this semiquantitative study based on these

parameters allows for a better understanding of the -

in vivo NIR reflectance spectroscopy.

The Monte Carlo simulation was programmed with -

MATLAB (The Mathworks, South Natick, Mass.). For
a description of comparable program codes see, for

example, Refs. 39 and 40. A photon beam of infini-
tesimal diameter was directed perpendicularly onto

the perfectly plane surface of a semi-infinite tissue
sample, and a total of 10.000 diffusely reflected
photons was accumulated in the hemisphere above.
The attenuated exit energy of the photons was consid-
ered as a weight factor for establishing the distribu-
tion functions of interest. The history of each pho-
ton was followed to a fraction of 5 x 10~* of its
original energy. It was confirmed that this limit did
not influence the simulation results.

Within the spectral range of the glucose absorption

band near 1.57 wm, a transmittance of only ~0.1%
for a tissue layer thickness of 3 mm results. The
average pathlength through the tissue is close to the
1.4 fold of the layer thickness, which sets limitations
on the transillumination of body parts such as the
earlobe and web skin, e.g., between the thumb and
forefinger, so that a transmittance experiment can be
suggested only within the therapeutic window be-
tween 1300 and 600 nm.

In the following the results of the simulation of a
‘diffuse reflectance experiment are described. The
‘radial distance » (in millimeters) of the exit location
with reference to the original entry spot, the exit

angle © of the direction of photon propagation versus

the surface normal, the maximum penetration depth

Zoax, and the total path length L within the tissue, the -

latter both in millimeters, were determined in addi-
tion to the residual emergy. For the simulation
either the matched boundary condition with refrac-

tive indices of 7, = ny, which can be realized by use of -

an appropriate immersion lens material, or a diffuse
reflection into air with 7, = 1.0 (see also Table 1) was
considered. The average results for the parameters

above and the total diffuse reflectance into the hemi- -

sphere above the skin (without the Fresnel-reflected
part that must be added in unmatched boundary
conditions) are summarized in Table 1. - More de-
tailed information is in Fig. 6, which shows the
corresponding distribution functions.
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For the matched boundary condition we must point
out that the distribution functions for the direction -
angle O differ more from the Lambertian characteris-

- tic than for the unmatched case, which is also re-
flected by the population averages (see Table 1). The

diameter of the radiating sample spot can be approxi-
mated by 1 mm. The average penetration depth is of

- the order necessary to reach the capillary system in

the dermis part of the mucous tissue. For the
matched refractive-index cdse the average values for
penetration depth and total path length are smaller,

because internal reflection at the tissue border does
not exist.

_ In addition the diffuse reflectance can be
significantly increased compared with the unmatched

~condition as discussed in Section 2.

4. Applications

 In vivo reflectance spectra that demonstrate the

spectroscopic potential of the accessory constructed
are shown below. For the measurements a nitrogen-
cooled InSh detector (element diameter size, 4 mm)
from Infrared Associates (Suffolk, UK) was installed.
The Fourier-transform spectrometer (Model IFS 66)
from Bruker (Karlsruhe, Germany} was equipped
with a CaF, beam splitter and tungsten lamp. The
spectral resolution chosen was usually 32 em™!. We
recorded the spectra by averaging 1200 single-sided
interferograms that were apodized by a Blackman-
Harris three-term function. The measurement time
was 1.2 min for a single-beam spectrum. The reflec-
tance spectra are calculated from the quotient of two

. single-beam spectra, &.(5) and ¢o{P), either with

tissue or a reflectance standard, respectively. The
spectral radiant energy flux &(?) for the correspond-
ing spectra is characterized by the spectral radiance

0.8t |
0 /'

Hdiﬂ 3 o

0.45 7

08 . /
R :iﬂ L :." . A J
0.4/ - /7 1
1.‘:,'- g C ] .’;',.- D ]
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o 1 Zpaxfmmi 2 0 2 4 Limm] 8
Fig. 6. Monte Carlo simulation results for a diffuse reflection
experiment with mucous lip tissue: Cumulative distribution fune-
tions of the normalized diffuse reflectance for matched boundaries
at X = 1.57 wm (solid curves), A = 2.27 pm (dashed curves), and A =
1.25 um (dashed—dotted curves) versus A, the radial distance of the
tissue exit location; B, the exit deflection angle © measured against
the skin normal {the trace with O gives the ideal Lambertian
characteristic); C, the maximum penetration depth zmax; and D, the
integral tissue path length of the reflected photons.
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Fig. 7. In vivo diffuse raflectance spectroscopy of inner lip tissue:

a, —log R spectrum from a test on a male person as calculated with -

a white Spectraton reflection standard: D, ¢, ~log R noise level
obtained from two consecutive specira of lip tissue and a gray
standard with reflectivity of ~0.1, a8 considered for the in vivo
measurements (enlarged and shown with offset for clarity; the
enclosed scale is for both traces); d, e, the corresponding single-
beam spectra as provided for traces b and c.

of the source and other inherent characteristics from
the detector, optical components, and the sample.
Spectralon distributed by Labsphere (North Sut-
ton, N.H.) can be used as 2 standard material suitable
for reference measurement in the visible and NIR
spectral ranges, providing nearly ideal diffuse Lamber-

sian reflectance characteristics. Advantages of this

material compared with other standards such as

potassium bromide powder or diffusely reflecting gold -

coatings (used generally for mid-IR applications) are
its ease in mechanically processing, its robustness
against environmental effects, such as humidity, and
its efficiency for surface cleaning. Inthe 0.4-1.6-pm
interval, the rather constant reflectivity of the white
standard (SRM-99L-100C) is better than 0.98, and for

" longer wavelengths it decreases slightly (Ry=18um =

Table 2. Comparison of Results from the Monte Carlo Simufation
with Average Values of 380 Diffuse Reflectance Spectra from 133

Test Persons®
Monte Carlo _ _
Simulation Conditions i
(~log Rais) . Experimental Average
Values with +2c¢
plem~})  Matched Unmatched {~log Raifr,enp)
2000 0.57 - 0.785 0.71 £ 0.13
6350 1.06 1.39 _ 1212018
4400 1.60 1.96 191 +0.19

aThe experimental values were ealculated with reference to a
white Spectralon reflectance standard. :

0.00 4

1 ] L Ll

10000 8000 go00 cmt - 4000

Fig. 8. -Difference spectrum between the averages caleulated from

" the spectra from 182 female and 199 male lips {trace a) and the
diffuse reflectance spectrum of fatty minced beef {trace b).

0.976, Rk=2_g pm = 0.957, and R;\=2.2 pm 0.944).41
For the lip reflectance measurements gray Spectralon
materials possessing reflectivity values between 8%
and 15% were used, s0 that we could consider a
greater radiant power without saturating the detec-
tor signal or the ancillary amplification and digitiza-
tion electronics. :
In Fig. 7 an in vivo spectrum of the inner lip, as
measured against a white standard (trace a), is shown.
" The achievable noise levels obtained from two consecu-
tive spectra, each of mucous lip tissue, and a normally
considered gray standard with reflectivity of 0.1 at
10,000 cm~! are also presented (see traces b and ¢).
Each noise level is wavelength dependent as a result
- of the spectrometer response. For illustration of the
spectral energy distributions, single-beam spectra
with a lip and a gray standard are also presented in
Fig. 7 (see traces d and e, respectively). Spectral rms
variations, particularly in the water QH-stretching
overtone band helow 7000 em-t, e.g., resulting from
different contact pressure of the lip, are ~0.01 a.u.
[~log B units interpreted as an absorbance unit
(a.)} apart from baseline drifting with an offset in
the same order.

! T T T T T

L | 1 1 1 =

0 1
10000 - 8000 gooo  cm' 4000
Tig. 9. Diffuse reflectance spectra of mucous lip tissue (trace a)
compared with those of the upper tongue surface and of thumb
~ skin from one person (traces b and ¢, respectively) (offset for
clarity). ' :
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Fig. 10. Diffuse reflectance NIR spectra of different compounds of
clinical interest: &, albumin asa model compound for protein; Io,

anhydrous crystailine glucose; ¢, cholesterol (offset for clarity).

The results from the Monte Carlo simulation can
be compared with the experimental results from a
clinical measurement campaign with 133 different
test persons providing a total of 390 diffuse reflec-
tance spectra of the lower inner lip (see Table 2).
The average values are listed with twice the standard
deviation derived from the spectrum population.
The experimental results are in good agreement with
the simulation results obtained for matched and
unmatched boundary conditions confirming the opti-
cal parameters chosen for the Monte Carlo study.
For the wave numbers at 8000 and 6350 cm~1 a better
agreement is found than for 4400 cm™, which -is
possibly an effect of unsatisfactory extrapolation car-
ried out for the optical parameters as described above.
Another reason for the deviations in the simulated
reflectance compared with the experimental values is
certainly the layered structure of the mucous tissue,
which has not been taken into account for modeling,
so the differences may be partly a result of this
simplification. : :

When the spectrum population from the test per-
sons measured for evaluation of the possibility of a
transcutaneous noninvasive glhucose asgay was stud-
ied in detail, we noticed some spectra that contain an
absorption band doublet helow 6000 cm™! indicating
subcutaneous fatty tissue being spectroscopically
probed. In Fig. 8 the difference spectrum between

the averages calculated from 182 female and 199 male
lip spectra is shown. A diffuse reflectance gpectrum

of minced beef of considerable fat content is pre-

sented for illustration (trace b).
For completeness the spectra of some different
types of human skin are presented in Fig. 9. A good

optical contact to the lens can certainly be maintained

for the mucous tissue of the inner lip, whereas, e.g.,
the upper rough surface of the tongue provides less
contrast for the water absorption bands. A further

decline exists for a skin sample with an established

layer of strafum corneum as found for the thumb tip.

The spectral examples for these species of skin tissue

are that from a test of one male person. .

518 . APPLIED OPTICS / Vol. 34, No. 4 / 1 February 1995

ratios for various skin tissue materials.

radiating sample spot onto the detector.

. sample focus.

Finally, an example related to thein viué spectrais

‘provided (see Fig. 10) where the spectra of albumin as

2 model compound for protein, anhydrous crystalline
ghucose, and cholesterol are shown, illustrating that
the information content of the NIR spectral range is
important, particularly for thein vivo spectroscopy of

- human tissue.

5, Conciusions

- The accessory presented can be used to obtain in vivo

diffuse reflectance spectra of high signal-to-noise
The main
emphasis, however, was placed on the mucous tissue
of the inner human lip. The achievable noise level

- could be further improved by use of radiation sources

that provide greater spectral radiance in the wave-
length range studied than the tungsten—halogen bulb
used here as a standard spectrometer thermal souree.
The irradiance on the skin with the setup chosen is
~10 mW mm-2. Here the use of lasers may be
helpful; however, the maximum permissible radia-
tion exposure levels are limited by damage effects to
the tissue and must comply with safety standards.*?

Multivariate spectrometry used for quantitative
analysis is complicated by the variability of the mea-
surement, ie., mainly the result of differing lip
position and contact pressure.®? Furthermore the
biological variation between individuals because of
different tissue texture is, as expected, by far greater
than for the measurements carried out during the
test of one person, SO multiperson calibrations for
sensitive noninvasive blood glucose monitoring based
on diffuse reflectance spectroscopy of tissue await
further improvements in measurement reproducibil-
ity and calibration modeling when we take into
account, e.g., individually different path lengths for
the probing radiation.

Appendix A

The on-axis ellipsoidal mirror images the Lambertian
The effec-
tive magnification of this mirror influences the irradia-
tion in the detection focal plane. For varying solid
angles used for collecting the diffusely reflected radia-
tion, this parameter is derived. The ellipsoidal mir-

_ ror can be described by its ellipsoidal semiaxes a and
‘b, As Korte' showed recently using y = a/b and .

C = 2y(y2 — 1)V/2/(2 % - 1), the magnification U(e)
obtained by an infinitesimal mirror element is given
by the ratio of its distances to the detection and

The angle o denotes the angle of a
given ray with respect 0 the normal of the sampling
focal plane of the ellipsoid. For small sample spots,

compared with the radii of the ellipsoidal mirror, this

“magnification can be written's

Ula) = (1 — C cos a)(t = CH™2. (A1)
Furthermore the so-called meridional magnification
is relevant; it arises from the projection caused by
differences between the surface normal of the sam-



V{e) = [(1 ~ C cos a)? cos al/[{(1 ~ C'2')1./.2(.C —'gos a)l.

'- pling and that of the detection plane compared with -
the corresponding infinitesimal mirror element ra- -

diié:

W
A cireular spot with radius ry is projected by such a

‘mirror element onto an ellipse with its semiaxes -

Ulo)ry and Vieyry, and the uniform irradiance in the
detector plane is reduced by the factor [Ule) V()]
We consider the case Vie) < Ula), which is valid for

o = 30° given v = 2; the other case can be handled

accordingly.

The ellipse equation (see also Fig. 11) can be

written

[r cos o/ Ula)]* + {rsin ¢/ V(a)]2'=. re?, (A3) |

which provides us with the angle ¢ neceséary for the
following integration:

o{r) = arccos(={[1 — Vg(ajroz/ r?]
/11 - VH)/ UMD, (A9

The irradiance density function produced by an annu-
lar mirror element of constant angle a can be ob-
tained by integration over the angle ¢:

-

-
=
v i
i o

Fig. 11, Derivation of the a-dependent irradiance density fune- -
tion obtained in the detection focal plane of the on-axis eHipsoidal
mirror. Two elliptical images are shown that are produced by
different infinitesimal elements of a. mirror ring with a constant
half-open angle « (see also text).

2 /| Ule) Vier)] r < Vie)ro
4 1 — V{(a)ry?/r?
fir,a) = W- arpcos[ TV (i});ﬁUi(ra)} Wayry < r < Ular. (AB)
0 ' Ul <1

A platean of constant irradiance is found within a
circular spot of radius V(ajrs, whereas the density

function decreases monotonically within the interval .

given in the second formula of Eq. (A5). For Lamber-
tian radiation characteristics we obtain

90°
Frotir, o) = j f(r, @)2m cos a sin o da. (A6)

op

This equation has been solved numerically.  Further
integration over the radial area, when we take into
account this radial distribution, yields a cumulative
distribution function of the radiant power dependent
On I3, the radius in the detection plane:

rdet

Ftot(rdet: aﬂ) = J

0

which can be solved numerically to provide an effec-.
tive value V.glop) of the linear magnification of the
ellipsoidal mirror of given geometry, which reads for
this derivation Vig{ag) = rae /7. Different quantiles
of the radiant power of 75% and 90% were used to

fgot(r,'ag)Z"lTJ"d!', . (A?) )

30 60 % 90

Fig. 12. Effective magnification of the ellipsoidal mirror depend-
ing on the maximum half-angle oo defining the illumination
cone. The parameters are different percentage quantiles of the
radial distribution of the radiant power in the detector plane (the
solid eurves are the result of a polynomial fit; for the results see
text): a, 75% quantiie; b, 30% quantile. '
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" ¢ evaluate the ap-dependent parameter ra. The func-

tional dependence of the effective magnification is
ilustrated in Fig. 12. - A polynomial fit was derived
for the quantiles chosen with Vig(ag) = Ko + K ap?

with o provided in degrees. Theresults are for 75%, .

Ko = 1.68,K; = 3.47 X 10-4, and for 90%, K, = 2.51,
K, = 3.85 x 107% The effective magnification for
the 75% quantiles was considered for the study of the
optimum collection cone described in Section 2.
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