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Abstract—Objective: Careful screening of bilirubin level
in newborns is mandatory as per American Academy of Pe-
diatrics (2004), to reduce incidents of kernicterus and acute
bilirubin encephalopathy. Although, invasive capillary col-
lection of blood and subsequent biochemical test is con-
sidered a gold standard for jaundice detection in neonates,
transcutaneous bilirubin measurement using various non-
invasive instruments is also used sporadically across the
globe. The major aim of this study was to develop a non-
invasive spectrometry-based technique for measurement of
neonatal bilirubin level as an alternative of total serum biliru-
bin (TSB) test without limitations of other available bilirubi-
nometers. Methods: The instrument comprises of a light
source and a spectroscopic detector. A light beam from
source incident on the neonatal nail plate through optical
fibers. The retro reflected light is acquired using the detec-
tor. An indigenously developed software is used to acquire
and analyze the optical signal and to calculate the bilirubin
value. The instrument was calibrated and validated in refer-
ence to TSB on 1033 subjects. Major results: The result (r =
0.95 and P < 0.001) indicates a strong correlation between
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the bilirubin value obtained from our method and TSB. Time
variant analysis of the subjects undergoing phototherapy
provided a good correlation (r = 0.98). The repeatability
test result shows the mean coefficient of variation is less
than 5.0%. Conclusions: The indigenously developed non-
invasive technique successfully detects the bilirubin level in
newborns under various physiological conditions with high
accuracy and precision.

Index Terms—Neonatal jaundice, diffuse reflection, non-
invasive optical method, whole spectrum-based diagnosis,
LabVIEW.

I. INTRODUCTION

E LEVATED bilirubin levels in blood of neonates, com-
monly known as neonatal hyperbilirubinemia or neonatal

jaundice, causes the yellow discoloration of the skin and other
tissues. Bilirubin level more than 5 mg/dL is clinical evidence of
jaundice in neonates [1], [2]. In the first week of life, unconju-
gated hyperbilirubinemia is considered as a normal transitional
phenomenon. According to the global statistics, almost 60% of
the term and 80% of the preterm babies suffer from some sort
of hyperbilirubinemia [3]–[5]. However, in some cases, serum
bilirubin level rises excessively and does not get down to the
normal level. This results in severe neuro toxicities like acute
bilirubin encephalopathy or kernicterus leading to either death
of newborns or lifelong neurologic sequelae [3], [6]. For these
reasons, management of neonatal jaundice is of extreme impor-
tance and requires systematic evaluation of the serum bilirubin
level [7], [8].

Subcommittee on Hyperbilirubinemia of the American
Academy of Pediatrics has recommended to screen and record
either total serum bilirubin (TSB) or transcutaneous bilirubin
(TcB) of all newborns before their discharge [9]. Earlier, Kramer
considered human eye as a non-invasive screening tool, for de-
tection of neonatal jaundice [10]. The study correlated the clin-
ically observed cephalocaudal advancement of jaundice with
the values of unconjugated serum bilirubin. A recent study
that compared Kramer’s method with the data obtained from
commercially available bilirubinometers and TSB [11] grossly
confirmed the findings of Kramer’s, which state a mean TSB
increase of 3 ± 2.2 mg/dL for each dermal zone for white and
non-white infants (Scheme 1). According to Kramer, the ex-
travascular deposition of bilirubin in the nail bed starts (zone
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Scheme 1. The Kramer Scale for the visual screening of neonatal
jaundice progression is shown schematically (see text for details). The
numbers in black and in red represent corresponding TSB values of full
term infants and the low birth weight infants [10] respectively.

5) when TSB value goes above 15 mg/dL. But such amount of
deposition affects the real investigation of vascular TcB [12] as
conventional bilirubinometers acquire data from Kramer’s zone
1 or 2, which are very prone to the deposition of bilirubin even
with TSB value of 5.9–8.8 mg/dL [11], [13], [14]. In this as-
pect, several commercial TcB meters were developed using the
first principles of light propagation through neonatal skin [15].
Those bilirubinometers demonstrated a reasonably good corre-
lation between TSB and TcB and anticipated the interference
of pharmacokinetics of bilirubin in the neonatal blood [16]. For
developing a TcB meter the essential factors like institutional
based calibration factor, age of younger/sick infants, skin tones,
ambient light were found to have significant interference on the
reliability of data from the instrument. In this regard, a com-
parative study [17] found that both BiliChek System (Phillips)
and Minolta JM-103, JM-105 (Dräger) were equally reliable
screening tools for hyperbilirubinemia in multiracial neonatal
population but not BiliMed (AirMed Medical Supplies).

The limitations and opportunities of transcutaneous bilirubin
measurements in neonatal subjects has been discussed in a re-
cent study [12], [18]. It was evident that the performance of
the existing TcB meters depends 99% on the contribution of
extravascular bilirubin. Therefore, technological design of tran-
scutaneous bilirubinometers should be improved in order to get
direct access to the vascular bed. An example of such develop-
ment was described in a recent study by our group [19]. A clear
correlation of the measured TcB from the conjunctival vascular
bed with that of the TSB was observed. The same protocol was
also used for the estimation of hemoglobin in adult subjects
[20]. However, the scope of improvement of the bilirubin detec-
tion protocol was recognized shortly because of the difficulty of
accessing the conjunctiva in neonatal subjects.

Considering the indispensable need for a non-invasive method
for detection of neonatal hyperbilirubinemia without the short-
comings of commercially available bilirubin meters, our major
objective was to develop a non-invasive screening technique for

Fig. 1. Schematic of the proposed device. Within the instrument cas-
ing a halogen light source, a spectrophotometer and electronic module
are integrated. The bifurcated terminal of the 6:1 reflection probe is con-
nected to the light source and the spectrometer, and the other end is
used to direct the light to the target area for the diffuse reflection infor-
mation. The top cover of the instrument casing is the display. A conical
attachment is at the tip of the probe. The circular base of the attachment
is placed on the thumb nail to place the probe tip 1 cm away from the
target area at 90°.

accurate measurement of bilirubin in newborns as an alterna-
tive of TSB and to relief the neonates from experiencing pain
during blood collection for biochemical tests. We have used an
optical fiber guide to illuminate nail plate and to send the col-
lected reflectance light (from 350 nm till 800 nm) to the spec-
trometer. The entire operation including calculation of bilirubin
level is executed by an indigenously developed software using
LabVIEW.

II. MATERIALS AND METHODS

A. Description of Instrument

The developed bilirubin screening device is designed with one
halogen source (HL-2000- FHSA-LL) and a spectrometer (STS-
VIS) manufactured by Ocean Optics, Florida, a customized
power supply module and a Windows tablet (iBall Slide i701).
A lab-grade diffuse reflectance probe (Ocean Optics, Florida)
consisting of six illumination fibers around one detection fiber
is used to transmit the light from the source and collect the dif-
fuse light signal from the nail bed and send the signal to the
spectrometer respectively. According to the schematic diagram
of the entire instrument (Fig. 1), the probe with an additional
attachment is connected to the prototype through optical fiber
connector (viz. SMA 905) with knurled ferrule. The attachment
is required to hold the tip of the probe close to the thumb nail
in order to maintain beam spot size on nail plate at a desired
diameter (∼3.5 mm). Circular shape of light spot on the nail
plate assures angle requirement (90°) for the measurement as
shown in Fig. 1.

A graphic user interface is developed using LabVIEW soft-
ware (National Instruments) for data acquisition, data analysis,
and generating subsequent result. A comparative spectral re-



Fig. 2. (a) The adjusted spectra. Note the difference in the elevation at
470 nm between the two curves. (b) Each spectrum is fitted with peaks
at four different wavelengths (see text for details). (c) The cumulative fit
of the spectra.

sponse between a normal and a jaundice affected subject is
represented in Fig. 2a. A clear difference in the spectral patterns
is evident particularly around 470 nm, the peak of bilirubin
absorption at physiological condition [19]. The details of the
deconvolution procedure for the detection of hyperbilirubine-
mia is given in the following section.

B. The Work Flow

The operation of the instrument is summarized in Fig. 3.
When the instrument is turned on, the software calls pre-loaded

Fig. 3. The work flow of the developed instrument.

dark and reference spectral data as described in our earlier
work [19], [20]. The technique [Patent No. 467/KOL/2009 and
granted on 2016] adopted was to collect blood spectrum from
the conjunctiva of the human eyes. However, in the present
work, we have modified the optical components and developed
a new software to collect signal from neonatal nail bed [Filed
Patent No. TEMP/E-1/32366/2018-KOL]. The diffuse light sig-
nal from 400–800 nm (spectrum) from clean nail plate of the
subject is then collected by the optical probe and the spectrom-
eter acquires the data with 500 ms integration time in order
to achieve reasonably good signal-to-noise ratio. In the present
study, thumb nail of the neonatal subjects was considered as the
useful target area for the investigation. It is reported that the
area of the thumb nail varies from 30.9 mm2 to 34.7 mm2 in
infants of 39 to 41 gestational weeks [21]. The optical probe
is held close to the nail plate (∼1 cm apart) so that the light
beam from the tip of the probe maintains ∼10 mm2 circular
area of illumination. We have observed that in this 10 mm2 cir-
cular area, only the distal subungual arcade and the superficial
arcade are illuminated. The proximal arcade in the proximal
nail fold does not interfere the reading. It has to be also noted
that the methodology adopted is completely non-invasive and
non-contact assuring no external pressure on the thumb nail to
force the blood out of the probing volume [12]. The blood cap-
illaries of the proximal nail fold run parallel to the skin surface,
in longitudinal lines with longitudinal distal loops [22], [23].
The nail plate in infants is soft and clear, with fine longitudinal
ridges which become prominent with aging [24]. Hence, the tar-
get nail plate allows maximum light from the illumination fiber
(Fig. 1) to pass through and diffuses light so that the underly-
ing nail bed of highly vascular epithelial cells are illuminated



homogeneously. The diffuse reflected light from the nail bed
is persuaded through collection fiber to the spectrophotometer.
Each collected spectrum (S) is adjusted by the dark spectrum
(D) and reference spectrum (R) in order to calculate absorbance
of the nail bed sample in the wavelength range of 400–800 nm
(Equation 1). The dark and reference spectra were collected as
per the reported literature [20].

SpectrumAdjusted = −log10

[
S − D

R − D

]
(1)

The adjusted spectrum of the sample is automatically locked
by the software when the absorbance at 630 nm falls between
0.56 and 0.60. In the diffuse reflectance spectroscopic study, the
spot size of the probe light beam plays an important factor to
determine absorbance of an analyte for the following reasons.
Firstly, the spot ensures the probe light and the tissue volume
under investigation to be identical in every measurement. Sec-
ondly, the diffuse reflectance of same spot size from a reference
surface is an important factor for the calculation of adjusted
spectrum. We have observed a 10 mm2 spot size formed on the
target nail plate only when the absorbance window becomes
0.56 to 0.60. This also ensures that for a particular optical den-
sity without any molecular absorption in the excitation light
is related with the spot size on the target. To improve spec-
trum quality from the motion artefact we have considered ten
successive spectra and average them. The average spectrum is
duly saved in the specific folder. The average spectrum is fitted
(Y) with four Gaussian functions (Equation 2) having peaks at
415 nm, 470 nm, 541 nm and 576 nm corresponding to the peak
absorption wavelengths of soret band of hemoglobin, bilirubin
and Q-bands of oxyhemoglobin respectively as shown in Fig. 2b.
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The notations are as following; y0 is offset, A1 , A2 , A3 and A4
are the area under the curve and w1 , w2 , w3 and w4 are the full
width half maxima of individual curve respectively.

In order to deconvolute the contribution of bilirubin in the av-
erage spectrum, we kept the peak values (415 nm, 541 nm and
576 nm) and width of the three Gaussian (34.66 nm, 29.26 nm
and 36.87 nm) to be fixed during the numerical fitting. It was
noted that even with free fitting of the average spectrum from all
the subjects under investigation, the above parameters maintain
almost constant values. As shown in Fig. 2b, the deconvoluted
Gaussian curve having peak at 470 nm is consistent with that
of the bilirubin absorption in the physiological condition [19]

Fig. 4. The calibration curve between the instrument index value and
the total serum bilirubin (TSB) value obtained from blood test.

with spectral width around 60 nm. It is reported that at 415 nm
the blood absorb more light than at 500 nm. Hence, from the
fitted spectrum as shown in Fig. 2c, the absorption values in
the wavelength range from 452 nm to 500 nm are considered
for the calculation of instrument index value. The boundary
wavelengths are the two isosbestic points [25] in the absorption
spectra of oxy and deoxy-hemoglobin of whole blood of human
subjects revealing insignificant interference of the oxygenation
of blood at the two wavelengths. In order to calculate the instru-
ment index value, the absorption values at 452 nm & 500 nm
were normalized to 1 and 0 respectively and the amplitude at
470 nm was extracted. Other attempts to deconvolute the contri-
bution of bilirubin from the acquired data including the height
and area under the curve of the deconvoluted spectrum having
peak at 470 nm did not work appreciably. The instrument index
value is further converted to the bilirubin concentration using
appropriate correlation plot which is required to calibrate the
instrument. The regression equation is obtained from the fitting
of the calibration plot as shown in Fig. 4. Consequently, a com-
prehensive medical report is instantaneously generated and sent
to the doctor or patient through e-mail and text messaging for
offline use. The user interface of the software is appropriate for
use by personnel with minimum medical and instrumentation
knowledge. Finally, a pop-up message box will appear asking
the user to either terminate the job or to repeat the measurement
on the same subject.

C. Data Collection

A total 1033 neonates from postnatal, neonatal intensive care
unit and sick newborn care unit of Nil Ratan Sircar Medical Col-
lege and Hospital, Kolkata were studied in between August 1,
2017 to December 31, 2017. For this work, necessary ethical
permissions were taken from the institutional medical ethics
committee (Ethical clearance ref. no.: No/NMC/443, dated Jan-
uary 25, 2017). 500 subjects were tested for calibration and
another 528 for validation of the instrument. Among them, 102
and 86 subjects under phototherapy treatment were tested for the



TABLE I
STATISTICS OF THE SUBJECTS UNDER INVESTIGATION

n = number of subjects, CI = confidence of interval, CV = coefficient of variation

calibration and validation respectively. Another 5 subjects un-
dergoing phototherapy were selected and monitored for sixteen
hours at 226 minutes interval. This was important to understand
the ability of the device to diagnose neonatal jaundice under
phototherapy. The information of the subjects is summarized
in Table I. A duly signed consent form was received from the
mother of each subject or their legal guardians stating their
acceptance, involvement and full understanding of the study.
During the tests, all ethical guidelines were strictly followed.

D. Standard Biochemical Test

Total serum bilirubin (TSB) test is a biochemical test, which
is used to trace the serum bilirubin in the blood. In this test
the serum is first isolated from the collected blood and then ex-
amined by Jendrassik-Grof method [26] using a commercially
available test kit (Autospan Liquid Gold, Span Diagnostics,
India) in a NABL accredited laboratory. The underlying mech-
anism of the test is as follows. Bilirubin reacts with diazotized
suphanilic acid (DSA) to form a red azo dye. The absorbance of
this dye at 546 nm is directly proportional to the bilirubin con-
centration in the sample. Water soluble bilirubin glucuronides
react directly with DSA whereas the albumin conjugated indi-
rect bilirubin reacts with DSA in the presence of an accelerator
to provide TSB value:

Total bilirubin = Direct Bilirubin + Indirect Bilirubin
Sulphanilic acid + Sodium nitrate → DSA
Bilirubin + DSA → Direct Azobilirubin
Bilirubin + DSA + Accelerator → Total Azobilirubin

Fig. 5. (a) The linear regression plot of the bilirubin measurement tech-
niques. (b) Bland-Altman analysis of the measurement techniques.

III. RESULTS AND DISCUSSION

A. Calibration of Instrument

The correlation plot of the instrument index value with TSB
values from the standard biochemical test on 500 neonatal sub-
jects is shown in Fig. 4. The instrument index values main-
tain a linear relationship with the TSB values obtained from
blood tests. Particularly, from the numerical fitting a relation,
yinstrument value = 15.5xinstrument index − 1.133 with correlation co-
efficient (r) = 0.92; P < 0.001; n = 500; and F = 2712 is
obtained.

B. Validation of Instrument

A total number of 528 subjects were selected for validation
of the instrument. In order to find the accuracy of the data
produced by the instrument, correlation and linear regression
analyses [27]–[29] were performed. The Bland-Altman method
for assessing the agreement between the TSB test [30], [31]
and our method was also examined. From the validation graph,
as shown in Fig. 5a, a linear relationship, ybilirubin blood test =
0.88xbilirubin instrument + 1.12 is found to exist between the two



Fig. 6. (a) The response of our developed device to the subjects un-
der phototherapy. Note that the change of bilirubin with time is clearly
detected by the instrument. (b) The Bland-Altman analysis assures the
detected bilirubin is differed from the biochemical technique by 1.68 units
maximum or 1.44 units (see text for details).

methods of bilirubin detection. The results obtained were, r =
0.95; P < 0.001 and F = 5056 which establish a good cor-
relation between the opted methods. The Bland-Altman anal-
ysis (Fig. 5b) also ensured the agreement and the strength
of the relationship between the measurement techniques. The
mean value of the differences indicates a small bias of approxi-
mately −0.01 mg/dL. The limits of agreement are from −1.78
to 1.76 mg/dL and 95% confidence interval (CI) for the bias lies
between −0.0850 to 0.0665. The negative bias along with CI
indicates the predominant tendency of the instrument to overes-
timate the bilirubin levels, hence effectively avoid future errors
which may cause harm to the subjects.

In another experiment, the device was tested on five neonates
who were undergoing phototherapy. The data were measured on
an average 226 minutes interval. The observations, summarized
in Fig. 6, show that the device has the potential to detect the
change of bilirubin level of the subjects under phototherapy. This
is an added advantage to the device compared to the existing
non-invasive instruments, which fail to do the same as the area

TABLE II
PRECISION OF THE PROPOSED DEVICE

IV = instrument value, CV = coefficient of variation

of skin gets bleached from the phototherapy [32]. The Bland-
Altman test shows the mean value of the differences, indicating
a small bias of approximately −0.12 with 95% CI between -
0.4155 to 0.1676. The mean ± 2SD in this study also proves
that the device output could vary and in 95% time the variation
falls between 1.68 units less or 1.44 units greater than that of
conventional biochemical method.

C. Repeatability of Measurements

The device was tested on randomly selected six neonatal
subjects (Table II) with bilirubin concentration ranging from
3.91 mg/dL to 16.0 mg/dL for ten successive times. Each time
the same procedure was followed, by the same operator. The
observations show that the mean coefficient of variation is less
than 5.0% for the 60 (6× 10) tests. Therefore, it may be assumed
that the marginal percentage of variation is predictable, and the
proposed device is adequately precise to measure total serum
bilirubin concentration levels in neonates, who are identified
with clinical icterus.

In the present work, our prime aim was to develop a non-
invasive technique which can measures the transcutaneous
bilirubin of those subject having TSB report of <20 mg/dL.
We considered the upper cut off as observed in JM-105 and
BiliChek System. In this measurement we randomly selected
the subjects for the tests as described in Table I and compared
the instrument generated value with the TSB test report of the
same subject. For data analysis we considered those instrument
generated values of the subjects having TSB <20 mg/dL.

IV. CONCLUSION

Here, the development of a non-invasive spectroscopic strat-
egy for the detection of jaundice in neonatal subjects is reported.
It has been demonstrated that the nail bed could be a useful tar-
get site to diagnose jaundice irrespective of the race, post-natal
age, and sex by using our simple spectroscopic technique. Based
on the diffuse reflection principle, the development reveals an
easy, cost effective (no consumable cost), reliable, and portable
device for measurement of bilirubin levels in neonates. The
non-invasive method reduces the need of frequent painful blood
sampling. The setup would be useful for the initial screening as
well as routine examinations. In the future, our study is expected



to find relevance in the e-diagnosis of jaundice in rural areas as
well as in urban health centers. In brief, the newly developed
strategy is distinct from the other existing non-invasive devices
for jaundice detection (TcB) because of the following reasons
(1) directly monitors amount of bilirubin in blood consistent
with TSB with high precision up to 20 mg/dL TSB value (2)
interference from other pathological conditions is minimum (3)
unaffected by the phototherapy (4) free from any mechanical
attachment to the subject (5) signal from nail bed, which is in-
dependent of skin color and (6) very limited training would be
required for the healthcare providers.
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