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Summary

To provide a noninvasive method for serum bilirubin deter-
mination in newborn infants, a reflectometer system was devel-
oped using a novel fiber optic arrangement permitting measure-
ment of the light reflected from a small area (3 cm?) of the
infant’s skin. The reflectometer was operated over the spectral
region 400-750 nm with a 30-sec scan time. The reflectometer
consisted of a monochomatic light source, fiber optic probe,
detector, and data acquisition system

Spectral reflectance measurements were performed on the
blanched and unblanched skin on the backs of 56 Caucasian
newborn infants. Examples of the spectra and corresponding
serum bilirubin values of 30 of the infants are presented,
illustrating that near 460 nm, the spectral reflectance of the skin
decreases with increasing serum bilirubin concentrations. It was
also observed that the individualities in epidermal hemoglobin
concentration affected the skin reflectance spectra. For this
reason the statistical analysis was limited to inclusion of only
reflectance spectra of blanched skin.

The multispectral analysis of the data was based upon statisti-
cal regression analysis investigating the predictability of serum
bilirubin level from reflectance spectra. The spectrum between
400 and 740 nm was divided into 5-nm intervals (71 discrete
bands). First order linear, multiple linear, and polynomial
nonlinear regressions were performed on the spectral reflectance
values at each of the intervals with respect to serum bilirubin
level. The coefTicients of determination (R? values) are summa-
rized.

Because an R? of only 0.783 was observed at 450 nm, scatter
diagrams of serum bilirubin concentration versus spectral skin
reflectance at a given wavelength were studied. These indicated
that a logarithmic transformation of the data might yield im-
proved results. The double natural logarithm was taken of the
71 discrete spectral reflectance values and a polynomial nonlin-
ear regression was performed with respect to serum bilirubin
concentration. The best results of this regression analysis were
obtained for a combination of five wavelengths yielding an R?
value of 0.931.

The ability to predict serum bilirubin concentration from skin
reflectance using this relationship was tested using the original
observations. The 95% prediction limit for this empirical
relationship was shown to be =2 mg/100 ml.

Speculation

Spectral reflectance measurements on the newborn skin pro-
vide a noninvasive screening method for neonatal jaundice and
may also be useful in assessing the efficacy of phototherapy and
the potential for kernicterus.

The present method for detecting neonatal jaundice is visual.
A positive diagnosis is verified by a blood test which measures
the serum bilirubin concentration. Although the measurement
of serum bilirubin concentration has been shown to be inade-
quate in certain instances, it currently provides the only readily

available indication of the infant’s potential for kernicterus.
Three factors must be considered in the visual detection process:
experience of the physician or nursing staff, skin pigmentation
of the infant, and the nature of the environmmental lighting.

A variety of tintometers and color-matching techniques have
been developed to reduce the subjective judgment of the
physician (14, 18) but none have found widespread acceptance
in the United States. This lack of acceptance is because such
devices depend upon a standard environmental lighting condi-
tion and the physician’s ability to make an accurate color match
between the infant’s skin und the color sample. For given
conditions of lighting and infant pigmentation, these techniques
appear to be more applicable to monitoring than detection (10).

A quantitative indication of skin color can be obtained from
measurement of the color as a function of wavelength over the
visible portion of the spectrum. One of the first in-depth studies
of this kind was performed in 1926 by Sheard and Brown (17).
Since that time, other investigators have obtained spectral
reflectance data for skin using a variety of techniques and
instrumentation (2-4, 6, 7, 9, 19). The method of analysis used
in these studies defines the color of an object by the three
chromaticity coordinates (8). This is insensitive to subtle changes
in spectral reflectance in narrow wavelength bands since the
spectrum is essentially averaged over three wide spectral re-
gions. Disease-oriented skin color phenomena which exhibit
variations in the spectral reflectance at specific wavelength
bands would not be easily detected by such a three-dimensional
analysis. This explains the conclusion of Brunsting and Sheard
(2) that jaundice is qualitatively detectable from the reflectance
spectrum itself, but is not noticeable when using a color analysis
scheme.

Recent developments in computer technology and computer-
aided reflectometry that facilitate a more complete analysis of
reflectance spectra will be described in this paper.

MATERIALS AND METHODS

A reflectometer system, Figure 1, was developed (20) using a
novel fiber optic arrangement permitting measurement of the
light reflected from a small area (3 cm?) of the infant’s skin while
he remained undisturbed in his crib. The reflectometer was
operated over the spectral region 400-750 nm with a 30-sec
scan time. The reflectometer consisted of a monochromatic light
source, fiber optic probe, detector, and data acquisition system.

A tungsten light source and grating monochrometer served as
a source of monochromatic light which was transmitted to the
skin of the infant by one branch of the bifurcated fiber optic
probe. The light reflected from the infant’s skin was transmitted
to a silicon photodiode detector through the second branch of
the fiber optic probe. The transduced signal was amplified and
recorded on one channel of an FM tape recorder. A potentiom-
eter was coupled to the grating drive of the monochrometer and
provided a wavelength reference signal which was recorded on a
second channel of the FM tape recorder. The recorded analog
signals were digitized and partially processed using a CDC 1700
computer facility, not shown in Figure 1.
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Fig. 1. Schematic of instrumentation for obtaining spectral reflectance
of infant’s skin. ’ '

After a complete verbal and written explanation of proce-
dures, parental consent was obtained to perform spectral reflec-
tance measurements on 56 Caucasian infants in the newborn
nursery of a general hospital in Lafayette, IN. No non-Caucasian
infants were available during the time of this study, but they are
included in similar work currently being performed at a different
institution.

Measurements of both blanched and. unblanched skin were
taken on the upper back. Serum bilirubin concentrations were
determined by the Jendrassik microbilirubin method on samples
drawn shortly after the reflectance measurements were made.

RESULTS

Of the 56 infants whose skin reflectance spectra were mea-
sured, a subset of 30 infants was found to be complete (no
operator errors, missing bilirubin values, etc.) for analysis of
skin reflectance spectra and corresponding serum bilirubin de-
termination. Examples of these reflectance spectra and corre-
_sponding serum bilirubin values are presented in Figure 2. Note
that near 460 nm, the spectral reflectance of the skin decreases
with increasing serum bilirubin concentrations. This accounts in
part for the yellow appearance of the skin. These general
observations are in agreement with previous studies (1, 2) of
skin reflectance spectra change with level of jaundice. It was
observed early in our study that the reflectance spectra of infants
undergoing phototherapy exhibited marked differences from
those not being sotreated. Because of this, no infants who were
currently or had been undergoing phototherapy were included
in the analysis. This selection criteria is supported by Rubaltelli
and Cavli (15) who observed cutaneous bilirubin concentrations
to be different for these two groups. It was also observed that
the individualities in epidermal hemoglobin concentration af-
fected the skin reflectance spectra. Since blanching of the skin
reduces the epidermal hemoglobin concentration, the statistical
analysis was limited to only reflectance spectra of blanched skin.

The multispectral analysis of the data is based upon statistical
regression analysis investigating the predictability of serum
bilirubin level from reflectance spectra. First order linear,
multiple linear, and polynomial nonlinear regressions were
performed on the spectral reflectance values at each of the
wavelength band intervals (5 nm) with respect to serum bilirubin
level. The coefficients of determination (R? values, a statistical
measure of the closeness of fit of the data) for the regressions
are summarized in Table 1. The first order linear regression at
the wavelength 450 nm has a R? = 0.783 indicating approxi-
mately 78% of the variation in bilirubin level can be explained
by a reflectance measurement at one single wavelength. The
multiple linear regression analyses were performed on combi-
nations of spectral reflectance values at specific wavelengths
resulting in increased R? values. The best analysis results were
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obtained for a polynomial, nonlinear regression of the double
logarithm of the reflectance spectra with respect to serum
bilirubin concentration. For a combination of five wavelengths
an R?value of 0.931 was obtained which implied that a relatively
strong relationship existed between serum bilirubin concentra-
tion from skin reflectance. The ability to predict serum bilirubin
concentration from skin reflectance using this relationship was

-tested using the original observations and is presented in Figure-

3. The laboratory-determined serum bilirubin concentrations,
denoted as ‘‘observed bilirubin value,” are plotted on the
ordinate with the concentrations predicted from the five wave-
length double logarithm relationship on the abscissa. The 95%
prediction limits for this empirical relationship was shown to be
=2 mg/100 ml.

DISCUSSION

The development of the empirical model for the determina-
tion of serum bilirubin level from skin reflectance spectra was
performed independently of any intuitive insight into which
wavelengths contain information relevant to either serum or
cutaneous bilirubin concentration. The statistical analysis con-
firmed anticipated results in that some of the significant wave-
lengths of the model were those which exhibit absorption
characteristics peculiar to bilirubin and related compounds.

The work of Davis and Keohane (3) described a technique for
measuring the change in optical properties of bilirubin in human
sera during its initial degradation on exposure to light. The
authors gave evidence of a decrease in absorption at 420 nm
and 460 nm during this initial photo-oxidation period, implying
that two bilirubin-related compounds exist in the serum. Others
have observed that the absorption characteristics at 420 nm are
attributable to free, unbound bilirubin in the serum whereas the
characteristics at 460 nm are due to bilirubin bound to albumin
(15). It is interesting to note that our study statistically predicted
both 425 nm and 460 nm to be significant in the reflectance
measurement of bilirubin.

There is no documentation verifying the presence of naturally
occuring bilirubin related compounds that exhibit peculiar opti-
cal characteristics at 525, 535, or 545 nm. It is therefore
unlikely that the importance of these wavelengths arises from a
bilirubin-related compound. A more plausible explanation is
found in the absorption spectra of hemoglobin and the optical
characteristics of the epidermis or serum proteins which have as
yet not been investigated.

Hemoglobin exerts its effect on skin color by its cutaneous
concentration. This is related to blood pressure, compression of
the epidermis, and thermal characteristics of the skin. Although
blanching tends to decrease the effect of hemoglobin, it does not
eliminate it completely as is evidenced by the presence of
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Fig. 2. Typical reflectance spectra and corresponding serum bilirubin
concentration estimations. )
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Table 1. Results of multispectral analysis of reflectance spectra and serum bilirubin

Analyses No. wavelengths Wavelength (nm) R?
First order linear regression 1 450 ' 0.783
1 460 0.776
1 420 0.708
) -1 530 0.193
1 550 0.169
1 600 0.064
Multiple linear regression 1 450 0.783
2 450 550 0.835
3 450 530 550 10.868
4 410 450 530 550 0.882
5 410 440 450 530 550 0.915
Polynomial nonlinear regression (double log 1 450 0.796
function) 2 450 545 0.847
3 425 460 545 0.884
4 425 460 535 545 0.922
5 425 460 525 535 545 0.931
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Fig. 3. The ability to predict serum bilirubin concentrations from skin
reflectance using a five-wavelength model.

oxyhemoglobin absorption bands in the measured reflectance
spectra, Figure 2 (2).

Total serum bilirubin level is not the best indicator of an
infant’s potential to develop kernicterus. Odell (12) and others
(11, 13, 16) have shown that the chemical determination of the
reserve binding capacity of serum albumin for bilirubin might
provide a better indication. Their explanation for this phenom-
ena is simply that if bilirubin is bound to serum albumin, it will
not diffuse into the brain and cause kernicterus. Safe levels of
serum bilirubin are based upon the assumption that all infants
have similar albumin concentrations and bilirubin kinetics, in-
cluding intercellular transport, binding to albumin, and associa-
tion with other serum proteins. This similarity between individ-

- uals does: not, always exist, however, and explains the develop~ -

ment of kernicterus in infants whose total serum bilirubin levels
had not even reached 10.0 mg/100 ml (5).

Although other investigators have shown that the correlation
between serum bilirubin level and cutaneous bilirubin concen-
tration in infants not undergoing phototherapy is very small
(R? = 0.372) (1), this is felt to be acceptable for a screening
technique and is certainly more accurate than visual estimations.

In addition to providing a screening method for neonatal
jaundice, this device may also measure the potential for kernic-
terus. In a manner similar to the CNS, only unbound bilirubin in
the blood will diffuse into the epidermis. Assuming that diffusion
rates across CNS and epidermal cell membranes are governed
by the concentration gradient of unbound bilirubin in the blood,
cutaneous bilirubin concentration could correlate with bilirubin

kernicterus.

CONCLUSION

A noninvasive method for serum bilirubin determination from
neonatal skin reflectance has been demonstrated. Spectral re-
flectance measurements in the spectral region 400-750 nm were
performed on the blanched (back) skin of 30 infants and a
multispectral statistical regression analysis was made to investi-
gate the predictability of serum bilirubin level. A relationship
was found using the reflectance spectra at five wavelengths
giving serum bilirubin prediction limits of £ 2 mg/100 ml with a
coefficient determination of 0.931.
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