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ABSTRACT

In vivo spectra from human subjects can be simulated
with a phantom composed of different layers of water,
fat and muscle tissue. All three components are necessary
to simulate in vivo spectra collected over the combination
spectral region (5000-4000 cm™'). Muscle tissue is not
required, however, to accurately simulate overtone spec-
tra (6600-5400 cm~"). The near-IR spectral characteris-
tics of fat and muscle tissue from several animal sources
are essentially identical to those found for human tissue,
hence, the animal source for these phantom components
is not critical. Thickness of each tissue layer can be de-
termined by a regression analysis where the in vive spec-
trum of interest is regressed against standard absorbance
spectra of the necessary model components (water, fat
and muscle). In gencral, i vivo overtone spectra collected
across human webbing tissue with a thickness of 6.7 mm
can be simulated with water layer thicknesses ranging
from 5.0 to 6.4 mm combined with fat layer thicknesses
from 1.4 to 4.2 mm.

INTRODUCTION

Near infrared (NIR)$ spectroscapy is proposed as a method
for measuring blood glucose levels within the human body
in a noninvasive and painless manner. The idca is to pass a
band of NIR radiation through a vascular region of the body
and then extract the analytical information from the resulting
spectral information. Success of this approach demands
high-quality specira combined with sophisticated data pro-
cessing. The NIR spectra collected from human subjects
must possess sufficient signal-to-noise to permit reliable dif-
ferentiation of the small glucose absorbance signals relative
to the underlying spectral noise. Sophisticated data-process-
ing tools are needed to enhance selectivity by distinguishing
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glucose absorbance features from those for other molecular
species in the sample matrix.

Our approach to assessing the utility of NIR spectroscopy
for measuring blood glucose noninvasively is to begin wilh
glucosc measurements in relatively simple matrices and then
increase the malrix complexity with the ultimate goal of the
human body. We started with glucose in a simple aqueous
phosphate buffer (1} before examining more complex ma-
trices (2-4) that contained potential interferences such as
proteins, triglycerides, amino acids, efc. Regardless of the
matrix complexity, valid glucose calibration models have
been successfully developed from the NIR spectral infor-
mation.

A phantom is required to effectively extend our devel-
opment of NIR spectroscopy for noninvasive blood ghicose
sensing from aqueous solutions to the human body. Sequen-
tial layers of fauty tissue and aqueous buffer are proposed as
a phantom to simulate NIR transmission spcctra of human
tissuc. This phantom provides a means for collecting NIR
spectra under in vitro conditions that accurately simulate in
vivo spectra. Such a phantom permits conirol of critical ex-
perimental parameters, thereby facilitating method develop-
ment, The effectiveness of such phantoms has becn dem-
onstrated in studies to explore the potential of NIR for mea-
suring hemoglobin and imaging tumars in lissue matrices
(5-7).

EXPERIMENTAL

Instrimentation. Spectra were collected with a Nicolet 740 Fourier
transform spectrometer equipped for measurements in the near in-
frared. Specifically, this spectrometer was equipped with a 400 W
tungsten—halogen lamp source, calcium fluoride beam splitter and
cryogenically cooled InSb detector for the combination region and
a thermoclectrically cooled InGaAs detector for the overtone region
(8). Interference fillers were used to isolate either the combination
or averlone region, respectively.

Tissue samples. Skin, muscle and fat tissue samples were dis-
sccted from various animals. Chicken, porcine and bovine samples
were purchased from a local grocery store. Dog, sheep and rat tis-
sues were obtained from the Animal Rescarch Center at the Uni-
versily of lowa by an approved protocol. Human tissue samples were
obtained from the University of lowa Hospitals and Clinics by a
protocol approved by the Human Subjects Internal Review Board
on campus. All samples were stored at 4°C,

Animal tissue samples were dissected to isolate the fat, skin and
muscle layers, These layers were then individually positioned be-







tween (wo 25.4 mm diameter sapphire windows and gently squeezed
to reach the desired thickncss, Tissue thickness was I mm for all
measurements in the combination region. Tissue thickness varied, as
specified below, for measurements in the overtone region. Care was
taken to avoid trapping air bubbles within the tissuc matrix that
would adversely affect the spectroscopy by transmilling unattenuat-
ed incident radiation. Each sandwiched tissue sample was positioned
in a temperature-controlled cell mount (Wilmad model 118} within
the spectrometer for data collection,

Phantoms were constructed by combining layers of blended beel
fal and an aquecus phosphate bulfer (0.1 M, pH 7.35). The beef fat
was placed between two 25.4 mm sapphire windows with a Teflon
spacer ring to control the fat layer thickness. Once assembled, sili-
cone rubber cement was used lo hold the windows together. The
resulting fat filters were durable and easy to handle. The agucous
layer was held in a conventional temperaturc controlled variable
pathlength sample holder {Wilmad model 118). Spectra were cal-
lected after mounting each component in the sample compartment
of the spectrometer. The aqueous layer was placed in the normal
sample holder at the focal point of the incident beam. A 25.4 mm
diameter convex lens (33 mm focal lengih) was mounted in front of
the aqueous layer and the fat filter was mountcd before (his lens,
This position for the fat filler was most convenient experimentally
and filter position had no significant impact on specival quality.

The webbing between the thumb and [orefinger served as the mea-
surement site for in vive human spectra. Webbing spectra were col-
lacted by pinching a section of the webbing between a sct of sap-
phire windows. The sandwiched webbing tissue was held in the
sample compartment of the spectrometer with the webbing posi-
tioned at the focal poimt of the incident beam, For the combination
region 2 25.4 mm diameter, 33 mm focal length, convex lens was
used to focus the incident light on the webbing. No temperature
control was attempted.

Spectra. The NIR spectra were collected as 256 co-added, double-
sided, 16k interferograms that were subsequently transformed to sin-
gale beam spectra with 1.9 cm™! point spacing, Before collecting each
spectrum, the sample was heated to 37°C. Wire screens of various
mesh sizes were used to attenuate the incident light intensity as
needed to avoid saturaling the detector and to match intensity levels
between sample and background spectra. Air background spectra
were collected with the same instrument settings, and absorbances
were computed accordingly. All single-beam spectra were trans-
ferred to an Iris Indigo computer (Silicon Graphics, Inc.) for pro-
cessing with software provided by Professor Gary W. Small from
the Center of Intelligent Chemical Instrumentation in the Depart-
ment of Chemistry at Ohio University (Athens, OH). Regression
analyscs were performed with either Minitab (release 8) or Sigma
Plot for DOS on a common desktop compulter.

RESULTS AND DISCUSSION

In vivo human spectra

The NIR spectra were collected over both the combination
and overtone regions. The combination region is located be-
tween 5000 and 4000 cm™' (2.0-2.5 pum) and the first over-
tone region is located between 6500 and 5400 cm™' (£.54-
1.85 pm). In gencral, the combination region offers larger
absorptivities and sharper spectral features that result in su-
perior analytical performance. Unfortunately, strong water
absorption in the combination region limits sample thickness
to 1-2 mm. In comparison, sample path lengths as large as
10 mm can be easily accommodated in the overtone region
where water absorptivity is significantly lower. These off-
selting characteristics make cach of these spectral regions
worthy of investigation.

In vive human spectra possess similar absorbance features
regardless of the spectral range. Single-beam spectra are pre-
sented in Fig. 1 for both the combination and overtone
regions. The webbing tissue was squeczed to a thickness of
2.5 mm for the combination region, while the tissue thick-
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Figure 1. in vivo single-beam specira collected through human web-
bing tissuc over the combination (A) and overtone (B} spectral
regions.

ness was 6.7 mm for the overtonc spectrum. In both cases,
light transmission is greatly attenuated at both the high- and
low-frequency extremes with the greatest transmission in the
center porfion of the spectrum. As will be shown below,
water is primarily responsible [or attenuating the high-fre-
quency radiation and fatty tissue atlenuates the low-frequen-
cy light, The combination spectrum possesses an absorbance
feature around 4600 em~! and a sharp drop in transmitted
light around 4475 cm!. The overtone spcctrum, on the other
hand, has a broader transmission window with fewer absor-
bance features.

Animal tissue models for combination spectra

The NIR speciral characteristics of fat, skin, and muscle
were cvaluated as possible phantom components for in vivo
human spectra.

Initially, spectra were collected for chicken fat, skin and
muscle over the combination region. The resulting single-
beam spectra are presented in Fig. 2 along with a single-
beam spectrum for water. Fat ts characterized by two strong
absorption bands centered at 4350 and 4270 cm~'. These
absorbances are sufficiently broad and strong that little light
is transmitted beyond 4400 cm~' with the sharp drop in
transmission beginning around 4475 cm~'. This fatty tissue
corresponds to adiposc tissue that contains dense clusters of
large fat storage cells (9). Thesc strong absorbances are like-
ly caused by the combinations of C—-H vibrational transitions
associated with the long alkyl chains of the fat molecules.
Skin possesses essentially the same spectral features as fat,
but smaller in magnitude. This finding suggests that fatty
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Figure 2. Single-beam combination spectra for isolated pieces of
chicken fat (A), chicken skin (B), chicken muscle (C) and phosphate
buffer (D).

tissue within the skin matrix is primarily responsible for its
NIR spectral features. The NIR spectrum of muscle tissue is
similar to that for waler with additional absorption features
avound 4000 and 4370 cm™'. Like water, muscle strongly
attenuates light at both high and low frequency cxtremcs.
The additional features at 4600 and 4370 cm™! correspond
to protein that is known to possess strong absorption features
at these iocations (10}, Water and muscle both aillow maxi-
mum transmission of light between 4600 and 4400 cm™'.
The resemblance between muscle and water is reasonable
considering the high water content of muscle tissue (ca 75—
85%) (11).

Interspecics variation was assessed by comparing absor-
bance spectra collected from far and muscle samples ob-
tained from human, chicken, bovine, porcine, hamster, dog
and sheep sources. The NIR spectra from these fat samples
revealed the exact same absorbance features regardless of
the animal source, Likewise, all muscle absorbance spectra
were essentially identical. Although the absorptivities may
differ between species, the position and widths of the ab-
sorbance bands were indistinguishable. These spectral sim-
ilarities are expected given the chemical uniformity of fat
and muscle tissue and the limited chemical sensitivity of
NIR spectroscopy. Chemically, all fatty tissuc is principally
composed of CH, groups which dominaltes the NIR spectra.
From a practical standpoint, thesc findings suggest that the
source of tissue is not imporiant when designing the pro-
poscd phantom.

Comparison of the combination spectra shown in Fig, 2
for the various tissuc materials and the corresponding in vive
human spectrum shown in Fig. 1A reveals that the principle
camponents of the in vive spectrum are water, muscle and
fat. Waler and muscle combine to dictate the spectral fea-
turcs at wavenumbers greater than 4500 cm™' while fat ab-
sorption dictates the spectrum at wavenumbers below 4500
cm~!. Hence, in vive spectra from human subjects can be
stmulated by using combinations of these tissue materials,

Magnitude of the fat absorbance bands can be varied by
altering the amount of fally tissue placed in the optical path.
Figure 3 shows this effect with a series of absorbance specira
for different amounts of bovine fat. Larger absorbanccs arc
observed as more fat tissue is packed between the optical
windows, thereby increasing the packing density of material
in the optical beam. Increasing absorbance is clearly evident
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Figure 3. Absorbance spectra [or beel [al densities {gfecm?) of 1.05
(A), 1.28 (B}, 1.50 (C) and 1.71 (D).

at the lower frequencies and these increases in absorbance
help to better define the fat absorbance features. Such be-
havior is critical for the proposed phantom because different
amounts of body fat can be simulated by simply controlling
the amount of fat in the phantom.

The position of many NIR absorption bands is notoriously
sensitive to temperature, which can dramatically degrade an-
alytical performance, The temperature sensitivity for the fat-
ty tissuc has been examined to determine the extent to which
temperature control will be needed when used in the phan-
tom. Absorbance spectra for fat at 20.3 and 37.1°C are pro-
vided in Fig. 4 for comparison, Although these bands shift
to higher frequency at the higher temperature, this shift is
slight given the large temperature difference (ca 0.2 cm~'/
°C). Such a small temperature coefficient suggests rigorous
temperature control is not necessary for the fat layer. Mag-
nitude of the extinction coefiicient, however, is more sen-
sitive to temperature, particularly around the melting point.
For this reason, large temperature variations should be
avoided,

In vitro phantoms for overtone spectra

Examination of overtone spectra collected from isolated
samples of fat and muscle samples led to the same conclu-
sions as noted above for combination spectra. Overtone
spectra for each tissue type are essentially identical regard-
less of the animal source. Again, fat absorbance dominates
at low frequencies while water strongly attenuates the high-
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Figure 4. Absorbance spectra [or beef fat collected at 20.3°C (solid
line) and 37.1°C (clashed line).
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Table 1. Results for phantoms fitted by the three-layer model {water/Tat/muscle)

Webbing [-)’lf)< BI* E’Z* BA* !unlcr-id ll'ul.i' ]musclcii‘ RMS1
| —1.51 1.16 0.964 2.45 477 1.66 1.57 0.06632
2 0417 1.28 1.89 0.618 5.26 3.25 .40 0.05869
3 0.364 1.36 1.39 0.648 5.59 2,39 0.4l 0.04569
4 0.679 1.32 2.45 —0.0807 5.43 4.21 —0.052 006603
5 ~-0.086 1.07 1.24 2,17 4.40 2.13 1.39 005145
6 0.766 1.29 1.35 0.431 5.30 2.32 0.28 004742
7 1,29 1.37 2.30 — 102 5.63 3.96 —0.65 0.07093

#*Regresston coefficients.,
tModeled tissue thickness (mm).
TRoot mean square for model residuals.

frequency radiation. As is detailed below, protein absorption
is less significant in the overtonc region compared to the
combination region. Hence, a layer of muscle is not required
to provide a suitable phantom for overtone spectra,

An effective phantom must provide in vifro specira that
match in vivo spectra in terms of position and magnitude of
all absorption featurcs. If successfully matched, the trans-
mission properties of the phantom will closcly resemble
those of living human tissue. The key lo success is to find
the proper relative thicknesses of the model components.

A regression methed is propoesed to identify the best com-
bination of tissue thicknesses to accurately simulate human
in vive spectra. In this technique, absorbance spectra from
pure samples of waler, beef fat and beef muscle are com-
bined according to the following expression:

Sp = Bo + BiS, + BaS¢ + BaS

where Sy, S, S; and S,, correspond Lo absorbance spectra
for known thicknesses of human webbing, water, beef fat
and beef muscle, respectively, and [3; corresponds to the re-
spective regression coefficient. Absorbance spectra arc used
because of the additive nature of Beer’s law, In this method,
a given in vivo human webbing spectrum is fit by combining
the individual tissue absorbance spectra. The best relative
amount of each tissue spectrum is given by the regression
coefficicnts. The best absolute amount of each tissue can
then be computed as the product of the regression coelficient
and the tissue thickness used to colilect the standard absor-
bance spectrum for the individual tissue components. In ad-
dition, B, corrcsponds to the tolal optical throughput of the

Table 2. Results for phamowms fitted by the two-layer model (wa-

ter/fat)
Web-
bmg BO* B! * BZ* ]\\‘:ltcr'i— lﬂlﬁ RMSi
t —0.0968 1.53  0.799 6.29 1.37  0.1032
2 0.775 1.38  1.85 5.67 318 0.06503
3 0.739 146 135 6.00 2.32  0.05460
4 0.632 L3060 246 5.34 423 0.06569
5 1.17 139 1.10 371 1.89  0.0871i
6 1.02 135 1.32 5.55 227 0.04919
7 0.698 122 2.37 5.01 4.08 0.07827

#*Regression coeflicients.
tMadeled tissue thickness {mm).
1Root mean square for model residuals,

sample and is heavily influenced by tissue-scattering pro-
cesses.

In vive human webbing spectra from seven different vol-
unteers were modeled 1o evaluate the utility of the proposed
regression technique. The in vive spectra were collected
through 6.73 mm of webbing tissue from scven healthy in-
dividuals, Spectra were also collected [or individual samples
of phosphate buffer (pH 7.35, 4.1 mm thick), beel fat (1.7
mm thick) and beef muscle (0.6 mm thick). Absorbance
spectra were then computed by using an appropriately
matched air background spectrum. Human webbing spectra
were then regressed relative Lo the standard spectra over the
entire spectral range (6600-5400 cm~'). This regression
analysis was performed twice for each webbing spectrum,
The term for muscle (33S,,) was included the first time and
removed the second. Results from both regression analyses
are presented in Tables 1 and 2.

Fitted spectra compare favorably to the corresponding in
vive spectra. Figure 5 provides an example wherc two fitled
spectra are superimposed on the corresponding in vivo spec-
truin. In the first casc, all three phantom componcnis, watet,
fat and muscle, were used to generate this fitted spectrum.
In the second case, only water and fat layers were consid-
ered. Although the match is not exact in either case, both
fitted spectra clearly follow the general trend of the in vivo
spectrum. Thesc fitted specira match the actual spectrum
over much of the spectral range. The major deviation be-
tween fitted and actual spectra occurs at the high-frequency
fat absorbance band, For most spectra tested, fitted spectra

Absorbance
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Iligure 5. /n vive absorbance spectrum of human webbing (solid
linc) and the corresponding fitted spectra with the water/fat/muscle
model (dashed line) and the water/fat model (dashed-dot line).
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Figure 6. Single-beam spectra for a human webbing (solid line} and
the corresponding water/fat phantom (dashed line).

consistently overestimatc the magnitude of absorbance for
this band. Quality of the match was quantified by computing
the root mean square (RMS) of the residuals between real
and fitted spectra. The RMS of the residuals are 0.067 and
0.103, respectively, for the three- and two-component fitted
spectra shown in Fig. 5.

Muscle has little impact on the regression results, The
mean of the residuals for all seven in vive spectra flitted with
water, fat and muscle is 0.059. When only water and fal are
used, the mean RMS of the residuals is 0.072, Also, the two
fitted spectra shown in Fig. 5 are similar, particularly for the
water region, The presence or absence of muscle in the mod-
¢l only affects the first regression coefficient (Bp). This term
is sensitive to the total light throughput and therefore cor-
responds to various optical propertics of the system includ-
ing source power, detectivity of the detector, scattering prop-
erties of the sample, efc. A layer of muscle tissue scatters
some of the incident radiation that aliers the optical through-
put, thereby changing the magnitude of By The absence of
a strong protein absorption band in the in vivo spectra per-
mits excluding muscle in the phantom.

The regression analysis provides the information needed
to construct a phantom to simulate a given in vivo spectrum.
The spectrum fitted with two components in Fig. 5, for ex-
ample, predicts that a phantom composed of a 6.3 mm thick
layer of phosphate buffer and 1.4 mim thick layer of fat will
best simulate the i vive spectrim, A phantom composed of
6.2 mm buffer and 1.6 mm fat was constructed and spectrum
collected. The resulting single-beam spectrum from the
phantom is presented in Fig. 6 along with the corresponding
in vivo single-beam spectrum, Overall, the phantom spec-
trum in Fig. 6 compares favorably with the largeted in vive
spectrum that validates the regression method and supports
the use of the proposed phantom to simulate noninvasive
experiments.

Potential Applications. The proposed in virro model offers
a means to generate single beam spectra that accurately sim-
ulate spectra collected noninvasively. The ability to simulatc
single~beam specfra is critical because future attempts to
develop noninvasive NIR spectroscopic ¢linical methods
will likely rely upon the analysis of single~beam spectra, As
detailed elsewhere [12], the generation of absorbance spectra
is complicated by severe mismatch between the sample ma-
trix and putative background materials. Fortunately, accurate
glucose predictions are possible from PLS calibration mod-

els generated from single—beam spectra [12]. In fact, essen-
tially identical model performance is obtained with single-
beam and ratioed spectra. Alternatively, the proposed phan-
tom may serve as an acceptable reference material from
which suitable background spectra can be obtained.

In addition, the proposed model offers the ability to vary
the thickness of the aqueous and fat layers, thereby provid-
ing in mechanism for simulating different in vivo measure-
ment conditions. Proper control of layer thickness is neces-
sary to simulate different measurcment sites, such as ear
lobes or fingers, where the relative amounts of water, fat and
muscle will likely be much different than the webbing tissue
examined here. Furthermore, the composition of a given
measurement sitc will vary between individuals and within
a given individual with time. The proposcd phantom can
accommodate such experimental variation by appropriate ad-
justment of layer thickness.

CONCLUSIONS

The proposed tissue phantom will greatly facilitate the devel-
opment of NIR spectroscopy for noninvasive clinical mea-
surements. This in vitre model offers a mechanism for con-
trolling critical experimental parameters, thereby providing a
means for reproducible conditions. The level of reproducibil-
ity promised by this phantom is impossible to achieve with
actual human subjects, The effect of optical path length can
be examined by varying the aqueous layer thickness. Intet-
ference from fatty tissue can be documented by using differ-
ent fat layer thicknesses. Finally, light-scattering effects can
be determined by adding scattering particles te the aqueous
layer. The phantom allows each of these demanding experi-
ments to be performed in a rigorous and systematic manner.
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