On the Effective Differentiation and Monitoring of Variable Degrees of
Hyperbilirubinemia Severity Through Noninvasive Screening Protocols

Gladimir V. G. Baranoski', Senior Member, IEEE, Tenn F. Chen? and Petri Varsa!

Abstract— The presence of abnormal amounts of bilirubin
in the blood stream and skin, usually referred to as hyper-
bilirubinemia, is associated with a wide range of pathologies
that can pose considerable risks for human health. The early
and effective screening of the severity degrees of this medical
condition can play an important role on the selection of the
appropriate treatment for the associated pathologies. This, in
turn, can minimize the need for more aggressive and costly
therapeutic interventions which can themselves pose consider-
able risks for morbidity and mortality. The current noninvasive
protocols used to differentiate these severity degrees, however,
are hindered by the relatively limited knowledge about the
impact of different amounts of extravascular bilirubin on skin
spectral responses and on the onset of jaundice, the resulting
yellow-tinted skin appearance. In this paper, we address this
open problem through controlled in silico experiments sup-
ported by measured data provided in the related literature.
Our experimental findings bring biophysically-based insights to
bear on the clarification of this biomedical entanglement, and
unveil optical features that can potentially lead to more effective
screening protocols for the noninvasive differentiation and
monitoring of variable degrees of hyperbilirubinemia severity.

Index Terms— bilirubin, skin, spectral reflectance, hyper-
bilirubinemia, jaundice, screening, in silico experiments.

I. INTRODUCTION

Human blood is composed primarily of erythrocytes (red
blood cells containing hemoglobin) suspended in plasma
[1]. When aging erythrocytes are removed from circulation,
the breakdown of hemoglobin results in byproducts, notably
bilirubin [2]. This pigment binds with albumin, a protein
found in plasma, forming a compound known as unconju-
gated bilirubin (UCB), which is not water soluble. Under
normal conditions, this compound is cleared from the blood
stream by the liver, where it is conjugated (chemically bound
to glucuronic acid) to form water soluble metabolites that are
secreted into the bile [2], [3].

Unconjugated (indirect) hyperbilirubinemia develops
when the hemoglobin breakdown is accelerated and/or
hepatic activity is reduced, while conjugated (direct)
hyperbilirubinemia occurs when the secretion of
bilirubin by the liver is impaired or the bile flow is
obstructed [3]. Although conjugated hyperbilirubinemia is
considered innocuous [3], severe degrees of unconjugated
hyperbilirubinemia can result in different forms of bilirubin
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Fig. 1. Bilirubin absorption spectrum. Left: molar extinction coefficient

(em) curve [11], [12]. Right: zoom-in plot of the curve on the left.

encephalopathy, including irreversible brain damage
(kernicterus), in newborns [4], [5], and pigment gallstones
in adults [2], [3]. On the other hand, mild degrees of
unconjugated hyperbilirubinemia are often associated with
benign inherited syndromes, which do not require immediate
treatment [3], [6], and may play a protective role against
cardiovascular diseases and tumour development [2], [3].

Within human skin, bilirubin can be found inside and/or
outside dermal blood vessels [5], [7]. Although there are
still many unknowns in this area, two main mechanisms have
been reported as responsible for the presence of this pigment
within the cutaneous tissues: deposition of excessive amounts
of bilirubin acid from plasma into phospholipid membranes
and transference of UCB from plasma into extravascular
spaces [8], [9]. In the latter case, experimental evidence
indicates that UCB binds with the tissues’ constituents [10].

The presence of bilirubin within the cutaneous tissues may
lead to noticeable changes in the skin reflectance [13]. These
changes are particularly significant in the blue-region (400
to 500 nm) of visible light spectrum due to the absorption
peak of bilirubin in this region [2] (Fig. 1 left). Accordingly,
they can elicit a yellow-tinted skin appearance commonly
referred to as jaundice (icterous) [9], [14], which has been
more prominently reported in association with the cutaneous
binding of UCB [10].

Standard methods for the detection of unconjugated hy-
perbilirubinemia rely on the measurement of bilirubin levels
in blood samples or in serum (plasma without clotting
elements like fibrinogen [1]) using photometric devices [15].
These invasive methods are not only painful and costly, but
may also lead to significant blood loss if multiple blood
samplings are required, which may be particularly worrisome
for preterm infants [16].

The onset of jaundice has also been employed in the
clinical estimation of serum bilirubin through the Kramer
method [17]. Although such an estimation based on the
visual inspection of the affected skin has a lower cost in
comparison with invasive methods, it has a markedly lower

4981



predictive capability [17].

In order to overcome the limitations of invasive methods
and visual inspection approaches, different devices have been
proposed for the noninvasive transcutaneous measurement
of UCB levels associated with changes on skin reflectance
[15], [18]. However, the reliability of the measurements
provided by these devices is still inferior to the reliability
of the measurements obtained through invasive procedures,
especially when dealing with high degrees of unconjugated
hyperbilirubinemia severity [19], [16], [20].

The major obstacles in this area result from the fact
that the processes that regulate the supply and clearance of
extravascular UCB are still not completely understood [8],
[9], [17] and, thus, not quite predictable [18]. In studies
involving the impact of UCB on skin reflectance, usually
only the presence of extravascular UCB in the dermal layers
is taken into account (i.e., its presence in the outermost skin
layer, the stratum corneum, and the epidermal layers [7], [10]
is not considered) and/or its quantification is provided as a
constant fraction of the intravascular UCB [18], [21].

In this paper, we investigate the impact of different
amounts of extravascular bilirubin on skin reflectance. Our
findings are expected to directly contribute to the devel-
opment of more effective screening protocols for the non-
invasive differentiation of variable degrees of hyperbiliru-
binemia severity. Such screening protocols are essential for
minimizing the number of unnecessary, costly and potentially
risky invasive procedures required to rule out life-threatening
conditions such as liver and hematological disorders [3],
[6], [22]. Moreover, since the onset of jaundice is still
often employed in clinical settings as a visual indicator of
the possibility of an imminent emergence of such medical
conditions [6], [17], we also assess the reliability of these
visual assessments with respect to variations on extravascular
bilirubin contents.

II. IN SILICO EXPERIMENTAL SETUP

In this investigation, we used a first-principles model of
light and skin interactions, known as HyLIoS (Hyperspectral
Light Impingement on Skin) [23], to compute directional-
hemispherical reflectance curves for cutaneous tissues con-
taining different amounts of bilirubin. We note that the
radiometric predictions provided by this model have been
extensively evaluated through comparisons of its outcomes
with actual measured data [23] and employed in a wide range
of biomedical investigations (e.g., [24], [25], [26]).

Within the HyLIoS’ geometrical-optics formulation, a ray
interacting with a given skin specimen can be associated
with any wavelength within a spectral region of interest. For
consistency, we considered a spectral resolution of 5 nm in
all curves depicted in this work, which were computed using
a virtual spectrophotometer [27]. In their computation, we
considered an angle of incidence of 45° and employed 10°
sample rays. To enable the full reproduction of our in silico
experimental results, we made HyLIoS available on online
[28], [29] along with the supporting biophysical datasets [30]

TABLE I
PARAMETERS EMPLOYED IN THE CHARACTERIZATION OF THE SKIN
SPECIMEN CONSIDERED IN THIS INVESTIGATION. THE ACRONYMS SC,
SG, SS, SB, PD AND RD REFER TO ITS MAIN LAYERS: STRATUM
CORNEUM, STRATUM GRANULOSUM, STRATUM SPINOSUM, STRATUM
BASALE, PAPILLARY DERMIS AND RETICULAR DERMIS, RESPECTIVELY.

Parameter Value
Aspect Ratio of Skin Surface Folds 0.1
SC Thickness (cm) 0.001
SG Thickness (cm) 0.0011
SS Thickness (cm) 0.0011
SB Thickness (cm) 0.0011
PD Thickness (cm) 0.04
RD Thickness (cm) 0.1
SC Melanosome Content (%) 0.0
SG Melanosome Content (%) 0.8
SS Melanosome Content (%) 0.8
SB Melanosome Content (%) 0.8
SC Colloidal Melanin Content (%) 0.0
SG Colloidal Melanin Content (%) 3.9
SS Colloidal Melanin Content (%) 3.9
SB Colloidal Melanin Content (%) 3.9
Melanosome Eumelanin Concentration (g/L) 50.0
Melanosome Pheomelanin Concentration (g/L) 2.0
PD Blood Content (%) 0.2
RD Blood Content (%) 0.2
Dermal Oxyhemoglobin Fraction (%) 75
Functional Hemoglobin Concentration in Blood (g/L) 130.0
Methemoglobin Concentration in Blood (g/L) 1.5
Carboxyhemoglobin Concentration in Blood (g/L) 1.5
Sulfhemoglobin Concentration Blood (g/L) 0.0
Blood Bilirubin Concentration (g/L) 0.003
SC Beta-Carotene Concentration (g/L) 2.1E-4
Epidermis Beta-Carotene Concentration (g/L) 2.1E-4
Blood Beta-Carotene Concentration (g/L) 7.0E-5
SC Water Content (%) 35.0
Epidermis Water Content (%) 60.0
PD Water Content (%) 75.0
RD Water Content (%) 75.0
SC Lipid Content (%) 20.0
Epidermis Lipid Content (%) 15.1
PD Lipid Content (%) 17.33
RD Lipid Content (%) 17.33
SC Keratin Content (%) 65.0
SC Urocanic Acid Density (mol/L) 0.01
Skin DNA Density (g/L) 0.185
SC Refractive Index 1.55
Epidermis Refractive Index 1.4
PD Refractive Index 1.39
RD Refractive Index 1.41
Melanin Refractive Index 1.7
PD Scatterers Refractive Index 1.5
Radius of PD Scatterers (nm) 70.0
PD Fraction Occupied by Scatterers (%) 22.0

(e.g., refractive index and extinction coefficient curves) used
in our investigation.

The parameters used to characterize the cutaneous tissues
considered in this investigation are provided in Table I.
The selection of values for these parameters was based on
their respective physiologically ranges provided in the related
literature. These works, unless otherwise cited below, are
listed elsewhere [25] for conciseness. Using this dataset, we
computed a baseline reflectance curve in close agreement
(Fig. 2 (top right)) with a measured reflectance curve [31]
employed as a reference. This reference curve was measured
by Vrhel et al. [31] on the side of a lightly-pigmented
subject’s face considering an angle of incidence of 45°. It is
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worth noting that neonatal jaundice is first apparent over the
newborns’ face [10].

Although most of the literature on unconjugated hyper-
bilirubinemia is directed toward its assessment in neonatal
patients, which may be explained by its high incidence (about
60%) in newborns [10], [16], [19], one cannot overlook its
medical implications for the adult population [3], [6], [20].
For this reason, whenever possible, we selected parameter
values that could be used to characterize both newborn and
adult subjects (e.g., the hemoglobin concentration equal to
130 g/L [32] and the radius of reticular dermis scatterers
equal to 70 nm [33].).

In our in silico experiments, we considered intravascular
bilirubin concentrations (denoted by ¢! ) derived from
total serum bilirubin (TSB) values reported in the literature
for normal (baseline), significant (associated with noticeable
signs of bilirubin toxicity), excessive (associated with poten-
tially irreversible bilirubin-induced physiological damages)
and extreme (associated with high risks of mortality) levels
of bilirubin present in the blood stream: 0.0062 [3], 0.129
[34], 0.292 [4] and 0.419 g/L [4], respectively.

These TSB values were then multiplied by 0.55 to obtain
the corresponding c%i! . values: 0003, 0.071, 0.161 and
0.223 g/ L, respectively. This operation was necessary since
plasma typically accounts for only 55% of the blood volume,
with the cellular portion of blood, which is mostly (99%)
formed by the erythrocytes [35], accounting for the remain-
ing 45% [1]. The extravascular skin contents of bilirubin
were estimated by multiplying the c}i!  values listed above
by selected bilirubin transference factors (denoted by f2 )
employed to account for variable bilirubin acid deposition
and albumin-biliribin complex transfer rates [5], [8], [9].

In order to assess the visual impact of distinct degrees
of hyperbilirubinemia severity, we generated skin swatches.
Their chromatic attributes were obtained from the convolu-
tion of a selected illuminant’s relative spectral power distri-
bution, the modeled reflectance data and the broad spectral
response of the human photoreceptors [36]. This last step
was performed by employing a standard CIEXYZ to sRGB
color system conversion procedure [37] and considering the
CIE D65 illuminant [36] (Fig. 2 (top left)). After computing
the chromatic attributes of a swatch, we applied a greyscale
texture (Fig. 2 (bottom left)) to make its depiction more re-
alistic. For comparison purposes, we provide the skin swatch
(Fig. 2 (bottom right)) obtained using the baseline reflectance
curve (Fig. 2 (top right)) computed for the selected specimen.

Besides visual inspection, we also employed a device-
independent CIE-based metric to compare skin swatches as-
sociated with distinct degrees of hyperbilirubinemia severity.
More specifically, we computed the CIELAB differences
between pairs of swatches using the following formula [38]:

ABZ =/ (dL* + )+ dy), (1)

where dy, d, and d, represent the differences L7 — L3,
al — a5 and b] — b3, respectively, in which L*, a* and b*
correspond the CIELAB color space dimensions. These are
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Fig. 2. Components of a convolution process employed to generate a
skin swatch for the specimen (baseline) characterized by the parameter
values presented in Table I. Top left: relative spectral power distribution
of the CIE standard D65 (daylight) illuminant [36]. Top right: reference
(measured by Vrhel et al. [31]) and baseline (computed using HyLIoS [28])
reflectance curves. Bottom left: greyscale texture. Bottom right: resulting
swatch generated for the baseline reflectance curve.

calculated for the modeled chromatic attributes associated
with the compared swatches (indicated by the subscripts 1
and 2, respectively). Again, we performed these calculations
using standard formulas employed in colorimetry [39] and
considering the CIE D65 illuminant [36].

III. RESULTS AND DISCUSSION

Initially, we compute reflectance curves considering only
variations in intravascular bilirubin contents ( é’,@lm =0). As
it can be observed in the graph depicted in Fig. 3 (left), the
resulting reflectances changes were negligible, thus agreeing
with the premise [8], [9], [10] that noticeable changes in
skin spectral responses resulting from hyperbilirubinemia
are mainly associated with the presence of extravascular
bilirubin. In fact, when we took the extravascular bilirubin
contents into account (f%L £ 0), the resulting reflectance
curves exhibited noticeable changes as it can be observed in
the graph depicted in Fig. 3 (right). More specifically, as the
presence of extravascular bilirubin increases, the reflectance
decreases in the blue-region of the light spectrum, with the
curve segments in this region going from a concave down
to increasingly accentuated concave up shapes. These ob-
servations qualitatively agree with reflectance measurements
performed by Hannemann ef al. [13] on lightly-pigmented in-
dividuals subjected to distinct degrees of hyperbilirubinemia
severity. It is worth noting that devices used in transcutaneous
bilirubinometry [19] employ reflectance readings taken in the
blue region. Hence, as the differences between the curves
become smaller in this region due to an increased presence
of extravascular bilirubin increases, one should expect the
efficacy of these devices to be diminished accordingly [19].

In Fig. 4, we present the skin swatches obtained consider-
ing the modeled reflectance curves depicted in Fig. 3 (right).
In these swatches, one can observe a transition to a more
noticeable yellow-tinted skin appearance, in comparison with
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Fig. 3. Graphs depicting reflectance changes due to variations in intravas-
cular and extravascular bilirubin contents, with the former denoted by cgﬁ) od
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Fig. 4. Skin swatches obtained using the reflectance curves provided in
Fig. 3 (right). From left to right, c?¥ . varies from 0.003, 0.071, 0.161 and
0.223 g/L, respectively.

the baseline swatch depicted in Fig. 2 (bottom right), as the
amount of extravascular bilirubin increases. This aspect is
corroborated by the CIELAB AE?, differences computed for
these swatches with respect to the baseline swatch presented
in Fig. 2 (bottom right): 0.51, 6.38, 9.71 and 10.92 (from the
leftmost to the rightmost swatch). However, as the presence
of extravascular bilirubin increases, denoting higher degrees
of hyperbilirubinemia severity, the CIELAB AFEY, differ-
ences computed for successive pairs of swatches, namely
6.66, 3.33 and 1.22 (from the leftmost to the rightmost
pair), decrease substantially. In fact, for the last pair, the
difference is smaller than 2.3, the experimentally-determined
perceptibility threshold for CIELAB chromatic differences
[38], [40].

These aspects indicate that, although a jaundice skin
appearance may be of use (under certain favourable con-
ditions with respect to the incident illumination and the
subject’s skin pigmentation [8], [17]) in the detection of
hyperbilirubinemic states, it has limited applicability in the
differentiation and monitoring of variable degrees of hy-
perbilirubinemia severity. This becomes particularly evident
when they are associated with excessively high levels of
extravascular bilirubin.

In Fig. 5, we present reflectance graphs obtained by
simultaneously varying the intravascular and extravascular
bilirubin contents. Again, it can be observed that variations
in extravascular bilirubin contents have a much larger impact
on the resulting reflectance curves. The combined effect
resulting from increasing both the intravascular bilirubin
content and the fraction of intravascular bilirubin transferred
to the surrounding cutaneous tissues is a substantial increase
in the extravascular bilirubin content. This, in turn, has two
consequences. First, it accentuates the concavity down of
the curve segments in the blue region of the light spectrum.
Second, it prompts reflectance variations in the red-region

(600 to 700 nm) of the light spectrum.

Recall that the absorption spectrum of bilirubin is char-
acterized by a strong peak in the blue region (Fig. 1 (left))
and significantly less pronounced peaks in the red region
(Fig. 1 (right)). Although the latter have negligible effects on
skin reflectance under normal or less severe hyperbilirubine-
mic states, they tend to have a noticeable influence, notably
around 650 nm, when the presence of extravascular biliru-
bin reaches considerably high levels. We note that similar
reflectance variations around 650 nm can also be observed
in the reflectance measurements performed by Hannemann et
al. [13] on lightly-pigmented individuals subjected to distinct
degrees of hyperbilirubinemia severity.

In Fig. 6, we present the skin swatches obtained con-
sidering the modeled reflectance curves depicted in Fig. 5.
Again, in these swatches, one can observe a transition to a
more noticeable yellow-tinted skin appearance, in compar-
ison with the baseline swatch depicted in Fig. 2 (bottom
right), as the amount of extravascular bilirubin increases.
This aspect is also corroborated by the CIELAB ALY,
differences computed for these swatches. For example, the
difference computed for the swatch placed at the bottom
right corner of the grid with respect to the baseline swatch
presented in Fig. 2 (bottom right) is 12.14. However, as the
presence of extravascular bilirubin increases, denoting higher
degrees of hyperbilirubinemia severity, the CIELAB AL,
differences computed for neighbour swatches tend to become
smaller as the amount of extravascular bilirubin increases.
For example, the difference computed for the swatch placed
at the bottom right corner of the grid with respect to the
swatch placed just above it is 1.23. This value is consider-
ably lower than the experimentally-determined perceptibility
threshold (2.3) for CIELAB chromatic differences [38], [40].
Once again, this aspect illustrates the limited applicability
of visual assessments of subjects’ jaundice when comes to
the differentiation and monitoring of variable degrees of
hyperbilirubinemia severity associated with excessively high
levels of extravascular bilirubin.

Clearly, the difficulties in differentiating variable degrees
of hyperbilirubinemia severity, namely the relative proximity
of the resulting reflectance curves in the blue region and the
absence of distinguishable differences between the associ-
ated yellow-tinted skin appearances, are exacerbated as the
extravascular bilirubin contents increase. Ideally, for com-
pleteness, we would like to perform experiments considering
a tight upper bound for ;’}Jm However, due to the largely
unpredictable processes that regulate the transference of
bilirubin from blood to skin extravascular spaces (and vice-
versa) [9], [18], experimental studies in this area still lack
quantitative data required for the specification of this bound.
For this reason, we considered a putative value (f% = 0.2)
employed in a related work [21]. The observations de-
rived from our experiments considering this value were
qualitatively the same as those derived from our previous
experiments. More specifically, as it can be observed in the
graph presented in Fig. 7 (left), the reflectance curves exhibit
smaller differences between each other in the blue region
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Fig. 5. Graphs depicting reflectance changes due to variations in extravascular bilirubin content, which is given by the product of fY  (bilirubin

transference factor) by cb%

Fig. 6. Skin swatches obtained using the reflectance curves provided in
Fig. 5. From top to bottom rows, flflfm varies from 0.01, 0.05, 0.1 and 0.15,
respectively. From left to right, c%’ood varies from 0.003, 0.071, 0.161 and
0.223 g/ L, respectively.

as the amount of bilirubin increases, going from a concave
down to increasingly accentuated concave up shapes. This
convergence trend suggests that the selected value for f%¢
may be close to the actual upper bound of this parameter.
Accordingly, the skin swatches depicted in Fig. 8, which
were obtained considering the reflectance curves depicted
in Fig. 7 (left), show a more pronounced yellow-tinted
appearance. This is again corroborated by the CIELAB AE”,
differences computed for these swatches with respect to the
baseline swatch presented in Fig. 2 (bottom right): 0.77, 9.22,
12.14, and 13.07 (from the leftmost to the rightmost swatch).
These differences are higher than the ones computed for
the previous cases. However, the differences computed for
successive pairs of swatches, namely 8.51, 2.92 and 1.1067
(from the leftmost to the rightmost pair), are lower than their
counterparts computed for those cases. This reinforces the
inference that the visual assessment of jaundice becomes
increasingly unsuitable for the differentiation and monitoring
of variable degrees of hyperbilirubinemia severity as the
extravascular bilirubin contents reach excessively high levels.

skin

blood (concentration of intravascular bilirubin). From left to right, clb’ﬁw d equal to 0.003, 0.071, 0.161 and 0.223 g/ L, respectively.
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Fig. 7. Graphs depicting reflectance changes due to variations in the
extravascular bilirubin content with the bilirubin transference factor ( ff,ilm)
set to 0.2 and considering the four selected values for cgfloo o (intravascular
bilirubin concentration). Left: full spectral range. Right: zoom-in plot.

Fig. 8.
in Fig. 7. From left to right, cli! . varies from 0.003, 0.071, 0.161 and
0.223 g/ L, respectively.

Skin swatches obtained using the reflectance curves provided

Our experimental results suggest that a more appropriate
approach to differentiate and monitor variable degrees of
hyperbilirubinemia severity may lie on the detection of the
optical features (reflectance dropping points) appearing in
the red region. As it can be observed in the graphs presented
in Fig. 5, when the blood bilirubin concentration reached an
excessive level (0.161 g/L), these features started to become
noticeable. In our experiments, these features appear around
650, 670 and 700 nm as highlighted in the zoom-in plot pre-
sented in Fig. 7 (right). These wavelengths correspond to the
peaks in the red region of the bilirubin absorption spectrum
considered in this investigation (Fig. 1 (right)). Since this
absorption data was obtained under in vitro conditions [11],
[12], spectral shifts in the position of these peaks may be
expected under in vivo conditions. Nonetheless, the detection
of these features may lead to hyperbilirubinemia screening
protocols with a higher effectiveness/cost ratio than those
currently employed at clinical settings, notably to support
the point of care diagnosis of life-threatening pathologies
associated with this medical condition.

IV. CONCLUDING REMARKS

Although the jaundice appearance of human skin may
serve as an clinical indicator that a patient may be sub-
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jected to hyperbilirubinemia, it has a limited applicability
with respect to the differentiation of variable degrees of
severity of this medical condition. Our findings indicate that
the use of additional reflectance readings taken at specific
wavelengths in the red region of the spectrum may lead
to more reliable noninvasive protocols to differentiate and
monitor high degrees of hyperbilirubinemia severity.

During our investigation, another key aspect related to
the noninvasive assessment of hyperbilirubinemia was high-
lighted, namely the relatively high impact of the bilirubin
transference factor on reflectance changes. Consequently,
future efforts toward improving the reliability of transcuta-
neous estimations of intravascular and extravascular bilirubin
contents should include a more precise quantification of this
factor. This task, in turn, will likely require the pairing
of traditional “wet” laboratory experiments with predictive
computational simulations.
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